ETH Library

Methane oxidation in suboxic and
anoxic zones of freshwater lakes
Doctoral Thesis
Author(s):
Oswald, Kirsten
Publication date:
2016
Permanent link:
https://doi.org/10.3929/ethz-a-010708140
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 23298

METHANE OXIDATION IN SUBOXIC AND ANOXIC ZONES
OF FRESHWATER LAKES

A thesis submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by
KIRSTEN OSWALD

M.Sc. Applied Environmental Geoscience, Eberhard Karls Universität Tübingen

born on 09.03.1983
citizen of Germany

accepted on the recommendation of
Prof. Dr. Bernhard Wehrli, examiner
Dr. Carsten J. Schubert, co-examiner
Prof. Dr. Marcel M. M. Kuypers, co-examiner
Prof. Dr. Martin Ackermann, co-examiner

2016

TABLE OF CONTENTS
ACKNOWLEDGEMEMTS .................................................................................................................... 3
SUMMARY ............................................................................................................................................ 5
ZUSAMMENFASSUNG ........................................................................................................................ 7
1.

INTRODUCTION ........................................................................................................................... 9
1.1.

Methanogenesis ..................................................................................................................... 10

1.2.

Methane oxidation ................................................................................................................. 11

1.3.

Methane production and emission from lakes ....................................................................... 16

1.4.

Methane oxidation dynamics in lakes ................................................................................... 17

1.5.

Study sites ............................................................................................................................. 19

1.6.

Overview of methods ............................................................................................................ 21

1.7.

Objectives and outline ........................................................................................................... 24

1.8.

Contribution to related publications ...................................................................................... 25

2. LIGHT-DEPENDENT AEROBIC METHANE OXIDATION REDUCES METHANE
EMISSIONS FROM SEASONALLY STRATIFIED LAKES ............................................................. 27
2.1.

Abstract ................................................................................................................................. 28

2.2.

Introduction ........................................................................................................................... 28

2.3.

Materials and Methods .......................................................................................................... 30

2.4.

Results ................................................................................................................................... 37

2.5.

Discussion ............................................................................................................................. 42

2.6.

Acknowledgments ................................................................................................................. 49

2.7.

Supporting Information ......................................................................................................... 49

3. AEROBIC GAMMAPROTEOBACTERIAL METHANOTROPHS MITIGATE METHANE
EMISSIONS FROM OXIC AND ANOXIC LAKE WATERS............................................................ 53
3.1.

Abstract ................................................................................................................................. 54

3.2.

Introduction ........................................................................................................................... 54

3.3.

Methods ................................................................................................................................. 56

3.4.

Results ................................................................................................................................... 63

3.5.

Discussion ............................................................................................................................. 71

3.6.

Acknowledgements ............................................................................................................... 78

3.7.

Supplementary Information ................................................................................................... 78

4. CRENOTHRIX POLYSPORA: AN IMPORTANT OVERLOOKED PLAYER IN
FRESHWATER METHANE OXIDATION ........................................................................................ 83
4.1.

Summary ............................................................................................................................... 84

4.2.

Results and Discussion .......................................................................................................... 84

4.3.

Methods ................................................................................................................................. 89

4.4.

Acknowledgements ............................................................................................................... 90

I

Table of Contents

5.

6.

4.5.

Extended Data ....................................................................................................................... 91

4.6.

Supplementary Information ................................................................................................... 92

METHANE OXIDATION IN THE FERRUGINOUS LAKE LA CRUZ (SPAIN) .................... 97
5.1.

Abstract ................................................................................................................................. 98

5.2.

Introduction ........................................................................................................................... 98

5.3.

Methods ............................................................................................................................... 100

5.4.

Results ................................................................................................................................. 106

5.5.

Discussion ........................................................................................................................... 114

5.6.

Acknowledgements ............................................................................................................. 121

5.7.

Supplementary Information ................................................................................................. 122

CONCLUSIONS AND OUTLOOK ........................................................................................... 125
6.1.

Methane, isotopes and oxidation dynamics ......................................................................... 125

6.2.

Methanotrophic community ................................................................................................ 126

6.3.

A novel methanotroph in lake water ................................................................................... 127

6.4.

Photosynthesis fueled methanotrophy ................................................................................. 127

6.5.

Methane oxidation and alternative electron acceptors ........................................................ 128

REFERENCES .................................................................................................................................... 131

II

ACKNOWLEDGEMEMTS
First and foremost, I would like to express my gratitude to my supervisors, Dr. Carsten Schubert
and Prof. Bernhard Wehrli, for giving me the opportunity to complete my PhD studies in their
groups. I really appreciate your guidance, trust, encouragement and advice. I am especially
thankful for the freedom and resources I was able to benefit from.
I would like to thank my co-examiner and collaborator, Prof. Marcel Kuypers, for his valuable
input, expertise and for hosting me at the MPI for several scientific visits. I greatly appreciate the
chance to have worked in partnership with another institute.
I am grateful to Prof. Martin Ackermann for co-examining my thesis and for his helpful
comments.
A special thank you goes to Dr. Jana Milucka and Dr. Andreas Brand, who offered their support
and proficiency in the lab and during field work. Thank you for countless discussions, ideas and
motivation.
I am immensely thankful to all technicians and staff at Eawag and the MPI for their continuous
assistance and patience in the lab, in the field and with various analyses: Dr. Sten Littmann, Serge
Robert, Daniela Tienken, Patrick Kathriner, Karin Beck, Alois Zwyssig, Daniela Nini, David
Kistler, Irene Brunner, Gijs Nobbe, Francisco Vásquez, Gabriele Klockgether and Kirsten Imhoff.
In particular, I would like to acknowledge Christian Dinkel for all his expert support during field
campaigns. Thank you for making everything run smoothly on the boat, your fun company and
positive disposition.
Dr. Prosper Zigah, I am grateful for your help and skills, especially during the Lake Kivu
campaign, and for you being a pleasant office mate.
Many thanks to Jasmine Berg for making various field trips and lab work at the MPI such great
fun. Thank you for all your advice in and out of the lab, always having an open ear and your
friendship.
Corinne Jegge, it was a pleasure working with you. Thank you for enjoyable and productive times
in Spain and Finland.

3

Acknowledgements

I appreciate having had the chance to work with Prof. Moritz Lehmann, Dr. Jakob Zopfi and Jana
Tischer, who helped make the Lake La Cruz sampling trip so memorable.
A huge thanks goes to my fellow PhDs, postdocs and staff who made my time in Kastanienbaum
and Lucerne unforgettable. Dr. Nadine Czekalski, Dr. Lawrence Och, Julian Junker, Dr. Dörte
Carstens, Dr. Natascha Torres, Carole Guggenheim, Dr. Oliver Selz, Rohini Athavale and
Johannes Hellmann, thanks for being there for me and for your friendship. I am also grateful to
my fellow PhDs and postdocs at the MPI, Soeren Ahmerkamp, Cameron Callbeck, Philipp Hach,
Dr. Hannah Marchant, Jon Graf and Jessika Füssel, who helped me in the lab and made my time
after work in Bremen entertaining.
Eliane Scharmin, Luzia Fuchs and Patricia Achleitner, thank you for your help with
administrative details.
The Swiss National Science Foundation is acknowledged for funding this project.
Finally, I would like to thank my parents for their relentless support in all matters. I deeply
appreciate that you gave me all possible opportunities, always accepted my decisions and were
there for me. I am also thankful to the rest of my family and friends, who supported me from afar.

4

SUMMARY
Freshwater lakes represent a major natural source of methane to the atmosphere, a potent
greenhouse gas with critical climatic implications. Particularly in stratified lakes methane can
potentially build up to high concentrations in the anoxic hypolimnion and be emitted by a variety
of flux mechanisms. Microbial methane oxidation, which is principally mediated by anaerobic
archaea and aerobic proteobacteria, is the only process impeding methane emissions from
lacustrine waters. The majority of occurring methane oxidation in lakes has been ascribed to
aerobic methanotrophs, which are preferably located at oxic/anoxic interfaces in both sediments
and water columns. However, there is increasing evidence that methane is also oxidized in anoxic
hypolimnia of lakes, where oxygen is not available as an oxidizing agent. It is speculated that
electron acceptors such as nitrate, nitrite and iron- or manganese oxides could be of relevance
there. Though the microorganisms mediating these processes remain elusive, recent laboratory
studies revealed novel methanotrophs and pathways for methane oxidation, which could also be
essential in lakes.
The goal of this thesis was to investigate which electron acceptors and methanotrophs are
involved in methane oxidation at and below the oxycline of three stratified lakes, Lake Rotsee
(Switzerland), Lake Zug (Switzerland) and Lake La Cruz (Spain), exhibiting different chemical
conditions, trophic states and mixing regimes. To achieve this a combination of chemical, isotopic
and molecular methods was employed.
In all studied lakes highest methane oxidation rates and highest abundances of aerobic
methanotrophs were detected at the oxycline. In fully oxic waters with little remaining methane,
oxidation rates were markedly lower suggesting inhibition due to oxygen or lack of another
nutrient. In the anoxic hypolimnia, the isotopic signature of residual methane indicated occurring
methane oxidation, which was corroborated by oxidation rates of the same order of magnitude as
at the oxycline. Yet, anaerobic methanotrophs were either completely absent or substantially less
prevalent than their concurrent aerobic counterparts. In fact gammaproteobacterial methanotrophs
were usually the most abundant group at both the oxycline and under fully anoxic conditions.
In the eutrophic shallow Lake Rotsee, this apparent anaerobic methane oxidation was mediated by
gamma-type aerobic methanotrophs linked to in situ oxygen production by photosynthetic
organisms. This was confirmed by light penetrating below the oxycline, detection of chlorophyll a
at these depths and stimulation of methanotrophic activity under light conditions. Although light
reached below the oxycline in the shallow oligotrophic Lake La Cruz as well, light conditions had
a less drastic effect on methane oxidation. Increased oxidation potential under anoxic conditions
5
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was observed with additions of nitrate and nitrite, however, it remains ambiguous as to whether
methane oxidation was directly linked to the reduction of these species. In the deep eutrophic
Lake Zug methane oxidation was enhanced and gammaproteobacterial methane-oxidizers were
active and enriched with additions of iron and manganese oxides. Though a simultaneous
production of reduced metal species could not be detected, it is feasible that metal oxides only
stimulated methane oxidation indirectly or metals were cycled continuously and functioned as the
electron acceptor under oxygen limitation.
Altogether, these findings suggest that gammaproteobacterial methanotrophs play an essential role
in methane cycling at oxic/anoxic interfaces and in the oxygen depleted hypolimnion of
freshwater lakes. If there is deep light penetration, their activity is likely coupled to
photosynthesis supplying oxygen. Under anoxic conditions, their metabolic requirements appear
to be much more versatile yet exact pathways could not be confirmed and likely overlap with
zones of aerobic oxidation.
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ZUSAMMENFASSUNG
Methan ist ein starkes Treibhausgas und hoch relevant für Klimafragen. Wichtige Quellen des
natürlichen Ausstosses von Methan in die Atmosphäre sind Süsswasserseen. Besonders in
geschichteten Seen können hohe Konzentrationen von Methan im anoxischen Hypolimnion
akkumuliert und auf verschiedenste Weise emittiert werden. Einzig durch mikrobielle
Methanoxidation, welche prinzipiell durch anaerobe Archeaen und aerobe Proteobakterien
durchgeführt wird, kann der Ausstoss von Methan aus Seen unterbunden werden. Der Hauptteil
der mikrobiellen Methanoxidation wird aeroben methanotrophen Bakterien zugeschrieben, welche
sich vorzugsweise in oxisch/anoxischen Grenzschichten von Sedimenten oder Wassersäulen
aufhalten. Zunehmend gibt es jedoch Hinweise, dass Methan auch im anoxischen Hypolimnion
oxidiert wird, also ohne Verfügbarkeit von Sauerstoff als Oxidationsmittel. Stattdessen könnten
unter diesen Bedingungen alternative Elektronenakzeptoren, wie Nitrat, Nitrit und Eisen- oder
Manganoxide eine Rolle spielen. Bislang konnte nicht geklärt werden, welche Mikroorganismen
diese Prozesse steuern, jedoch wurden kürzlich in Laborstudien neue methanotrophe
Mikroorganismen entdeckt, welche ebenfalls eine wichtige Rolle in Seen spielen könnten.
Das Ziel dieser Arbeit war, am Beispiel drei geschichteter Seen, Rotsee (Schweiz), Zugersee
(Schweiz) und La Cruz See (Spanien), welche sich hinsichtlich chemischer Gegebenheiten,
Trophiestufe

und

Zirkulationsregime

unterscheiden,

zu

untersuchen,

welche

Elektronenakzeptoren und methanotrophen Bakterien in der Methanoxidation unterhalb der
Oxikline involviert sind. Um dies zu erreichen wurde eine Kombination chemischer, isotopiebasierter und molekularer Methoden verwendet.
In allen untersuchten Seen wurden sowohl die höchsten Oxidationsraten von Methan, als auch die
höchsten Abundanzen von methanotrophen Mikroorganismen auf Höhe der Oxikline bestimmt. In
sauerstoffhaltigem, methanarmem Wasser waren die Oxidationsraten deutlich kleiner, was auf
Inhibition durch Sauerstoff oder Mangel eines anderen Nährstoffes hindeutet. Die
Isotopenzusammensetzung des verbleibenden Methans im anoxischen Hypolimnion, legt nahe,
dass Methanoxidation stattfindet. Gestützt wird diese Annahme durch Oxidationsraten
vergleichbar mit denen nahe der Oxikline. Anaerobe Methanotrophe waren jedoch entweder
überhaupt nicht nachweisbar oder, verglichen mit ihren konkurrierenden aeroben Gegenspielern,
deutlich in der Unterzahl. Tatsächlich waren methanotrophe Gammaproteobakterien sowohl an
der Oxikline als auch unter vollkommen anoxischen Bedingungen am häufigsten vertreten.
Im eutrophen flachen Rotsee wurde diese scheinbar anaerobe Methanoxidation durch gammatypische aerobe Methanotrophe durchgeführt, wobei der benötigte Sauerstoff in situ durch
7
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phototrophe Organismen bereitgestellt wurde. Diese Beobachtung wurde bestätigt durch das
Eindringen von Licht unterhalb der Oxikline, den Nachweis von Chlorophyll a in dieser Tiefe und
die Stimulation der Methanoxidation durch Licht. Obwohl Licht im flachen oligotrophen La Cruz
See ebenfalls Tiefen unterhalb der Oxikline erreichte, schien der Ablauf der Methanoxidation
davon weniger stark beeinflusst. Durch Zugabe von Nitrat und Nitrit wurde zwar ein erhöhtes
Oxidationspotential beobachtet, jedoch bleibt offen, inwiefern ein Zusammenhang zwischen der
Reduktion dieser Spezies und der Methanoxidation besteht. Im tiefen eutrophen Zugersee fand
verstärkt Methanoxidation statt und methanoxidierende Gammaproteobakterien waren aktiv und
konnten durch Zusatz von Eisen- Manganoxiden angereichert werden. Auch wenn gleichzeitig
keine Produktion reduzierter Metallspezies nachgewiesen werden konnte, ist es durchaus möglich,
dass Metalloxide indirekt lediglich die Methanoxidation stimulieren, oder kontinuierlich
zirkulieren und als Elektronenakzeptoren unter Sauerstoffmangel fungieren.
Zusammengenommen,

deuten

diese

Ergebnisse

darauf

hin,

dass

methanotrophe

Gammaproteobakterien eine essentielle Rolle im Methankreislauf spielen und dies nicht nur an
oxisch/anoxischen Grenzschichten, sondern auch im sauerstoffarmen Hypolimnion von
Süsswasserseen. Ihre Aktivität in tieferen lichtdurchlässigen Schichten ist sehr wahrscheinlich an
Sauerstoffproduktion durch Photosynthese gekoppelt. Unter anoxischen Bedingungen sind ihre
Bedürfnisse für die Metabolisierung vermutlich um einiges vielfältiger, weshalb der genaue
Ablauf hier nicht vollständig aufgeklärt werden konnte. Vermutlich gibt es zum Teil gar
Überlappungen mit der Metabolisierung in oxischen Zonen.
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1. INTRODUCTION
Greenhouse gases (GHGs) have increased steadily since the industrial revolution, mainly
attributable to anthropogenic activities. Atmospheric carbon dioxide (CO2) concentrations have
shown the highest rise in absolute terms (>100 ppm) (Prentice et al. 2001) making it the most
relevant contributor to global warming. Though considerably less abundant in the atmosphere,
other GHGs such as methane (CH4) or nitrous oxide (N2O) have a more severe relative impact.
This is due to their global warming potential, a measure of heat trapping efficiency per unit mass
and atmospheric life time. In the case of CH4, its warming potential is 20 times higher over a 100
year period compared to CO2 (Forster et al. 2007). Preindustrial methane concentrations also
show the highest relative increase (~150 %) among all GHGs (Forster et al. 2007) with current
emissions approximating 600 Tg CH4 a-1 (Ehhalt et al. 2001). Though this only comprises a small
proportion in comparison to CO2 emissions, its warming potential and drastic increase make
methane a crucial GHG.
Methane stems from anthropogenic as well as natural sources, each estimated to supply roughly
50 % of total emissions (Bastviken et al. 2004; Khalil and Shearer 2000). Anthropogenic release
stems from fossil fuel and biomass burning, waste decomposition and agricultural practices such
as rice cultivation and livestock raising. Methane is produced naturally in all anoxic environments
and through termite activity. Of the annual global methane budget, 85 % is generated and
approximately 60 % is depleted by microbial processes, regardless of its anthropogenic or natural
origin (Knittel and Boetius 2009). Methane fluxes from the hydro- and pedosphere are controlled
almost exclusively by anaerobic methanogens producing methane and aerobic and anaerobic
methanotrophs, which consume it. These microorganisms are also active in freshwater lakes,
which represent a curious natural source of methane. Lakes only cover 2-3 % of earth’s land
surface (Downing et al. 2006) yet are estimated to account for up to 12 % of total emissions (~72
Tg CH4 a-1) (Bastviken et al. 2011). In comparison, oceans cover a significantly larger surface
area, but only contribute ~3 % to the global CH4 budget (Neef et al. 2010). Due to their important
role in methane release, understanding how methane is cycled and which microorganisms are
involved in lacustrine settings is essential for predicting future climate change.
The following introduction gives an overview of the two microbial processes of the methane
cycle: methanogenesis and methane oxidation. In both cases relevant microbial groups along with
details about their metabolisms and occurrence are discussed, while the focus is put on the
oxidative pathway. The current state of knowledge concerning methane dynamics in lacustrine
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systems is then presented including physical and well as microbial aspects. Finally, field
locations, applied methods and chapters of this thesis are outlined briefly.

1.1.

Methanogenesis

Methanogenesis is the final step in the degradation of organic matter and occurs in most anoxic
terrestrial and aquatic environments. Due to its low energy yield, methanogenesis proceeds when
all other more favorable inorganic electron acceptors have been consumed (Stumm et al. 1996)
(Fig. 1). Methanogens, strict anaerobic microorganisms belonging to the archaea, mediate
methanogenesis by either disproportionating acetate (CH3COOH) or by utilizing CO2 as the
terminal electron acceptor (Berg et al. 2010):
CH3COOH  CO2 + CH4
CO2 + 4H2  2H2O + CH4

Methanogens are also capable of reducing hydrogen, formate, methanol, methylated compounds
and carbon monoxide and can be adapted to extreme conditions including hydrothermal or
hypersaline environments (Cicerone and Oremland 1988). All known methanogens employ
methyl-coenzyme M reductase (MCR) to catalyze the reaction, which is active in the final
reduction steps (Ermler et al. 1997; Jaun and Thauer 2007). Methanogens assimilate carbon from
CO2 by the acetyl-coenzyme A pathway, an autotrophic carbon fixation mechanism with the
highest energy yield and exclusive to anaerobic organisms (Berg et al. 2010). However, it is not
only common in archaea, but also employed by certain bacteria, i.e. acetogenic bacteria (Ragsdale
2008).

Figure 1. Important redox couples, their redox potential
and relative energy gain in natural waters. Redox
potentials are given at pH 7 (black arrows) and pH 8 (gray
arrows). Modified from Sigg (2000).
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Though methanogens are abundant in anoxic sediments of both marine and lacustrine water
bodies, high methane accumulation is mostly a feature of the latter. This disparity is mainly due to
high sulfate (SO42-) content of the oceans (28 mM) supporting remineralization of organic matter
mainly via SO42- reduction (Jørgensen 1982). This pathway is less pronounced in freshwater lakes
as SO42- concentrations are notably lower (µM scale), making methanogenesis the dominant
degradation process (Conrad et al. 1989). Furthermore, it has been demonstrated recently that
methanogenesis can also occur under oxic conditions in lake water (Bogard et al. 2014; Grossart
et al. 2011), suggesting that it might be more prevalent than previously assumed.

1.2.

Methane oxidation

The partial oxidation of methane by OH radicals in the atmosphere and microbial methane
oxidation (MO) are the two major global methane sinks (Cicerone and Oremland 1988; Reeburgh
2007). Microbial MO is the counter process to methanogenesis and it is catalyzed by methaneoxidizers (methanotrophs), which convert CH4 to CO2, thereby reducing the flux of methane to
the atmosphere. Methanotrophs are adapted to a range of terrestrial and aquatic systems and can
thrive under oxic, anoxic, arid (Sullivan et al. 2013), hypersaline (Carini et al. 2005) and acidic
conditions (Pol et al. 2007). Methane-oxidizers show a large diversity spanning the bacterial and
archaeal domains, including both aerobic and anaerobic groups.

1.2.1.

Aerobic methane oxidation

Classical aerobic methane oxidation is performed by methane-oxidizing bacteria (MOB) at
neutral pH. Known neutrophilic MOB belong to the gamma- (type I and type X) and
alphaproteobacteria (type II) with carbon assimilation occurring through the ribulose
monophosphate and the serine pathways, respectively (Hanson and Hanson 1996). Type X
MOB include thermotolerant and thermophilic species (Bowman 2006). Methane is not only
used as a substrate, but also partially incorporated into the biomass. However, there is
considerable variation in C-CH4 assimilation in pure cultures (19-70 %) (Leak and Dalton
1986), and environmental data suggests even lower assimilation rates (Milucka et al. 2015).
To date all described MOB utilize molecular oxygen (O2) as the terminal electron acceptor:
CH4 + 2O2  CO2 + 2H2O
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The pathway involves multiple enzymes and intermediates including methanol, formaldehyde and
formate (Hanson and Hanson 1996) (Fig. 2). The key enzyme is methane monooxygenase
(MMO), which is involved in the initial oxidation of CH4 to methanol, and can be present in two
forms: particulate- (pMMO) and soluble methane monooxygenase (sMMO). While the gene
encoding for pMMO (pmoA) is expressed by the majority of methanotrophs, the marker gene for
sMMO (mmoX) is only found in some (Semrau et al. 2010). Copper and iron are contained in the
active sites of pMMO (Balasubramanian et al. 2010; Lieberman and Rosenzweig 2005) and
sMMO (Rosenzweig et al. 1993), respectively, and thus important for gene expression and
enzyme activity. In methanotrophs having both forms of MMO, copper also appears to affect the
function of sMMO (Dalton et al. 1984; Takeda et al. 1976). This along with copper being a trace
metal in nature, makes it a central limiting factor for MO.

Figure 2. Enzymatic pathway of methane oxidation and formaldehyde assimilation (Hanson and Hanson
1996). Initial oxidative steps of methane to methanol involving pMMO and sMMO, and subsequently to
formaldehyde by methanol dehydrogenase (MDH). Further oxidative steps are catalyzed by formaldehyde
dehydrogenase (FADH) and formate dehydrogenase (FDH).

Most known MOB grow exclusively on CH4 and other single C compounds such as methanol and
in some cases also formate, formaldehyde and methylamine (Bowman 2006). Methylocella
silvestris appears to be an exception to this. Along with growth on CH4, it can also grow solely on
more complex C-C compounds, e.g. acetate, pyruvate and ethanol (Dedysh et al. 2005), making it
the only known facultative methanotroph to date. However, it is speculated that Crenothrix
polyspora (Cohn 1870), a filamentous microorganism, could also be a facultative MOB due to its
ability to assimilate acetate and glucose (Stoecker et al. 2006). Clonothrix fusca (Roze 1896),
though formerly thought to be a developmental stage of C. polyspora due to their morphological
similarities (Kolk 1938; Lieske 1922), is another filament capable of methane oxidation (Vigliotta
et al. 2007). While both are more infamous for their historical disturbance of drinking water
supplies (Cohn 1870; Kolk 1938; Schweisfurth 1974), it has been shown only recently that they
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are gamma-type MOB (Stoecker et al. 2006; Vigliotta et al. 2007). Along with their
morphological distinction among methane-oxidizers, C. polyspora and C. fusca are also
genetically different from their relatives. This is especially true for C. polyspora, which expresses
pmoA sequences more closely related to the ammonia monooxygenase (amoA) of ammonia
oxidizers (Stoecker et al. 2006). New evidence shows that this unusual pmoA is also found in
certain nitrifiers, able to mediate complete nitrification (Daims et al. 2015; Van Kessel et al.
2015), indicating that C. polyspora may in fact be involved in this process as well.
Acidophilic methanotrophs represent another interesting divergence from what has been identified
and described until now. Unlike most classified MOB, which are proteobacteria, these belong to
the phylum Verrucomicrobia, a widespread and diverse lineage yet poorly characterized by pure
cultures (Op Den Camp et al. 2009). Verrucomicrobial methanotrophs are both thermophilic
(Islam et al. 2008) and acidophilic, capable of growth even below pH 1 (Pol et al. 2007). Though
some show a similar pmoA expression as their proteobacterial relatives, genetic units for the
subsequent oxidative steps are either incomplete or missing entirely (Dunfield et al. 2007). Other
isolates express novel pmoA sequences (Pol et al. 2007) or are lacking this marker gene
completely (Islam et al. 2008). Therefore, the cellular mechanisms and organisms that perform
aerobic methane oxidation are probably much more diverse than what is known so far.

1.2.2.

Anaerobic oxidation of methane

Anaerobic oxidation of methane (AOM), mediated by anaerobic methanotrophic archaea
(ANME), is another important metabolism acting as a natural methane filter. The conventional
pathway proceeds via sulfate reduction:
CH4 + SO42-  HCO3- + HS- + H2O

Currently there are three known clades of ANME (ANME-1, -2 and -3) and they usually occur in
a consortium with various sulfate-reducing deltaproteobacteria (SRB) (Boetius et al. 2000;
Michaelis et al. 2002; Orphan et al. 2001). In this cooperation SRB are physically attached to the
ANME forming cell aggregates, in which the archaea activate CH4 and the bacteria are able to
take up the excess electrons (Boetius et al. 2000; Milucka et al. 2013). Recent studies show that
this electron transfer can take place directly (Mcglynn et al. 2015) or via intercellular wiring
(Wegener et al. 2015). However, at least ANME-2 appear to be able to carry out AOM directly by
dissimilatory sulfate reduction producing S0 (disulfide), which is in turn disproportionated by the
associated deltaproteobacteria (Milucka et al. 2012) (Fig. 3).
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Figure 3. Proposed pathway for anaerobic oxidation
of methane mediated by ANME directly (Milucka et
al. 2012). ANME-2 (red) couple methane oxidation to
sulfate reduction producing elemental sulfur (S0). After
diffusing out of the cell, S0 reacts to from polysulfides,
which are disproportionated by the associated
deltaproteobacteria (green).

Until recently is was unclear how the C-H bond could be broken in the absence of reactive oxygen
species in AOM, though it was speculated that a kind of reverse methanogenesis was taking place
(Hallam et al. 2004; Hoehler et al. 1994). Indeed, similar to the closely related archaeal
methanogens, ANME utilize the same enzyme, MCR, to activate methane oxidation thus causing
the opposite reaction (Scheller et al. 2010). Another parallel to methanogens seems to be their
ability to generate biomass from inorganic carbon fixation. Only about 1 % of the utilized CH4 is
assimilated as biomass in ANME and the remaining 99 % is oxidized to CO2 completely (Knittel
and Boetius 2009). Interestingly, a greater percentage of carbon stemming from CH4 is often
found in ANME, indicating that after complete oxidation some CO2 can be re-utilized directly for
biosynthesis (Nauhaus et al. 2007; Wegener et al. 2008).

1.2.3.

Nitrate/nitrite-dependent methane oxidation

Methane oxidation coupled to denitrification is carried out by three known metabolically distinct
groups of microorganisms. Methanoperedens nitroreducens, an archaeon belonging to a novel
lineage of ANME-2d, performs AOM with nitrate as the oxidizing agent:
CH4 + 4NO3-  4NO2- + 2H2O + CO2

This candidate species expresses the complete reverse methanogenesis as well as the acetylcoenzyme-A pathway for carbon fixation (Haroon et al. 2013). However, M. nitroreducens
converts nitrate (NO3-) to nitrite (NO2-), but cannot perform the subsequent denitrification steps to
N2.
The complete denitrification pathway is also absent in the bacterial counterpart, Candidatus
Methylomirabilis oxyfera. This bacterium oxidizes CH4 under anoxic conditions in the presence of
nitrite (Ettwig et al. 2010):
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3CH4 + 8NO2- + 8H+  3CO2 + 4N2 + 10H2O

Though M. oxyfera expresses genes encoding for nitric oxide (NO) production, the units for
further reduction to dinitrogen gas are missing and it expresses all genes necessary for aerobic
methane oxidation (Ettwig et al. 2010). Thus it appears to reduce nitrite to NO, which is split
intracellularly into N2 and O2, which is in turn utilized to oxidize methane aerobically (Fig. 4).
Though this organism shares common traits with the proteobacterial methanotrophs, it belongs to
a divergent yet unnamed novel phylum (NC10) (Holmes et al. 2001; Rappé and Giovannoni
2003). This along with its hybrid aerobic/anaerobic metabolism makes M. oxyfera truly unique
among known methanotrophs.

Figure 4. Proposed pathway for methane oxidation with nitrite performed by Methylomirabilis oxyfera
(Ettwig et al. 2010). Nitrite is reduced to nitric oxide by nitrate reductase (nirSJFD/GH/L) and methane is then
oxidized aerobically with particulate methane monooxygenase (pmoCAB).

Aerobic MOB are also capable of denitrification, as most express genes encoding for nitrogen
oxide reductases (Campbell et al. 2011). However, it is unclear under which conditions this
pathway is activated or if it serves as an NOx detoxification mechanism in the cell (Stein and
Klotz 2011). Recently it has been shown that Methylomonas denitrificans, an aerobic gammaMOB, can couple methane oxidation to denitrification under O 2 limitation (<50 nM) (Kits et al.
2015b). This bacterium is able to oxidize methane with NO 3-, NO2- or NO producing N2O as the
terminal product. However, it is probable that trace amounts of O 2 are still required for CH4
activation with pmoA and that the respective nitrogen species then function as the electron
acceptor in the respiratory chain (Kits et al. 2015b). This also holds true for gamma-MOB
Methylomicrobium album, which oxidizes methane in the presence of NO2- (Kits et al. 2015a).
This capacity of switching electron acceptors provides these bacteria with an advantage under
conditions where O2 levels fluctuate and explain why aerobic MOB are often found in systems
with oxygen scarcity.
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1.2.4.

Metal oxides and methane oxidation

Both iron and manganese oxides are important electron acceptors in most environments. In theory
they could both serve as an electron acceptor for methane oxidation:
CH4 + 4MnO2 + 7H+  HCO3- + 4Mn2+ + 5H2O
CH4 + 8FeOOH + 15H+  HCO3- + 8Fe2+ + 13H2O

Both reactions are thermodynamically feasible (at 25°C and pH 7) and yield ΔG of -652 and -181
kJ mol-1 for Mn and Fe, respectively (Zehnder and Brock 1980). Though lower than aerobic
methane oxidation (-824 kJ mol-1), the energy gain is significantly higher than sulfate-coupled
AOM (-22 kJ mol-1). There is some experimental evidence supporting methane consumption and
concurrent metal oxide reduction, but molecular information about microorganisms capable of
mediating such reactions is inconclusive or lacking (Beal et al. 2009; Sivan et al. 2011).

1.3.

Methane production and emission from lakes

In lakes methane is principally produced in anoxic sediments (Bartlett and Harriss 1993; Rudd
and Taylor 1980). The majority is of biogenic origin as methanogenesis is the final step in the
degradation of organic matter there (Conrad et al. 1989). The rates at which methane is generated
depends on primary productivity within the water column, sedimentation of organic matter and
temperature. Once produced, there are at least four ways by which methane can be emitted into
the atmosphere: vertical diffusion, storage flux (mixing), ebullition (rising bubbles) and advection
through aquatic vegetation (Bastviken et al. 2004) (Fig. 5). While all release pathways depend on
the rate of methanogenesis in the sediment to some degree, other factors, i.e. water depth and
stratification, are also influential.

Figure 5. Mechanisms for methane emissions from stratified lakes.
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Vertical diffusion is governed by the concentration difference and the physical exchange (piston
velocity) between the water and atmosphere (Stumm et al. 1996). This flux mode controls
methane transfer from the sediment to the water column and also from the water to the
atmosphere (Bastviken et al. 2004). In stratified lakes, where methane can potentially accumulate
to high concentrations in the hypolimnion, storage flux can also play a role. Mixing events during
the fall and/or spring in holomictic lakes cause a fast emission of stored methane by diffusion
(Michmerhuizen et al. 1996; Riera et al. 1999). Though more unusual, storage flux can also occur
in meromictic lakes when a natural disturbance, i.e. earthquake or landslide, destabilizes
stratification (Evans et al. 1993; Sigurdsson et al. 1987). The amount of emitted methane from a
mixing event is a product of the degree of gas saturation and the volume of the hypolimnion.
While diffusive fluxes have been studied more intensively in lakes, ebullition and plant-mediated
fluxes are less well represented and thus probably underestimated (Bastviken et al. 2011).
However, ebullition appears to be more important in shallow (<50 m) systems, mainly because
rising bubbles are less likely to re-dissolve over a shorter depth range (Flury et al. 2010; Mcginnis
et al. 2006; Ostrovsky et al. 2008). Gas bubble and vegetative fluxes are primarily controlled by
the hydrostatic pressure (Fendinger et al. 1992) and plant physiology (Segers 1998), respectively.
Combined these flux pathways from lakes are estimated to contribute 8-72 Tg CH4 a-1 (1.3-12 %
of global budget) (Bastviken et al. 2004; Bastviken et al. 2011). Additionally, lakes with a size
between 1-100 km2 (Bastviken et al. 2004) and located at latitudes below 54° (Bastviken et al.
2011) seem to account for the majority of lacustrine emissions.

1.4.

Methane oxidation dynamics in lakes

Microbial methane oxidation is the only biotic mechanism diminishing methane emissions and the
most important non-atmospheric methane sink. In aquatic systems methane is oxidized under both
oxic and anoxic conditions and is particularly effective in marine sediments and water columns,
mediated by ANME as well as aerobic MOB (Knittel and Boetius 2009; Reeburgh 2007). It is
estimated that AOM accounts for >90 % of this turnover (Hinrichs and Boetius 2003; Reeburgh
2007), making it the most important control on methane release from ocean water.
Though AOM is the dominant methane oxidation pathway in marine systems, it has not been
conclusively shown to occur in lakes. There are some indications that ANME also occur in lake
water (Durisch‐Kaiser et al. 2011; Eller et al. 2005) and AOM associated archaea (AAA) in
sediments (Schubert et al. 2011), but their contribution to methane turnover remains ambiguous.
In fact, the majority of CH4 consumption in limnic systems has been assigned to the aerobic
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metabolism, as aerobic MOB are commonly found in both lake water and sediments (Hanson and
Hanson 1996; King 1992). In fully mixed lakes where oxygen reaches the sediment/water
interface and even into the upper layers of the sediment, MOB are present (Costello and Lidstrom
1999; Pester et al. 2004) and methane is removed efficiently (Bastviken et al. 2002). In stratified
systems, displaying either seasonal (mono- or dimictic) or permanent stratification (meromictic),
optimal methane oxidation occurs at the oxic/anoxic transition where both required substrates are
available (Panganiban et al. 1979; Schubert et al. 2010; Sundh et al. 2005). Above the oxycline,
MO appears to be less efficient, possibly due to oxidation inhibition by both higher light intensity
(Dumestre et al. 1999; Murase and Sugimoto 2005) and/or oxygen concentrations (Rudd and
Hamilton 1975). In lake water, type I (gamma-) are usually more abundant than type II (alpha-)
MOB, which suggests that they are more essential for methane consumption (Hanson and Hanson
1996; Milucka et al. 2015). They are most prevalent at the depth of the oxycline (Carini et al.
2005; Schubert et al. 2010) where they constitute up to 5 % of the total bacterial abundance
(Fenchel and Blackburn 1979). Methane oxidation rates quantified at oxic/anoxic boundaries in
lake water columns are variable ranging from nM d-1 to µM d-1 (Blees et al. 2014; Carini et al.
2005; Iversen et al. 1987) and as high as 5 µM d-1 (Schubert et al. 2010).
Interestingly, MO in the absence of detectable O2 has been observed in various anoxic hypolimnia
(Biderre-Petit et al. 2011; Blees et al. 2014; Panganiban et al. 1979). In shallow lakes where light
may still reach below the oxycline, photosynthesis can supply O2 for aerobic methane oxidation
(Milucka et al. 2015), however, this is probably not relevant for very deep systems. There AOM
appears to be taking place, yet known ANME which could mediate the process are usually absent
and only aerobic MOB are found (Biderre-Petit et al. 2011; Blees et al. 2014). The presence of
aerobic MOB in anoxic zones might be explained by sedimentation of inactive cells (Schubert et
al. 2006) or periodic downwelling of cold oxygen-rich water (Blees et al. 2014). Yet measureable
MO rates suggest that these or other unknown microorganisms are mediating methane turnover.
Denitrification-dependent methane oxidation along with bacteria related to M. oxyfera, which
perform this metabolism, appear to be important in some lake sediments (Deutzmann et al. 2014).
The role of denitrification for methane oxidation might be relevant in anoxic hypolimnia as well,
especially since nitrate is often still available below the oxycline. Taking into account that zones
of aerobic MO and nitrate-dependent MO probably overlap (Deutzmann et al. 2014) and that
aerobic MOB also appear to be able to utilize nitrate and nitrite as an electron acceptor under O2
limitation (Kits et al. 2015a; Kits et al. 2015b), it may be difficult to distinguish these processes in
situ. Below the denitrification zone, metal oxides could also serve as the oxidant. Though
molecular evidence is largely missing, there are geochemical indications in several lakes that MO
could be linked in Fe reduction (Norði et al. 2013; Sivan et al. 2011) and possibly also Mn
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reduction (Crowe et al. 2011). Since the full variety of methanotrophs is not yet known and
aerobic MOB might be more flexible in their respiratory requirements, it is possible that electron
acceptors other than O2 contribute to methane turnover below the oxyclines of lakes.

1.5.

Study sites

1.5.1.

Lake Rotsee

Lake Rotsee, located near the city of Lucerne in Central Switzerland, is a monomictic lake (Fig.
6). It is about 1 km2 in size with a maximum depth of 16 m and located at an altitude of 436 m
a.s.l. Seasonal stratification develops as early as May depending on weather conditions and
remains stable until November. Water in the hypolimnion retains stable temperatures of about 7°C
during stratification and the oxycline is located between 8 – 11 m (Schubert et al. 2010). Lake
Rotsee became highly eutrophic in the 1800s mainly due to high inputs of sewage (Bloesch 1974).
Although its state has improved through sewage treatment and increasing through-flow
(Stadelmann 1980), it is still classified as eutrophic. Past and current methane cycling have been
studied in sediments and water column based on chemical parameters, oxidation rates and also
biomarker analysis specific to methanogens and methanotrophs (Naeher et al. 2014; Schubert et
al. 2010). However, the mechanism responsible for removing methane from anoxic waters is still
unclear (Schubert et al. 2010).

1.5.2.

Lake Zug

Lake Zug is a sub-alpine eutrophic lake situated between Lake Zurich and Lake Lucerne,
Switzerland (Fig. 6). It is located at an elevation of 417 m a.s.l. and occupies an area of about 38
km2. The water column of Lake Zug is not uniform mainly because it is divided into two basins
by a peninsula. The northern basin (Obersee) is relatively shallow with depths ranging between
40-60 m, while the southern basin (Untersee) is deep (max. depth 198 m) and meromictic with an
anoxic hypolimnion (Mengis et al. 1997). Sedimentary processes (Schaller and Wehrli 1996),
mineralization pathways (Maerki et al. 2009) and nitrogen cycling (Carstens et al. 2012; Carstens
et al. 2013) have been studied extensively in Lake Zug, yet little is known about methane
consumption in the water column.
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Figure 6. Location and bathymetric maps of Lake Rotsee and Lake Zug. Triangles denote the location of the
respective sampling sites. Modified with permission of Swisstopo /JA100119.

1.5.3.

Lake La Cruz

Lake La Cruz is a small karstic lake situated in Central Eastern Spain near the city of Cuenca at an
altitude of 1000 m a.s.l. (Fig. 7). The lake is nearly circular in shape with a maximum diameter of
approximately 136 m. Though the depth of the lake fluctuates seasonally and annually, the
maximum measured depth was 24 m (Rodrigo et al. 2001). Lake La Cruz is meromictic due to a
strong salinity gradient causing permanent stratification below 18 m and a varying oxycline
located at about 15 m (Julià et al. 1998). A brief, but substantial, event of calcium carbonate
(CaCO3) precipitation (whiting) occurs annually during the summer (Rodrigo et al. 1993).
Additionally, Lake La Cruz is characterized by unusually high concentrations of dissolved iron(II)
and low amounts of sulfur. Therefore, it is an ideal system to study microbial iron cycling (Walter
et al. 2014) and interesting in terms of possible iron-coupled methanotrophy.
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Figure 7. Location of Lake La Cruz on the Iberian Peninsula and regionally along with its bathymetry.
The triangle denotes the sampling location. Modified from Romero-Viana et al. (2008).

1.6.

Overview of methods

1.6.1.

In situ profiling and water column chemistry

All in situ measurements were performed with an in-house built profiling in situ analyzer (PIA)
(Kirf et al. 2014), equipped with a multi-parameter probe, oxygen micro-optodes and a syringe
sampler holding 12 x 60 ml syringes (KC Denmark) (Fig. 8). Data acquisition, online monitoring
and visualization were provided by a built-in processor (ZBrain, Schmid Engineering,
Switzerland), load-bearing communications cable and customized software (LabVIEW, National
Instruments) (Kirf et al. 2014). Data analysis was done using MATLAB (The Math-Works) with
custom scripts.
The majority of water column samples were retrieved with the syringe sampler, which was
triggered online at specific depth intervals. These included samples for anions, cations, nutrients
(nitrate, nitrite, ammonium, sulfate, and sulfide), dissolved inorganic carbon and metals (iron and
manganese). Larger volumes of water required for gas (methane) and isotopic analysis of carbon,
labeling experiments and molecular techniques were obtained with a Niskin bottle, also attached
to the PIA. Concentrations of relevant chemical species were quantified according to standard
methods.
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Figure 8. Profiling in situ analyzer. Custom-built profiling device
including a multi-parameter probe, oxygen micro-optodes and a syringe
sampler.

1.6.2.
As

13

Methane oxidation potential using 13C-labeling

C has a low abundance in natural systems (1.07 at.%), it can be used to trace processes

related to carbon cycling.

13

C-CH4 was used to track methane oxidation potential in all

investigated lake systems, focusing on depths around the oxycline and the anoxic hypolimnion.
As methane is oxidized to CO2 in a 1:1 stoichiometric ratio, the increase of

13

C-CO2 in the

dissolved inorganic carbon (DIC) pool can be used to calculate MO rates. Exetainer (Labco Ltd)
incubations were setup for this purpose and supplemented electron acceptors (15N-nitrate,

15

N-

nitrite, Fe(III)- and Mn(IV)-oxide) were monitored simultaneously. The procedure was modified
from what is commonly done for

15

N-labeling experiments (Holtappels et al. 2011) minimizing

oxygen contamination and mimicking in situ conditions during incubation (temperature and light
conditions). Incubation times were fixed to 2 d to quantify linear rates or 7 d to observe reaction
kinetics beyond the linear phase.

1.6.3.

Phylogenetic identification and single cell activity

As methanotrophs assimilate at least some fraction of the methane they oxidize (Leak and
Dalton 1986),

13

C-CH4 was also used to quantify carbon assimilation, i.e. activity of cells

belonging to targeted methanotrophic groups (both aerobic and anaerobic). This was done by
in situ hybridization techniques in combination with nanometer-scale secondary ion mass
spectrometry (nanoSIMS) (Behrens et al. 2008; Li et al. 2008; Musat et al. 2008) (Fig. 9).
Catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) is one such
hybridization technique, which uses specific oligonucleotide probes labeled with horseradish
peroxidase (HRP), which bind to 16S rRNA gene sequences unique to microbial groups of
interest (Pernthaler et al. 2002). Subsequently, the probe signal is amplified by a fluorinecontaining dye, which attaches to the HRP. Cells belonging to specific methanotrophic groups
were identified in this manner and quantified in water samples and during experiments.
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Figure 9. Scheme of single cell
identification and activity measurements.
Environmental water samples are incubated
with isotopically labeled substrates. After
fixation and filtration, CARD-FISH is carried
out with specific oligonucleotide probes.
Identified cells are then analyzed by
nanoSIMS to track their metabolic activity
and elemental composition. Modified from
Musat et al. (2012).

Single cells, identified by CARD-FISH, of groups that showed growth, were then analyzed by
nanoSIMS (for review see Musat et al. (2012)). This instrument scans the surface area of the
sample with a primary ion beam (Cs+, beam size <50 nm) in a step-wise manner, secondary ions
are extracted from each pixel and detected in the multi-collector mass spectrometer. This allows
for high spatial resolution and subsequent visualization of the elemental and isotopic composition
of the surface area of the sample. In this study the following masses were detected
simultaneously: 12C-, 13C-, 12C14N-, 12C15N-, 31P-, 32S- and 19F-. Resulting ion images were analyzed
with Look@NanoSIMS (Polerecky et al. 2012), which is a set of scripts with a GUI written
specifically for analyzing nanoSIMS data obtained from environmental microbiological samples.
The program is run with MATLAB (The Math-Works): scanned planes are drift-corrected,
superimposed and regions of interest can be defined (i.e. cells identified by CARD-FISH).
Information about the elemental and isotopic composition of these regions is then exported in
image and numerical format. With this data, carbon assimilation of the identified cells was
calculated based on the biovolume of the microbial group converted to biomass (Musat et al.
2008), 13C/12C ratio of the measured single cells, the labeling percentage of 13C-CH4 pool and the
incubation time (Milucka et al. 2012).
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1.7.

Objectives and outline

This dissertation was part of a larger research effort: ‘Methane oxidation pathways at oxic-anoxic
boundaries in lakes’ (SNF grants: 135299, 153091 & 128707). Generally the project aimed to
resolve which electron acceptors could contribute to methane oxidation below the oxycline of
stratified lakes. Recent laboratory evidence suggests pathways for methane oxidation coupled to
nitrate/nitrite and iron-/manganese oxides. Given that oxygen conditions fluctuate in transitional
zones of lakes, these new pathways could account for methane oxidation proceeding in the
absence of oxygen. Additionally, it remains uncertain to which degree micronutrients such as
copper and/or iron control aerobic methane oxidation and the usage of alternative electron
acceptors under natural conditions. By selecting stratified lake systems, which differ in their
availability of methane, redox conditions and mixing regime, we studied controls on methane
oxidation both at the oxic/anoxic transition and in the anoxic hypolimnion. By combining vertical
profiling, reaction rate measurements, biomarker analysis and molecular biological techniques,
the project aimed to provide general understanding of methane cycling in lakes, which could be
applied to improve global emission estimates.
This thesis is divided into four main chapters, which provide novel insights into methane
oxidation in three contrasting stratified lakes: Lake Rotsee, Lake Zug and Lake La Cruz. The
following three chapters offer a comprehensive overview of methane oxidation dynamics and
involved microorganisms in Lake Rotsee and Lake Zug, while the last focuses on Lake La Cruz.

Chapter 2: Light-dependent aerobic methane oxidation reduces methane emissions from
seasonally stratified lakes
Methane oxidation in Lake Rotsee was mediated by aerobic gammaproteobaterial methanotrophs,
which depend on photosynthetically produced oxygen under low light conditions. This synergy
was occurring both at the oxycline and below under apparently anoxic conditions and during three
consecutive years. These findings suggest that this mechanism could be an additional methane
sink in shallow lakes with deep light penetration.

Chapter 3: Aerobic gammaproteobacterial methanotrophs mitigate methane emissions from oxic
and anoxic lake waters
Proceeding methane oxidation was verified in oxic, suboxic and anoxic waters of Lake Zug. In all
cases detected aerobic gamma-type methane-oxidizing bacteria were shown to grow and
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contribute to methane turnover. Their activity was stimulated by additions of Fe- and Mn oxides
and oxygen. However, metal oxide additions probably only stimulated methane oxidation
indirectly and the electron acceptor in the anoxic hypolimnion remains uncertain.

Chapter 4: Crenothrix polyspora: an important overlooked player in freshwater methane
oxidation
Crenothrix polyspora, a filamentous microorganism, was detected and contributed to methane
turnover at the Rotsee oxycline. It assimilated carbon from methane at a faster rate than
concurrent aerobic methanotrophs, indicating that it is more important for methane cycling there.
This is the first study which demonstrates that C. polyspora is an active methanotroph in natural
settings and also its first reported occurrence in lake water.

Chapter 5: Methane oxidation in the ferruginous Lake La Cruz (Spain)
Methane was efficiently removed at the oxycline and in anoxic waters below this transition of
Lake La Cruz. Both aerobic gamma- and alpha-type methane-oxidizing bacteria were detected at
these depths, yet anaerobic methanotrophs were absent. Additions of nitrate and nitrite showed
highest stimulation of methane oxidation, indicating that these species could be involved in
methane consumption under oxygen scarcity.
The last chapter of this work, summarizes all findings and outlines ideas for future research in this
field.

1.8.

Contribution to related publications

In collaboration with the larger research project, the following publications have been published
or submitted:
Zigah, P. K., Oswald, K., Brand, A., Dinkel, C., Wehrli, B., & Schubert, C. J. (2015). Methane
oxidation pathways and associated methanotrophic communities in the water column of a tropical
lake. Limnology and Oceanography, 60(2), 553-572.
Brand, A., Bruderer, H., Oswald, K., Guggenheim, C., Schubert C. J. & Wehrli, B. (accepted).
Oxygenic primary production below the oxycline and its importance for redox dynamics. Aquatic
Sciences.
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Light-dependent aerobic methane oxidation reduces methane emissions from seasonally stratified lakes

2.1.

Abstract

Lakes are a natural source of methane to the atmosphere and contribute significantly to total
emissions compared to the oceans. Controls on methane emissions from lake surfaces, particularly
biotic processes within anoxic hypolimnia, are only partially understood. Here we investigated
biological methane oxidation in the water column of the seasonally stratified Lake Rotsee. A zone
of methane oxidation extending from the oxic/anoxic interface into anoxic waters was identified
by chemical profiling of oxygen, methane and δ13C of methane. Incubation experiments with 13Cmethane yielded highest oxidation rates within the oxycline, and comparable rates were measured
in anoxic waters. Despite predominantly anoxic conditions within the zone of methane oxidation,
known groups of anaerobic methanotrophic archaea were conspicuously absent. Instead, aerobic
gammaproteobacterial methanotrophs were identified as the active methane oxidizers. In addition,
continuous oxidation and maximum rates always occurred under light conditions. These findings,
along with the detection of chlorophyll a, suggest that aerobic methane oxidation is tightly
coupled to light-dependent photosynthetic oxygen production both at the oxycline and in the
anoxic bottom layer. It is likely that this interaction between oxygenic phototrophs and aerobic
methanotrophs represents a widespread mechanism by which methane is oxidized in lake water,
thus diminishing its release into the atmosphere.

2.2.

Introduction

Methane (CH4), a potent greenhouse gas with a warming potential about 20 times higher than
carbon dioxide (CO2), is released from anthropogenic as well as natural sources with total
emissions approximating 600 Tg CH4 a-1 (Ehhalt et al. 2001). Freshwater lakes only occupy 2-3 %
of Earth’s land surface (Downing et al. 2006), but they contribute substantially to atmospheric
CH4 emissions, releasing 8-48 Tg CH4 a-1 (Bastviken et al. 2004). Contrarily, oceans cover a
vastly larger surface area but they only account for ~3 % of global CH4 emissions (Neef et al.
2010). This is not only due to the high sulfate (SO42-) content of marine waters (28 mM), which
favors SO42--dependent over methanogenic organic matter degradation (Jørgensen 1982), but also
due to efficient aerobic and anaerobic oxidation of methane (AOM) in sediments and within the
water column (Knittel and Boetius 2009; Reeburgh 2007). Considerably lower SO42concentrations (µM range) in freshwater lakes lead to CH4 build-up due to methanogenesis. There
is extensive evidence that methane emissions from lakes are mitigated by its oxidation, but many
uncertainties about pathways and involved microorganisms, especially when oxygen is depleted,
remain unanswered (Durisch‐Kaiser et al. 2011).
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Microbial methane oxidation at neutral pH can be performed under both oxic and anoxic
conditions. Known neutrophilic aerobic methane-oxidizing bacteria (MOB) belong to the groups
of alpha- and gammaproteobacteria. Gamma-MOB (including type I and type X MOB) and alphaMOB (including type II MOB) exhibit some metabolic differences with respect to e.g. carbon
assimilation pathways (Hanson and Hanson 1996). To date all described MOB utilize molecular
oxygen (O2) as the terminal electron acceptor and employ soluble- (mmoX) and/or particulate
methane monooxygenase (pmoA) for methane activation and oxidation. CH4 oxidation linked to
denitrification under apparently anoxic conditions was demonstrated in freshwater enrichment
cultures (Ettwig et al. 2008; Raghoebarsing et al. 2006). However, the dominant bacterium from
this culture (Candidatus Methylomirabilis oxyfera) was found to encode for the enzymatic
pathway of aerobic CH4 oxidation and is unable to perform complete denitrification, thus
suggesting that it produces O2 within the cell by splitting NOx to N2 and O2 (Ettwig et al. 2010).
Microorganisms capable of directly oxidizing CH4 with nitrate (NO3-) as their terminal electron
acceptor have also been enriched recently (Haroon et al. 2013). This candidate species,
Candidatus Methanoperedens nitroreducens, belongs to a novel clade of known anaerobic
methanotrophic archaea (ANME). Currently there are three known groups of ANME (ANME-1, 2 and -3) and even though it has been suggested that this metabolism represents a greater CH 4
sink than the aerobic process (Knittel and Boetius 2009), it mainly proceeds in marine
environments. There, ANME occur in a consortium with various deltaproteobacteria together
mediating sulfate-dependent methane oxidation (for review see Knittel and Boetius (2009)).
Geochemical evidence for AOM coupled to iron [Fe(III)] or manganese [Mn(IV)] reduction has
been reported for marine sediments (Beal et al. 2009; Riedinger et al. 2014; Slomp et al. 2013;
Wankel et al. 2012), however the mechanisms and involved microorganisms remain unresolved.
Despite the huge potential for methane turnover via AOM in marine settings, most methane
oxidation in lacustrine sediments as well as in the water column has been attributed to proceed via
the aerobic pathway (Hanson and Hanson 1996; King 1992). In fully mixed lakes, most of the
CH4 produced in the sediment is largely consumed at the oxygenated sediment/water interface and
water column (Hanson and Hanson 1996). In stratified lakes exhibiting permanently (meromictic)
or seasonally (mono- or dimictic) anoxic bottom waters, maximum oxidation rates and highest
abundances of MOB correspond to the location of the oxic/anoxic boundary (Rudd et al. 1976),
indicating aerobic oxidation. Nevertheless, evidence for MO in the absence of O2 exists for lake
environments (Panganiban et al. 1979; Schubert et al. 2011). It has been proposed that
denitrification- (Deutzmann and Schink 2011) or iron-mediated AOM (Crowe et al. 2011; Norði
et al. 2013; Sivan et al. 2011) could be relevant in lake sediments. Whilst bacteria related to
Candidatus Methylomirabilis oxyfera appear to be involved in MO linked to denitrification
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(Deutzmann et al. 2014), microbiological/molecular confirmation is still lacking for the iron
pathway. Alternatively, in some anoxic water columns, downwelling or lateral intrusions of
oxygenated water could support aerobic methane oxidation in apparently anoxic habitats (Blees et
al. 2014). Recently it was shown that methane oxidation coupled to oxygenic photosynthesis in
anoxic waters is a very efficient methane filter in meromictic lakes (Milucka et al. 2015).
However, the significance of this mechanism for global methane emissions is still unclear.
Permanently stratified lakes are ideal for studying anoxic processes, but they are rare. In contrast
seasonally stratified lakes are common world-wide, but direct evidence for MO associated with
photosynthesis in these systems is still lacking.
To gain more insight into MO in freshwater systems, particularly under low light, suboxic and
anoxic conditions, we investigated MO dynamics in Lake Rotsee, Central Switzerland. Lake
Rotsee is a typical example of a seasonally stratified lake with respect to its size (< 1 km 2)
(Downing et al. 2006) and mixing regime (Wetzel 2001). We applied geochemical as well as
microbiological/molecular approaches to investigate factors that influence biological methane
oxidation in its hypolimnion.

2.3.

Materials and Methods

2.3.1.

Ethics statement

Permission for the sampling campaigns on Lake Rotsee was obtained from the Rotsee
Commission, City of Lucerne, Switzerland.

2.3.2.

Study site

Lake Rotsee, situated near the city of Lucerne in Central Switzerland, is a small eutrophic subalpine lake. It is located at 436 m a.s.l., is 2.4 km long, 0.4 km wide and has an average depth of
9 m, with its deepest point being 16 m. The lake is monomictic and its waters circulate on a yearly
basis. Depending on weather conditions, stratification commences as early as April and remains
relatively stable until November (Fig. 1). Bottom waters retain year round temperatures of 7 °C
and stratification promotes the formation of a chemocline located between 8-11 m depending on
weather conditions (Schubert et al. 2010). The chemocline sets the boundary between the anoxic
sulfidic hypolimnion and the oxic epilimnion.
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Figure 1. Oxygen concentrations in Lake
Rotsee during an annual cycle (2007).
Seasonal hypolimnic anoxia commenced in
April and lasted until mid-November, when
turnover occurred and the water column
became fully mixed.

2.3.3.

Sample collection

Sampling was carried out during August of 2012 and 2013. Samples were collected from a boat at
the deepest part of the lake (47°04.259‘ N, 8°18.989‘ E). Conductivity, turbidity, depth (pressure),
temperature and pH were measured with a multi-parameter probe (XRX 620, RBR). Dissolved
oxygen was recorded online with two micro-optodes with detection limits of 125 nM (normal) and
20 nM (trace) (Kirf et al. 2014) (types PSt1 and TOS7, PreSens). Samples for Winkler titration
were taken at 2 m depth in order to verify the accuracy of the oxygen sensors. Photosynthetically
active radiation (PAR) was measured with a spherical quantum sensor (LI-190 SB, LI-Cor)
connected to a quantum meter (LI-188, LI-Cor). In parallel, a second quantum sensor recorded
surface radiation. Water samples for nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), sulfate
(SO42-), sulfide (HS-), dissolved inorganic carbon (DIC) and metal species (Fe and Mn) were
taken with a rosette syringe sampler equipped with 12 syringes (60 ml) (Kirf et al. 2014), which
were triggered online at the appropriate depths. Samples taken with the syringe sampler were
immediately distributed into vials containing the appropriate fixative if necessary. 15 ml were
filtered (0.22 µm pore size) into tubes for NO3-, NO2-, NH4+ and SO42- analyses. Samples for HSdetermination were added to zinc acetate (final concentration ~1.3 %). For dissolved (< 0.45 µm)
and total metal fractions, water was acidified immediately with Suprapur HNO 3 to a final
concentration of 0.1 M. All other samples were collected with a Niskin bottle (5 l) from which
water was dispensed through rubber tubing and bottles filled carefully avoiding bubbling or
shaking and allowing water to overflow before sealing. To determine CH 4 concentrations, 120 ml
serum bottles were filled without headspace and bubbles, preserved with NaOH (pH > 12), closed
with butyl rubber stoppers and sealed with metal crimps. Samples for catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH) analysis were fixed immediately in
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the field with formaldehyde (2 % [v/v] final concentration). Water for

13

C-CH4 incubation

experiments was collected in 160 ml sealed serum bottles or 1 l Schott bottles (closed with butyl
rubber stoppers) without a headspace and kept cold and dark until further processing.

2.3.4.

Analytical techniques

Nitrate, sulfate and ammonium were measured on the same day as sampled by ion
chromatography (881 Compact IC pro and 882 Compact IC plus, Metrohm). Nitrite (on the same
day as sampled) and sulfide concentrations were determined by spectrophotometry as described
by Griess (1879) and Cline (1969), respectively. A total organic carbon analyzer (TOC-L, NDIR
detector, Schimadzu) was used to measure DIC concentrations. Dissolved and total fractions of Fe
and Mn were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) (Element2,
Thermo-Fisher).
For the determination of chlorophyll a concentrations, 700 ml of sampled water were filtered onto
glass fiber filters (GF/F, Whatman). Subsequently chlorophyll a was extracted from the filters
with 8 ml ethanol (90 % [v/v], for 10 min at 75°C) (Wintermans and De Mots 1965). Extracts
were measured by high-performance liquid chromatography (HPLC) according to Murray et al.
(1986). After isochromatic separation on a column (Merk LiChroCart 250-4; 1.0 ml min-1 flow
rate, 49.5 % methanol and 45 % ethyl acetate), detection was done at 430 nm with a photodiode
array detector (MD-2018 PLUS, Jasco).
Methane concentrations were determined by headspace injection (Mcauliffe 1971) after creating a
25 ml N2 headspace. Following equilibration through sonication, CH4 concentrations were
measured on a gas chromatograph (GC) (Agilent 6890N, Agilent Technologies) equipped with a
Carboxen 1010 column (30 m x 0.53 mm, Supelco) and with a flame ionization detector (FID).
Taking solubility constants for CH4 (Wiesenburg and Guinasso 1979) into consideration,
dissolved concentrations were calculated from the headspace data. Additionally, stable carbon
isotopic ratios of methane were measured in the same headspace by isotope ratio mass
spectrometry (IRMS). In a trace gas instrument (T/GAS PRE-CON, Micromass UK Ltd) injected
gas samples were first purified (removal of CO2 and CO) by a series of chemical traps
(magnesium perchlorate, Carbo-Sorb and Sofnocat) and a cold trap (liquid nitrogen), remaining
CH4 was then oxidized to CO2 (in a combustion furnace) and concentrated (removal of N2O) by
cryogenic freezing. Subsequently, the purified and concentrated sample was transferred to a
connected mass spectrometer (GV Instruments, Isoprime), where isotopic ratios of the combusted
CH4 were analyzed. Resulting ratios are given in conventional δ notation in comparison to the
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Vienna Pee Dee Belemnite (VPDB). Moreover, a 1 % CH4 stock was measured intermittently
between samples in order to check instrumental precision (~0.7 ‰) and correct for possible drifts.

2.3.5.

Chemical flux calculation

Chemical fluxes of the respective species were determined from the concentration profiles where
gradients were highest. For O2, NO3- and dissolved Mn they were calculated across the
chemocline between 8-9 m depth. The flux of dissolved Fe was determined between 10-14 m.
Assuming upwards diffusion from the sediment, fluxes of NH4+ and CH4 were also assessed
between 10-14 m depth. Diffusive fluxes (J) were calculated using Fick’s first law:
𝐽 = −𝐾𝑧

𝜕𝐶
𝜕𝑥

where Kz denotes the vertical turbulent diffusion coefficient, C is the concentration and x is the
depth range. The concentration gradient was determined by linear regression. Diffusion
coefficients in lakes have been estimated to range between 0.012-1.16 cm2 s-1 (Imboden and
Schwarzenbach 1985). According to values (0.01-0.04 cm2 s-1), which have been typically used
for flux calculations and modeling at low turbulence levels like in Lake Rotsee (Crowe et al.
2008; Kuypers et al. 2003; Wüest and Lorke 2003), we used a diffusion coefficient on the lower
end of 0.01 cm2 s-1. This value was also determined from temperature profiles of Rotsee and
utilized for flux calculations in Schubert et al. (2010). For this study conditions might have
changed, therefore absolute values are estimations, but relative proportions between solute fluxes
are valid.
To determine the flux of electrons, the diffusive flux was multiplied by the number of electrons
(e-) a particular species can donate or accept assuming complete oxidation or reduction (i.e. 8 e for the oxidation of CH4 to CO2). Electron equivalents served as an alternative way (other than
concentration) to quantitatively express the difference between the amount of reductants and their
potential oxidants.

2.3.6.

13

C-CH4 incubation experiments and methane oxidation rates

Methane oxidation rate incubations: Rate incubations were carried out with water retrieved from
8, 9, 10 and 11 m. Collected water was bubbled with a continuous flow of He for ca. 15 minutes
to remove potential trace oxygen contamination introduced during sampling. Subsequently, all
bottles were amended with 5 ml of a saturated 50 at.%

13

C-CH4 (99 %, Campro Scientific)
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solution (prepared with sterile, anoxic Nanopure water), which resulted in a final concentration of
~50 µM CH4 in each incubation. After this, two bottles received no further additions and served as
the light and dark conditions setups. A third bottle received 15 µM O 2 (final concentration) from
an O2 saturated stock solution (prepared with sterile Nanopure water). A fourth bottle received a
treatment of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU); dissolved in 96 % ethanol
(EtOH) to a final concentration of 10 µM. A fifth bottle was supplemented with 96% EtOH with
the same volume (0.15 ml) as the DCMU addition. DCMU was applied as a photosynthesis
inhibitor (Legendre and Demers 1983) and EtOH as a control setup to test for its possible toxic
effects on the microbial community. Water from individually amended bottles was then
distributed into 12 ml Exetainers (Labco Ltd) according to the procedure described by Holtappels
et al. (2011) and incubated at 6 °C in either dark (dark and O2 setups) or light conditions (~10 µE;
light, DCMU and EtOH setups). At each sampled time point an Exetainer was preserved with
200 µl zinc chloride (50 % [w/v]) and stored at room temperature (RT) until analysis. CH4
oxidation was measured as the production of 13C-CO2. For this, 2 ml of sample were transferred
into 6 ml Exetainers, headspace was exchanged with He and samples were acidified with the
addition of ~100 µl concentrated H3PO4.

13

C-CO2, which outgassed from the liquid phase, was

subsequently measured by gas chromatography – isotope ratio mass spectrometry (GC-IRMS)
(Fisons VG Optima).
In order to determine concentrations of produced 13C-CO2, δ13C-CO2 (‰) was first converted to a
13

fractional abundance ( FCOC2 ):

13𝐶

𝐹𝐶𝑂2 =

𝛿 13𝐶𝐶𝑂
𝐴𝑅 × (1000 + 21)
𝛿 13𝐶𝐶𝑂
1 + 𝐴𝑅 × (1000 + 21)

where AR is the absolute ratio of mole fractions of carbon (0.0111796) (Coplen et al. 2002).
Relative differences in fractional abundance were then calculated between the beginning of the
experiment (0 d) and each subsequent time point. The differences were converted to concentration
of CO2 by multiplying with the in situ DIC concentration of the respective sampling depth. Taking
into account that the addition of

13

C-CH4 only renders a potential or maximum rate, methane

oxidation rates were estimated from the slopes of linear regression of 13C-CO2 production over the
time interval of incubation of 7 d in 2013 (2 d in 2012). When the production of

13

C-CO2 was

non-linear, an initial rate was calculated in some instances. This was determined by taking the
change in produced 13C-CO2 over the steepest segment of the time series and dividing this by the
corresponding number of days.
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Growth and activity incubations: Bulk incubations were performed with water retrieved from 9
and 11 m. The purpose of these experiments was to monitor cell growth and cellular

13

C uptake.

For each depth eight 160 ml sterile serum bottles were each filled with 120 ml water in an anoxic
(N2) glove box (Iner Tec). Bottles were sealed, crimped and amended with methane (50 at.% 13C,
ca. 1.8 mM CH4 in the water phase). Each experimental setup was prepared in duplicate bottles;
thus four bottles from each depth received no further addition and served as the dark and light
setups. Duplicate bottles were supplemented with O2 (from an O2 saturated stock solution
prepared with sterile Nanopure water) to a final concentration of ~15 µM and another two bottles
were amended with 10 µM DCMU. All bottles were then incubated at 6 °C in either dark (dark
and O2 setups) or light (~10 µE; light and DCMU setups) conditions for a duration of 11 d.
Periodically, 2 ml samples for 13C-CO2 measurements were withdrawn anoxically, transferred into
6 ml Exetainers, fixed with zinc chloride and kept at RT until analysis by GC-IRMS as described
above. After 2, 7 and 11 d of incubation, 5 ml of water was removed and fixed with formaldehyde
(see above for details) for CARD-FISH and nanometer-scale secondary ion mass spectrometry
(nanoSIMS) analyses. In addition, at the end of the incubation the remaining water was filtered
onto glass fiber filters (GF/F, Whatman) for bulk

13

C uptake measurements performed with an

elemental analyzer (Flash EA 1112, Thermo Scientific) coupled to an IRMS (Finnigan Delta Plus
XP, Thermo Fischer Scientific).

2.3.7.

Catalyzed reporter deposition-fluorescence in situ hybridization

Water samples were fixed with formaldehyde overnight at 4 °C before being filtered onto 0.2 µm
polycarbonate GTTP filters (Millipore). Aliquots also intended for nanoSIMS were filtered onto
Au/Pd sputtered filters of the same type. Filters were dried and stored at -20 °C until processing.
CARD-FISH was carried out according to Pernthaler et al. (2008) with oligonucleotide probes.
Cells were permeabilized with lysozyme (10 mg ml -1, for 1 h at 37 °C) or proteinase K (15 µg ml1

) and sodium dodecyl sulfate (SDS) (0.5 % [v/v]) for 3 and 10 min at RT, respectively. Bleaching

of endogenous peroxidase activity was completed with 0.1 M HCl for 10 min at RT.
Hybridization was performed for 2.5 h at 46 °C with the respective formamide concentrations in
the hybridization buffer and oligonucleotide probes labeled with horseradish peroxidase (HRP)
(Biomers, Germany) (for details see S1 Table). Probes Mgamma84 and -705 and AAA-FW-641
and -834 were used in a 1:1 mix. After hybridization, probe signal was amplified with the
tyramide Oregon Green 488 (1 µl ml-1) for 30 min at 37 °C. Filter pieces were counterstained with
4',6-diamidino-2-phenylindole (DAPI, 1 µg ml-1) and embedded in a 4:1 mix of
Citifluor/Vectashield and mounted onto glass slides. Cell numbers were quantified with a grid
ocular of an epifluorescence microscope (Axioskop 2, Zeiss) by counting 20 randomly selected
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fields of view. Proportions of the different groups were calculated based on total cell numbers,
which were enumerated with DAPI. Probe NON338 was used as a negative control.

2.3.8.

Nanometer-scale secondary ion mass spectrometry

Fixed water samples filtered onto Au/Pd-sputtered polycarbonate filters were hybridized with
Mgamma84 and -705 probe mix as described above. Afterwards, circular pieces (5 mm diameter)
were cut out and separate fields of view containing 2-3 hybridized cells were marked in a laser
micro-dissection microscope (LMD) (DM 6000 B, Leica Microsystems). Filter circles were then
embedded in Citifluor/Vectashield and mounted onto glass slides to be viewed in an
epifluorescence microscope (AxioPlan, Zeiss). Finally, filter pieces were rinsed with 96 %
ethanol, dried and loaded into the nanoSIMS sample holder.
Laser-marked filter pieces were then analyzed with the nanoSIMS 50L (Cameca) at the Max
Planck Institute for Marine Microbiology in Bremen, Germany. After pre-implantation with a Cs+
primary ion beam of 300 pA, a primary Cs+ ion beam with a diameter of < 100 nm and a beam
current between 1.0 and 1.5 pA was rastered over the sample area. Secondary ion images of 12C-,
13

C-,

12

C14N-,

31 -

P and

32 -

S were recorded simultaneously using 5 detectors together with the

secondary electron (SE) image with an image size of 256 x 256 pixels and 512 x 512 pixels and a
dwell time of 1 ms per pixel. The scanned regions had a size of 20 x 20 or 30 x 30 µm and for
each up to 40 planes were recorded. For the light setup 12 cells in 6 fields of view and 10 cells in
4 fields of view were analyzed for the sample after 2 and 7 d of incubation, respectively. 11 cells
in 6 fields of view were measured for the O2 (dark conditions) setup after 2 d of incubation. The
recorded images from each area were corrected for a possible drift of the stage or source,
accumulated and evaluated with Look@NanoSIMS (Polerecky et al. 2012). After defining regions
of interest (ROI) (i.e. gamma-MOB, identified based on the CARD-FISH hybridization signal)
and processing, ratios of

13

C/12C,

32

S/12C,

31

P/12C and

31

P/32S were obtained simultaneously in

numerical and image format. For this study, ratios of 13C/12C were utilized to calculate cellular CCH4 assimilation and 32S/12C served to confirm that cellular material was measured.

2.3.9.

Biovolume and methane assimilation calculation

The biovolume of gamma-MOB was approximated by enumerating cells and assuming an average
spherical cell diameter of 2 µm. Subsequently, volume was converted to biomass by applying a
calibration factor of 6.4 fmol C µm-3 (Musat et al. 2008). Rates of cellular methane assimilation
(acell) were then assessed by the following formula:
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13

𝑎𝑐𝑒𝑙𝑙 =

where

13

C/12Ccell is the

13

𝐶/ 12𝐶 × 𝐵
𝐿 13𝐶 × 𝑡

C/12C ratio of the single cells measured with nanoSIMS, B is the

calculated biomass, 𝐿13C is the 13C-CH4 labeling percentage and t the incubation time (Milucka et
al. 2012). The doubling time for gamma-MOB was assessed based on 13C/12C ratios of the single
cells (converted to at.%), the amount of

13

C-label added to the incubation (50 at.%) and the

incubation time (2 d).

2.4.

Results

2.4.1.

Physicochemical conditions in Lake Rotsee

In the dynamic water column of Lake Rotsee where anoxia prevails only during summer months
the location of the oxic/anoxic boundary is variable (Fig. 1). During the sampling campaign in
August 2013 the oxycline was located at 9 m depth. The oxygen profile showed a decrease from
400 µM at the surface to below detection at 9 m and exhibiting a 600 µM maximum located at
4 m (Fig. 2a). The downward flux of O2 was determined to be 101.3±0.6 mmol e- m-2 d-1. Sulfide
concentrations increased below 9.5 m to a maximum concentration of 152 µM at 14 m depth.
Methane concentrations decreased steadily from 600 µM near the sediment towards the oxycline.
In the oxic epilimnion CH4 concentrations varied between 30 nM and 3 µM, never reaching the
detection limit (~10 nM) (Fig. 2b). Correspondingly, the δ13C of residual CH4 became
progressively heavier from -76.2 ‰ at 14 m to -12.3 ‰ at 6.5 m, above which δ13C became
lighter again. Based on the methane concentration and isotope profile we identified a zone of
methane oxidation between 8.5 and 10 m. The calculated upward flux of CH4 was
-104.3±26.5 mmol e- m-2 d-1. Light radiation based on total surface irradiation (22.9 E m2) reached
0.28 % at the oxycline and was detected down to 11 m depth (0.01 %) (Fig. 2c). Nitrate
concentrations did not change throughout the epilimnion (ca. 25 µM) and began declining at 8 m
before disappearing at ~9 m (S1a Fig.). Ammonium concentrations showed the opposite trend
with concentrations increasing below 8 m to a maximum of ~360 µM at the sediment/water
interface. Nitrite was not detectable throughout the water column (detection limit 1 µM). Sulfate
concentrations decreased gradually from ~120 µM at the surface to ca. 50 µM at 14 m depth.
Values for both dissolved Fe and Mn showed maximum concentrations of approximately 0.4 and
3 µM above the sediment, respectively (S1b Fig.). Both metal species decreased towards the
oxycline, where the decline of dissolved Fe was rather gradual and the Mn profile showed a sharp
gradient at 9 m. Of the analyzed potential electron acceptors, oxygen and nitrate showed a
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decrease and dissolved (reduced) manganese an increase within the identified zone of methane
oxidation. The total downward (O2 and NO3-) and upward (NH4+, Fe, Mn and CH4) fluxes were
determined to be 112.5 ± 2.4 and -122.5 ± 26.7 mmol e- m-2 d-1, respectively. In the case of
ammonium we assumed oxidation to nitrate followed by immediate nitrate reduction to N 2 due to
no detectable nitrate production (i.e. 8 – 5 = 3 e-). Furthermore, we excluded SO42- and HS- in the
balance calculation as the former is probably first reduced in the sediment and the latter oxidized
to S0 by phototrophic sulfur bacteria below the oxycline (Kohler et al. 1984). In 2012, O2 and CH4
concentration profiles showed similar trends but shifted upwards by 2 m, as the oxycline was
located at 7 m instead of 9 m (S2a Fig.). Concentrations of O2 and CH4 were in the same order of
magnitude as in 2013, with maximum concentrations being 340 µM (at the surface) and 750 µM
(at 14 m), respectively.

Figure 2. Physicochemical parameters in the Rotsee water column in August 2013. Depth concentration
profiles of (a) oxygen (solid line) and sulfide (solid diamonds) with a detailed view from 8–11 m depth where
the oxygen profile was recorded with a trace optode; (b) methane (solid squares) and methane carbon isotopes
(empty squares); (c) photosynthetically active radiation (solid triangles) and chlorophyll a (grey bars). Note the
logarithmic scale and the fact that PAR was recorded 2 d after all other sampling occurred. Grey shading denotes
the location of the zone of methane oxidation.

2.4.2.

Methane oxidation rates

Methane oxidation potential was measured in laboratory incubations at depths, where the CH 4
profile showed the steepest gradient and therefore the highest flux. The incubation depths
represented oxic waters (8 m), the oxycline (9 m) and truly anoxic and sulfidic zones (10 and
11 m). Incubation under dark conditions, where only

13

C-CH4 was added, yielded methane

oxidation rates ranging between 15.4 nM d-1 (8 m) and 145.8 nM d-1 at the oxycline (9 m)
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(Fig. 3a). At all incubated depths, additions of O2 (incubated in the dark) produced MO rates
which were slightly higher than the corresponding dark setups, except at 11 m, where the O 2 rate
was lower. Interestingly, incubations from all depths resulted in higher MO rates when incubated
in the light. Under light conditions measured rates were three- to 36-fold higher than in the
corresponding dark incubations from the same depth. The highest stimulation in rates was
observed at the shallowest depths (8 and 9 m) where the maximum rate reached 1.47 µM d -1. CH4
oxidation could not be detected in the killed controls or in the setups with additions of a
photosynthetic inhibitor, DCMU. Along with the differing absolute rates, the kinetics of methane
oxidation also varied among the different setups. Only incubation under light conditions yielded
linear MO increase throughout the experiment (Fig. 3b). Contrarily, under dark conditions, with
or without added O2, an initial CH4 oxidation period of about one day was observed, which ceased
subsequently. These distinct oxidation kinetics were evident at each incubated depth with plateau
and linear trends always resulting from dark/O2 and light conditions, respectively. However, MO
rates for all setups were comparable only if the first 24 hours were considered for calculation.

Figure 3. Methane oxidation rates at and below the oxycline. (a) Methane oxidation rates in different
incubation setups from an oxic depth (8 m), the oxycline (9 m) and anoxic depths (10 m, 11 m). (b) Methane
oxidation time series under dark (with and without added O 2) and light conditions with water from 9 m depth.
Note that the addition of oxygen resulted in higher initial methane oxidation rates which ceased during the
course of the incubation whereas light treatment resulted in steady linear rates.

A similar light effect on MO oxidation rates was observed in incubations performed in 2012. Dark
conditions in 2 d laboratory incubations from 8 m depth during the 2012 sampling campaign
produced the lowest MO rate (0.38 µM d-1; S2b Fig.). Whilst the addition of O2 caused an
approximate doubling (0.74 µM d-1), light conditions produced a substantial increase in methane
oxidation (1.51 µM d-1) compared to the dark setup. The MO kinetics for the different setups
showed comparable plateau and linear trends as in 2013 (S2c Fig.). Interestingly, light conditions
only had an effect at 8 m depth, which represented anoxic conditions as the oxycline was located
at 7 m. In contrast, at 6.5 m, immediately above the oxycline, light conditions had virtually no
impact on the MO rates.

39

Light-dependent aerobic methane oxidation reduces methane emissions from seasonally stratified lakes

2.4.3.

In situ abundance of methanotrophic microorganisms

Total microbial cell numbers enumerated with DAPI approximated 3·10 6 cells ml-1 at all
incubation depths with the highest abundance reaching 3.8·10 6 cells ml-1 at 11 m. The relative
contribution of several microbial groups of interest was investigated using CARD-FISH with
specific phylogenetic probes (S3 Fig.). Bacterial cells (targeted by EUB338 I-III) showed a slight
increase with depth, where the average amounted to ~65 % of total DAPI counted cells. Archaeal
abundance (as determined using the ARCH915 probe) was 4.2 % of total cell counts at 8 m and
decreased steadily to 2.4 % at 11 m. The discrepancy between total cell numbers enumerated with
DAPI and the sum of bacterial and archaeal abundance is possibly due to probes not covering all
groups of present microorganisms. Targeted groups of anaerobic methane-oxidizing archaea
(probes ANME-1-350 and ANME-2-538) or AOM-associated archaea (probe mix AAA-FW641+AAA-FW-834) were not detectable at any of the investigated depths. In contrast, aerobic
MOB, more specifically gamma-MOB (probe mix Mgamma84+Mgamma705), were found at all
investigated depths below 8 m (Table 1), reaching highest abundances (1.6·104 cells ml-1) in
anoxic (sulfidic) waters at 11 m. Interestingly, gamma-MOB were not detected in the fully oxic
water column, in agreement with very low methane concentrations at these depths. Alpha-MOB
(probe Ma450) were not identified at any sampling depth during the 2013 sampling campaign.
Contrarily, during the sampling campaign in 2012, the presence of both alpha- and gamma-MOB
was confirmed at 6.5 and 8 m. Total cell numbers were of the same order of magnitude as in 2013
and on average alpha- and gamma-MOB constituted 1.9 and 0.6 % of total DAPI counts,
respectively.
Table 1. Abundance of aerobic gamma-methanotrophs. Total in situ cell abundance of gamma-MOB
(targeted with the Mgamma84+705 probe mix) along with their percentage of DAPI counted cells for all
incubation depths (August 2013). Given errors denote the standard error of the mean of counted fields of view
(20).
Depth [m]
Gamma-MOB cell abundance [cells ml-1]
Proportion of DAPI counted cells [%]
8
9
10
11

2.4.4.

7.91·103 ± 1.76·103

0.26 ± 0.06

4

3

0.50 ± 0.07

4

3

0.38 ± 0.04

4

3

0.43 ± 0.06

1.58·10 ± 2.02·10
1.02·10 ± 1.21·10
1.63·10 ± 2.18·10

Growth and activity of gamma-MOB

Since all aerobic MOB assimilate at least part of the methane they oxidize (Leak and Dalton
1986), we could trace growth and activity of the gamma-MOB by using

13

C-CH4 as a tracer

during the incubations. Total cell counts of the gamma-MOB and the uptake of 13C-CH4 by bulk
and single-cell analyses were monitored at the beginning and end of the incubations.
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Corresponding to the highest MO rates, incubation under light conditions from 9 m depth
(oxycline) resulted in the highest, nearly ten-fold increase of the gamma-MOB, from 2.6·104 to
2.4·105 cells ml-1 (Fig. 4). In comparison, the dark incubation from the same depth only resulted
in a ca. two-fold increase compared to initial cell numbers. This apparent fast growth of the
gamma-MOB during the course of the light incubation coincided with a substantial enrichment of
the bulk 13C content of the microbial biomass, which increased from 1.1 at.% at the beginning of
the experiment (i.e. natural abundance) to 6.6 at.% after 11 d (Fig. 4). Contrarily, under dark
conditions measured 13C enrichment of the total biomass only reached 3.5 at.% and 3.6 at.% with
the addition of O2, while no

13

C uptake was detected in the DCMU treatment. The comparable

13

bulk C enrichment in the dark setups mirrored the almost identical oxidation rates measured for
these incubations. At 11 m, where stimulation of MO by light was less pronounced, there was no
detectable difference in bulk 13C-uptake between the setups. Corresponding to this, gamma-MOB
showed only a minor increase from 4.1·104 cells ml-1 to 4.4·104 and 7.8·104 cells ml-1 under light
conditions and with added O2, respectively.

Figure 4. Gamma-MOB abundance and bulk
13
C-uptake at the oxycline. Increase in 13C at.%
enrichment (black) after 11 d of incubation for all
performed setups. Error bars represent
differences between triplicate measurements
from duplicate incubations. Abundance of the
gamma-MOB (grey) at the beginning (0 d) of the
9 m bulk incubation along with their cell
numbers after 11 d of incubation in dark and
light conditions. Error bars signify the standard
error of the mean of counted fields of view (20).
Note the two-fold higher uptake of 13C-CH4 in
the bulk microbial biomass corresponding to the
~two-fold increase in gamma-MOB abundance
under light conditions.

Single-cell analyses of samples incubated with 13C-CH4 in the light from 9 m depth showed that
the abundant gamma-MOB were indeed strongly enriched in 13C (Fig. 5 and S4 Fig.) with cellular
13

C/12C ratios averaging 0.40±0.04 (27.6±2.2 at.%) (S5 Fig.) after 2 d of incubation. This

corresponds to a calculated doubling time of approximately 1.8 days. Gamma-MOB cells
incubated for the same time (2 d) with added O2 showed comparable cellular enrichment of
0.36±0.05 (27.1±2.0 at.%), accounting for approximately the same calculated doubling time. This
corresponds to an average calculated cellular C-CH4 assimilation rate of 108 and 96 amol C d-1 for
gamma-MOB under light conditions and with the addition of O2, respectively. Moreover, this
matches measured MO rates from both setups, which were comparable during the first 2 d of
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incubation. Measured cells (~120), which were not identified by CARD-FISH, had average
13

C/12C ratios of 0.032±0.025 (3.11±2.42 at.%), probably resulting from secondary uptake of 13C-

CO2 by autotrophy.

Figure 5. Methane assimilation by single gamma-MOB cells at the oxycline. (a, b) Gammaproteobacterial
methanotrophs at the oxycline visualized by DAPI (blue) and fluorescence in situ hybridization with
Mgamma84+705 probes (green). Corresponding nanoSIMS images of (c, d) 13C/12C and (e, f) 32S/12C ratios after
2 d of incubation in light conditions (upper panel) and with supplemented oxygen (lower panel) from 9 m depth.
Red arrows indicate selected hybridized cells. Scale bars represent 2 µm.

2.5.

Discussion

2.5.1.

Methane oxidation at the oxycline and below

During stable summer stratification highest MO potential was detected directly at the oxycline
(9 m) and immediately below (10 m) in the Rotsee water column. This is based on measured in
vitro MO rates as well as relevant in situ chemical parameters. The CH 4 depth profile (Fig. 2b)
shows CH4 consumption between 8.5 and 10 m, where concentrations change most dramatically.
The δ13C signature of residual methane corroborates microbial MO, as isotopic values became
substantially heavier at 9 m, resulting from the preferential uptake of the lighter isotope by
microorganisms leaving a CH4 pool enriched in

13

C (Barker and Fritz 1981). Interestingly, the

isotopic signature again shifted towards lighter values in the epilimnion suggesting a local source
supplying CH4 to the water column at this depth, besides methanogenesis occurring in the
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sediments of the hypolimnion. It is feasible that isotopically light CH 4 was laterally transported
from littoral sediments (Murase et al. 2005). Alternatively, methanogenesis occurring in the oxic
epilimnion could also be the source of the this isotopic shift (Bogard et al. 2014).
Comparison of Rotsee MO potential resulting from the same treatments at different depths, shows
that maximum CH4 oxidation occurs at the oxycline. As reported by Schubert et al. (2010),
oxidation rates for Rotsee peaked within the oxycline at ~5 µM d-1, which is higher than what was
measured in this study. However, this discrepancy in determined rates could be attributed to
distinct methods being used, namely 3H-CH4 and in situ CH4 (Schubert et al. 2010) versus
13

C-CH4 in this investigation and also from temporal changes in conditions and the microbial

community at those times. Potential oxidation rates (addition of 14C-CH4 or 3H-CH4) measured for
other lake systems are variable, but generally most efficient CH4 consumption is located within
the oxic/anoxic interface where gradients of O2 and CH4 are highest (Panganiban et al. 1979;
Sundh et al. 2005). In smaller seasonally stratified lakes maximum rates occur within the oxycline
or suboxic regions and reach similar magnitudes (Carini et al. 2005; Sundh et al. 2005). Methane
consumption reported for deeper lake systems with varying conditions are also on the same scale
with maximum MO potential corresponding to completely anoxic regions (Blees et al. 2014).
Additionally, fully oxygenated conditions can even inhibit CH4 oxidation (Rudd and Hamilton
1975), which likely explains observations of less efficient MO in oxic epilimnia (Blees et al.
2014; Liikanen et al. 2002; Sundh et al. 2005). This agrees well with our findings in Lake Rotsee,
where methane oxidation, is also proceeding below the oxycline in anoxic (10 and 11 m) zones at
rates that are even higher than under oxic conditions (8 m).
Oxidation below the oxycline, under apparently anoxic conditions, hints at AOM taking place.
The onset of fully anoxic conditions and thus the possibility of AOM were confirmed by the
precise detection of the oxic/anoxic transition. Micro-optodes with a detection limit of 20 nM and
a response time of 7 s (Kirf et al. 2014) allowed for the exact identification of the oxycline at
9.05 m on the particular sampling day (August 2013). The location of the oxycline in Lake Rotsee
can however be quite variable, sometimes changing on a daily or even hourly basis. Multiple O 2
profiles taken throughout the sampling day, confirmed a depth variability reaching down to 9.4 m.
However, water taken from 10 and 11 m represented oxygen free conditions at the time of
sampling. Consequently, these findings suggest that methane is oxidized anaerobically below the
transition zone with an electron acceptor other than O2 or that a temporal supply of oxygen below
the oxycline exists, which is not detectable by the methods utilized herein.
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2.5.2.

Stimulation of methane oxidation by light

Other electron acceptors (NO3-, NO2-, Fe(III), Mn(IV) and SO42-) supporting AOM could play a
role at and below the oxycline. However, when taking concentrations of alternative oxidants and
the molar ratios required for their involvement in CH4 oxidation into account, it is unlikely that
they contribute significantly below the oxycline. The only electron acceptor which was present in
higher concentrations is SO42. However, the flux of SO42- (~7.0±1.5 mmol e- m-2 d-1) across the
CH4 consumption zone (8.5-10 m) is too low to sustain CH4 oxidation. Additionally, SO42- and
HS- profiles did not show any regions of depletion or production in the water column, indicating
that their distribution is diffusion controlled (Kohler et al. 1984). The possibility of cryptic sulfur
cycling supplying SO42- for AOM via HS- oxidation by reduced Fe or Mn (Holmkvist et al. 2011;
Norði et al. 2013) also seems unlikely considering this. HS- is most likely completely oxidized by
phototrophic sulfur bacteria below the oxycline (Kohler et al. 1984) and therefore not available
for other oxidation reactions. In line with this, no ANME or ANME-associated archaea, which
mediate SO42--dependent AOM, were found. Therefore, it is unlikely that AOM is occurring at the
depths investigated here and O2 appears to be the only relevant oxidant.
A source of O2 below the oxycline could be a result of oxygenic phototrophy under low light
conditions, as this appears to stimulate CH4 oxidation at all incubated depths in Lake Rotsee. In
2013 dark incubations produced time series that showed an initial oxidation period (~1 d), after
which a plateau with no further oxidation was reached (Fig. 3b). A similar trend was observed
with the addition of O2, where oxidation also ceased after a short period. Subsequently, no further
oxidation was observed indicating that MO is not constant without a continuous supply of oxygen.
Contrarily, light conditions produced rates that were at least three times higher than corresponding
dark or supplemented O2 incubations. When also considering the corresponding time series, it
becomes even more evident that light promotes continuous, constant CH4 consumption. Light
conditions appear to have maintained MO potential and involved microorganisms apparently had
access to all necessary substrates. In contrast, dark and O 2 setups reached a plateau in oxidized
methane quickly (after ~1 d) suggesting that the initially present electron acceptor was depleted
after this short time. Since CH4 was never limiting in the incubation, the availability of O 2 must
have been restricting continuous oxidation. The discontinuation of MO could also be attributed to
O2 being consumed for biological respiration or for the abiotic oxidation of other reduced species
(i.e. Fe2+, HS-). Initial oxidation rates from most depths calculated during the first day of
incubation were almost identical for the O2 treatments and non-amended samples, both incubated
in dark conditions, except at 9 m. Here the O2 setup resulted in an initial rate (1.73 µM d-1), which
was higher than the corresponding dark (1.14 µM d-1) or light incubation (1.47 µM d-1). This
supports the notion that O2 is rate limiting at least at 9 m. However, even though 15 µM of O 2
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were supplemented, only 1.4 µM of CH4 were oxidized during the 7 d incubation period.
Theoretically there should have been enough O2 to oxidize a total of ~7.5 µM of CH4. This fact
along with amplified CH4 turnover and linear reaction kinetics under light conditions indicates
that light exposure is the essential factor for MO at and also below the oxycline in Rotsee. Even
though the light effect was also observed at 8 and 11 m, CH4 oxidation rates were substantially
lower. As in situ methane concentrations were low (~1 µM) at 8 m and there was very low light
penetration at 11 m (Fig. 2c), it is likely that the microbial community was less well adapted to
support efficient MO leading to lower determined rates. The mechanism of light stimulation was
evident and observed during two successive years, implying that (1) this is a reoccurring rather
normal process during stratification, (2) it has the potential to reestablish itself after lake turnover,
(3) it is hence a relevant process for innumerable seasonally stratified lakes worldwide.

2.5.3.

Type I methanotrophs contribute actively to methane turnover

Both alpha- and gamma-MOB were detected in the Rotsee water column, however, alpha-MOB
were only present in 2012. In fact, type I (gamma-) MOB are usually more abundant in lake water
columns, which suggests that they play a more significant role in methane cycling (DurischKaiser et al. 2005; Hanson and Hanson 1996; Schubert et al. 2006). This also appears to be the
case in Lake Rotsee, where the consistent appearance of gamma-MOB, also in 2007 (Schubert et
al. 2010), indicates that they are an important member of the methane-oxidizing community. Even
though gamma-MOB constituted only a small percentage of total cell numbers, the maximum of
0.5 % corresponded to the location of the oxycline, where MOB are frequently found
(Blumenberg et al. 2007; Fenchel and Blackburn 1979). Studies based on molecular techniques
indicate that type I (gamma-) MOB usually make up <5 % of the total bacterial population (Carini
et al. 2005; Schubert et al. 2006). This is in line with our findings and also supported by what was
found previously for the Rotsee oxycline with gamma-MOB making up 2 % of the biomass in
2007 (Schubert et al. 2010). Gamma-MOB comprised about 0.5 % of total cell counts on our two
consecutive sampling campaigns, indicating that gamma-MOB make up a stable proportion of the
bacterial volume.
Interestingly, we found both types of MOB, which are obligate aerobic microorganisms, not only
in oxygenated zones, but also in depths depleted of O2. This is not a novel observation as they
have also been detected in completely anoxic waters in other lakes (Blees et al. 2014; Milucka et
al. 2015; Schubert et al. 2006) and aerobic MOB appear to be able to withstand a lack of oxygen
for an extended period of time (Hanson and Hanson 1996). It has also been speculated that MOB
found in anoxic zones could simply have sedimented down from oxic waters and are no longer
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active (Schubert et al. 2006). However, their presence at depths devoid of O2 and their ability to
survive anoxic conditions, could also indicate that intermittent sources of O2 could be available,
i.e. from down-welling of cold oxygenated water (Blees et al. 2014). In Lake Rotsee the presence
of aerobic MOB corresponded to ongoing CH4 oxidation, thus inactivity of cells can be excluded
and the presence of oxygen must be considered.
Along with their presence in anoxic waters, gamma-MOB also increased during the light
incubation by nearly a factor of ten (Fig. 4). In the dark, they increased ca. two-fold, similar to all
other microbial groups investigated by CARD-FISH. The fact that highest MO rates corresponded
to favorable growth of gamma-MOB suggests that they are responsible for the measured CH4
turnover. Direct evidence that the abundant gamma-MOB were actively involved in methane
oxidation comes from nanoSIMS imaging.

13

C/12C ratios recorded for gamma-MOB were about

40 times higher (27.6 at.% on average) than natural abundance values (Fig. 5 and S4 Fig.). Based
on these recorded ratios

13

C assimilation per cell was determined to be 108 amol C d -1, which

corresponds to a doubling time of 1.8 d for gamma-MOB. Since this is also the time needed for
the population to reach the

13

C-labeling percentage, average enrichment per cell did not show

further increase after this time. Gamma-MOB in the O2 setup were enriched to almost the same
degree, indicating that they also assimilated C during this time period, which corresponds to a
comparable doubling time (1.9 d) and initial MO rates resulting from the two treatments.
Comparable

13

C assimilation and doubling times were reported for gamma-MOB in Lago di

Cadagno, where uptake rates were in the fmol C d-1 per cell range (Milucka et al. 2015). Doubling
times reported for pure cultures of type-I MOB are usually on a time scale of a few hours
(Nyerges et al. 2010; Wise et al. 2001), however this represents growth under optimal conditions
and is therefore not easily compared to environmental settings. Additionally, it must be
considered that the gamma-MOB did not derive all of their cellular C from methane, but also from
the unlabeled DIC pool, which could result in an underestimation of the doubling time. Our
results show that gamma-MOB contribute substantially to methane turnover in Lake Rotsee,
although the possible involvement of other unidentified methane-oxidizers cannot be excluded.

2.5.4.

Photosynthesis fueled aerobic methane oxidation

Light stimulated methane oxidation at and below the oxycline of Lake Rotsee along with active
aerobic gamma-MOB in anoxic regions hints at a light driven supply of O2. Methane oxidation
did not occur in incubations spiked with DCMU, a photosynthetic inhibitor. This along with
enhanced oxidation rates and linear reaction kinetics under light conditions (Fig. 3) indicates that
CH4 oxidation could only be sustained when photosynthesis was occurring. A strict dependence of
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oxidation on photosynthesis was also apparent when considering that the difference in initial
oxidation rates between the dark and O2 setups was 0.6 µM d-1 at most, which suggests that the
addition of O2 (15 µM) had virtually no effect. Moreover, light-dependent CH4 oxidation rates,
chlorophyll a concentrations and gamma-MOB cell abundance nicely corresponded to each other
(Fig. 3; Fig 2c and Table 1). This suggests that potential CH 4 oxidation rates were dependent on
chlorophyll a concentrations and MOB abundance. In situ primary production rates (S2 Table)
show that O2 can be generated at and below the oxycline. The rates of photosynthetic O 2
production were in the same range as those of MO and depending on the depth could account for
90 to 100 % of the measured methane oxidation rates, even though one should keep in mind that
produced O2 is also available for consumption by other aerobic organisms. Additionally,
laboratory incubations only yield a CH4 oxidation potential, as defined concentrations of CH4
were added, which might not have mirrored in situ conditions at some depths. However, the fact
that both processes were occurring on the same scale and at the same depths, provides compelling
evidence for a direct link. Light radiation, which was measured 2 d after all other profiles were
taken, was detected down to 11 m depth (Fig. 2c). Though we cannot be absolutely certain, it is
probable that light reached even deeper on the main sampling day, as it was sunny, whereas it was
cloudy when the PAR profile was recorded. Moreover, from measured potential MO rates,
chlorophyll a concentrations and the presence of gamma-MOB, it is likely that this scenario could
be taking place if light conditions were optimal at all incubated depths. Considering this,
photosynthetic O2 production coupled to CH4 oxidation has the potential to proceed not only at
the oxycline but also in apparently anoxic depths. Besides photosynthesis supplying oxygen, the
possibility of an alternative source, i.e. from flood events introducing cold oxygenated water into
otherwise anoxic zones, cannot be excluded completely (Lavelli et al. 2002). However, since there
were no extreme weather events before or during either of our sampling campaigns, this seems
relatively unlikely. Furthermore, Lake Rotsee is surrounded by hills protecting it from strong
winds, thus impeding disturbances in stratification due to wind forcing.
Thus we propose that aerobic CH4 oxidation was taking place throughout incubated depths and
that photosynthetically generated O2 was consumed by gamma-MOB at and below the oxycline.
This direct coupling between photosynthesis and methane oxidation could also explain supposed
AOM proceeding via alternative oxidants in Lake Rotsee concluded by Schubert et al. (2010). At
least during summer stratification aerobic CH4 oxidation fueled by oxygenic photosynthesis
appears to be the dominant process and observed during two consecutive years. Since produced
O2 would have been consumed immediately, this lead to oxidation rates being measured in
seemingly anoxic regions and possibly mistaken for AOM previously.
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2.5.5.

Implications for methane oxidation in shallow stratified water bodies

A similar scenario with aerobic CH4 oxidation depending on photosynthesis derived oxygen was
also observed in Lago di Cadagno reported by Milucka et al. (2015). Lago di Cadagno, an alpine
lake situated in Southern Switzerland, is a meromictic lake stabilized by sulfate-rich intrusions
(Del Don et al. 2001). It is relatively small covering an area of 0.26 km 2 and does not undergo
seasonal mixing (Del Don et al. 2001). Systems such as Lago di Cadagno are scarce, as permanent
stratification is usually an attribute of very deep lakes where the accumulation of dissolved
species causes a density difference between the epi- and hypolimnion preventing complete mixing
(Boehrer and Schultze 2008). Our results indicate that the link between photosynthesis and
aerobic methane oxidation is not only restricted to meromictic systems, but also occurs in
seasonally stratified lakes. In fact the majority of lakes in temperate, subtropical and high
elevation climatic zones are governed by mixing schemes, with dimictic (circulation twice per
year) being the most prevalent (Wetzel 2001). Monomictic lakes, such as Lake Rotsee, are
widespread in temperate regions (Wetzel 2001). Additionally, systems with a similar size as
Rotsee (~1 km2) and smaller comprise about 54 % of the global lake surface area (Downing et al.
2006) and most either circulate on a yearly or biyearly basis. Since most of these systems are also
likely to be shallow with deep light penetration compared to their maximum depth, they might
also host aerobic CH4 oxidation coupled to oxygenic photosynthesis. In cases were light reaches
fully anoxic regions, elevated MO rates could therefore be mistaken for AOM.
This investigation also demonstrates the adaptability of the microbial community within such a
variable system. The interrelation between oxygenic phototrophs and aerobic methanotrophs
appears to be reproduced on a yearly basis emphasizing the ability to rebound after a mixing
event. Shifts in the methanotrophic community according to O2 and CH4 concentrations have also
been observed on a daily basis in a shallow floodplain lake (Ross et al. 1997). Here we show that
variation in the MOB structure might not only depend on substrate fluxes, but also on microbial
interactions over much broader time scales, which have gone mostly unnoticed to date and could
play an essential role in the majority of lacustrine environments.
The oxic/anoxic transition and the zone below probably represent the most suitable location for
methane oxidation (Blees et al. 2014; Liikanen et al. 2002; Sundh et al. 2005), as both high light
intensity (Dumestre et al. 1999; Murase and Sugimoto 2005) and oxygen concentrations (Rudd
and Hamilton 1975) in the epilimnion are likely to inhibit MO. Therefore, processes occurring in
this region are probably also more relevant for methane removal in limnic systems. Assuming that
Lake Rotsee is an adequate proxy for lakes of its size, this metabolic interaction between

48

2.7. Supporting Information

phototrophs and methanotrophs could be an additional important mechanism diminishing the CH 4
flux into the atmosphere.

2.6.

Acknowledgments

We would like to thank Christian Dinkel, Prosper Zigah and Carole Guggenheim for their support
during field campaigns. Daniela Franzke and Daniela Nini are thanked for help with CARD-FISH
and nanoSIMS analyses. We appreciate the assistance of Patrick Kathriner and Gabriele
Klockgether with the IC and EA-IRMS measurements. We are grateful to Carole Guggenheim
and Prosper Zigah for providing the methane and dissolved metal profiles. Hannah Bruderer is
appreciated for her help with the sulfide measurements and Gaute Lavik, Philipp Hach, Hannah
Marchant and Jessika Füssel for their support with the GC-IRMS. We are grateful for the
constructive comments given by two anonymous reviewers, which have helped to improve this
manuscript.

2.7.

Supporting Information

S1 Fig. Profiles of dissolved ions in the Rotsee water column in August 2013. (a) Concentration depth
profiles of nitrate (solid diamonds), ammonium (empty diamonds) and sulfate (solid triangles); and (b) dissolved
iron (solid circles) and dissolved manganese (empty circles). The grey shading denotes the zone of methane
oxidation.
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S2 Fig. Chemical profiles and methane oxidation rates in August 2012. (a) Concentration depth profiles of
oxygen (solid line) and methane (solid squares). (b) Methane oxidation rates from 6.5 and 8 m depth in dark
conditions, with the addition of O2 (in the dark), in light conditions and the killed control. (c) Incubation time
series from 8 m depth in the dark, with supplemented O 2 (in the dark) and in the light. Bulk methane turnover (b)
and oxidation time series (c) from 8 m depth were measured in the same incubation.

S3 Fig. In situ cell abundances of different microbial groups at various water depths in Lake Rotsee in
August 2013. Total cell numbers of DAPI counted cells, bacteria (probe mix EUB338 I-III), archaea (probe
ARCH915), alphaproteobacteria (probe alfa968) and gamma-MOB (probe mix Mgamma84+705) at incubation
depths. Error bars denote the standard error of the mean of counted fields of view (20). Note the logarithmic
scale.
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S4 Fig. Methane assimilation from analyzed setups from 9 m depth. Fluorescent micrographs of gammaMOB (a-c) visualized by DAPI (blue) and in situ hybridization with Mgamma84+705 probes (green).
Corresponding nanoSIMS images (d-f) of 13C/12C and (g-i) 32S/13C ratios after 2 d in light conditions (upper
panel), after 2 d amended with oxygen (middle panel) and after 7 d in light conditions (lower panel). All scale
bars are 2 µm and red arrows indicate hybridized/measured cells.

S5 Fig. Methane assimilation by gamma-MOB at the oxycline of Lake Rotsee. 13C-CH4 uptake (represented
as 13C/12C ratios) by single gamma-MOB in the light incubation (after 2 d, n = 12 cells and 7 d, n = 10 cells) and
with supplemented O2 (after 2 d, n = 11 cells).
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S1 Table. CARD-FISH oligonucleotide probes applied to Rotsee samples. HRP probes along with their
specificity, applied permeabilization, % [v/v] formamide (FA) in the hybridization buffer and reference.
Permea%
Probe
Specificity
Probe sequence (5´-3´)
Reference
bilization
FA
AAAAOMGGT CCC AAG CCT ACC AGT
FW-641
associated
Schubert et
archaea,
Proteinase K
60
al. (2011)
AAAfreshwater
TGC GGT CGC ACC GCA CCT
FW-834
cluster
AlphaproteoAlfa968
Lysozyme
35
GGT AAG GTT CTG CGC GIT
Neef (1997)
bacteria
ANME-1Boetius et al.
ANME-1
Proteinase K
40
AGT TTT CGC GCC TGATGC
350
(2000)
ANME-2Treude et al.
ANME-2
SDS
40
GGC TAC CAC TCG GGC CGC
538
(2005)
Stahl and
ARCH915
Most archaea
Proteinase K
35
GTG CTC CCC CGC CAA TTC CT
Amann
(1991)
GCT GCC TCC CGT AGG AGT
EUB338
Daims et al.
Most bacteria
Lysozyme
35
GCA GCC ACC CGT AGG TGT
I-III
(1999)
GCT GCC ACC CGT AGG TGT
Ma450
Alpha-MOB
SDS
20
ATC CAG GTA CCG TCA TTA TC
Eller and
Mgamma
CCA CTC GTC AGC GCC CGA
Frenzel
84
Gamma-MOB
Lysozyme
20
(2001)
Mgamma
CTG GTG TTC CTT CAG ATC
705
Wallner et al.
NON338
Negative control
Lysozyme
35
ACT CCT ACG GGA GGC AGC
(1993)

S2 Table. Primary production rates measured in August 2013. Primary production rates were quantified at in
situ conditions 2 d after all other physicochemical profiles were taken and methane oxidation rate experiments
were set up.
Depth [m]
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8

4.34 ± 0.35

9

2.71 ± 0.08

10

1.37 ± 0.14

11

0.43 ± 0.16
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Aerobic gammaproteobacterial methanotrophs mitigate methane emissions from oxic and anoxic lake waters

3.1.

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.

3.2.

Introduction

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 a-1 (Ehhalt et al. 2001). Roughly 50 % of this budget stem from natural sources
(Ciais et al. 2014) as methane is the product of methanogenesis, the final step in the degradation
of organic matter. This process is also active in lake sediments and produced CH 4 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). Though freshwater lakes only occupy 23 % of the global surface area, emission estimates are in the range of 8-72 Tg CH4 a-1 (Bastviken
et al. 2004; Bastviken et al. 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 bacteria (MOB), belonging to the alpha- or
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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 aerobic 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 Verrucomicrobia, express some genetic similarity to their proteobacterial
counterparts (Chistoserdova et al. 1998), 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 denitrification (Campbell et al. 2011). Indeed, recent evidence
shows that this pathway is activated under oxygen limitation and coupled to MO (Kits et al.
2015a; Kits et al. 2015b). 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 methanotrophic
archaea (ANME) and usually coupled to sulfate (SO42-) reduction. Known ANME, belonging to
three distinct clades, mediate AOM together with deltaproteobacteria (Knittel and Boetius 2009).
In this consortium, ANME activate 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 (Ermler et al. 1997). 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
SO42- concentrations there (µM scale), compared to 28 mM in ocean water, possibly making this
low energy metabolism (-16 kJ mol-1) unfeasible. On the other hand, 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 (Jaun and Thauer 2007) 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 (Blees et al. 2014; Schubert et al. 2010)
implies a source of O2 below the oxycline. This is the case in shallow lakes with deep light
penetration where oxygenic photosynthesis fuels aerobic MO (Milucka et al. 2015; Oswald et al.
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2015). In very deep lakes this is unlikely (Biderre-Petit et al. 2011; Blees et al. 2014) and aerobic
MOB switching to nitrate respiration (Kits et al. 2015a; Kits et al. 2015b) or the activity of NC10
bacteria, which appear to be relevant in lake sediments (Deutzmann et al. 2014), could play a role.
Furthermore, geochemical indications of methane oxidation coupled to the reduction of iron
(Norði et al. 2013; Sivan et al. 2011) 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.
In order to further investigate the open questions concerning lacustrine methane oxidation under
low O2 and anoxic conditions, 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 (Maerki et al. 2009; Schaller and Wehrli 1996) and nitrogen cycling
(Carstens et al. 2013; Mengis et al. 1997) 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 oxidation 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.

3.3.

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 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

13

C enrichment and (4) single cell carbon assimilation. In each case

13

CH4 was used a

tracer for the examined process.

3.3.1.

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 km 2 and is divided into a northern
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(Obersee) and southern basin (Untersee) by a peninsula. 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.

3.3.2.

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 (47°5’55’’ N
8°29’35’’ E). A multi-parameter probe (Sea & Sun Technologies) was deployed to measure
conductivity, temperature, 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 syringe sampler (12 x 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),
temperature, 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 analyses of
nitrate (NO3-), nitrite (NO2-), ammonium (NH4+) and sulfate (SO42-) were filtered (0.22 µm) on
site. Additionally 12 ml Exetainers (Labco Ltd) 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 concentration). Water
aliquots for dissolved (<0.45 µm) and total metal fractions were acidified immediately with HNO 3
(Suprapur, Merck KGaA; 0.1 M final concentration). A Niskin bottle was utilized to collect all
other samples requiring larger volumes of water. In order to maintain in situ oxygen conditions,
tubing was used as an outlet avoiding shaking, bubbling and turbulence and allowing water to
overflow before sealing. 120 ml serum bottles were filled in this manner, fixed with NaOH
(pH>12) or CuCl and closed with butyl rubber stoppers and aluminum crimp seals for CH 4
concentration and stable carbon isotope analysis. Samples intended for catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH) techniques were fixed with
formaldehyde (2% [v/v] final concentration) on site and kept on ice until further processing.
Water meant for incubation experiments 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 ~4 °C in the dark until further handling.
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3.3.3.

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:
𝐽 = 𝐾𝑧

𝜕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 s-1 was chosen, which falls within the
range of what has been estimated 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 sediment/water interface to the point where the slope of the
profile became more gradual, i.e. 175 m in 2013 and 180 m in 2014.

3.3.4.

Methane, dissolved inorganic carbon and isotopic signatures

Methane concentrations were determined with a gas chromatograph (GC) (Agilent 6890N,
Agilent Technologies) equipped with a Carboxen 1010 column (30 m x 0.53 mm, Supelco), a
flame ionization detector (FID) and an autosampler. 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 Jr 1979). Stable carbon isotopes of methane were
analyzed in the same headspace by isotope ratio mass spectrometry (IRMS). Injected CH 4 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 spectrometer (GV
Instruments, Isoprime). Purification (removal of CO2 and CO) and concentration (removal of
N2O) was accomplished by a series of chemical (magnesium perchlorate, Carbo-Sorb and
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Sofnocat) and cold (liquid N2) traps and combustion at 960 °C. Isotopic ratios are reported in
standard δ notation compared to the Vienna Pee Dee Belemnite (VPDB):
13
𝐶/ 12𝐶𝑠𝑎𝑚𝑝𝑙𝑒
𝛿 13𝐶 = ( 13 12
− 1) × 1000
𝐶/ 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

A 1 % CH4 standard (-47.5 ‰) was used to correct for the instrumental offset (+9.0 ‰). This
standard was also measured periodically between samples to verify the precision of the
measurements (~1.1 ‰). Fractionation factors (αc) for methane oxidation were calculated
according to the Rayleigh equation (Whiticar and Faber 1986):
𝛿 13𝐶 = [𝛿 13 𝐶0 + 1000 ∙ 𝑓

1
( −1)
𝑎𝑐
]−

1000

where δ13C and δC0 are the isotopic ratios of methane above and below the zone of methane
oxidation, respectively, 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 nondispersive infrared (NDIR) detector. Calibration was done with a purchased total inorganic carbon
standard solution (Ultra Scientific). Liquid samples were injected and contained DIC volatilized
to CO2 with the addition of HCl (pH<3), which was measured subsequently. 1 ml of the remaining
sample was then transferred to a 3 ml Exetainer, headspace exchanged with He and acidified with
100 µl H3PO4. Stable carbon isotopes (VPDB reference state) of released CO2 were then
measured in the headspace with a preparation system (MultiFlow, Isoprime) coupled to an IRMS
(Micromass, Isoprime). Accuracy of the instrument was checked with a standard (LSI/SI Carrara
Marble ETH, Zurich). The δ13C of the standard (+2.1 ‰) was used to correct for the offset of the
instrument (+7.4 ‰) and measured intermittently to check instrumental precision (0.21 ‰).

3.3.5.

13

C 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 methane 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 Holtappels et al. (2011). First water was purged with a continuous flow of He for ~15 min to
remove trace oxygen contamination and background CH4 as well as N2. All bottles were then
amended with 5 ml of a saturated

13

CH4 (99 at.%, Campro Scientific) solution (prepared with
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sterile, anoxic Nanopure water), resulting in a final concentration of ~50 µM

13

CH4 in each

incubation. Separate bottles were then treated with various amendments from respective stock
solutions, 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 (~5 °C) 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 µl ZnCl2 (50 % [w/v]). Exetainers were then stored at room temperature (RT) until
analysis.
Methane oxidation potential was assessed by the production of

13

CO2 over time by gas

chromatography-isotope ratio mass spectrometry (GC-IRMS) (VG Optima, Fisons or Micromass,
Isoprime). For this a 2 ml aliquot was transferred to a 6 ml He filled Exetainer and dissolved CO 2
was volatilized by the addition of 100 µl concentrated H3PO4. Isotopic ratios of

13

CO2 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 concentrations 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 non-linear, the rate was only
estimated over the linear segment (first 2 or 4 d of incubation in 2013). In the setups where either
15

NO3- or

15

NO2- was added, a 2 ml headspace was set with He. The samples were allowed to

equilibrate overnight and

15

N2 was then measured 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.
Table 1. Methane oxidation rate experimental setups performed in 2012 and 2013.
Setup

Stock solution

control

--

oxygen

O2 saturated

nitrate
nitrite
iron(III)
manganese(IV)

Treatment
2012

2013

--

--

15 µM

15

-

10 µM

15

100 at.% NO2

-

5 µM

1

ferrihydrite suspension

500 µM

5 µM

birnessite2 suspension

500 µM

5 µM

100 at.% NO3

2-

sulfate
SO4
100 µM
ferrihydrite was synthesized according to Cornell and Schwertmann (2006)
2
birnessite was synthesized according to Golden et al. (1987)
1

Growth and activity: Cellular growth and

13

C assimilation were monitored in incubations with

anoxically sampled water in 2013 (160 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
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(placed in glovebox 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 glovebox to reduce O 2
contamination). Subsequently methane was added to the headspace (c.a. 1.8 mM in the water
phase) of all bottles with a

13

C labeling percentage of 50 at.% in 2013 and 25 at.% in 2014.

Duplicate bottles received no further 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 (~5 °C). During the
course of the experiment samples were withdrawn anoxically (syringe flushed with N 2 or He and
allowing the overpressure of CH4 to push out the water sample to avoid air injection) for the
determination of produced

13

CO2 (see above for details). Bulk production 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 particulate Fe (fixed with HCl) concentrations.
Manganese was quantified by ICP-MS and dissolved Fe2+ 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 secondary 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

13

C uptake with an elemental analyzer (Flash EA 1112, Thermo Scientific)

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

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

Stock solution

control

--

oxygen

sterile air

nitrate
nitrite
iron(III)

Treatment
2013

2014

--

-80 & 200 µM

15

-

10 & 40 µM

15

-

20 µM

100 at.% NO3
100 at.% NO2
1

ferrihydrite suspension

5 µM

manganese(IV)
birnessite2 suspension
25 µM
ferrihydrite was synthesized according to Cornell and Schwertmann (2006)
2
birnessite was synthesized according to Golden et al. (1987)

20 & 80µM

1
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3.3.6.

Catalyzed reporter deposition-fluorescence in situ hybridization

Water samples fixed with formaldehyde were incubated overnight at 4 °C and then filtered onto
polycarbonate GTTP filters (0.2 µm pore size, Millipore), dried and stored at -20 °C. CARDFISH was carried out targeting certain microbial 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; Suppl.
Table 1) for identifying known groups of methanotrophs included: Mgamma84+705 (mix),
Ma450, ANME-1-350, ANME-2-538 and AAA-FW-641+834 (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. Permeabilization of the cell walls was achieved with either
lysozyme (10 mg ml-1, for 1 h at 37 °C), proteinase K (15 µg ml-1, for 3 min at RT) or sodium
dodecyl sulfate (SDS, 0.5 % [v/v], for 10 min at RT). Inactivation of endogenous peroxidases was
done with 0.1 M HCl (10 min at RT), followed by hybridization (2.5 h at 46 °C) and tyramide
(Oregon Green 488, 1 µl ml-1) amplification for 30 min at 37°C. Finally, samples were stained
with 4',6-diamidino-2-phenylindole (DAPI, 1 µg ml-1) 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).

3.3.7.

Nanometer-scale secondary ion mass spectrometry

Formaldehyde-fixed samples were filtered onto Au/Pd coated filters (polycarbonate GTTP,
0.2 µm pore size, Millipore) and hybridized with probe mix Mgamma84+705 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 Cs +
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 12C-, 13C-, 12C14N-,
31 -

P and 32S- along with a secondary electron (SE) image (256 x 256 or 512 x 512 pixels, dwell

time of 1 ms pixel-1). 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. 52 cells and 42 cells were measured in 10
fields of view for the additions of 80 µM and 200 µM oxygen, respectively. Secondary ion images
(up to 60 planes per scanned area, 20 x 20 or 30 x 30 µm) were drift (stage and source) corrected,
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superimposed and processed with Look@NanoSIMS (Polerecky et al. 2012), where regions of
interest (ROI) were identified based on Mgamma84+705 hybridization 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

32

S/12C verified that biological material was measured and

13

C/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).

3.4.

Results

3.4.1.

Redox conditions in Lake Zug

Three sampling campaigns revealed that the location of the oxycline fluctuated slightly in the
Lake Zug water column. In 2012 (September) oxygen was detected down to 166 m, whereas in
2013 (March) and 2014 (June) the oxycline was located at shallower depths of 154 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
73±2.0 and 59±1.4 mmol e- m-2 d-1 in 2013 and 2014, respectively. Nitrate concentrations were
stable throughout the epilimnion with values around 20-25 µM 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 sampling point (190 m) with concentrations of 1 and
5 µM 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 µM close to the
sediment (Fig. 2b). Generally, manganese concentrations increased below the oxycline (Fig. 2c).
Assuming that the dissolved fraction (<0.45 µm) only consisted of soluble reduced species, Mn
was only present in particulate form in the epilimnion (0.3-0.4 µM) and mostly as dissolved Mn2+
in the hypolimnion, reaching 3-4.5 µM. However, in 2014 at least part of the reduced manganese
also precipitated as Mn(II) minerals (2 µM at 185 m), which probably included MnCO 3 or
Mn3(PO4)2 (Schaller and Wehrli 1996). Compared to manganese, total iron concentrations were
much lower (max. 1 µM) and concentrations tended to increase gradually as soon as O 2 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 concentrations were relatively stable throughout the water column averaging 50 µM 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.
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Figure 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.

Figure 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.

3.4.2.

Methane and dissolved inorganic carbon

Highest methane concentrations (~60 µM) were detected near the sediment surface and methane
was completely depleted at the oxycline (Fig. 3a). Interestingly, the CH 4 profiles suggested two
zones of decrease towards the oxycline. A very sharp gradient extended from the sediment/water
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interface to 176 m (2013) and 180 m (2014) with concentrations decreasing to 10 and 26 µM,
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 carbon isotopes showing a general trend towards heavier isotopic
values between 175 and 150 m with some data showing heavy enrichment (max. -4 ‰; Fig. 3b).
Fractionation factors of methane oxidation over this zone were determined to be 1.006 (2013) and
1.005 (2014). The upward flux of methane from the sediment into this zone was calculated to be 78 mmol e- m-2 d-1 during both sampling campaigns, where the uncertainty was
±4.5 mmol e- m-2 d-1 in 2013 and ±26.4 mmol e- m-2 d-1 in 2014.
DIC concentrations were relatively stable with values averaging 2.9 and 3.4 mM in 2013 and
2014, respectively, and showing a slight increasing trend with depth (max. 3.5 mM at 190 m in
2014). Congruently, the δ13C-DIC (only measured in 2014) was stable with values of
approximately -10 ‰.

Figure 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.

3.4.3.

Methane oxidation potential

Measured methane oxidation potential determined in vitro showed highest MO activity at 144 m
(0.64 µM d-1) and 146 m (0.53 µM d-1) (in 2013; Fig. 3c), located above the oxycline where
oxygen concentrations were still about 20 and 15 µM, respectively. The MO potential measured
under higher in situ oxygen conditions (30 µM) at 130 m was ca. 3-fold lower (0.18 µM d-1) and
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MO rates directly at the oxic/anoxic transition (154 m) were ca. 2-fold lower (0.31 µM d-1). Time
series from these experiments revealed different oxidation kinetics (Suppl. Fig. 1a). At 130 m a
2 d lag period was evident, after which MO initiated in a linear fashion. Contrary to this, oxidation
commenced immediately in the incubations from 144, 146 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 µM in 7 d).
Measured methane oxidation potential was also of the same order of magnitude below the
oxycline with two hotspots at 160 and 190 m depth with measured rates of 0.21 µM d-1 and
0.29 µM d-1, respectively. At the other hypolimnic depths (164, 170 and 180 m) determined MO
rates were 0.1 to 0.16 µM d-1. 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 and 170 m MO proceeded linearly during the entire incubation
period (7 d; Suppl. Fig. 1b). Highest bulk methane turnover over the incubation time was
measured at 190 m (~1.3 µM in 7 d), which was roughly the rate measured at the oxycline. The
only electron acceptors present in high enough concentrations in situ to sustain the measured rates
were nitrate (~5 µM at 190 m) and sulfate (~40 µM at 190 m).
At 180 m, methane oxidation was apparently enhanced by the addition of both Fe(III) and Mn(IV)
(Suppl. Fig. 1c). 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 µM d-1), the
MO rate increased approximately by a factor of two with both added Fe(III) (0.4 µM d-1) and
Mn(IV) (0.31 µM d-1). Though a rate deceleration was evident after 4 d in all setups, the total
amount of methane oxidized (~1.5 µM) 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 µM d-1
average) methane oxidation rates in oxic waters (~47 µM O2) at 130 m. However, below the
oxycline (180 m), rates reached an average of 0.82 µM d-1 with nearly linear oxidation kinetics in
all setups. Additions of different electron acceptors did not appear to stimulate methane oxidation.
In fact the control incubation with only added 13CH4 yielded the highest rate (1.75 µM d-1) during
the 2 d incubation. In the experiments with additions of 15NO3- and 15NO2- rates of 30N2 production
were very low (~1 nM d-1), indicating that denitrification was likely incomplete or that
intermediate substrates were recycled immediately.
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3.4.4.

Methanotrophic community

Generally total cell numbers (DAPI counts) increased by almost an order of magnitude towards
the sediment surface in 2013 (Suppl. Fig. 2). Analogous to this, bacterial abundance (probes
EUB338 I-III) increased from 4.1·105 (130 m) to 9.7·105 cells ml-1 (180 m). Archaeal cells (probe
ARCH915) were less abundant and showed no clear depth trend, averaging 7.6·104 cells ml-1, with
a maximum of 1.0·105 cells ml-1 at 130 m. Aerobic MOB were detected throughout the sampled
depths, where gamma-MOB (probe mix Mgamma705+84) were usually one order of magnitude
more numerous than alpha-MOB (probe Ma450; Fig. 4a). Gamma-MOB reached highest numbers
(~1.1·105 cells ml-1) slightly above and directly at the oxycline between 148-154 m, corresponding
to 10 (154 m)-15 % (148 m) of DAPI counts. They were also present throughout the anoxic zone,
though showing a decreasing depth trend from 8.9·104 to 4.8·104 cells ml-1 (160 to 190 m).
Compared to the oxycline and the anoxic hypolimnion, gamma-MOB showed the lowest
abundance within more oxic waters at 130 m (1.9·104 cells ml-1). 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 and 190 m (~1.5·104 cells ml-1), which was one order of
magnitude higher than their numbers at the oxycline (5.0·103 cells ml-1). Similarly, known
targeted groups of ANME (probes ANME-1-350 and ANME-2-538) and AOM-associated
archaea (AAA; probe mix AAA-FW-641+-834) were only found at some depths and constituted
<1 % of the total cell abundance (Fig. 4b). Both ANME-1 and AAA were most numerous at 170
m (~1.0 104 cells ml-1), whereas ANME-2 showed a maximum of 8.7·103 cells ml-1 at 164 m.

Though cell counts were generally lower over the two sampling depths in 2012
(Suppl. Fig. 3), similar trends were observed. Bacterial abundance increased with depth from
2.9·105 (130 m) to 6.6·105 (180 m) cells ml-1, whereas archaeal numbers showed the opposite
behavior (7.2·104 cells ml-1 at 130 m to 4.5·104 cells ml-1 at 180 m). Gamma-MOB were
always more abundant 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 ml-1) compared to 130 m (4.6·103 cells ml-1), and constituted ~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.
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Figure 4. Abundances of different microbial groups detected by CARD-FISH in 2013. (a) gamma-MOB
(Mgamma84+705) and alpha-MOB (Ma450) abundances; and (b) ANME-1 (ANME-1-350), ANME-2 (ANME2-538) and AOM-associated archaea (AAA-FW-641+834) cell counts. Error bars denote the standard error of the
mean between counted fields of view (20).

3.4.5.

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 during in vitro experiments from 160 m (2013 & 2014) and 175 m (2013) depth.
This was done maintaining in situ oxygen conditions with amendments of different potential
electron 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) (birnessite) along with 13CH4 were tested with a
corresponding control setup (only added

13

CH4). Initially (2 d),

13

CO2 production followed a

similar trend with and without the addition 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

13

CO2 production (0.7±0.07 µM d-1) compared to the

control setup (0.29±0.04 µM d-1), whereas the birnessite addition resulted in a 7-fold increase
(2.1±1.2 µM d-1). Corresponding to the measured production increase, the abundance of gammaMOB 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 ml-1 to 6.4·105 cells ml-1.
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 ml-1) and 9 (5.4·105 cells ml-1), respectively. All other
potential methanotrophic groups investigated by CARD-FISH showed no increase during the
course of the incubation.
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C turnover and growth were also confirmed by bulk

13

C uptake (all
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filtered bacteria), where the addition of manganese resulted in enrichment from 1.1 at.% (natural
abundance) at the beginning of the experiment to 18.3±7.8 at.% at the end, though there was high
variability between duplicate setups (Suppl. Fig. 4a). Parallel setups with water from 175 m
showed no notable difference in 13CO2 production (0.25±0.08 µM d-1), cellular growth or bulk 13C
uptake.

Figure 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 (low = 80 µM and high = 200 µM) 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).

In 2014 (160 m, anoxic, 0.64 µM residual methane) additions of nitrate and nitrite did not
stimulate methane consumption and resulted in even lower

13

CO2 production than the control

setup (0.14±0.1 µM d-1). In contrast to the previous year, the addition of Mn(IV) had an inhibitory
effect and instead highest 13CO2 production was determined in setups with the addition of oxygen
(80 and 200 µM O2). Compared to the control incubation (0.3±0.15 µM d-1), production increased
by a factor of 7 (2.1±0.65 µM d-1) and 14 (4.2±0.43 µM d-1), 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. GammaMOB 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 to
1.6·105 cells ml-1. Reflecting enhanced 13CO2 production, cell numbers increased by a factor of 20
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(1.3·106 cells ml-1) and 8 (5.6·105·cells ml-1) with supplemented O2 (80 and 200 µM, respectively).
Total cellular

13

C uptake also showed the highest enrichment in the O2 setups from 1.1 at.% to

9.5±2.0 at.% (Suppl. Fig. 4b). Enrichment in the control setup increased to 3.0±0.6 at.% and in all
other setups to 1.6±0.4 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
13

C (Fig. 6). Though there was some variation between the setups, average cellular

13

C/12C

enrichment was about 13.6±5.6 at.% (Suppl. Fig. 4c). Highest carbon assimilation rates of
7.5±2.1 fmol C cell-1 d-1 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.

Figure 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 Mgamma84+705 (green) with the addition of (a)
ferrihydrite and (b) birnessite. Corresponding nanoSIMS images of (c, d) 13C/12C and (e, f) 32S/12C.
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3.5.

Discussion

3.5.1.

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
oxycline (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 the initial steep slope might only be transport
controlled. Similar observations of methane decrease without a corresponding isotopic shift have
been made in other deep hypolimnia (Blees et al. 2014; Schubert et al. 2006), 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 methane oxidation of 1.006 (2013) and
1.005 (2014) fall within the range of aerobic oxidation, which vary between 1.003-1.039
(Templeton et al. 2006), but fall short of factors determined for AOM ranging between 1.0091.039 (Holler 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.

3.5.2.

Aerobic methane oxidation in the oxic/anoxic transition zone

In vitro incubations showed ongoing methane oxidation at all sampled depths – oxic (30 µM O2),
suboxic oxycline (≤20 µM O2), and anoxic. Highest MO potential was measured within the
oxic/anoxic transition at 144 m (0.64 µM d-1; 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; Schubert et al. 2010; Sundh et
al. 2005). In shallow lakes where light may still reach even below the oxycline an interplay
between oxygenic phototrophs 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 d -1 (Iversen et al. 1987) to 1 µM d-1
(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 shallow systems reaching up to 5 µM d-1 (Schubert et al. 2010).
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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 incubation (Suppl. Fig. 1a). Under oxic conditions at 130 m (~30 µM O2), an
initial lag period (2 d) was observed, whereas oxidation commenced immediately under suboxic
conditions around the oxycline (≤20 µM 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 compared to experimental conditions (~59 nM vs. ~50 µM), which
resulted in the observed oxidation delay. Alternatively, higher O 2 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), NH4+ (Rudd et al. 1976) or the
depletion of oxygen. The latter does not seem apparent given the in situ oxygen concentrations at
146 m (ca. 15 µM), which would be sufficient to oxidize 7.5 µM CH4, nearly 4-fold more than
was actually oxidized during the incubation period (2.1 µM CH4). However, 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 scarcity 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 oxidized methane and alternative electron acceptors might be important,
especially below the oxycline.

3.5.3.

Apparent anaerobic oxidation of methane 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 (Aeschbach-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
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depths was confirmed by online measurements 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 µM d-1) 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
(Blees et al. 2014; Iversen et al. 1987). These observations suggest that anaerobic oxidation of
methane 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 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 (Knittel and Boetius 2009; Valentine and Reeburgh 2000), 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). Correspondingly, sulfate supplemented incubations
(2012) did not stimulate methane oxidation and the abundance of ANME cells in experimental
setups (2013 & 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.
In order 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 stimulation of MO and
the control incubation with only added

13

CH4 produced the highest rate. In the following year,

however, additions of either Fe(III) (ferrihydrite) or Mn(IV) (birnessite) resulted in a stimulation
of MO at 160 m and 180 m (Fig. 5a, Suppl. Fig. 1c). 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
incubations (5 µM with ferrihydrite and 25 µM with birnessite) was also not sufficient to account
for total observed

13

CO2 production (average of 9.1 µM with ferrihydrite and 26.9 µM 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 e - m-2 d-1) or
Mn(IV) (0.51 mmol e- m-2 d-1) were also insufficient to account for all methane diffusing into the
water column in situ. Yet, it is possible that Fe(III) and Mn(IV) could still serve as an electron
acceptor for methane oxidation provided that Fe2+ and Mn2+ are continuously oxidized as
suggested previously (Crowe et al. 2011). In the case of Fe this recycling could occur biologically,
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through the action of present chemotrophic/mixotrophic iron-oxidizers (Muehe et al. 2009; Straub
et al. 2004), their occurrence and abundance not being investigated in this study. Alternatively,
MnO2 could oxidize Fe2+ abiotically (Postma 1985) leading to continuous and instantaneous
replenishment of Fe(III) available for methane 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).

3.5.4.

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 (Blees et al. 2014; Blumenberg et al.
2007; Carini et al. 2005; Fenchel and Blackburn 1979; 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 activity 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 aerobic
MOB can tolerate oxygen free conditions for prolonged periods, they require oxygen for energy
generation and growth (Hanson and Hanson 1996). Some suggested explanations 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 proceeding in the anoxic hypolimnion, which is dark
and permanently 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

13

CO2 production in

the amended incubations corresponded to increased cell abundances of gamma-MOB (Fig. 5).
Congruently, 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 9-fold
increase was also observed with the addition of Fe(III) and even the control incubation with only
added 13CH4 exhibited a 6-fold increase in gamma-MOB. These observations strongly support that
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gamma-MOB play a central role in methane oxidation even under anoxic conditions. Single-cell
methane uptake measurements already showed high rates of

13

CH4 assimilation within the first

days of incubation (2 d; Fig. 6, Suppl. Fig. 4c). Methane assimilation of gamma-MOB incubated
with Fe(III) or Mn(IV) was 7.5±.1 fmol d-1 and 4.0±1.5 fmol d-1, respectively, and their calculated
doubling times in the range of 2.5-3 days. This corresponds to what has been reported for gammaMOB in other lakes (Milucka et al. 2015; Oswald et al. 2015), however there growth was
supported by oxygen functioning as the electron acceptor.
Activity and aerobic growth of gamma-MOB from anoxic depths was confirmed by O2supplemented incubations in 2014.

13

CO2 production in these setups showed an approximate

7-fold (80 µM O2) and 14-fold increase (200 µM O2; Fig. 5c). This corresponded to elevated
growth of gamma-MOB, with cell numbers increasing by a factor of 20 (80 µM O 2) and 8
(200 µM O2), respectively. The control setup with only added

13

CH4 also supported growth of

gamma-MOB, however to a much lesser extent (~2-fold increase; Fig. 5d). It is curious that
highest methane uptake and growth did not correspond to highest

13

CO2 production. However, it

is feasible that though a higher oxygen concentration 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 µM O2 due to enhanced
autotrophic growth and thus secondary uptake of produced

13

CO2. Moreover, unknown

methanotrophs could have been enriched under higher oxygen conditions and contributed to the
higher observed 13C turnover.

3.5.5.

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 electron 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 (Suppl. Fig. 5). 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 cooccurring it remains disputable whether these processes were in fact directly linked. So far,
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methanotrophic gammaproteobacteria have not been shown to be capable of direct metal
reduction, which occurs in stratified water columns and sediments, 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 gammaMOB comes from the

13

CO2 production dynamics observed during the growth and activity

incubations (Fig. 5a, c). In all cases (addition 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 apparent, 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

13

C turnover commenced. It is also feasible that instead of directly serving as an

electron acceptor for methane, iron or manganese were consumed by other processes and only
facilitated or stimulated methane oxidation indirectly. This would be especially likely in the case
of iron, as it is an important trace metal for methanotrophs (Glass and Orphan 2012; Semrau et al.
2010). The fact that the positive effect of metal addition on MO was only observed during 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 considered. In a conducted control experiment (Suppl. Methods) we measured a
maximum oxygen increase of 13 nM d-1 in the utilized serum bottles (Suppl. Fig. 6). Since 2 mol
O2 are required to oxidize 1 mol CH4, this could account for 6.5 nM d-1 of oxidized CH4. Taking
the lowest

13

CO2 production of our growth and activity incubations (0.3 µM d-1; 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; Suppl. Fig 1), aerobic 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 photosynthesis, depletion of reactive oxygen species or chlorate respiration. As
already mentioned above for the water column conditions, light-dependent photosynthesis and
oxygen radical removal (Blough and Zepp 1995) are highly unlikely as experiments were
incubated in the dark. Chlorate respiration releasing oxygen also seems improbable considering
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 limitation, though low
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amounts of O2 (<50 nM) are probably still required to activate CH4 with MMO (Kits et al. 2015a;
Kits et al. 2015b). 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 µM) 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 also serve as the electron acceptor for other processes. Even though
our in vitro nitrate additions did not stimulate methane oxidation, we cannot exclude a role of
nitrate at these depths. It can also be speculated that the addition of birnessite 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 candidates 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 oxyfera (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 cannot conclusively say whether these particular species were active in
our incubations. To address the role of Methylomirabilis-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 during 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 organism
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
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gamma-MOB in anoxic waters are increasing in current literature (Biderre-Petit et al. 2011; Blees
et al. 2014), this phenomenon might be commonly occurring also in other methanotrophic
populations at fluctuating redox boundaries.
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3.7.

Supplementary Information

3.7.1.

Supplementary Methods

Oxygen diffusion through the butyl rubber stoppers used in the growth and activity experiments
was calculated according to:
𝐽=𝐷∙

𝜕𝑐
∙𝐴
𝜕𝑧

where D is the diffusivity, c is the maximum concentration difference between the atmosphere
and the serum bottle (300 µM = 0.3 µmol cm3), z is the thickness (1.4 cm) and A the surface area
of the stoppers (1.13 cm2). For the calculation we used a diffusivity of 2.8·10-8 cm-2 s-1 (10 °C)
(De Brabandere et al. 2012).
In order to test diffusion calculations, a control experiment was set up with sterile anoxic tap
water. To achieve anoxia, water was first boiled, subsequently cooled and simultaneously
degassed with N2, sealed (butyl stopper) with an N2 headspace and sterilized by autoclaving. The
experiment was set up in the anoxic glovebox as described in the Methods section with degassed
stoppers and other necessary utensils. Two replicate bottles were incubated at 5 °C for 9 d with a
gas overpressure and oxygen was monitored continuously with trace oxygen sensor spots

78

3.7. Supplementary Information

(OXSP5, 0-700 nM, Pyroscience) Water samples were withdrawn intermittently as was done
during the original experiment.

3.7.2.

Supplementary Results

We calculated that about 4 nM O2 d-1 could have diffused into the serum bottles from the ambient
air in our growth and activity incubations. Our control experiment verified that only nM amounts
of oxygen diffused through the stoppers (Suppl. Fig. 6) with a maximum of ~13 nM O2 d-1.
Taking the molar ratio required for aerobic methane oxidation into consideration (i.e. 2 mol O 2
oxidizes 1 mol CH4), a total of 6.5 nM CH4 d-1 could have been oxidized by the diffusing oxygen.

3.7.3.

Supplementary Figures

Supplementary Figure 1. Methane oxidation times series of rate incubations in 2013. Time series from (a) oxic
depths and (b) anoxic depths along with a killed control. (c) Time series from 180 m depth with no addition,
addition of Fe(III) and Mn(IV) along with the killed control. The dashed line denotes the potential amount of
oxidized methane due to residual or diffusing O2 from the septum (De Brabandere et al. 2012; Holtappels et al.
2014).
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Supplementary Figure 2: Total, bacterial and archaeal cell abundances in 2013. Total cell counts
enumerated with DAPI. Bacterial (probes EUB338 I-III) and archaeal (probe ARCH915) abundances as detected
by CARD-FISH. Error bars designate the standard error of the mean between counted fields of view (20).

Supplementary Figure 3. Microbial abundances in 2012. Cells counts of investigated microbial groups
determined by CARD-FISH. Error bars denote the standard error of the mean between counted fields of view
(20). Note the logarithmic scale on the x-axis.
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Supplementary Figure 4. Total and single cell 13C assimilation in the growth incubations under different
incubation conditions. 13C enrichment of the total biomass at the beginning of the experiment (0 d) and at the
end of the experiment (13 d in 2013 and 11 d in 2014) with the addition of (a) Fe(III), Mn(IV) and (b) O 2 (low =
80 µM and high = 200 µM) along with the corresponding setup with only added 13CH4. Note that two depths
(160 and 175 m) were tested in 2013, whereas only water from 160 m was incubated in 2014. Error bars denote
differences between duplicate setups. (c) 13C uptake (as determined by nanoSIMS) by single gamma-MOB cells
(CARD-FISH probe mix Mgamma84+705) at 160 m with supplemented Fe(III) (n = 57), Mn(IV) (n = 63), low
O2 (n = 52) and high O2 (n = 42) after 2 d of incubation.

Supplementary Figure 5. Fluorescent and SEM micrographs of gamma-MOB of Fe(III) and Mn(IV)
growth incubations. (a) Gamma-MOB (Mgamma84+705) visualized by CARD-FISH at the beginning of the
incubation and at the end of the experiment (13 d) with (b) only added 13CH4, (c) added Fe(III) and (d) Mn(IV).
Probe signals are seen in green and DAPI signals in blue. The scale bars equal 5 µm. SEM images at the end of
the incubation with the addition of (e) Fe(III) and (f) Mn(IV).
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Supplementary Figure 7. Oxygen monitored during control incubations to quantify oxygen diffusion rates.
Error bars denote standard deviations due to instrument noise and uncertainty in temperature compensation.

3.7.4.

Supplementary Tables

Supplementary Table 1. CARD-FISH oligonucleotide probes utilized for Lake Zug samples. HRP probes
along with their specificity, applied permeabilization, % [v/v] formamide (FA) in the hybridization buffer and
reference.
Permeabili%
Probe
Specificity
Probe sequence (5´-3´)
Reference
zation
FA
AOM-associated
AAA-FW-641
GGT CCC AAG CCT ACC AGT
Schubert et al.
archaea, freshwater Proteinase K
60
(2011)
AAA-FW-834
TGC GGT CGC ACC GCA CCT
cluster
Boetius et al.
ANME-1-350
ANME-1
Proteinase K
40
AGT TTT CGC GCC TGATGC
(2000)
Treude et al.
ANME-2-538
ANME-2
SDS
40
GGC TAC CAC TCG GGC CGC
(2005)
Stahl and
ARCH915
Most archaea
Proteinase K
35
GTG CTC CCC CGC CAA TTC CT
Amann (1991)
GCT GCC TCC CGT AGG AGT
Daims et al.
EUB338 I-III
Most bacteria
Lysozyme
35
GCA GCC ACC CGT AGG TGT
(1999)
GCT GCC ACC CGT AGG TGT
Eller and
Ma450
Alpha-MOB
SDS
20
ATC CAG GTA CCG TCA TTA TC
Frenzel (2001)
Mgamma84
CCA CTC GTC AGC GCC CGA
Eller and
Gamma-MOB
Lysozyme
20
Frenzel
(2001)
Mgamma705
CTG GTG TTC CTT CAG ATC
NON338
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Negative control

Lysozyme

35

ACT CCT ACG GGA GGC AGC

Wallner et al.
(1993)
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Crenothrix polyspora: an important overlooked player in freshwater methane oxidation

4.1.

Summary

Among all greenhouse gases, methane has shown the highest relative atmospheric increase
(~150 %) since industrialization (Forster et al. 2007), with natural systems contributing about
50 % (Bastviken et al. 2004; Khalil and Shearer 2000) of its global budget (600 Tg CH4 a-1)
(Ehhalt et al. 2001). Methane-oxidizing microorganisms mitigate the majority of methane
emissions, including those from lakes, which represent a substantial natural source
(8-72 Tg CH4 a-1) (Bastviken et al. 2004; Bastviken et al. 2011). Here we present novel evidence
that Crenothrix polyspora (Cohn 1870), a filamentous microorganism seemingly limited to
artificial systems related to drinking water production (Brefeld and Zopf 1879; De Vries 1890;
Stoecker et al. 2006; Vigliotta et al. 2007; Völker et al. 1977), is essential for regulating methane
fluxes from stratified lakes. We detected C. polyspora in the water column of two Swiss lakes and
through combined isotopic labeling and fluorescence in situ hybridization could demonstrate that
its contribution to methane consumption was up to 6-fold higher than conventional coexisting
methanotrophs. Though it has been shown to oxidize methane before (Stoecker et al. 2006;
Vigliotta et al. 2007), its involvement in nature was so far unknown. This is the first report of its
occurrence and activity in lake water, providing valuable knowledge about a to date
unacknowledged methanotroph in these settings, where it completes an important function
regarding climate control.

4.2.

Results and Discussion

Contributing up to 12 % of global methane emissions (Bastviken et al. 2011), freshwater lakes
comprise a considerable source given that they only cover 3 % of the global surface area
(Downing et al. 2006). In contrast oceans span a much larger extent (~75 %), yet only supply
about ~3 % of the methane budget (Neef et al. 2010). This large disparity is ultimately due to the
high sulfate (28 mM) content of marine waters promoting remineralization of organic matter via
sulfate-reduction (Jørgensen 1982), as opposed to methanogenesis being the dominant
degradation pathway in lakes (Conrad et al. 1989). Microbial methane oxidation (MO) is an
essential control on methane release and it consumes about 60 % of the globally produced CH4
(Knittel and Boetius 2009). In lakes most MO is mediated by aerobic methane-oxidizing bacteria
(MOB), which require oxygen for their metabolism:
CH4 + 2O2  CO2 + 2H2O

This pathway is also active in Lake Rotsee, Central Switzerland, a typical shallow (max. depth of
16 m) temperate lake system with estimated CH4 emissions of up to ~4000 mg m-2 d-1 (Schubert et

84

4.2. Results and Discussion

al. 2012). It exhibits seasonal stratification (monomixis), during which CH4 accumulates in the
hypolimnion and is almost completely depleted at the oxycline (Extended Data Fig. 1). Methane
removal occurs through light penetration even below the oxycline driving photosynthesis (Brand
et al. accepted), which supplies O2 to aerobic gammaproteobacterial (gamma-) MOB, which are
principally responsible for methane turnover in Lake Rotsee (Oswald et al. 2015). In situ
geochemical data, oxidation experiments, catalyzed reporter deposition fluorescence in situ
hybridization (CARD-FISH) and nanometer scale secondary ion mass spectrometry (nanoSIMS)
confirmed this synergy.
Interestingly, nanoSIMS analyses revealed an unidentified (i.e. unhybridized by CARD-FISH)
filamentous bacterium, which showed an even higher enrichment in 13C in some cases (Fig. 1a-c).
As supplemented isotopically-labeled CH4 represented the only pool of

13

C in the setup

experiments, this unknown filament apparently oxidized and assimilated CH4 as efficiently as the
identified (i.e. hybridized by CARD-FISH) single celled gamma-MOB. These filaments gave a
positive hybridization signal with CARD-FISH probes Mgamma669 (Eller et al. 2001) and
Creno445 (Stoecker et al. 2006) suggesting them to be Crenothrix polyspora (Fig. 1d-j). The
presence of C. polyspora was further confirmed by tag sequencing for total bacterial diversity in
2013 (9 m, oxycline) and 2014 (8 m, oxycline at 7 m) (Fig. 2). Along with Crenothrix, sequences
belonging

to

Methylococcaceae

(Methylobacter,

Methylocaldum,

Methylomonas

and

Methyloglobulus species), CABC2E06, an uncultured Methylococcales clone (Quaiser et al. 2014;
Wang et al. 2012) and the marine methylotrophic group were retrieved. In 2013 CABC2E06 was
most abundant (52 %) and in 2014 Methylomonas species dominated (44 %). Recovered
sequences belonging to the genus of Crenothrix comprised 0.06 % (2013) and 0.1 % (2014) of the
bacterial community. Although these low proportions classify it as a rare organism (0.1-1 %)
(Fuhrman 2009), it was equally or more abundant compared to other genera of gamma-MOB.
Only in 2014 Methylomonas sequences outnumbered Crenothrix by a factor of four.
At the oxycline (9 m, August, 2013) in Lake Rotsee, C. polyspora (probes Creno445 and
Mgamma669) accounted for 9.8 % of the in situ bacterial biomass, whereas gamma-MOB (probe
mix Mgamma84+705) only constituted 1.3 %. Likewise, at the end of the incubation time (11 d,
light conditions (Oswald et al. 2015)) biomass increased to 17 % (compared to only 12 % of
gamma-MOB). Based on the biomass and average

13

C/12C ratios determined by nanoSIMS,

C. polyspora assimilated 1.6 nmol C ml-1 d-1 and gamma-MOB 0.28 nmol C ml-1 d-1 in total
(Table 1). Though gamma-MOB showed a higher growth rate (factor of ~10), C. polyspora
contributed to an approximate 6-fold higher CH4 turnover in Lake Rotsee. C. polyspora was not
only identified in situ by CARD-FISH at the oxycline, but also below (11 m & 14 m) and during
three annually consecutive sampling campaigns (2012, 2013 & 2014; Extended Data Fig. 2). At
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depths corresponding to the highest observed MO rates (Oswald et al. 2015), the biomass of
C. polyspora was about 8 fold higher than gamma-MOB in 2012 (8.5 m) and 2013 (9 m) (Fig. 3).
Conversely, in 2014 (8 m, highest MO rate; Extended Data Fig. 1c) gamma-MOB comprised a
much higher fraction of the biomass. This mirrors our sequencing results, which also indicate that
C. polyspora was more abundant compared to gamma-MOB in 2013, contrary to 2014. In any
case it appears to be a stable part of the microbial community, found recurrently during the
stratification period of Lake Rotsee.

Figure 1. Activity and 13C assimilation of C. polyspora in Lake Rotsee. (a) DAPI and CARD-FISH
fluorescent signals of gamma-MOB (green arrows, probes Mgamma84+705) and an unhybridized filament (red
arrow). The corresponding nanoSIMS image of (b) 13C/12C reveals that the filament is more enriched than the
single celled gamma-MOB suggesting that it oxidized and assimilated methane more rapidly than the gammaMOB. (d, h) C. polyspora visualized by DAPI (blue) and CARD-FISH (green) with probe Creno445. (e, i)
Congruent ratios of 13C/12C show enrichment of the identified filaments. (c, f, j) Images of 32S/12C confirmed the
analysis of biological material. Samples were taken from experiments set up in August 2013 with water from the
oxycline (9 m) (Oswald et al. 2015). Images represent samples incubated for 7 d (upper and middle panel) and 2
d (lower panel) in light conditions with an overpressure of methane (2 bar).
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Identified filaments belonging to C. polyspora had various lengths, but reached ~100 µm on
average. Often fluorescent micrographs showed filaments intertwined and bunched together
(Extended Data Fig. 2b, d) as observed previously (Cohn 1870; Völker et al. 1977). Additionally,
we also found evidence of the complex propagation cycle including gonidia (Extended Data
Fig. 2). In 2012 and 2013 we sampled in August, when stratification was stable and methane
concentrations had probably reached their maximum (Oswald et al. 2015) and we observed long
intact filaments. However, in 2014, we conducted our sampling campaign in late October and
though the lake still showed stable stratification below 7 m (Extended Data Fig. 1), temperatures
were probably decreasing. During this time we only detected very short fragments of
C. polyspora, yet gonidia seemed to be much more numerous. This suggests that filaments may
have propagated just before lake circulation and remaining sheaths are then no longer visible by
CARD-FISH.

Figure 2. Taxonomic assignment of sequences recovered from Rotsee close to the oxycline. Relative
abundance of unique tag sequences of total bacterial diversity at 9 m (August, 2013) and 8 m (October, 2014).

Table 1. Biomass and carbon assimilation of C. polyspora in Lake Rotsee.
Biomass
Percentage of
Group
Average 13C/12C
[pmol C ml-1]
bacterial biomass
C. polyspora
5365 ± 161
9.8
0.298 ± 0.044

C assimilation rate
[nmol C ml-1 d-1]
1.6 ± 0.05

Gamma-MOB
686 ± 156
1.3
0.404 ± 0.043
0.28 ± 0.05
Determined biomass along with the corresponding percentage of the total bacterial biomass, average ratios of
13 12
C/ C as determined by nanoSIMS and the calculated carbon from methane assimilation rate of C. polyspora
(probes Creno445 & Mgamma669). Comparative values are given for gamma-MOB (probe mix
Mgamma84+705). Calculations were done on samples from experiments setup with water from 9 m (oxycline)
in August, 2013 (Oswald et al. 2015).
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To our knowledge this is the first reported occurrence of C. polyspora in a natural system,
although its first documented description by Ferdinand Cohn dates back to the 19 th century (Cohn
1870). Since then it has been found almost exclusively in artificial systems associated with
drinking water, i.e. wells (Vigliotta et al. 2007), pipes (Bacso et al. 1978) or filters (Stoecker et al.
2006), even causing widespread obstruction there in the past (Brefeld and Zopf 1879; De Vries
1890; Kolk 1938; Schweisfurth 1974). However, its metabolism remained obscure for the next
century and it has been shown only recently that C. polyspora is a Gammaproteobacterium
capable of methane oxidation (Stoecker et al. 2006; Vigliotta et al. 2007). It is closely related to
gamma-type methanotrophs, expressing particulate methane monooxygenase (pmoA) sequences,
the gene encoding for the key enzyme involved in aerobic methane oxidation, which are more
closely related to the ammonia monooxygenase (amoA) of ammonia-oxidizers (Stoecker et al.
2006). However, new evidence suggests that this unusual pmoA is also expressed by nitrifiers able
to perform complete nitrification (Daims et al. 2015; Van Kessel et al. 2015), which was
considered a two-step process carried out by chemolithoautotrophic ammonium-oxidizers
(NH4+  NO2-) and nitrite-oxidizers (NO2-  NO3-) until now. Therefore, C. polyspora may in
fact be able to mediate both nitrification and methane oxidation, yet its environmental
contribution to these processes remained ambiguous.

Figure 3. Biomass of C. polyspora and gamma-MOB
in the Rotsee water column. Biomass was calculated
from depths that displayed the highest methane
oxidation rates. In 2012 and 2014 this was below the
oxycline (7 m) and in 2013 directly at the oxycline (9
m). Error bars represent a cumulative standard error of
the mean between measured filaments and counted
fields of view (20).

This investigation solves at least part of the puzzle, as the activity of C. polyspora and its
involvement in methane removal in a natural system is demonstrated for the first time. In fact we
also found C. polyspora in situ and enriched in experiments conducted with water from Lake Zug,
a deep (200 m) meromictic lake, Central Switzerland. In vitro activity was observed when anoxic
water from 160 m was spiked with O2 (Oswald et al. submitted). Similar as in Rotsee, hybridized
filaments (probe Mgamma669) were enriched in
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C-CH4 (Extended Data Fig. 3). Contrasting
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Lake Rotsee, C polyspora was less abundant and assimilated less

13

C-CH4 than other present

methanotrophs (Extended Data Table 1). Furthermore, filaments retrieved from 160 m depth were
relatively short (average 20 µm), possibly due to elevated pressure at this depth inhibiting growth
(Zobell and Cobet 1964). Nonetheless, C polyspora actively contributed to methane turnover and
was part of the indigenous methanotrophic community.
Along with its predominant occurrence in artificial settings, C. polyspora has often been found
attaching to solid surfaces (Kolk 1938; Lieske 1922; Molisch 1910; Vigliotta et al. 2007). Our
results suggest that C. polyspora can also occur as a planktonic organism in lake water, indicating
that its habitat requirements are more versatile than previously known. Supporting this notion are
reports of sequences of C. polyspora recovered from iron-rich soils in Brazil (Dörr et al. 2010)
and biofilms associated with ancient mines (Drewniak et al. 2012), yet its function in these
environments was not confirmed. In contrast, this study not only provides further knowledge
about the prevalence of C. polyspora, but also evidence that it indeed fulfills an environmental
niche central to climate regulation. As we found this organism in two contrasting lake systems
(shallow monomictic and deep meromictic), it is also likely to be a consistent member of the
methane-oxidizing communities in other lacustrine systems with anoxic hypolimnia. Further, we
speculate that C. polyspora may be prevalent in other environments with high methane
accumulation (i.e. wetlands, groundwater and soils) and an additional essential biological methane
filter, reducing the atmospheric warming potential by a factor of 20 (Forster et al. 2007).

4.3.

Methods

4.3.1.

Hybridization and biomass determination

CARD-FISH was carried out according to standard methods (Pernthaler et al. 2002) with
oligonucleotide probes specific to C. polyspora. Applied probes included Mgamma669 (Eller et
al. 2001) and Creno445 (Stoecker et al. 2006). Hybridized filaments were counted and measured
(length and width) in order to calculate biovolume, which was converted to biomass by using a
calibration factor (Musat et al. 2008).

4.3.2.

Single cell activity and carbon assimilation

Filaments, identified by their CARD-FISH hybridization signal, were measured by nanoSIMS
(NanoSIMS 50L, Cameca) as described previously (Milucka et al. 2015; Oswald et al. 2015) and
evaluated with Look@NanoSIMS (Polerecky et al. 2012). Rates of carbon assimilation were
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assessed based on the average

13

C enrichment of the analyzed filaments and their calculated

biomass (Milucka et al. 2012).

4.3.3.

Tag sequencing

DNA was extracted with the UltraCLean Soil DNA Isolation Kit (MoBio Laboratories, Inc.).
Following PCR amplification with primers 341F and 805R, products were concentrated (QIA
PCR Purification Kit, Qiagen), gel-purified (SYBR Green I Nucleic Acid Gel Stain, Invitrogen)
and extracted (QIAquick Gel Extraction Kit, Qiagen). Amplified DNA was sequenced by Illumina
at the Max Planck-Genome Centre (Cologne, Germany) and reads were analyzed with SILVAngs
and standard parameters (Quast et al. 2012).
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Extended Data

Extended Data Figure 1. Hydrochemical conditions and methane oxidation rates in Lake Rotsee in
October, 2014. (a) Depth profiles of oxygen (black line) and photosynthetically active radiation (PAR) (grey
line). The inset shows the exact location of the oxycline at 7.1 m measured with the trace oxygen optode. Note
the logarithmic scale for PAR and that light penetrates below the oxycline (dashed line). (b) Methane
concentrations (black diamonds) and corresponding stable carbon isotopes of methane (grey circles). The
isotopic signature of methane becomes substantially heavier at and above the oxycline indicative for biological
methane oxidation. (c) Methane oxidation rates under dark and light conditions with water from the oxycline and
1 m below along with a sterile control.

Extended Data Figure 2. C. polyspora visualized by in situ hybridization. DAPI (blue) and CARD-FISH
(green) signals of C. polyspora (probes Creno445 & Mgamma669). (a, b) Micrographs at the beginning of the
experiment with water from 9 m depth (2013) and (c, d) after incubation under light conditions (11 d). Resulting
hybridization of in situ samples from (e) 8.5 m depth in 2012 and (f) from 8 m in 2014. Red arrows indicate
identified gonidia (probe Creno445).
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Extended Data Figure 3. Carbon assimilation by C. polyspora in Lake Zug. (a, b) C. polyspora visualized by
DAPI (blue) and CARD-FISH (green) with probe Mgamma669. Corresponding nanoSIMS images of (c, d)
13 12
C/ C and (e, f) 32S/12C. Experiments were carried out with water retrieved from fully anoxic conditions (160
m) and incubated with supplemented oxygen (Oswald et al. submitted). NanoSIMS imaging was done after 2 d
of incubation.

Extended Data Table 1. Biomass and carbon assimilation of C. polyspora in Lake Zug.
Biomass
Percentage of
C assimilation rate
Group
Average 13C/12C
[pmol C ml-1]
bacterial biomass
[pmol C ml-1 d-1]
C. polyspora
230 ± 12
1.2
0.107 ± 0.014
48.4 ± 2.6
Gamma-MOB
1800 ± 140
9.4
0.116 ± 0.032
425.3 ± 31.9
Determined biomass along with the corresponding percentage of the total bacterial biomass, average ratios of
13 12
C/ C as determined by nanoSIMS and the calculated carbon from methane assimilation rate of C. polyspora
(probe Mgamma669). Comparative values are given for gamma-MOB (probe mix Mgamma84+705).
Calculations were done on samples from experiments setup with water from 160 m (oxycline at 148 m) in June,
2014 (Oswald et al. submitted).

4.6.

Supplementary Information

4.6.1.

Supplementary Methods

Geochemical Profiling:
Profiling was done in Lake Rotsee in October, 2014, at the deepest point (47°04.259‘N,
8°18.989‘E). A multi-parameter probe was used to measure photosynthetically active radiation
(LI-193 Spherical Underwater Quantum Sensor, LI-COR) along with conductivity, turbidity,
depth (pressure), temperature and pH (XRX 620, RBR). Dissolved oxygen was monitored online
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with normal and trace micro-optodes (types PSt1 and TOS7, Presens), attached to the same probe,
with detection limits of 125 and 20 nM, respectively, and a response time of 7 s (Kirf et al. 2014).
Water samples for dissolved methane analysis were retrieved from distinct depths with a Niskin
bottle. Serum bottles (120 ml) were filled completely without bubbles or headspace through a gas
tight outlet tubing allowing water to overflow. Samples were fixed immediately with Cu(I)Cl and
sealed. Before analysis, a 30 ml headspace was set with N 2 and concentrations were measured in
the headspace after overnight equilibration with a gas chromatograph (GC) (Agilent 6890N,
Agilent Technologies) equipped with a Carboxen 1010 column (30 m x 0.53 mm, Supelco), a
flame ionization detector. Concentrations in the water phase were back calculated according to
Wiesenburg and Guinasso (1979). Stable carbon isotopes of methane were determined in the same
headspace by isotope ratio mass spectrometry (IRMS) with a trace gas instrument (T/GAS PRE
CON, Micromass UK Ltd) coupled to a mass spectrometer (GV Instruments, Isoprime) (for
details refer to Oswald et al. (2015)). Isotopic ratios are given in δ-notation relative to the Vienna
Pee Dee Belemnite reference standard.

Methane oxidation rates:
Methane oxidation rates were measured in incubations setup in October, 2014, with water from
the oxycline (7 m) and at 8 m where there was no detectable oxygen. Water was collected with a
Niskin bottle and filled into sterile 1 l Schott bottles without a headspace, closed with butyl
stoppers and kept in the cold and dark until further handling. In the laboratory 120 ml were
distributed into 160 ml serum bottles in an anoxic (N2) glove box, closed with butyl stoppers and
crimped.

13

CH4 (99 at.%, Campro Scientific) was added to the headspace resulting in ~1.8 mM

CH4 in the water phase and 50 at.% labeling percentage. Duplicate bottles were incubated under
dark and light conditions along with a control (sterile filtered, 0.22 µm). Methane oxidation was
monitored by the production of 13CO2 during 7 d. Withdrawn water samples were acidified with
concentrated H3PO4 (100 µl) and isotopic ratios of CO2 were determined in the headspace with a
preparation system (MultiFlow, Isoprime) coupled to an IRMS (Micromass, Isoprime).
Subsequently, MO potential was calculated as described previously (Oswald et al. 2015).

Catalyzed reporter deposition fluorescence in situ hybridization:
Formaldehyde (2 % [v/v] final concentration) fixed water samples were incubated for 30 min at
room temperature (RT) before being filtered onto polycarbonate GTTP filters (0.2 µm pore size;
Millipore). If also meant for nanoSIMS analysis, samples were filtered onto Au/Pd coated filters
of the same type. CARD-FISH was performed with specific oligonucleotide probes labeled with
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horseradish peroxidase in combination with tyramide signal amplification (Pernthaler et al. 2002).
Probes (purchased from Biomers) used to target C. polyspora included Mgamma669 (Eller et al.
2001) and Creno445 (Stoecker et al. 2006) (Supplementary Table 1). Permeabilization with
lysozyme, peroxidase inactivation, hybridization, tyramide amplification (Oregon Green 488 with
fluorine atoms) and counter staining was carried out as described previously (Oswald et al. 2015).
Hybridized filaments were enumerated in 20 randomly selected fields of view with a confocal
laser scanning microscope (SP5 DMI 6000, Leica). At least 50 filaments per filter (except for in
2014 only 6 filaments were found on the filter piece) were then measured (length and width)
directly in confocal micrographs using LAS AF Lite software (Leica). Single gamma-MOB (type
I methanotroph) cells were hybridized and quantified as described in Oswald et al. (2015) and
Oswald et al.(submitted).

Nanometer-scale secondary ion mass spectrometry:
Areas of interest containing positive CARD-FISH hybridization signals were marked with a laser
micro-dissection microscope (DM 6000, Leica Microsystems). Laser marked areas were analyzed
by nanoSIMS (NanoSIMS 50L, Cameca) as described previously (Milucka et al. 2015; Oswald et
al. 2015). In the case of Lake Rotsee (light incubation, 9 m depth), 12 and 26 filaments were
analyzed in 5 field of view after 2 and 7 d of incubation, respectively. For Lake Zug (addition of
O2) 13 filaments were measured in 9 fields of view after 2 d of incubation. Obtained secondary
ion images were drift corrected, superimposed and processed with Look@NanoSIMS (Polerecky
et al. 2012).

Biovolume and carbon assimilation rates:
The total biovolume of C. polyspora was calculated by assuming a cylindrical shape and
multiplying the average filament volume by the number of filaments per filter. For comparison,
the biovolume of gamma-MOB cells was calculated from total cell counts and by assuming an
average spherical cellular diameter of 2 µm (Oswald et al. 2015; Oswald et al. submitted).
Volume percentages were based on total bacterial volume (probes EUB338 I-III). Subsequently,
total biomass was calculated by using a conversion factor of 6.4 fmol C µm-3 (Musat et al. 2008).
Rates of methane assimilation of the total biomass (aCH4) of C. polyspora and single celled
gamma-MOB were estimated based on the following formula (Milucka et al. 2012; Oswald et al.
2015):
𝑎𝐶𝐻4 =
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where R is the average carbon isotopic ratio of the measured filaments or cells, Btot is the total
determined biomass, L is the labeling percentage of

13

CH4 (50 % for Lake Rotsee and 25 % for

Lake Zug) and t is the incubation time.

DNA extraction, tag sequencing and analysis:
Water samples (~500 ml) were filtered onto polycarbonate Nuclepore Track-Etched Membrane
filters (0.2 µm pore size; Whatman). Filters were stored at -80 °C until DNA was extracted with
the UltraCLean Soil DNA Isolation Kit (MoBio Laboratories, Inc.). Extraction procedure was
performed according to manufacturer’s instructions with the following adjustment: vortexing with
the Bead Solution was reduced to 30 s with subsequent incubation on ice (30 s), and this cycle
was repeated 4 times.
The V3 – V4 regions of the 16S rRNA were targeted with the following primer pair: 341F
(5’-CCT ACG GGN GGC WGC AG-3’) and 805R (5’-GAC TAC CAG GGT ATC TAA TC-3’).
The forward primers contained unique identifier sequences at the 5’-end for each sample to allow
for multiplex sequencing. 10 separate PCR reactions (25 µl volume) were set up for each sample
including both forward and reverse primers (500 nM each), deoxyribose nucleotide triphosphates
(dNTPs; 800 µM), 1x Taq reaction buffer, Taq DNA polymerase (0.25 U) and DNA extracts of
the respective samples (0.5-1 µl). The reactions proceeded as follows: initial denaturation (3 min
at 95 °C), 25 cycles of denaturation (30 s at 95 °C), annealing (30 s at 54 °C) and elongation (90 s
at 72 °C); and final elongation (10 min at 72 °C). Parallel reactions were combined and purified
with the QIA PCR Purification Kit (Qiagen) following manufacturer’s instructions, with a final
elution in 1x TE buffer (30 µl; 10 mM Tris-HCl (pH 8.0) + 1 mM EDTA). The DNA was further
purified with a gel using SYBR Green I Nucleic Acid Gel Stain (Invitrogen) followed by gel
extraction with QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s protocol.
Extract concentrations were measured fluorometrically using the Qubit dsDNA HS Assay Kit and
the Qubit 2.0 Fluorometer (Invitrogen). Illumina sequencing was performed on the amplicons at
the Max Planck-Genome Centre (Cologne, Germany).
16S amplicon paired-end reads were trimmed (right end only, trim quality threshold = 10) and
merged (20 bases minimum overlap) using BBmap software version 35.43 (Bushnell 2015).
Reads were then separated by barcode and trimmed (minimum length = 300, maximum
homopolymer length = 8, maximum number of ambiguous bases = 0, minimum average quality
score allowed over 50 bp window = 20) using mothur v.1.36.1 (Schloss et al. 2009). The
separated reads were processed using SILVAngs and standard parameters (Quast et al. 2012).
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4.6.2.

Supplementary Tables

Supplementary Table 1. CARD-FISH oligonucleotide probes utilized in this study.
%
Probe
Target group
Probe sequence (5´-3´)
Formamide
Crenothrix
Creno445
GCT TGC CTT TTT CCT CCC
35
polyspora
GCT GCC TCC CGT AGG AGT
EUB338 I-III
most bacteria
GCA GCC ACC CGT AGG TGT
35
GCT GCC ACC CGT AGG TGT
Mgamma84
Mgamma705

type-I
methanotrophs

Reference
Stoecker et al.
(2006)
Daims et al.
(1999)

CCA CTC GTC AGC GCC CGA
20
CTG GTG TTC CTT CAG ATC

Eller et al.
(2001)

Methylobacter &
GCT ACA CCT GAA ATT CCA CTC
20
Methylomonas
Target group, 5’-3’ sequence, % [v/v] formamide in the hybridization buffer and respective references.
Mgamma669
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Methane oxidation in the ferruginous Lake La Cruz (Spain)

5.1.

Abstract

Lakes represent a considerable natural source of methane to the atmosphere compared to their
small global surface area. Methanotrophs in sediments and the water column largely control
methane fluxes from these systems, yet the diversity, electron accepting capacity and nutrient
requirements of these microorganisms have only been partially identified. Here we investigated
the role of alternative electron acceptors to oxygen and sulfate in microbial methane oxidation in
the anoxic bottom waters of the ferruginous meromictic Lake La Cruz, Spain. Active methane
oxidation in a zone extending well below the oxycline was evidenced by stable carbon isotope
measurements. Methane oxidation potential did not vary substantially between the oxic/anoxic
interface and anoxic depths and only aerobic methane-oxidizing bacteria were detected by
fluorescence in situ hybridization and sequencing techniques. This suggests a close coupling of
photosynthetic oxygen production and aerobic methane turnover, yet additions of nitrate, nitrite
and to a lesser degree iron and manganese oxides also stimulated methane consumption. We could
not confirm a direct link between the reduction of these compounds and methane oxidation and
cannot exclude the contribution of unknown anaerobic methanotrophs. However, these findings
support recent laboratory evidence that aerobic methanotrophs may be able to utilize other
terminal electron acceptors under oxygen limitation and provide evidence for this in a natural
environment.

5.2.

Introduction

Among all greenhouse gases, methane (CH4) has shown the highest atmospheric concentration
increase (factor of 2.5) since industrialization (Forster et al. 2007) with total emissions currently
approximating ~600 Tg CH4 a-1 (Ehhalt et al. 2001). Although this only makes up a small
proportion compared to carbon dioxide (CO2) emissions, methane has a global warming potential
which is 20 times higher over a 100 year period (Forster et al. 2007), making it an effective
contributor to global warming. Methane is not only emitted through anthropogenic activities (5065 %) (Ciais et al. 2014), but also by a variety of natural sources, as it is produced by
methanogenic microorganisms in the final step of organic matter degradation. Freshwater lakes
occupy only 2-3 % of the global terrestrial surface area (Downing et al. 2006), yet are estimated to
contribute between 8-72 Tg CH4 a-1 (1.3-12 %) to total CH4 emissions (Bastviken et al. 2004;
Bastviken et al. 2011).
In lakes, methane is principally produced via methanogenesis in anoxic sediments by archaea
known as methanogens. In fully mixed lakes, where oxygen is present throughout the water
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column and even penetrates into the upper sediment layers, methane is efficiently eliminated
through aerobic oxidation (Bastviken et al. 2002). However, in permanently (meromictic) and
frequently also in seasonally stratified lakes (mono- or dimictic), an anoxic hypolimnion can be
formed below the oxycline, where CH4 can potentially accumulate to high concentrations (e.g.,
Blees et al. 2015). Here other oxidative processes could be important, as is the case in marine
environments where anaerobic oxidation of methane (AOM) coupled to sulfate (SO 42-) reduction
is an important methane sink (Knittel and Boetius 2009). There, classical AOM is mediated by
anaerobic methanotrophic archaea (ANME) directly (Milucka et al. 2012) or together with a
deltaproteobacterial partner (Knittel and Boetius 2009). Furthermore, AOM coupled to nitrate
reduction can also be performed by the novel archaeal clade ANME-2d (Haroon et al. 2013).
Evidence for AOM proceeding concurrently with iron or manganese reduction also exists for
marine settings (Beal et al. 2009; Riedinger et al. 2014; Slomp et al. 2013; Wankel et al. 2012),
but identification of the involved microorganisms is still lacking.
Conventional sulfate-coupled AOM is an efficient pathway for CH4 oxidation in oceans and
although there is some biogeochemical and microbiological indication of AOM in freshwater
systems (Durisch‐Kaiser et al. 2011; Eller et al. 2005), it has not been shown to play a
significant role in anoxic hypolimnia of lakes. This is likely due to relatively low SO42concentrations (µM scale) in freshwater compared to 28 mM in the oceans. Instead, methane
oxidation (MO) mediated by aerobic methane-oxidizing bacteria (MOB) belonging to the Alphaor Gammaproteobacteria has been considered the principle pathway for methane removal in lakes
(Hanson and Hanson 1996; King 1992). The division of alpha-MOB (type II) and gamma-MOB
(type I and type X) is based on functional differences relating to carbon assimilation and the
ability to fix nitrogen (Hanson and Hanson 1996). Genes encoding for soluble- (sMMO) or
particulate methane monooxygenase (pMMO), the principle enzymes involved in MO, are
expressed by both alpha- and gamma-MOB (Semrau et al. 2010).
Maximum MO rates and MOB abundance usually correspond to the oxic/anoxic interface in the
sediment or water column, where gradients of both substrates are highest (Rudd et al. 1976).
However, MO in the absence of detectable O2 has been reported for several stratified lakes, yet
predominantly aerobic MOB were identified at and below the oxycline (Biderre-Petit et al. 2011;
Blees et al. 2014; Oswald et al. submitted; Schubert et al. 2010). In shallow stratified lakes with
light penetration below the oxycline, aerobic MO may be coupled to in situ production of oxygen
by photosynthesis (Brand et al. accepted; Milucka et al. 2015; Oswald et al. 2015). Additionally,
MO (by facultative aerobic MOB) coupled to denitrification under oxygen limitation (Kits et al.
2015a; Kits et al. 2015b) or intracellularly produced O2 (Ettwig et al. 2010) could also be relevant
in anoxic waters as has been suggested for lake sediments (Deutzmann et al. 2014). Both iron and
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manganese oxides are important electron acceptors in terrestrial and aquatic settings, and
geochemical evidence implies that MO in lakes may also be linked to iron reduction (Norði et al.
2013; Sivan et al. 2011) or cycling of both iron and manganese (Crowe et al. 2011).
As studies increasingly report the possible involvement of electron acceptors besides O 2 and SO42in lake water columns, we investigated MO in the ferruginous meromictic Lake La Cruz, Central
Spain, with particular focus on the oxycline and the anoxic, sulfide-free hypolimnion. Due to the
high iron content in the water column of Lake La Cruz, biogeochemical studies thus far focused
on iron-related processes (Walter et al. 2014), whereas aspects concerning methane dynamics
remain largely unknown. Towards the general objective of investigating methane oxidation
pathways in Lake La Cruz, in particular possible iron-coupled MO, we examined the water
column chemistry, including relevant isotopic signatures, conducted experiments to quantify
methane oxidation rates, and characterized the methanotrophic community using molecular
techniques.

5.3.

Methods

5.3.1.

Field site

Lake La Cruz is a small (surface area ~0.015 km2) lake situated in Eastern Spain near the city of
Cuenca at an altitude of about 1000 m a.s.l. It is an almost circular karstic sinkhole and fed by
lateral sources about 4-5 m above the lake bottom (Vicente and Miracle 1988). The lake shows a
seasonal and weather-dependent depth fluctuation with an average depth of 20 m (Rodrigo et al.
2001). A strong salinity gradient maintains permanent stratification (chemocline at ~19 m), which
was established about 300 years ago (Julià et al. 1998). So called whiting events, where large
amounts of biogenic calcite precipitate during summer months, contribute to relatively high ion
concentrations (Rodrigo et al. 1993). Lake La Cruz exhibits two stratification regimes: in winter
the lake is mixed down to 19 m, whereas in summer an oxycline is formed at around 15 m
(Rodrigo et al. 2001). The lake is also unique in terms of its low sulfur and, as mentioned above,
its unusually high concentrations of dissolved iron(II) (Rodrigo et al. 2001).

5.3.2.

In situ profiling

A field campaign was carried out the first week of March, 2015. Profiles were measured from a
boat at the deepest part (in the middle) of the lake (39°59’20’’ N, 01°52’25’’ E). A profiling in
situ analyzer (PIA) equipped with a multi-parameter probe, light and chlorophyll a sensors and
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oxygen micro-optodes was deployed to monitor various in situ parameters online. Conductivity,
turbidity, temperature, depth (pressure) and pH were measured with the probe (XRX 620, RBR).
Photosynthetically active radiation (PAR; LI-193 Spherical Underwater Quantum Sensor, LICOR) and chlorophyll a (ECO-FL, Wetlands, EX/EM= 470/695) were recorded with the
respective sensors. The two micro-optodes (PSt1 and TOS7, PreSens) allowed us to detect
dissolved oxygen concentrations down to 125 and 20 nM, respectively (Kirf et al. 2014).

5.3.3.

Sample collection

Water samples to determine concentrations of other chemical constituents were pumped to the
surface with a peristatic pump (Zimmermann AG Elektromaschinen, Horw, Switzerland) with gas
tight tubing (PVC Solaflex, Maagtechnic) attached to the PIA. To ensure that water was pumped
from the appropriate depth, the tubing was flushed for 2 min (time required to replace the entire
volume of the tubing) before water was taken with a syringe (60 ml), taking care that air was not
introduced. Water was then distributed into the appropriate vials with the necessary preservative.
Zinc acetate (final concentration ~1.3 %) served to fix total sulfide (H2S). Samples for dissolved
(<0.45 µm, cellulose acetate filter) and total metal species were added to Suprapur HNO 3 (65 %,
Merck) directly to a final concentration of 0.1 M. Similarly, HCl (0.5 M final concentration) was
used to acidify dissolved (<0.45 µm, cellulose acetate filter) and total fractions for Fe(II)/(III)
determination. Aliquots for nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), phosphate (PO43-),
sulfate (SO42-), dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) were
filtered (<0.22 µm, cellulose acetate filter). Serum bottles (120 ml) were filled directly from the
tubing without a headspace or bubbles for methane analysis. After allowing the water to overflow
at least two volumes, Cu(I)Cl was added (~0.15 % [w/v] final concentration) to stop microbial
activity before closing the bottles (without headspace or bubbles) with butyl stoppers (GeoMicrobial Technologies, Inc.) and aluminum crimp seals.
Water for incubation experiments, catalyzed reporter deposition-fluorescence in situ hybridization
(CARD-FISH) and DNA analysis was retrieved with a Niskin bottle (5 l). From there, water was
transferred anoxically into sterile serum bottles (160 ml) with a gas tight outlet tubing as
described above. Bottles were closed with butyl stoppers (Supelco) and crimp seals or screw caps
and kept in the dark and at 4 °C until further processing.
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5.3.4.

Nutrient and metal analyses

Nitrite, ammonium and sulfide were analyzed by photometry according to Griess (1879), Krom
(1980) and Cline (1969), respectively. Along with nitrate and phosphate, nitrite concentrations
were additionally determined by flow-injection analysis (FIA; SAN++, Skalar). Sulfate was
measured by ion chromatography (882 Compact IC plus, Metrohm).
Inductively coupled plasma-mass spectrometry (ICP-MS; Element2, Thermo-Fisher) was used to
measure concentrations of total and dissolved metal fractions. Additionally, Fe(II)/(III)
concentrations were determined photometrically in both filtered and unfiltered samples with the
ferrozine assay (Stookey 1970). Fe(II) was measured directly and Fe(II)+Fe(III) was determined
after reduction with hydroxylamine hydrochloride (Viollier et al. 2000).

5.3.5.

Methane, in/organic carbon and stable carbon isotopes

For dissolved methane concentration measurements, a 20 ml N2 headspace was exchanged with
sample water. After overnight equilibration, the gas phase was analyzed with a gas chromatograph
(GC; Agilent 6890N, Agilent Technologies) equipped with a Carboxen 1010 column (30 m x 0.53
mm, Supelco) and a flame ionization detector (FID). Solubility constants were used to calculate
the original amount of CH4 in the water phase (Wiesenburg and Guinasso Jr 1979). To analyze the
13

C/12C isotopic ratios of the headspace methane, injected samples were first purified and

concentrated in a trace gas unit (T/GAS PRECON, Micromass UK Ldt) by a series of chemical
(magnesium perchlorate, Carbo-Sorb and Sofnocat) and cold (liquid N2) traps. Subsequently, the
purified gas was transferred to a connected isotope ratio mass spectrometer (IRMS, GV
Instruments, Isoprime). Results are expressed in the conventional δ 13C-notation, normalized to the
Vienna Pee Dee Belemnite (VPDB) reference standard. The reproducibility of the method based
on replicate standard measurements was generally better than 1.4 ‰.
A total carbon analyzer (TOC-L, Schimadzu) was used to quantify DIC and DOC. Filtered water
samples were injected directly (DIC) or after acidification (DOC) with HCl (20 mM final
concentration) and measured with a nondispersive infrared detector (NDIR) after volatilization to
CO2. To determine carbon isotopic ratios of DIC, 1 ml of the remaining water sample was
introduced into a He-filled 3.7 ml Exetainer (Labco Ltd) immediately. Following acidification
(100 µl 85% H3PO4) and overnight equilibration, released CO2 was analyzed in the headspace
with a preparation system (MultiFlow, Isoprime) coupled to an IRMS (Micromass, Isoprime).
δ13C-DIC values are also reported relative to VPDB, with a reproducibility of 0.1 ‰.
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5.3.6.

Flux and fractionation factor calculations

Turbulent diffusive fluxes of solutes in the water column were calculated according to:
𝐽 = −𝐾𝑧

𝜕𝐶
𝜕𝑥

where Kz is the vertical turbulent diffusion coefficient and ∂C/∂x is the concentration change over
the corresponding depth range. A low diffusion coefficient of 4·10-3 cm2 s-1 was chosen as
published previously (Walter et al. 2014). Gradients were estimated by applying a linear
regression over the depth interval, where concentration profiles showed the steepest slope. For O 2
and NO3- this was done between 11.5-13.5 m and 12-14 m, respectively. All other calculated
fluxes were determined between 14.75-16 m. The resulting diffusive fluxes were converted to
electron equivalents (e-) by multiplying them with the electron accepting/donating capacity of the
respective species.
Based on the CH4 concentration profile and corresponding isotopic shift, a zone of active methane
oxidation was identified. A fractionation factor (αc) for methane oxidation was then calculated as
follows (Whiticar and Faber 1986):
𝛿 13𝐶 = [𝛿 13 𝐶0 + 1000 ∙ 𝑓

(

1
−1)
𝛼𝑐
]−

1000

where δ13C and δ13C0 are the δ13C of methane above and below the zone of methane oxidation,
respectively. The fraction of already oxidized methane over the same zone is denoted as f.

5.3.7.

Methane oxidation potential

Incubation experiments to quantify methane oxidation potential were carried out shortly after
sampling (~3 h later) with water collected in 160 ml serum bottles. Depths were chosen based on
the different redox regimes: 12 m (oxic), 14 m (oxycline), 15 (suboxic) and 16 and 18 m (anoxic).
Incubations were prepared analogous to the procedure described in Holtappels et al. (2011) for
15

N-labeling experiments. First, water was degassed with He for 10-15 min to remove trace O2

contamination and background CH4 and N2. Except for two non-amended bottles (dark and light
setup), all individual bottles received additions of electron acceptors (Table 1). Electron-acceptor
solutions were prepared with sterile (autoclaved) anoxic (boiled and cooled under N 2) Nanopure
water. Only the O2 solution was prepared by letting Nanopure water equilibrate with the
atmosphere, followed by sterilization (autoclaving). Subsequently, all bottles were supplemented
(~5 ml) with a saturated 13CH4 (99 at.%, Campro Scientific) solution (anoxic and sterile) resulting
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in a final CH4 concentration of about 50 µM in each bottle. After the CH4 addition, water was
immediately distributed into 12 ml Exetainers without a headspace, preventing air contact by
allowing the flow of He to push the water out (Holtappels et al. 2011). Exetainers were incubated
at in situ temperatures (6 °C) under dark or light (~5 µE) conditions (Table 1). Exetainers were
sampled destructively by terminating microbial activity with the addition of 200 µl ZnCl 2 (50 %
[w/v]) after 0, 6, 12, 24 and 48 h. Exetainers were stored upside down at room temperature (RT)
until analysis, which was done by GC-IRMS as described above for the determination of δ13CDIC. CH4 oxidation was measured as the production of 13C-DIC as published previously (Oswald
et al. 2015). Briefly, δ-values were first converted to a fractional abundance using the absolute
abundance ratio of

13

C/12C (0.0111796) (Coplen et al. 2002). The relative differences were

calculated between 0 h and the different time points, and the

13

C turnover rate was estimated by

linear regression over the incubation time (48 h). This value was converted to concentration of
CO2 by multiplying with the background DIC concentration (~7.4 mM). If time curves were nonlinear, the MO potential was calculated based on the steepest linear segment of the regression.

Table 1. Setups prepared for quantifying methane oxidation potential.
Setup
Stock
Treatment
Conditions

Depths

dark

--

--

dark

12, 14, 15, 16, 18 m

light

--

--

light

14, 15, 16 m

15 µM

dark

14, 15, 16 m

40 µM

dark

14, 15, 16 m

20 µM

dark

14, 15, 16 m

100 µM

dark

14, 15, 16 m

manganese(IV)
birnessite suspension
dark
100 µM
ferrihydrite was synthesized according to Cornell and Schwertmann (2006)
2
birnessite was synthesized according to Golden et al. (1987)

14, 15, 16 m

oxygen
nitrate
nitrite
iron(III)

saturated O2
15

-

15

-

100 at.% NO3
100 at.% NO2

ferrihydrite suspension

1

2

1

In setups with added Fe(III) or Mn(IV), additional samples were taken to quantify
dissolved/reduced (<0.45 µm, cellulose acetate filter) metal concentrations. These were directly
filtered into vials containing either HCl (0.5 M final concentration) or HNO3 (0.1 M final
concentration) to preserve Fe and Mn, respectively. Dissolved Fe(II)/(III) was determined with the
ferrozine assay and Mn by ICP-MS as described above.
Testing potential links between MO and denitrification, we also determined NOx consumption and
N2 production by denitrification (and/or anaerobic ammonium oxidation; anammox), in
incubations spiked with

15

NO3- or

15

NO2-. Concentrations of NO3- and NO2- were quantified by

FIA (see above). After generation of an He headspace (2 ml) and overnight equilibration,
headspace concentrations of 30N2 (and 29N2) were measured by IRMS (Delta-V Advantage IRMS,
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Thermo Scientific), calculated from the integrated peak areas in relation to an air standard
(Holtappels et al. 2011). The production of
increase of

30

30

N2 (excess

30

N2) was then determined from the

N2 concentration over time, similarly as to the methane turnover rates described

above.

5.3.8.

Catalyzed-reporter deposition-fluorescence in situ hybridization

Formaldehyde-fixed (2 % [v/v] final concentration) water samples (corresponding to the
incubation depths) were incubated for 30 min at RT before being filtered onto 0.2 µm
polycarbonate filters (GTTP, Millipore). Filters were rinsed with 1x phosphate buffered saline
solution (PBS) and stored at -20 °C until further handling. Standard CARD-FISH (Pernthaler et
al. 2002) was performed with horseradish peroxidase-labeled oligonucleotide probes (purchased
from Biomers) binding to specific 16S rRNA gene sequences of targeted microbial groups
(Table 2). In short, bacterial cells were permeabilized with lysozyme (10 mg ml -1, 1 h at 37 °C).
Archaeal cell walls were permeabilized with proteinase K (15 µg ml -1, 3 min at RT) for probes
AAA-FW-641, -834 and ANME-1-350 or with sodium dodecyl sulfate (SDS) (0.5 % [v/v],
10 min at RT) for probe ANME-2-538. Subsequently, endogenous peroxidase activity was
inhibited (0.1 M HCl, 10 min at RT) followed by hybridization (2.5 h at 46 °C) and tyraminde
signal amplification (Oregon Green 488, 1 µl ml-1, 30 min at 37 °C). Finally, filter pieces were
counterstained with 4',6-diamidino-2-phenylindole (DAPI, 1 µg ml-1, 5 min at RT), embedded in
Citifluor/Vectashield (4:1) and mounted onto glass objective slides. Cell numbers of microbial
groups were enumerated with a grid ocular of an epifluorescence microscope (Axioskop 2, Zeiss)
by counting 20 randomly selected fields of view. Total cell numbers were quantified with the
DAPI staining and fractions of the different groups were calculated. Probes Mgamma84 and -705
and AAA-FW-641 and -834 were used in a 1:1 mix. Probe NON338 served as a negative control
for the procedure.

5.3.9.

DNA extraction, polymerase chain reaction and cloning

DNA for phylogenetic analysis was collected by filtering 150 ml water through polycarbonate
Nuclepore Track-Etched Membrane filters (0.2 µm pore size; Whatman). Filters were frozen
immediately and stored at -70 °C until DNA was extracted using a Fast DNA Spin Kit for Soil
(MP Biomedicals). The primers A189f (5’-GGNGACTGGGACTTCTGG-3’) (Holmes et al.
1995) and mb661r (5’-CCGGMGCAACGTCYTTACC-3’) (Costello and Lidstrom 1999) were
used to target the alpha subunit of the pMMO gene (pmoA). Polymerase chain reactions (PCR)
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were performed using the reagents supplied by the GoTaq Flexi DNA Polymerase kit (Promega),
in 50 µL mixtures containing 5 µL undiluted template DNA, 2.5 mM MgCl 2, 1x amplification
buffer, 0.2 mM dNTPs, 0.335 µM of each primer and 1 U Taq polymerase. PCR conditions were
as follows: initial denaturation at 94 °C for 2 min, then 30 cycles of 1 min denaturation at 94 °C,
1 min primer annealing at 60 °C, and 1 min elongation at 72 °C, followed by a final elongation
step of 10 min at 72 °C. PCR products of three separate 50 µl reactions were combined and
concentrated to 25 µl using a Wizard SV PCR cleanup kit (Promega). Amplicon length was
checked on a 1.3% agarose gel. Clone libraries of samples from 15 and 16 m water depth were
constructed using the pGEM-T and pGEM-T Easy Vector Systems Cloning Kit (Promega).
The obtained pmoA sequences were aligned using the Muscle implementation of MEGA6
(Tamura et al. 2013). After trimming and visual inspection of the alignment the evolutionary
history was inferred using the Maximum Likelihood method based on General Time Reversible
model (GTR +G+invariant and 5 substitution rate categories) with 1000 bootstrap repetitions (Nei
and Kumar 2000).
Table 2. Tested CARD-FISH probes along with their specificity, amount of formamide (FA) in the
hybridization buffer, probe sequence and the appropriate reference.
Probe
Specificity
% FA
Probe sequence (5´-3´)
Reference
AAA-FW-641

GGT CCC AAG CCT ACC AGT

AAA-FW-834

AOM-associated
archaea

60

ANME-1-350

ANME-1

40

AGT TTT CGC GCC TGATGC

ANME-2-538

ANME-2

40

GGC TAC CAC TCG GGC CGC

EUB338 I-III

Most bacteria

35

Ma450

Alpha-MOB

20

Mgamma84

Gamma-MOB

20

Negative control

35

Mgamma705
NON338

TGC GGT CGC ACC GCA CCT

GCT GCC TCC CGT AGG AGT
GCA GCC ACC CGT AGG TGT
GCT GCC ACC CGT AGG TGT
ATC CAG GTA CCG TCA TTA TC
CCA CTC GTC AGC GCC CGA

Schubert et al.
(2011)
Boetius et al.
(2000)
Treude et al.
(2005)
Daims et al.
(1999)
Eller and
Frenzel (2001)

CTG GTG TTC CTT CAG ATC
ACT CCT ACG GGA GGC AGC

5.4.

Results

5.4.1.

Geochemical conditions in the Lake La Cruz water column

Wallner et al.
(1993)

The water column chemistry of Lake La Cruz was investigated on two different days (03.03.2015
and 05.03.2015), showing no major differences. Here we only present profiles taken on March 3 rd.
Oxygen concentrations were about 260 μM in surface waters, reaching a maximum concentration
of 360 μM at depths between 2 and 4 m (Fig. 1a). Thereafter O 2 decreased gradually with the
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strongest O2 gradient (oxycline) between 13 and 14 m, and complete O2 depletion (i.e. <20 nM
O2) at 14.6 m. Rising temperatures and drastic changes in pH and conductivity below 16.5 m
indicated the location of the thermo- and chemocline, respectively (Fig. 1b). Relative to the total
irradiation at the water surface (~1200 μE m-2 s-1) photosynthetically active radiation (PAR) was
0.14 % (1.9 μE m-2 s-1) at the oxycline, and it was detectable down to 16.5 m (0.1 μE m -2 s-1;
Fig. 1c).

Figure 1. Physicochemical parameters in Lake La Cruz (3.3.2015). (a) Profiles of oxygen concentration
(black line) and temperature (grey line) with a detailed view from 13–15 m depth, where the oxygen
concentration was measured with a trace optode; (b) profiles of pH (black line) and conductivity (grey line); and
(c) photosynthetically active radiation (note the logarithmic scale). The dashed line denotes the location of the
oxycline.

Methane concentrations were highest above the sediment-water interface (2.2 mM) and decreased
in the hypolimnion in two steps, first very sharply towards the chemocline at 16.5 m (~50 µM),
and a second time less drastically towards the oxycline where it was almost completely consumed
(Fig 2a). Within the oxic epilimnion, CH4 concentrations varied between 0.1 and 4.6 μM, well
above the detection limit (~0.01 µM) and the atmospheric equilibrium concentration. The
corresponding δ13C-CH4 was relatively stable below the chemocline with values around -50 ‰,
and increased significantly from -49 to -28 ‰ between 16 to 12 m. Thereafter, δ13C-CH4 shifted
towards lower values again (~ -33 ‰). Based on both CH4 concentration gradients and its isotopic
signatures, we defined a zone of active methane oxidation between 16 and 12 m. The fractionation
factor for MO calculated across this zone was -1.005. The DIC concentration profile showed
maximum concentrations of 28.5 mM above the sediment surface, with a sharp gradient up to
16.5 m, where stable values of ~7 mM were reached (Fig. 2b). The corresponding

13

C/12C ratio

was comparatively high (δ13C up to 1.3 ‰) above the sediment-water interface and decreased to
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lighter ratios between 16 and 13 m (~ -2 ‰). Above the oxycline, δ13C-DIC increased again (with
a much weaker gradient), reaching -1.1 ‰ at the water surface.

Figure 2. Methane, dissolved inorganic carbon and stable carbon isotopes. Depth profiles of (a) methane
(solid circles) and δ13C-CH4 (open squares). (b) Concentration of DIC (solid circles) and δ 13C-DIC (open
squares). The oxycline is designated by the dashed line.

Nitrate concentrations fluctuated around 3 µM in the oxic zone and decreased sharply at the
oxycline to concentrations below 0.4 µM (Fig. 3a). Ammonium concentrations were
approximately 12 µM in the oxic epilimnion and increased steadily reaching 70 µM at 16 m.
Below ammonium showed a sharp gradient extending to the sediment surface with concentrations
in the mM range (1 mM at 17 m, values below are not displayed as they were outside the
calibration). Nitrite was only detected between 13 and 16 m depth, with a maximum value of
0.8 µM at 14.5 m. Sulfate concentrations were stable around 35 µM in the epilimnion down to
16.5 m, where concentrations showed a sharp decrease to 8 µM above the sediment-water
interface (Fig. 3b). Sulfide was not detectable above 16 m, but below that depth concentrations
reached values >35 µM near the sediment surface.
In the oxic zone, only particulate (oxidized) manganese was detected (0.04 µM; Fig. 4a), in
contrast to anoxic waters, where manganese was almost exclusively present in its dissolved
(reduced) state, reaching highest concentrations above the sediment-water interface (2.3 µM).
Here, iron concentrations were also highest (~200 µM), and then decreased towards the oxycline,
above which measured Fe was below 0.5 µM (Fig. 4b). The particulate iron fraction accounted for
about 70 % of total iron above 16.5 m, whereas below the dissolved fraction was predominant.
The ferrozine assay confirmed that the majority of dissolved iron was indeed present as reduced
Fe2+ and particulate iron was mainly in the form of Fe(III).
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Figure 3. Profiles of nitrogen and sulfur species. Depth distribution of (a) ammonium (solid triangles), nitrate
(open squares) and nitrite (solid circles); (b) sulfate (solid squares) and total sulfide (open circles). The dashed
line represents the depth of the oxycline.

Figure 4. Water column distribution of manganese and iron. (a) Dissolved (solid squares) and particulate
(open squares) manganese as determined by ICP-MS. (b) Dissolved (solid diamonds) and particulate (open
diamonds) iron quantified by ICP-MS along with dissolved Fe2+ (grey circles) determined with the ferrozine
assay. Note that most dissolved iron is present as Fe(II) below 16 m. The dashed line indicates the oxycline.

Oxygen represented the dominant electron acceptor in the water column of Lake La Cruz,
whereas the main electron donors apart from organic matter (DOC max. 80 µM at 4 m;
Suppl. Fig. 3b) were ammonium and methane. The calculated downward flux of O 2 was
7.3±0.03 mmol e- m-2 d-1 and the upward flux of CH4 was -11.1±2.0 mmol e- m-2 d-1. Electron
fluxes corresponding to the turbulent diffusive fluxes of the other species were considerably
lower, ranging between 0.01±0.09 mmol e- m-2 d-1 for SO42-, -1.7±0.45 mmol e- m-2 d-1 for NH4+
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and -0.03±0.01 e- m-2 d-1 for Fe2+. Total sulfide and manganese fluxes were negligible with
regards to the overall electron balance (Table 3). The sum of the different electron fluxes suggests
an imbalance on the order of 5.3±2.0 mmol e- m-2d-1.

Table 3. Calculated electron fluxes across the zone of methane oxidation.
Electron acceptors
Electron donors
Species

J [mmol e- m-2 d-1]

Species

J [mmol e- m-2 d-1]

O2

7.3 ± 0.03

CH4

-11.1 ± 2.0

NO32-

5.4.2.

0.15 ± 0.02

Fe

2+
+

-0.03 ± 0.01

SO4

0.01 ± 0.09

NH4

-1.7 ± 0.45

Sum

7.5 ± 0.04

Sum

-12.8 ± 2.04

Microbial community structure

Total cell density (as determined by DAPI counts) was quite similar at 12, 14, 15 and 16 m,
ranging between 1.7·106 cells ml-1 (16 m) and 2.7·106 cells ml-1 (14 m; Fig. 5). Significantly
higher total cell numbers were observed at 18 m depth (4.3·106 cells ml-1). Similar to total cell
numbers, bacterial cell abundance (probes EUB338 I-III) showed no clear depth trend, but again
highest numbers were determined for 18 m (3.5·106 cells ml-1) and the lowest cell abundance was
observed at 16 m (1.4·106 cells ml-1). As an approximation, we can roughly estimate archaeal
abundance as the difference in total and bacterial counts. Based on this difference, it appears that
archaea were at least one or two (at 15 m depth) orders of magnitude less abundant than bacteria.
Aerobic MOB were detected at all sampled depths. Gamma-MOB (probe mix Mgamma84+705)
displayed highest cell numbers at 14 m with 3.6·10 4 cells ml-1 (1.3 % of total DAPI counts), and
decreasing with depth; they were not detected at 18 m. Alpha-MOB (probe Ma450) were most
prominent at 12 m (1.7·104 cells ml-1, 1 % of total DAPI counts). Although completely absent at
14 m, alpha-MOB were detected at all other depths, still amounting 1.7·103 cells ml-1 at 18 m
(0.04 % of total DAPI counts). In comparison gamma-MOB were dominant at 12, 14 and 16 m,
whereas alpha-MOB were more numerous at 15 and 18 m. Known groups of anaerobic
methanotrophic archaea belonging to ANME-1 (probe ANME-1-350), ANME-2 (probe ANME-2538) and AOM-associated archaea (probe mix AAA-FW-641+-834) were not detected. Probe
NON338 did not give any hybridization signals, allowing us to conclude that there was no
background interference.
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Figure 5. In situ abundances of different
microbial groups. Total cell numbers
determined by DAPI counts along with
abundances of bacteria (probes EUB338 IIII),
gamma-MOB
(probe
mix
Mgamma84+705) and alpha-MOB (probe
Ma450) enumerated by CARD-FISH
signals. Note the logarithmic scale. Error
bars denote the standard error of the mean
between counted fields of view (20).

PmoA sequences recovered from 15 m and 16 m predominantly fell within the type I (gamma-)
MOB and shaped three main clusters (Suppl. Fig. 1). The first two (green and blue) were most
closely related to uncultured species from other stratified lake water columns: Lake Mizugaki
(Kojima et al. 2009; Tsutsumi et al. 2011), Lake Cadagno (Milucka et al. 2015) and Lake
Kinneret (Junier et al. 2010). The third (red) was closely related to an uncultured Methylococcus
species from a wetland in northeast China (Yun et al. 2013). Only one sequenced clone (orange)
belonged to type II (alpha-) MOB, having cultured and uncultured species of Methylocystis as its
closest relatives. Sequences related to the pmoA of Methylomirabilis oxyfera (NC 10) or
Crenothrix polyspora were not found.

5.4.3.

Methane oxidation potential

Incubation experiments to quantify methane oxidation potential and dynamics were conducted
with water collected from five different depths, where water from 12 m represented oxic
conditions (~100 µM O2), 14 m the oxycline (60 nM O2), 15 m suboxic conditions (3 nM O2) and
16 and 18 m anoxia. Additionally, at 14, 15 and 16 m depth the effect of light conditions and
different added electron acceptors (O2, NO3-, NO2-, Fe(III) and Mn(IV); dark conditions) on
methane oxidation was tested and compared to the control, where we only added
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CH4 (dark

conditions). In the dark control incubations, maximum methane oxidation potential, calculated
from the slope of the linear segment of the regression line (initial 12 or 24 h) showed an
increasing depth trend from 14 m (1.5±0.47 μM d-1) to 16 m (2.6±0.55 μM d-1) (Fig. 6a-c). At
12 m and 18 m rates were notably lower reaching 0.7±0.01 and 0.1±0.13 μM d -1, respectively
(Suppl. Fig. 2a). Methane oxidation was usually non-linear over time: after the initial 12-24 h it
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either slowed down or ceased (Fig. 6d-f), suggesting the onset of substrate limitation at some
point during the incubations. Only at 12 m, the methane oxidation rate was constant over the
entire course of the experiment (Suppl. Fig. 2b).
The addition of 15 µM oxygen (at 14, 15 and 16 m) led to initial methane oxidation rates similar
to the corresponding dark controls (Fig. 6a-c), but caused an approximate doubling of total
methane turnover at both 15 m (4.0 µM) and 16 m (2.2 µM) (Fig. 6e, f) after the total incubation
period. The oxygen supplement resulted in almost linear concentration change in oxidized CH 4
throughout the experiment at 15m (Fig. 6e). Only at 14 m concentration-time curves were
virtually the same, independent of the O2 addition (Fig. 6d).
Incubations under light conditions showed an enhanced MO potential at 14 m (2.8±0.47 μM d -1)
and 15 m (2.9±0.11 μM d-1), whereas the initial rate at 16 m (2.4±0.21 μM d -1) was slightly lower
than the dark control (Fig. 6a-c). In contrast to the dark controls, methane oxidation never reached
a plateau in any of the light incubations (Fig. 6d-f). Although MO slowed down after ~12 h, a
higher total methane turnover was observed under light conditions at all depths, with a maximum
of 3.1 µM (15 m).
Relative to the dark control experiments, the addition of nitrate or nitrite did not seem to have any
detectable effect on the initial methane oxidation rates. The maximum rates in the nitrate- and
nitrite-amended experiments (3.1±0.04 μM d-1 and 2.6±0.37 μM d-1, respectively) were both
observed at 16 m (Fig. 6c). Yet interestingly, and in contrast to the incubations at 15 and 16 m, at
14 m the addition of both nitrate and nitrite led to an almost linear increase in oxidized CH 4 over
the entire incubation period. This also resulted in high net oxidized CH4 of 4.2 µM (maximum
among all experiments) and 2.9 µM with the addition of NO3- and NO2-, respectively (Fig. 6h),
suggesting that substrate limitation is mitigated by the supplemented NO x. Total methane turnover
was only slightly enhanced by the NOx amendment at 15 and 16 m.
Methane oxidation potential and oxidation kinetics were very similar with additions of both
iron(III) (ferrihydrite) and manganese(IV) (birnessite). Maximum MO potential (first 12 h) was
higher compared to the dark setup at 1 4m, with an approximately 2-fold higher rate of 2.9±0.68
and 2.6±0.77 μM d-1 with the addition of Fe(III) and Mn(IV), respectively (Fig. 6a). In all setups
with added Fe(III)/Mn(IV) MO stagnated after the initial 12 h and net oxidized CH 4 was within
the same range as the dark incubation (Fig. 6l-n). The highest CH4 turnover in the Fe(III) and
Mn(IV) setups was 2.1 µM (16 m) and 2.0 µM (15 m), respectively.
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Figure 6. Methane oxidation potential at and below the oxycline. Methane oxidation rates calculated over the initial linear segment (left column) and time series
(last three columns) are displayed for 14 m (top panel), 15 m (middle panel) and 16 m (bottom panel). Time series of oxidized methane under dark and light
conditions and with additions of different electron acceptors. The dark control series is displayed for reference in all panels.
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5.5.

Discussion

5.5.1.

Redox regimes in Lake La Cruz

Primary production via photosynthesis took place in surface waters with maximum activity
around 8 m corresponding to a peak in chlorophyll a (Suppl. Fig. 3a). Below the sunlit zone,
organic matter respiration was evident from the incremental depletion of available electron
acceptors more or less following the canonical redox cascade. The O2 concentration profile
outlines a zone of net O2 consumption between 13.5 and 14 m (defined here as the oxycline;
dashed line in Fig. 1a). Below the oxycline, the decrease of NO 3- along with a matching NO2maximum (14-15 m; Fig. 3a), provides evidence for an active zone of denitrification. Finally, an
increase in dissolved/reduced Mn (below 12 m), and even more so for reduced Fe (below 16 m)
indicate ongoing metal reduction in the hypolimnion. As indicated by the concomitant decrease of
SO42- and the increase in HS- towards the sediment, sulfate reduction may occur below 17 m in
the water column, but most likely also within the sediments (Fig. 3b).

5.5.2.

Methane sources and sinks

Based on methane concentration profiles, corresponding isotopic signatures and measured
methane oxidation potential we identified four distinct zones: the methane production zone
(>19 m), the (non-reactive) methane diffusion zone (19-16 m), the methane oxidation zone
(16-12 m) and the oxic zone (<12 m).
Methane production zone: Whereas we did not analyze CH4 concentrations and isotopic
composition in the sediments, maximum water column CH4 concentrations nearest to the
sediment (Fig. 2a), suggest that it is produced within the sediments, from where it diffuses out
into the water column. The δ13C-CH4 in the deepest methane sample was about -50 ‰, which falls
between the range of ratios indicative for biogenic (< -60 ‰) and thermogenic origin (> -50 ‰)
(Whiticar 1999). However, the isotopic discrimination factor between CH4 and DIC (Δδ13CCH4-DIC
= 51 ‰) supports a biotic rather than a thermogenic source (i.e. methanogenesis in the sediment)
(Whiticar 1999). Further analysis of H isotopes of methane (Stolper et al. 2015) could confirm
this indication. The comparatively high δ13C values for the near-sediment CH4 may indicate
partial consumption and C isotope fractionation by AOM within the sediments.
Methane diffusion zone: A sharp decrease in methane concentrations was measured between the
sediment surface and 16 m, yet the δ13C-CH4 was more or less invariant (~50 ‰) throughout this
part of the water column (Fig. 2a). The constant δ13C-CH4 suggests the absence of active MO in
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this zone, as methanotrophs would preferentially incorporate the light carbon isotope, 12C, leaving
the residual pool of CH4 enriched in 13C. The measured oxidation potential at 18 m confirms that
MO in this zone was minor (Suppl. Fig. 2). Therefore, this initial steep gradient appears to be a
result of diffusive mixing and transport of sediment-derived methane into the deep water column
and towards the reactive methane oxidation zone some meters above.
Methane oxidation zone: A gentler convex CH4 gradient was visible between 16 and 12 m. This
decrease coincided with a shift to notably higher δ 13C-CH4 values (-48 ‰ at 16 m to -19 ‰ at
12 m; Fig. 2a), which, along with measured MO rates at depths throughout this zone (12, 14, 15 &
16 m), confirms ongoing microbial methane consumption, fractionating the stable C isotopes. The
calculated fractionation factor of -1.005 indicates that aerobic MO is a dominant methane removal
mechanism (Templeton et al. 2006). However, considering that factors for aerobic MO and
sulfate-dependent AOM overlap to some degree (Holler et al. 2009; Rasigraf et al. 2012;
Templeton et al. 2006) and that fractionation factors for some possible processes are unknown
(e.g. Fe/Mn-coupled AOM), we cannot definitively confirm aerobic MO on this basis alone.
Oxic zone: In the oxic zone, methane concentrations were very low (≤ 300 nM) compared to the
deep water, indicating that most methane was consumed before reaching the epilimnion. These
concentrations were likely too low to sustain significant MO there. This is supported by
decreasing MO potential above the oxycline (12 m; Suppl. Fig. 2), which was an order of
magnitude lower than below. The oxygenated region of the water column is likely unfavorable
even for aerobic methanotrophs, not only because of methane limitation, but likely also due to the
inhibiting effects of high O2 concentrations (Rudd and Hamilton 1975) and light intensity
(Dumestre et al. 1999; Murase and Sugimoto 2005). Interestingly, the δ13C-CH4 decreased again
(-35 ‰) in the epilimnion just above the methane oxidation zone. This isotopic comparatively
C-depleted isotopic signature can be explained by mixing of atmospheric methane (-47 ‰)

13

(Wuebbles and Hayhoe 2002) and methane from the oxidation zone. Alternatively, lateral sources
from the littoral zone (Juutinen et al. 2003; Murase et al. 2005) or oxic water column
methanogenesis (Bogard et al. 2014; Grossart et al. 2011) could produce this isotopic shift in the
oxic epilimnion.

5.5.3.

Methane oxidation pathways and associated microorganisms

The potential methane oxidation rates observed in Lake La Cruz (1.5-2.6 µM d-1) were of similar
magnitude as what has been reported for other stratified lakes (e.g. Blees et al. 2014; Lidstrom
and Somers 1984). The occurrence of a lag phase in the incubations after 12-24 h, despite the fact
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that complete turnover of added 13CH4 (~50 µM) was never achieved, indicates electron-acceptor
or nutrient depletion. The onset of the lag phase appeared to occur earlier at greater depth, yet
total oxidized CH4 was roughly the same at 14 and 15 m (1.7 µM) and only slightly lower at 16 m
(1.4 µM). Only at 12 m MO proceeded linearly though at a much lower rate (Suppl. Fig. 2). The
methanotrophic community in the oxic zone may not have been adapted to high CH4
concentrations (50 µM in the incubation vs. 100 nM in situ), resulting in a relatively slow but
steady methane consumption using the in situ O2 as the oxidant. The extremely low measured MO
potential (0.1 µM d-1) at 18 m suggests that methane removal in this zone only has a minimal
effect. In shallow stratified lakes it is commonly observed that the highest methane turnover takes
place right at the oxycline (Panganiban et al. 1979; Sundh et al. 2005), where aerobic MOB have
access to both replete oxygen and methane. In some cases, MO potential at the oxycline was
observed to be much higher (up to 60 times) than above or below this interface (Carini et al. 2005;
Schubert et al. 2010). We could not confirm this for Lake La Cruz as oxidation potential and bulk
turnover were not substantially higher at the oxycline, suggesting that methane turnover is of
equal importance under oxic and anoxic conditions.
Progressing MO in the absence of O2 (15, 16 and 18 m) was supported by the δ13C-CH4 profiles
indicating the strong isotopic fractionation of residual CH4 already visible from 17 m towards the
oxycline (Fig. 2a). While turbulent diffusive exchange between the reactive and non-reactive zone
below can already cause δ13C gradients in the water column where MO is still absent (analogously
to what is observed for other substrates, e.g.Lehmann et al. 2007), the measured profiles suggest
that reaction must occur below 14 m. We could verify sub-micro oxic conditions below 13.6 and
complete anoxia below 14.6 m with a trace oxygen optode with a detection limit of 20 nM (Fig.
1a). Down to this depth micro-aerobic MO could be supported (Blees et al. 2014), yet below 14 m
the only known electron acceptor available in high enough concentrations in situ to account for
measured MO potential was sulfate (35 µm). However, sulfate-coupled AOM seems to be very
unlikely as there is no visible consumption of SO42- or production of HS- within the zone of
methane oxidation and fluxes of both species were extremely low (Table 3). Furthermore, we did
not observe the characteristic shift to lighter δ13C-DIC values and lower pH produced by AOM
activity (Knittel and Boetius 2009). Neither were targeted groups of known ANME or ANMEassociated archaea, which could mediate this process, present at any of the investigated depths,
supporting previous evidence that these organisms are rare in lacustrine water columns (Eller et
al. 2005; Oswald et al. submitted). Together this indicates that true AOM was not occurring in
Lake La Cruz.
While anaerobic methanotrophs were absent, aerobic MOB (both alpha- and gamma-type), were
detected at all investigated depths (12, 14, 15, 16 and 18 m; Fig. 5). The observed decrease in
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their cellular abundance (2.5 % at 12 m to 0.04 % at 18 m) correlates with depth and oxygen
availability suggesting a pivot role of O2 in methane oxidation. Similar observations were made in
other lakes (Hanson and Hanson 1996; Oswald et al. submitted; Schubert et al. 2010). The aerobic
MOB (gamma/type I and alpha/type II) usually only make up a few percent of the total microbial
community (Carini et al. 2005; Oswald et al. 2015; Zigah et al. 2015). Although gamma-MOB
appear to be more numerous in freshwater systems (Chen and Murrell 2010; Costello et al. 2002;
Rahalkar and Schink 2007), neither if the two methanotrophic groups was clearly dominant in the
water column of Lake La Cruz.

5.5.4.

The role of oxygen and light in methane oxidation

The presence of aerobic MOB and, hence, a high MO potential in anoxic waters suggests a
(cryptic or sporadic) supply of O2 below the oxycline. In line with this, methane oxidation was
stimulated with the addition of oxygen (15 µM), with total methane turnover being up to 2-fold
higher with supplemented O2 (4.0 µM vs. 1.7 µM in the dark setup at 15 m; Fig. 6e). Furthermore,
this 2-fold increase at 15 m yielded almost linear oxidation kinetics, suggesting an adequate
supply of all substrates. In contrast, at the oxycline (14 m), the methane-oxidation time series
displayed the same dynamics with and without added O 2 (Fig. 1d), suggesting that aerobic MO
was limited by factors other than oxygen scarcity. But even more likely, stimulation of MO at this
depth may have been suppressed, because here other aerobic heterotrophs, which are much more
abundant, outcompete aerobic MOB. The differences in total oxidized CH 4 observed between
15 m (4.0 µM) and 16 m (2.2 µM) probably result from a 6-fold higher MOB abundance at 15 m,
leading to more efficient consumption with the same amount of supplied O 2. Consequently, it
appears that in the presence of O2, MO depends on the cell density of methanotrophs and possible
competition with other biotic (and possibly abiotic) oxidative processes.
Downwelling of cold water or lateral water movement are mechanisms that could introduce O 2
sporadically below the oxycline and thus fuel aerobic MO in seemingly anoxic environments
(Blees et al. 2014). However, Lake La Cruz receives no riverine input, and it is completely windshielded, making lateral intrusions due to wind forcing unlikely. Instead, in situ oxygen
production by low light photosynthesis supporting aerobic MO may be invoked. Such
photosynthesis-supported MO has been observed in other shallow lake systems with deep light
penetration (Milucka et al. 2015; Oswald et al. 2015) and seems like a plausible explanation for
aerobic MO in the anoxic parts of Lake La Cruz. Given that the lower PAR threshold for oxygenic
photosynthesis in freshwater is estimated to be 0.09 µE m -2 s-1 (Gibson 1985; Raven et al. 2000),
light would have been sufficient to support photosynthesis down to 16.5 m (0.1 μE m-2 s-1;
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Fig. 1c), and could thus account for the apparent electron imbalance of ~5 mmol e - m-2 d-1
(Table 3). Indeed chlorophyll a profiles confirmed the presence of phototrophic organisms even
down to 18 m (Suppl. Fig. 3a), and more importantly light stimulated experimental methane
consumption for all test depths. Yet, stimulation of MO was much less prominent in Lake La Cruz
compared to previous studies (Milucka et al. 2015; Oswald et al. 2015) and appeared to slow
down after ~12 h. For comparison, light promoted continuous linear oxidation in other shallow
lakes (Milucka et al. 2015) and increased MO potential by up to an order of magnitude (Oswald et
al. 2015). It is likely that primary production in Lake La Cruz was limited by the very low nitrate
(Fig. 3a) and phosphate concentrations (average of 40 nM) in the water column. In any case, lightdriven methane oxidation alone cannot fully explain all of the methane removal at and below the
oxycline of Lake La Cruz.

5.5.5.

The possible involvement of alternative oxidants in methane oxidation

Although all other in situ concentrations of potential electron acceptors (NO 3-, NO2-, iron and
manganese) were too low to sustain the observed rates, their addition promoted MO to some
degree at all depths (under dark conditions; Fig. 6). Initial rates with supplemented nitrate and
nitrite were only slightly higher (~2 µM d-1) than in the dark control (1.5 µM d-1), yet both
amendments led to the undiminished oxidation of methane throughout the incubation period with
water from 14 m (i.e. the depth of the oxycline; Fig. 6h). This steady turnover resulted in total
oxidized CH4, which was about 3 (4.2 µM) and 2 (2.9 µM) times higher with supplemented nitrate
and nitrite, respectively, compared to the control experiments (1.7 µM). Considering the
stoichiometric ratio required for nitrate- (4:1) and nitrite- (8:3) coupled MO, the amount of nitrate
(40 µM) and nitrite (20 µM) added to the incubation could explain observed rates. Stimulation of
MO was much less pronounced at 15 and 16 m and bulk methane turnover was only slightly
higher (max. 2.1 µM at 15 m with added nitrate) than in the control. Simultaneous denitrification
(NO3- and NO2- supported) occurred at all depths (Suppl. Fig. 4). However, 30N2 production rates
were generally very low (10’s of nM d-1) and considerably below (50 and 1500 times with nitrate
and nitrite, respectively) the expected production if linked to methane turnover. Part of this
difference may be due to the parallel production of 29N2 with unlabeled substrates (mostly in situ
produced NOx) or incomplete denitrification. The observed NO3- and NO2- reduction during the
incubations was also not sufficient to explain observed methane oxidation (Suppl. Fig. 3).
Moreover, in contrast to MO, which decreased with depth, the denitrification potential clearly
increased with depth (which seems logical as it is an anaerobic process inhibited by high O 2
concentrations), arguing against a direct link between MO and denitrification. Finally, there was
enough DOC (40 µM; Suppl. Fig. 3b) present for canonical denitrification to occur (Richards et
118

5.5. Discussion

al. 1965). It is possible, however, that ensuing nitrate or nitrite reduction was masked. More
precisely, ongoing nitrification at this depth could have been a constant source of both in situ
NO3- and NO2- and supported by high gradients of both O2 and NH4+. This could have resulted in
linear MO dynamics with no observable consumption of nitrate or nitrite. Stimulation with NO 3was not observed at 15 and 16 m and can possibly be explained by the competition between
conventional denitrifiers (Rysgaard et al. 2004; Strohm et al. 2007; Strous et al. 1999) and
denitrifying methanotrophs, which are suggested to have a very slow growth rate similar to
bacteria performing anammox (Kampman et al. 2012).
We did not specifically test (CARD-FISH) for Methylomirabilis oxyfera (Ettwig et al. 2010) or
ANME-2d (Haroon et al. 2013; Raghoebarsing et al. 2006), which could mediate methane
oxidation with nitrite and nitrate, respectively. As pmoA sequences related to Methylomirabilis
oxyfera were not retrieved and other representatives of ANME (-1 and -2) were absent, it is
unlikely that either group contributes to methane turnover. However, we did find aerobic gammaMOB at anoxic depths confirmed by both CARD-FISH and sequencing (Suppl. Fig. 1). It has
been shown recently that some of these bacteria can couple methane oxidation to nitrate/nitrite
reduction under oxygen deficiency, though trace amounts of oxygen are probably still required for
the initial oxidation of methane to methanol (Kits et al. 2015a; Kits et al. 2015b). This metabolic
switch would provide gamma-MOB with a competitive advantage in an environment with
fluctuating O2 conditions (i.e. temporarily sub-micromolar O2 concentrations) and justify why
zones of aerobic MO and nitrate/nitrite-dependent methane oxidation (n-damo) appear to overlap
in the environment (Deutzmann et al. 2014). Most importantly, such a facultative aerobic MO
mechanism would also harmonize our and previous observations (Kits et al. 2015a; Kits et al.
2015b) that MO is fostered by the addition of O2, under light conditions and through added NO3- /
NO2-.
At this point we can only speculate about any direct coupling of MO and denitrification, and
indirect stimulation by nitrate and nitrite must also be considered. Most MOB either fix nitrogen
(Davis et al. 1964) or derive it from an inorganic source to build up biomass (Bodelier and
Laanbroek 2004; Rudd et al. 1976). Thus the addition of an inorganic nitrogen source may have
only stimulated aerobic MOB indirectly. However, in this case the involved electron acceptor
would remain unknown.
Theoretically, Mn(IV) and Fe(III) could function as the electron acceptor for MO although the
involved organisms have yet to be identified (Crowe et al. 2011; Norði et al. 2013; Sivan et al.
2011). Since aerobic gamma-MOB are more metabolically flexible than previously believed (Kits
et al. 2015a; Kits et al. 2015b), it is conceivable that Mn(IV) and Fe(III) could serve as electron

119

Methane oxidation in the ferruginous Lake La Cruz (Spain)

acceptors in the respiratory chain in addition to O2 and nitrate or nitrite (Kits et al. 2015b).
Nonetheless, traces of O2 would still be required for CH4 activation with methane
monooxygenase.
Indeed initial MO rates were clearly higher in the 14 m-incubation in the presence of birnessite
(2.6 µM d-1) and ferrihydrite (2.9 µM d-1) compared the setup without any addition (1.5 µM d-1).
Although there was no notable difference with respect to MO rates at 15 and 16 m, both Mn(IV)
and Fe(III) additions resulted in a much higher total CH4 turnover, at least at 16 m. Yet we were
not able to establish clear links between observed MO potential and concurrent metal reduction,
i.e. dissolved (reduced) Mn concentrations did not increase during the course of the experiment.
Moreover, we can only speculate about whether iron reduction really occurred in incubations
amended with ferrihydrite. At 14 and 15 m the percentage of Fe(III) showed no clear declining
trend (Suppl. Fig. 5). At 16 m the decline of Fe(III) (5 % or 2.4 µM) roughly mirrored MO
dynamics, yet the observed decrease in Fe(III) was insufficient (by a factor of 5) to explain
observed methane consumption. However, produced Fe2+ can be re-oxidized by a variety of
abiotic (O2 and MnO2) and biotic oxidative processes (i.e. Fe-oxidizing bacteria) (Melton et al.
2014). Whereas both O2 and MnO2 were scarce at these depths, the action of phototrophic and
nitrate-dependent Fe-oxidizers could lead to continuous recycling of reduced Fe, which is
common in aquatic systems (Bruun et al. 2010; Emerson 2009; Sobolev and Roden 2002). Both
phototrophic (Walter et al. 2014) and nitrate-dependent Fe-oxidizers (Walter 2011) have been
found in Lake La Cruz, yet phototrophic recycling of Fe can be excluded as these experiments
were conducted in the dark. Likewise, it is questionable if the low amounts of NO 3- were
sufficient to maintain continuous iron oxidation. As argued above for NOx, the addition of Mn(IV)
or Fe(III) may also have indirectly stimulated MO, especially at 14 m. The lack of correlation
between metal reduction and ongoing MO supports this theory. More precisely, it is possible that
MnO2 oxidized NH4+ (e.g.Luther et al. 1997) supplying NO3- as an oxidant for MO or as an
inorganic N source for the MOB. Iron is an important trace metal for methanotrophs (Glass and
Orphan 2012; Semrau et al. 2010) and thus could enhance their activity.
Overall our findings suggest that methane emissions from Lake La Cruz is effectively mitigated
by methane oxidation both in oxic and anoxic waters. Under oxic or micro-oxic conditions,
aerobic MOB utilize oxygen as the oxidant. Under anoxic conditions, aerobic methane turnover is
most likely supported through the coupling with oxygenic photosynthesis, yet due to the nutrientpoor nature of Lake La Cruz, primary production may be substrate-limited. In addition, we found
evidence that electron acceptors besides oxygen stimulate methane consumption, especially at the
oxycline, yet any potential direct links between MO and the reduction of these other species in
Lake La Cruz remain unconstrained and require further investigation. Since we only found
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evidence for aerobic MOB in both oxic and anoxic waters, they appear to be solely responsible for
methane removal, though we cannot definitely rule out the presence of yet unknown
methanotrophs. Therefore, our data provide evidence for non-archaeal methane oxidation under
anoxic conditions in Lake La Cruz. Future research should focus on further characterizing the
methanotrophic community and activity, with particular focus on aerobic MOB, which are known
to oxidize methane with nitrate and nitrite (Methylomonas denitrificans and Methylomicrobium
album), as these compounds seem to play an essential role.

5.6.

Acknowledgements

We are grateful to Rosa Maria Miracle, Eduardo Vicente and Xavier Romano for their help in
coordinating the logistics of the field campaign along with their support during field work. We
thank Patrick Kathriner, Serge Robert and Elena Cantore for their assistance in the laboratory. We
appreciate the help of Sergio Klauk with CARD-FISH and David Kistler and Irene Brunner with
ICP-MS measurements. Thomas Kuhn is thanked for his support with

30

N2 analysis and

production calculations.

121

Methane oxidation in the ferruginous Lake La Cruz (Spain)

5.7.

Supplementary Information

Supplementary Figure 1: Phylogenetic tree of pmoA gene sequences below the oxycline. PmoA gene
sequences for particulate methane monooxygenase alpha subunit from the La Cruz water column, 15 m (LC15)
and 16 m (LC16). Analyzed clones are designated in color and bootstrap values of >70 % are displayed at the
branch nodes. The scale bar denotes the number of changes per nucleotide position. Closest relatives are
uncultured species from Lake Mizugaki, Lake Cadagno, Lake Kinneret, Methylococcus and Methylocystis
species.
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Supplementary Figure 2: Methane oxidation potential measured at 12 and 18 m. (a) Initial methane
oxidation rates calculated over the linear segment (48 h for 12 m and 24 h for 18 m) along with (b) the
corresponding time series.

Supplementary Figure 3: Chlorophyll a and dissolved organic carbon. (a) Distribution of chlorophyll a and
of (b) dissolved organic carbon.
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Supplementary Figure 4: Evolution of nitrate, nitrite and 30N2 during the incubation experiments.
Concentration time series of nitrate (a, d), nitrite (b, e) and 30N2 (c, f) in experiments spiked with 15NO3- (black
symbols, top panel) and 15NO2- (grey symbols, lower panel) from 14 (diamonds), 15 (circles) and 16 m
(triangles) depth.

Supplementary Figure 5: Fraction of iron(III) during the incubation experiments. Percentages of Fe(III) in
relation to total iron concentrations with added ferrihydrite from 14, 15 and 16 m depth.

124

6. CONCLUSIONS AND OUTLOOK
This dissertation provides further understanding about microbial methane oxidation in lacustrine
systems, an important control on methane emissions to the atmosphere. As lakes differ widely in
terms of their chemical conditions, trophic state and mixing regime, drawing general conclusions
about methane oxidation dynamics and emission rates is challenging. By investigating three lake
systems with very contrasting characteristics, this thesis offers new insights, which are possibly
applicable to a broader range of settings. The major findings are outlined below along with
recommendations for future research in this field.

6.1.

Methane, isotopes and oxidation dynamics

In all studied lake systems, methane stemmed from biogenic production in the sediment and
moved into the water column by diffusion. Generally this zone of diffusion was marked by very
steep methane gradients accompanied by steady isotopic ratios of methane. The extent of this
region varied according to lake depth ranging between a few meters (Lake Rotsee and Lake La
Cruz) to a maximum of about 25 m (Lake Zug). Subsequently, much gentler methane gradients
were observed up to the respective oxyclines, where the majority of the methane was depleted.
This zone of methane decline was associated with a shift to notably higher carbon isotopic values,
especially at and above the oxycline (maximum shift of +70 ‰ in Lake Zug). This isotopic
signature is indicative for biological methane consumption commencing below the oxycline and
particularly pronounced at this interface. In the oxic epilimnia of the shallow systems (Lake
Rotsee and Lake La Cruz) δ13C of methane decreased again, suggesting lateral introduction of
isotopically lighter methane from the littoral on the background of rather complete methane
oxidation from the deeper part of the lake. Alternatively, methanogenesis in the oxic epilimnion
could also contribute to this effect (Bogard et al. 2014; Grossart et al. 2011).
Proceeding methane oxidation was confirmed by measured oxidation potential within the methane
gradients corresponding to the isotopic change to higher values. Generally, lowest oxidation rates
were determined above the oxycline, suggesting lacking (micro-) nutrients or inhibition by
oxygen or light. In the eutrophic lakes (Lake Rotsee and Lake Zug), maximum oxidation potential
coincided with the location of the oxycline, yet comparable rates were determined for the oxygendepleted zones. This was also the case for the oligotrophic Lake La Cruz, although oxidation
potential was not substantially higher at the oxycline. These results imply that methane
consumption under anoxic conditions is as important as at the oxic/anoxic interface.
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Although utmost care was taken to limit oxygen contamination during sampling and experimental
setup, minimal amounts of oxygen can already trigger micro-aerobic methane oxidation (Blees et
al. 2014). Likewise, though in situ conditions were mimicked as much as possible during the
experiments, bottle experiments intrinsically alter conditions and the microbial community. To
quantify methane oxidation rates more precisely, conducting such experiments at in situ
conditions would be most optimal. This could be achieved by using a modified flux chamber,
which has been successfully applied to measure in situ denitrification (Nielsen and Glud 1996) or
primary production and respiration (Migné et al. 2002). In this manner the chamber would be
positioned at a certain depth, isotopically-labeled methane added (triggered online) and incubation
would ensue at true in situ conditions. Although this procedure is technically more demanding and
laborious, it would allow for determining more reliable methane oxidation rates and eliminate the
risks of oxygen contamination or changing conditions.

6.2.

Methanotrophic community

Highest abundances of aerobic MOB matched the depth of the oxycline, in accordance with most
intense methane turnover. Gamma-type MOB clearly dominated the methanotrophic community
in both Lake Rotsee and Lake Zug, where other groups were completely absent or orders of
magnitude less numerous. Opposed to this, no definitive prevalence between gamma- and alphaMOB could be verified in Lake La Cruz. Yet aerobic MOB were not only detected in oxic waters
and at the oxycline, but were also equally represented in anoxic zones up to 40 m below the
oxic/anoxic interface (Lake Zug). Only very low abundances of targeted anaerobic
methanotrophic archaea were present in the anoxic hypolimnion of Lake Zug and these were
completely absent in the other lakes. These findings beg the question of whether detected obligate
aerobic MOB were in fact removing methane under anoxic conditions.
As hybridization techniques only give information about known targeted organisms, much of the
community may potentially be overlooked. Combined with nanoSIMS, the activity of unknown
microorganisms may be excluded, but this is a rather work-intensive method not allowing for high
sample throughput. Considering these inherent drawbacks, such methods should be combined
with sequencing techniques to better assess the diversity of present microbial and methanotrophic
communities. Such techniques not only offer higher throughput of samples to be analyzed, but
also more detailed information about community structure (Klindworth et al. 2012; Sonnenberg et
al. 2007). Along the same lines, cloning techniques in combination with designing new CARDFISH probes (Schramm et al. 2002; Wagner et al. 2003), could allow for the detection of yet
unknown methanotrophic groups, possibly in combination with nanoSIMS to verify their activity.
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6.3.

A novel methanotroph in lake water

This work provides first data on a so far unrecognized methanotroph in lacustrine water.
Crenothrix polyspora, a filamentous bacterium known for its association with drinking water
production, has been an enigma since it was discovered in the late 19 th century. Although, studies
have shown that it is a gamma-type methanotroph (Stoecker et al. 2006), its environmental
contribution to this process has been a mystery. Herein this question has been resolved as new
evidence is presented that Crenothrix polyspora is an active methanotroph in both the Lake
Rotsee and Lake Zug water column. Furthermore, it was shown that it is of equal or greater
importance than conventional MOB and therefore an essential part of the biological methane
cycle.
Considering that current reports of C. polyspora are not only limited to drinking water systems
(Dörr et al. 2010; Drewniak et al. 2012), it is probable that this organism is prevalent in many
environments with high methane accumulation. Particularly in stratified lakes it could be an
essential and so far unacknowledged methanotroph and should be included in community
assessments, which normally only look for typical gamma-, alpha-MOB and known groups of
ANME.
Recently, it has been shown that the ‘unusual’ methane monooxygenase sequences of C.
polyspora (Stoecker et al. 2006) are in fact more similar to the genes encoding for ammonia
monooxygenase expressed by microorganisms performing complete nitrification (Daims et al.
2015; Van Kessel et al. 2015). By analyzing the genetic material of samples from depths of Lake
Rotsee and Lake Zug, where C. polyspora was found, the identity of this marker gene could be
verified. Further, by conducting labeling experiments with

15

NH4+ and/or 15NO2- in combination

with nanoSIMS, the involvement of C. polyspora in nitrification under environmental conditions
could also be tested. Along with having identified C. polyspora as an active methanotroph, this
could provide further insight into this organism’s metabolism and well as its function in the
environment.

6.4.

Photosynthesis fueled methanotrophy

In shallow lakes where light reaches below the oxycline, the occurrence of aerobic MOB can be
explained by in situ oxygen production by low-light photosynthesis. As generated oxygen in this
virtually anoxic zone is probably immediately consumed by the methanotrophs, occurring
methane oxidation can potentially be mistaken for anaerobic oxidation. In both Lake Rotsee and
Lake La Cruz the occurrence of these coupled processes was supported by light intensity profiles,
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chlorophyll a content and enhanced methane oxidation potential under light conditions. In the
case of Lake Rotsee, this pathway was mediated exclusively by gamma-type aerobic MOB, which
actively assimilated carbon from methane in the light. This also corresponded to measured rates of
primary production, which were on the same order of magnitude as the observed methanotrophy.
The activity of oxygenic phototrophs below the oxycline is critical in terms of aerobic methane
removal and therefore an important freshwater methane sink. As this process is only enhanced
during day time, it would be interesting to investigate if methane gradients and isotopic signatures
change during the night. Similarly, if methanotrophs are adapted to certain oxygen conditions
and/or their photosynthetic partners, shifts in the microbial community may also be discernable
depending on the diel phase. Conducting day/night sampling campaigns could provide further
insights.
Photosynthetically produced oxygen is not only available for methane oxidation and, therefore, it
should also be taken into consideration when investigating other oxidative processes as well as
balancing electron budgets at the redoxcline of shallow stratified lakes. As it remains ambiguous
how much oxygen is actually fueling methane turnover, respiration rates could be measured
complimentary to primary production and methane oxidation to partially solve this question.
Furthermore, this synergetic process appears to be widespread in shallow lakes. This investigation
on Lakes Rotsee and La Cruz confirmed a previous study in Lake Cadagno (Milucka et al. 2015).
Since these lakes represent quite diverse climatic and chemical conditions, they could serve as
model systems to estimate the global contribution of photosynthesis-dependent methane turnover
in lacustrine settings.

6.5.

Methane oxidation and alternative electron acceptors

Although, methane oxidation was clearly occurring under anoxic conditions, evidence for AOM
coupled to sulfate reduction was not found at any of the field sites. This agrees with the absence
or very low abundances of anaerobic methanotrophs, which are involved in this process.
However, stimulation of methane oxidation was observed with the addition of other electron
acceptors than oxygen. In Lake Zug enhanced methane turnover was detected in the presence of
iron- and manganese oxides. These conditions corresponded to the activity and growth of gammatype MOB, but not with a simultaneous detection of reduced metal species. Thus, it remained
unclear as to whether these metals were directly linked to methane turnover or if they only
stimulated bacterial activity indirectly. Likewise in Lake La Cruz, supplements of nitrate and
nitrite and to a lesser extent iron- and manganese oxides had a positive effect on methane
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oxidation, yet a direct link to reduction of these species could also not be established. However,
reduction may have been masked by substrate recycling and experimental evidence clearly
showed that aerobic MOB benefited from electron acceptors besides oxygen.
Recent discoveries have shown that novel methanotrophs are able to couple methane oxidation to
denitrification (Ettwig et al. 2010; Haroon et al. 2013) and it is possible that these also play a role
in the studied lake systems. Additionally, aerobic gamma-MOB appear to be able to switch to
using other electron acceptors under oxygen limitation (Kits et al. 2015a; Kits et al. 2015b), which
could account for enhanced oxidation potential and activity of gamma-MOB in Lake Zug and
possible also Lake La Cruz.
As mentioned above, high-throughput sequencing has allowed for the classification of many new
phylotypes and may also help identify recently discovered and unknown methanotrophs in the
lakes studied herein. However, many of these novel phyla lack isolated representatives, so that
their metabolic functions remain obscure. As experiments were performed with original lake
water, it is difficult to pin down which electron acceptors were being used directly by the present
methanotrophs. By enrichment and possibly even isolation of present methanotrophic groups,
their electron-accepting capacity could be studied under much more controlled laboratory
conditions.
Considering that enrichment techniques pose an intrinsic bias, the relatively new field of
metagenomics could also help elucidate these unidentified metabolic functions. While sequencing
methods only render phylogenetic information, the assembly of genomes of an environmental
sample provides information about gene function, physiology and biochemistry of present
microbes and ultimately understanding about energy and nutrient cycling (Handelsman 2004).
Future efforts should therefore focus on combining established molecular techniques (sequencing,
hybridization and cloning) with metagenomics.
Influences of alternative oxidants on methane oxidation and ultimately emissions from lakes could
also be studied on a larger scale, e. g. with mesocosm or whole-lake investigations. Mesocosm
experiments have been used somewhat extensively to determine controls on greenhouse gas fluxes
from wetlands (Altor and Mitsch 2008), peatlands (Dinsmore et al. 2009; Updegraff et al. 2001;
White et al. 2008) and emissions mediated through macrophytes (Bhullar et al. 2013; Heilman and
Carlton 2001). Although relatively rare, whole-lake studies have also been applied to assess
methane dynamics under changing food-web conditions (Devlin et al. 2015) and endo- vs.
exogenous C uptake (Pace et al. 2004). Therefore, it is conceivable that lake mesocosms (with
original lake sediment and water) or small stratified lakes (<5000 m2) could be used to study the
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effect of electron acceptors, nutrients (e.g. NH4+) or micronutrients (e.g. Cu) additions on methane
oxidation and fluxes to the atmosphere. Overall methane efflux determination could be
complimented by established isotopic and molecular tools. However, even mesocosm approaches
will undoubtedly entail certain biases. Therefore, whole-lake investigations may be the only mode
to offer unequivocal evidence that specific factors affect methane oxidation, the microbial
community and emissions from lake water columns.

Concluding, this work presents valuable, novel and surprising insights into methane cycling in
lacustrine systems. Though many questions remain unanswered, it clearly shows that methane
oxidation is linked to other physical conditions (light), syntrophic processes and the (re-)cycling
of other elements (nitrogen, iron and manganese). Only a combined approach employing
chemical, isotopic, molecular (including sequencing and metagenomics) techniques and fieldscale experiments will be able to help resolve these uncertainties in future examinations in this
research area.
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