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One sentence summary: Pelagic Methylococcaceae are highly active in scavenging methane released from sediment seeps of a deep pre-alpine lake,
Lake Constance.

ABSTRACT

Methane emissions from freshwater environments contribute substantially to global warming but are under strong control
of aerobic methane-oxidizing bacteria. Recently discovered methane seeps (pockmarks) in freshwater lake sediments have
the potential to bypass this control by their strong outgassing activity. Whether this is counteracted by pelagic
methanotrophs is not well understood yet. We used a 3H-CH4-radiotracer technique and pmoA-based molecular approaches
to assess the activity, abundance and community structure of pelagic methanotrophs above active pockmarks in deep
oligotrophic Lake Constance. Above profundal pockmarks, methane oxidation rates (up to 458 nmol CH4 l−1 d−1) exceeded
those of the surrounding water column by two orders of magnitude and coincided with maximum methanotroph
abundances of 0.6% of the microbial community. Phylogenetic analysis indicated a dominance of members of the
Methylococcaceae in the water column of both, pockmark and reference sites, with most of the retrieved sequences being
associated with a water-column specific clade. Communities at pockmark and reference locations also differed in parts,
which was likely caused by entrainment of sediment-hosted methanotrophs at pockmark sites. Our results show that the
release of seep-derived methane to the atmosphere is counteracted by a distinct methanotrophic community with a
pronounced activity throughout bottom waters.
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INTRODUCTION

Methane is an important greenhouse gas and contributes sub-
stantially to radiative forcing, being second only to carbon diox-
ide among the long-lived greenhouse gases (Wuebbles and Hay-
hoe 2002; Ciais et al. 2013; Kirschke et al. 2013). Lakes and
other freshwater systems are currently estimated to release
about 40–103 Tg CH4 yr−1, making them an important natu-
ral source to the global methane budget (Bastviken et al. 2011;
Ciais et al. 2013). Methane released from lakes is mainly pro-
duced by methanogenic archaea in anoxic sediments (Zehn-
der and Stumm 1988; Conrad 2009), although methane produc-
tion has also been reported to occur in oxic water columns
(Schmidt and Conrad 1993; Hofmann 2013; Bogard et al. 2014;
Tang et al. 2014). While diffusing through surface sediments
and water columns, a large proportion of the previously formed
methane is oxidized to CO2 by aerobic methanotrophic bacte-
ria (e.g. Frenzel, Thebrath and Conrad 1990; Bastviken, Ejlerts-
son and Tranvik 2002; Deutzmann, Wörner and Schink 2011).
These organisms are crucial for the transfer of methane-derived
carbon and energy to higher trophic levels of aquatic food
webs while reducing additional greenhouse gas fluxes to the
atmosphere (Bastviken et al. 2003; Jones and Grey 2011; San-
severino et al. 2012). Phylogenetically, they belong to the Al-
phaproteobacteria (type II methanotrophs; families Methylo-
cystaceae and Beijerinckiaceae), Gammaproteobacteria (type
I methanotrophs; families Methylococcaceae, Methylotherma-
ceae and Crenotrichaceae) or Verrucomicrobia (type III methan-
otrophs; family Methylacidiphilaceae), with the latter being so
far restricted to acidic habitats (Knief 2015). With exceptions
among the Beijerinckiaceae, all aerobic methanotrophs can ac-
tivate methane via a membrane-bound (particulate) methane
monooxygenase (pMMO). Therefore, the pmoA gene, which en-
codes the α-subunit of pMMO, became themost commonly used
functionalmarker gene to assess the diversity and abundance of
methanotrophs in the environment (Knief 2015).

Pockmarks are crater-like depressions in the lake floor that
result from gas or fluid emissions from subsurface sediments
(Hovland and Judd 1988; Hovland, Gardner and Judd 2002).While
pockmarks in marine environments have been investigated in
numerous studies, reports from freshwater systems are still
scarce (Pickrill 1993; Manley et al. 2004; Duck and Herbert 2006;
Reusch et al. 2015). In Lake Constance, several hundred pock-
marks were recently discovered near the entrance of the main
tributary, the alpine River Rhine (Wessels et al. 2010; Bussmann
et al. 2011). About 40% of them were found to be actively seep-
ing methane of biogenic origin (Bussmann et al. 2013). Previous
studies identified pockmark sediments as environmental niches
sustaining distinct communities of aerobic methane-oxidizing
bacteria with exceptionally high activity and abundance (Deutz-
mann,Wörner and Schink 2011). Studies conducted at non-seep
areas in Lake Constance indicated that sediment-hosted aerobic
methanotrophs are an important biofilter for methane ascend-
ing from the sediment into the water column (Frenzel, Thebrath
and Conrad 1990). In addition, two recent studies established
that denitrifying anaerobic methanotrophs represent the sec-
ond major methane sink in benthic environments of Lake Con-
stance (Deutzmann and Schink 2011; Deutzmann et al. 2014).

At pockmark sites where the direct release of methane
bubbles into the water column bypasses sediment-associated
methanotrophic activity, isotopic signals suggest that water
column-associated methanotrophs play an important role in
mitigating methane emissions (Bussmann et al. 2013). There-
fore, the focus of our study was to investigate methanotrophic

communities in the water column above methane-emitting
seeps using radiotracer techniques and molecular approaches.
Our objectives were (i) to determine whether methane oxida-
tion activities in the water column are stimulated by plumes of
methane (ii) to identify potential differences in methanotrophic
abundances between seep and reference water columns and
(iii) to assess how the water column-associatedmethanotrophic
community composition compares between pockmark and ref-
erence sites.

METHODS
Study area

Lake Constance is an oligotrophic lake consisting of a large,
deep basin (Upper Lake Constance) and a smaller, shallow basin
(Lower Lake Constance). In most years, the mixing regime ap-
pears to be monomictic with a complete turnover of the water
column in winter. Even during summer stratification, the entire
water body of Upper Lake Constance exhibits elevated oxygen
concentrations never falling below 6 mg l−1 close to the sedi-
ment surface (IGKB 2014). The alpine river Rhine represents the
main tributary of the lakewith 60%–65% of the total water inflow
(Wessels et al. 2010).

Sampling procedure

Water column and sediment samples were taken on two cruises
in spring (03 March 2012) and fall (17 October 2012) in the south-
eastern part of Upper Lake Constance near the entrance of the
Alpine Rhine, where pockmarks had been located and mapped
before (Wessels et al. 2010). Sampling was conducted with the
help of a remotely operated vehicle that was operated from a re-
search vessel. Samples were collected at profundal (ca. 80mwa-
ter depth at 47◦31.38′N and 9◦35.89′E) and littoral pockmark sites
(ca. 9mwater depth at 47◦29.97′N and 9◦35.71′E). Deep (ca. 150m
at 47◦32.82′N and 9◦34.22′E) and shallow reference samples (ca.
10mwater depth at 47◦30.82′Nand 9◦36.59′E) were taken outside
the pockmark area.

Water sampling above profundal pockmarks and reference
siteswas performed using 5-l Niskin bottles attached to a rosette
sampler, which was equipped with a Seabird Conductivity-
Temperature-Depth probe. The sampling device was located
within the methane plume of the profundal pockmark with the
help of a horizontal scanning sonar (Kongsberg MS1000), which
was deployed with a tripod at the lake floor as described pre-
viously (Wessels et al. 2010). Water column samples of littoral
pockmarks were collected by scuba diving with Niskin bottles
being positioned within the pockmark bubble stream just before
closing. Samples were taken at different water depths: near the
surface (above the thermocline), from intermediate water layers
and close to the lake floor.

Profundal pockmark sediment cores and all reference sedi-
ment samples outside the pockmark area were obtained with a
gravity multicorer. A horizontal scanning sonar was used to en-
sure sampling of seep sediment in close vicinity to the gas ebul-
lition site. Littoral pockmark sediment was sampled by scuba
diving, allowing most accurate sampling close to gas emana-
tion sites. All obtained samples were taken to the laboratory as
undisturbed sediment cores and stored at 4◦C until further pro-
cessing (within 3 days of collection).
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Water column, methane concentrations and oxidation
rates

Right after sampling, collected water was transferred from each
Niskin bottle into duplicate 120-ml glass serum bottles. Bottles
were flushed extensively with sample water, filled completely,
closed with butyl stoppers and sealed with aluminum crimps.
Excess water could escape via a needle in the stopper. Samples
were poisonedwith 0.3ml of 5MNaOH to avoid furthermethane
oxidation. Headspacemethane concentrationswere analyzed as
described in detail by Bussmann et al. (2013).

To determine methane oxidation rates (MOX), water sam-
ples were transferred aboard the research vessel to 120-ml glass
serum bottles that were sealed gas-tight. Rate measurements
were performed following a radiotracer technique using triti-
ated methane (American Radiolabeled Chemicals, St. Louis, MO,
USA, 740 GBq mmol−1). The tracer (5 × 105 Bq in 0.1 ml gas
volume) was added to triplicate water samples and one killed
control. Samples were incubated in the dark in a refrigerator
near in situ temperatures (3◦C –7◦C). After ∼24 h the incubation
was stopped by adding 0.3 ml of 5 M NaOH. Following incuba-
tion, the radioactivity of the total amount of added tracer (3H-
CH4 + 3H-H2O) and of produced tritiated water (3H-H2O) was de-
termined with a liquid scintillation counter (Tri-Carb 2910 TR,
Perkin Elmer, Waltham, MA, USA) as described by Bussmann et
al. (2015). Thereafter, the first order rate constant k′ and MOX
were calculated as follows:

k′ = [3H − H2O/
(3H − CH4 + 3H − H2O

)]
/t (1)

MOX = k′ × [CH4] (2)

with the incubation time (t) and the ambient methane con-
centration [CH4] in nmol l−1. The first order rate constant k′

equals the fractional turnover rate, which can be used to com-
pare the relative activity of different water samples (Heintz,
Mau and Valentine 2012). A minor proportion of the tritiated
water results typically from tracer contamination instead of
methane oxidation (Bussmann et al. 2015), which however did
not exceed 1.47% on average in our killed controls. The detec-
tion limit of the method applied was a MOX of 0.176 nmol CH4

l−1 d−1. The complete data setwas deposited atwww.pangaea.de
(doi:10.1594/PANGAEA.854468).

DNA extraction

For total DNA extraction from water samples, 2–3 l of lake wa-
ter were pre-filtered through a 70-μm and a 30-μm mesh to re-
move large detritus particles and eukaryotic organisms. Follow-
ing pre-filtration, samples were subsequently filtered through a
5.0-μm and a 0.2-μm pore-size syringe filter (Minisart HF, Sar-
torius, Göttingen, Germany) using a peristaltic pump. After fil-
tration, 1 ml of Tris-EDTA buffer (10 mM Tris/HCl pH 8.0, 10
mM EDTA) was injected into the filters. DNA extraction was
performed as previously described by Kesberg and Schleheck
(2013). In brief, filters were subjected to ultrasound for 30 s
(35 kHz, peak-output 480 W) followed by backflushing with ly-
sis solutions containing lysozyme, proteinase K and SDS. The
DNA in the flow-through was purified and concentrated with
DNA-binding magnetic beads (Dynabeads MyOne SILANE, Life
Technologies, Carlsbad, CA, USA). DNA extraction from sedi-
ment samples proceeded right after transport to the laboratory.
The uppermost 3 cm of undisturbed sediment cores were ho-
mogenized and total DNA extracted with the NucleoSpin soil
kit (Macherey-Nagel, Düren, Germany) following the manufac-
turer’s instructions.

PCR amplification

Partial pmoA genes from sediment samples were amplified us-
ing the pmoA primer pair pmoA189f-mb661r to cover maxi-
mum pmoA diversity without co-amplification of closely related
ammonia monooxygenase amoA genes (Costello and Lidstrom
1999). Amplification of partial pmoA genes derived from wa-
ter samples was performed with the primer set wcpmoA189f-
wcmb661r, which is amodified version of the pmoA189f-mb661r
primer pair and was initially designed to amplify pmoA phy-
lotypes from marine pelagic environments (Tavormina, Ussler
and Orphan 2008). Compared to the conventional primer pair
pmoA189f-mb661r used for the sediment samples, this primer
pair provided a substantial enhancement in product yield from
water column samples. The PCR reaction mixture consisted of
0.5 μl of Phire Hot Start II DNA Polymerase (Thermo Fisher Sci-
entific, Ulm, Germany), 1× Phire Reaction Buffer, 200 μM of each
dNTP, 1 μM of each primer, 10 ng of BSA (bovine serum albu-
min) and 3 μl of DNA template in a final volume of 25 μl. Initial
denaturation at 98◦C for 30 s was followed by 40 cycles of denat-
uration at 98◦C for 15 s, annealing at 56.5◦C for 45 s and elon-
gation at 72◦C for 1 min. The final elongation step was at 72◦C
for 10 min. Following amplification, all PCR products were puri-
fied using the DNA Clean and Concentrator kit (Zymo Research,
Freiburg, Germany). Successful amplification was confirmed by
gel electrophoresis on a 1.5% (w/v) agarose gel. PCR product con-
centrations were determined and purity-checked with a Nan-
oDrop Spectrophotometer (Thermo Fisher Scientific).

qPCR analysis

Quantitative real time PCR (qPCR) analysis of pmoA gene abun-
dances was performed with the wcpmoA189f-wcmb661r primer
pair according to a previously described method (Deutzmann,
Wörner and Schink 2011), with minor modifications. PCR reac-
tions contained 10 ng of template DNA, 10 μl of SsoFast Evagreen
Supermix with Low ROX (Bio-Rad, Munich, Germany) and 50 nM
of each primer in a final volume of 20 μl. A total of 10 ng of BSA
was added to the samples to prevent inhibition of amplification.
Samples were analyzed in biological triplicates. Each biological
replicate was analyzed in five technical parallels on an ABI 7500
fast machine (Applied Biosystems, Foster City, CA, USA). A two-
step PCR protocol was used with an initial denaturation at 98◦C
for 2min, followed by 40 cycles at 98◦C for 6 s and 60◦C for 30 s for
annealing, elongation and data acquisition. Melting curves were
obtained at 60◦C–95◦C at a 0.5◦C-step heating rate and correlated
well between environmental samples and pmoA standards. Cal-
ibration standards were obtained via 10-fold serial dilutions of
a plasmid (PCR2.1, Invitrogen, Carlsbad, CA, USA) containing a
single copy of the pmoA gene (HQ383803), with concentrations
ranging from 101 to 107 copies per PCR reaction. Dilution series
were included in five parallels in every run to determine the cal-
ibration curves and qPCR efficiencies (ranging between 86% and
95%). Partial inhibition of the qPCR assays was tested via 10-fold
serial dilutions of an environmental sample resulting in no ob-
vious signs of inhibition. To reduce the complexity of the data
set, results obtained from the 0.2-μm and 5.0-μm fractions were
combined in the final data analysis.

T-RFLP analysis

For terminal restriction fragment length polymorphism (T-
RFLP) analysis, both the conventional reverse primer mb661r
as well as the modified primer wcmb661r were labeled with
6-carboxyfluorescein. Samples were analyzed in biological
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triplicates. A total of 200 ng of amplification product was
digested by mixing with 0.5 U of the restriction endonuclease
MspI (recognition site C/CGG, Thermo Fisher Scientific). Diges-
tions were carried out in a total volume of 20 μl for 3 h at 37◦C.
After heat inactivation of the enzyme at 80◦C for 20 min, 10 ng
of the digested samples was mixed with an internal DNA frag-
ment length standard (0.5 μl diluted in 10 μl of water, GeneScan
500 ROX, Applied Biosystems). The standard contained 16 differ-
ent 6-carboxy-X-rhodamine labeled fragments ranging in length
from 35 to 500 nucleotides. Samples were denatured at 94◦C for
5 min and immediately placed on ice. T-RFs (terminal restric-
tion fragments) were size-separated by capillary electrophoresis
on an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems).
After electrophoresis, the sizes of the T-RF patterns ranging be-
tween 40 and 508 bp were determined by comparison with the
internal standard using the Peak Scanner Software v1.0 (Applied
Biosystems). Only T-RFs with peak areas of at least 50 fluores-
cence units were considered for analysis. Output files contain-
ing peak height and area were converted to binned T-RF tables
using a R binning script (Ramette 2009). Relative fluorescence in-
tensities of the peakswere calculatedwith this script by dividing
individual peak areas by the total peak area for the respective
samples. Again, to reduce the complexity of the data set, results
obtained from the 0.2-μm and 5.0-μm fractions were combined
in the final data analysis.

Cloning, sequencing and phylogenetic analysis

Clone libraries were generated from samples obtained in spring
and fall from water columns above the profundal pockmark (40,
70 and 80 m water depth), the profundal reference site (145 m
water depth) and the littoral pockmark (8 m water depth). Prior
to cloning, blunt-end pmoA PCR products were generated as de-
scribed above and subjected to an additional elongation step at
72◦C for 10 min using 0.5 U of a recombinant Taq polymerase
and 200 μM dATP in 1× reaction buffer to add A-overhangs. For
cloning, the Topo TA cloning kit (Invitrogen) was used according
to the manufacturer’s instructions. Randomly selected clones
were subjected to sequencing of the partial pmoA gene insert us-
ing the vector-specificM13 primer set and PCR conditions as pro-
vided in the manufacturer’s instructions. Quality checks of the
obtained sequences were conducted with FinchTV v1.5.0 (Perkin
Elmer).

Sequence data were analyzed with the ARB software pack-
age (Ludwig et al. 2004). New pmoA sequences were added to
a pmoA ARB database using the Fast Aligner tool implemented
in the software. If necessary, alignments were corrected man-
ually. Representative pmoA sequences obtained previously on
Lake Constance habitatswere included in the phylogenetic anal-
ysis (Pester et al. 2004; Bussmann, Rahalkar and Schink 2006; Ra-
halkar and Schink 2007; Rahalkar, Bussmann and Schink 2007;
Deutzmann, Wörner and Schink 2011, 15 unpublished sedi-
ment sequences). Screening for chimeric sequences was per-
formed by partial treeing as described previously by Pester et
al. (2010). Sequences were grouped into operational taxonomic
units (OTUs) based on a pmoA sequence identity threshold of
90% using the Mothur software package v1.33.3 (Schloss et al.
2009). Phylogenetic trees were re-constructed from distancema-
trices using the method of Fitch and Margoliash (1967) included
in the PHYLIP software package (Felsenstein 1989). Bootstrap-
ping was performed with the PHYLIP parsimony tool (100 repli-
cates). Clone sequences were subjected to in silico T-RFLP anal-
ysis using the TRiFLe software (Junier, Junier and Witzel 2008)
and assigned to experimentally determined T-RFs using a range

of ±1 bp. Nucleotide sequences obtained in this study have been
deposited at the National Center for Biotechnology Information
under accession numbers KU140435 to KU140596.

Statistical analysis

The Shannon–Wiener (H′) index of diversity was calculated
based on the relative fluorescence intensity values of the T-RFLP
profiles using the BioDiversity Pro software package (McAleece et
al. 1997). Multivariate statistical analyses were performed using
the R software v3.1.3 (R-Core-Team 2015). The devtools package
(Wickham and Chang 2015) and the ggbiplot package (Vu 2011)
were used for creating principal component analysis (PCA) plots.
To determine the number of ubiquitous and site-specific T-RFs,
Venn diagrams were drawn from presence–absence data using
Venny v2.0 (Oliveros 2007).

RESULTS
Distribution of methane and its oxidation in the
profundal water column

The vertical distribution of methane was measured in the
highly stratified water column (Fig. S1A, Supporting Informa-
tion) at profundal pockmark and non-seep reference sites in fall.
Methane concentrations in surface (5–10 m water depth) and
intermediate (40–60 m water depth) water layers above seeps
ranged on average from 40 to 125 nM and increased to a max-
imum of 1442 nM ∼10 m above the lake floor (70–80 m water
depth) (Fig. 1A). In comparison, highestmethane concentrations
in the reference water columnwere detected near the water sur-
face and did not exceed 53 nM. In spring, we observed a similar
distribution pattern at pockmark and non-seep locations in the
less stratified water column (Figs S1B and S2A, Supporting Infor-
mation).

Vertical profiles of methane oxidation activities in the wa-
ter column followed those of methane concentrations. Oxida-
tion activities in surface and intermediate layers of the seep-
related water column ranged from 3 to 63 nmol CH4 l−1 d−1,
and maximum oxidation rates of 458 nmol CH4 l−1 d−1 were ob-
served in deeper layers ∼10 m above the pockmark. Below this
depth in closer vicinity to ebullition sites, oxidation rates de-
clined again to values in the range of 298 and 330 nmol CH4

l−1 d−1 (Fig. 1B). Compared to pockmark sites, methanotrophic
activities were considerably lower in surrounding reference wa-
ter columns and did not exceed 31 nmol CH4 l−1 d−1 in surface
waters and 1.7 nmol CH4 l−1 d−1 in bottom waters (Fig. 1B). In
spring, methanotrophic activities showed similar trends at seep
and reference sites, although activities were found to be consis-
tently lower (Fig. S2B, Supporting Information).

As the calculations of methane oxidation activities are lin-
early dependent on methane concentrations, we also used the
fractional turnover rates (or fraction of used tracer) to character-
ize the methanotrophic activity. For pockmark water columns,
we detected high turnover rates of 0.027 h−1 in surface water
layers, which decreased in midwater layers to 0.002–0.006 h−1

and increased again to a maximum of 0.019 h−1 in bottom wa-
ter layers above pockmarks. Reference sites showed a different
distribution of turnover rates throughout the water column. In
subsurfacewaters, turnover rateswere similar to pockmark sites
with a maximum of 0.025 h−1, showed a large variance in mid-
waters but decreased substantially in bottom waters to a max-
imum of 0.006 h−1. In spring, turnover rates were low (<0.010
h−1) in the upper and midwater column for both, pockmark and
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Figure 1.Methanotrophic activity and abundance as determined for profundal pockmark and reference stations in fall. (A) Vertical profiles of methane concentrations
as determined and shown in duplicates (duplicates most often overlap). The outlier at 75-m depth in the pockmark water column was only determined once and
therefore not included into the trendline. (B) MOX from 3H-CH4 turnover measurements as determined in triplicates (mean ±st. dev. is given). (C) Relative abundance
of aerobic methane-oxidizing bacteria (MOB) as determined in triplicates by pmoA-based qPCR (mean ±st. dev. is given).

reference sites. As in fall, turnover rates increased towards bot-
tom waters at pockmark (max. 0.017 h−1) but not at non-seep
sites (max. 0.008 h−1) (Fig. S3, Supporting Information).

Abundance profiles of pelagic methanotrophs

To gain deeper insights into the vertical distribution of aero-
bic methanotrophs in the profundal zone, we selected the fall
samples for qPCR analysis targeting the pmoA gene. The rela-
tive abundance of methanotrophs was estimated by calculat-
ing the ratio of pmoA copy numbers to total microbial genome
copies as inferred from the total DNA amount used for qPCR
and assuming that a methanotrophic cell contains two pmoA
copies (Kolb et al. 2003), on average a bacterial species has a
genome size of 4 Mbp (Islas et al. 2004) (equivalent to 4.3 × 10−6

ng double-stranded DNA), and most of the extracted DNA is
from livingmicroorganisms. At profundal pockmark sites, abun-
dances of methanotrophic populations were found to be dis-
tributed quite unevenly throughout the water column. Abun-
dances turned out to be lowest in surface water layers where
methanotrophs contributed on average 0.1% of the total micro-
bial community. They increased with depth and were found to
be most abundant in bottomwater layers close to methane bub-
ble release, accounting for up to 0.6% of the total microbial com-
munity. Methanotrophic populations recovered from profundal
reference samples were detected at considerably lower abun-
dances as compared to pockmark-related sites. They first in-
creased with depth, reaching a maximum relative abundance
of 0.1% at intermediate water layers. At deeper water layers,
abundances decreased again and were similar to those obtained
from surface layers (Fig. 1C). This analysis was extended also to
littoral water columns above pockmark and non-seep sites in
fall. Methanotrophs contributed an extraordinary high percent-
age to the total microbial community in water samples taken
above littoral pockmarks, ranging on average from 3.8% to 7.1%.
In this habitat, numbers of methanotrophic bacteria slightly in-
creased at greater water depth proximal to methane venting.
Compared to pockmark sites, substantially lower abundances
were observed in shallowwater columnswithout seep influence,
where maximum values were restricted to 0.04% (Fig. S4, Sup-
porting Information).

Comparison of pockmark and reference site related
methanotrophic communities

T-RFLP analysis of amplified pmoA fragments was used as a
rapid and reproducible method for comparing methanotrophic

communities in the water column above profundal and littoral
pockmarks as well as surrounding reference sites. In fall, a total
of 39 T-RFs were detected of which 18 (46%) were shared among
all sample locations. We detected the considerable number of
nine T-RFs (23%) that occurred exclusively at seep-related sites,
with only one of these T-RFs each being exclusively detected
above profundal or littoral pockmarks, respectively. In compar-
ison, only one T-RF (3%) appeared to be restricted to non-seep
environments (Fig. 2B).

Multivariate statistical analysis was performed to test for
discernable community differentiation among sampling loca-
tions. PCA biplots of the first two principal components clearly
showed thatmethanotrophic populations at pockmark and non-
seep sites clustered separately from each other. Furthermore,
littoral samples were separated from profundal ones. Differing
relative fluorescence intensities of a 502-bp T-RF had the largest
impact on clustering of T-RFLP profiles (Fig. 2A). Compared to
pockmark samples, this T-RF was found to be more abundant
throughout littoral and profundal water columns without seep
influence. Besides this pmoA amplicon, T-RFs with a length
of 53, 102, 128, 72, 63, 40 and 96 bp accounted each for at
least 5% of the variance explained by one of the first two di-
mensions (listed in decreasing order of explained variance).
Among them, T-RFs of 102, 72 and 40 bp exhibited consider-
ably higher abundances at littoral and profundal pockmarks
relative to corresponding non-seep sites (Fig. S5, Support-
ing Information). In addition, differentiation of methan-
otrophic communities among sites was assessed by calculating
Shannon–Wiener (H′) diversity indices based on the observed
T-RFs. Seep-associated water columns were found to possess
a consistently higher methanotrophic diversity (H′ = 1.17–1.29)
than those located off seeps (H′ = 0.87–1.03) (Table S1, Support-
ing Information).

T-RFLP profiles of water column-associated methanotrophic
populations were also compared to profiles of sediment-
affiliated methanotrophs, both for littoral and profundal sites.
In fall, a total of 46 T-RFs were observed of which 13
T-RFs (28%) were shared among water columns and sed-
iments at pockmark sites. A total of 22 T-RFs (48%) oc-
curred exclusively in seep-related water columns, whereas
only 8 T-RFs (17%) were restricted to pockmark sediments
(Fig. 3B). In accordance with these results, PCA biplots showed
that water column-related and sediment-hosted methan-
otrophs formed distinct clusters (Fig. 3A). However, compara-
bility of water column and sediment samples is partially lim-
ited due to different DNA extraction and pmoA amplification
procedures.
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Figure 2. Beta-diversity analysis of aerobic methanotrophs in water columns overlying profundal and littoral pockmark and reference sites in fall. (A) PCA biplot of
pmoA-based T-RFLP profiles. The first two principal components are shown, explaining 78.5% of the total variance. Arrows represent individual T-RFs. The length and
direction of the arrows indicate the contribution of the variables to the principal components of the biplot. T-RFs with a relative contribution of ≥5% to either one of the
principal components are labeled with their respective length. Different colors indicate different sampling locations: littoral pockmark (yellow), profundal pockmark
(green), littoral reference (blue) and profundal reference (red). (B) Venn diagram illustrating the distribution of T-RFs between depth-integrated pockmark and reference
water samples at littoral and profundal sampling sites. Diagrams are based on presence or absence of T-RFs. LP: littoral pockmark, PP: profundal pockmark, LR: littoral
reference, PR: profundal reference.

Figure 3. Beta-diversity analysis of aerobicmethanotrophs residing in sediments andwater columns of littoral and profundal pockmarks in fall. (A) PCA biplot of pmoA-
based T-RFLP profiles obtained from the water column and sediment-hosted methanotrophic communities at littoral and profundal pockmark locations. The first two
principal components are displayed, accounting for 85.5% of the total variance. Arrows represent individual T-RFs. The length and direction of the arrows indicate

the contribution of the variables to the principal components of the biplot. Arrows with a relative contribution of ≥5% to either one of the principal components are
labeled with the corresponding T-RF length. Colors denote sampling locations: littoral pockmark water column (yellow), profundal pockmark water column (green),
littoral pockmark sediment (blue) and profundal pockmark sediment (red). (B) Venn diagram depicting the distribution of T-RFs between water column and sediment
samples of littoral and profundal pockmarks. LP: littoral pockmark, PP: profundal pockmark.

Phylogenetic identity of pelagic methanotrophs

To assess the phylogenetic relatedness of water column-
affiliated and sediment-hosted methanotrophic bacteria at
pockmark and non-seep sites, pmoA clone libraries were gen-
erated from lake water sampled above pockmark and refer-
ence sites in fall and spring (Table S2, Supporting Informa-
tion). Sequences of 147 clones were analyzed together with 228
sediment-affiliated sequences obtained previously from pock-
mark and non-seep locations in Lake Constance (Pester et
al. 2004; Bussmann, Rahalkar and Schink 2006; Rahalkar and
Schink 2007; Rahalkar, Bussmann and Schink 2007; Rahalkar et
al. 2009; Deutzmann, Wörner and Schink 2011, 15 unpublished
sequences). Using a 90%-sequence identity threshold to distin-
guish among different methanotrophic bacteria at the approx-
imate species-level (Heyer, Galchenko and Dunfield 2002; Lüke
et al. 2010), a total of 69 OTUs were observed to reside at dif-
ferent sites in Lake Constance. Reconstruction of a phyloge-
netic tree revealed a diverse community of Methylococcaceae
among these OTUs (Fig. 4), which clustered into the so-called
type Ia methanotrophs (Knief 2015). The largest proportion of
water column-derived pmoA phylotypes formed a clade that was

distinct from sediment-hosted methanotrophs (maximum of
84.3% pmoA nucleotide identity) and Methylovulum miyakonense
as closest cultured relative (maximum of 86.2% pmoA nucleotide
identity). Phylotypes affiliated with this water column-specific
clade were recovered from waters above profundal and littoral
pockmarks as well as from profundal reference sites (Fig. 4; Ta-
ble S2, Supporting Information). Phylotypes closely related to
Methylobacter species constituted another large fraction of our
and previous clone libraries. These OTUs were obtained from
pockmark and non-seep sediments but were only detected in
the water column above pockmarks so far. Only a small propor-
tion of the retrieved sequences could be affiliated toMethylococ-
caceae representatives of the so-called type Ib methanotrophic
bacteria. Members grouping within this cluster were recovered
from sediments and seep-associated water columns and were
distantly related to cultivated representatives of the genera
Methylococcus and Methylocaldum (62.1%–85.3% pmoA nucleotide
identity). Methanotrophic bacteria belonging to the Alphapro-
teobacteria (type II) were not detected in the analyzed water col-
umn samples and were restricted with four OTUs to non-seep
sediments (Fig. 4).
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Figure 4. Phylogenetic tree based on the Fitch–Margoliash algorithm illustrating the phylogenetic relationship of pmoA fragments retrieved from littoral and profundal
pockmark (filled circles) and reference site (open circles) water columns as well as from pockmark (filled squares) and non-seep (open squares) sediments obtained in
this and previous studies on Lake Constance (LC). Approximate species-level OTUs clustered at 90% nucleotide sequence identity are displayed by their representing
sequence (the respective NCBI accession number is displayed in brackets). OTUs belonging to the water-column specific cluster are displayed in bold. OTUs 52 and 53
are represented by pure cultures obtained from Lake Constance. The number of water-column-derived clone sequences contained in each OTU is given in Table S2,
Supporting Information. Open and filled squares along the branches of the phylogenetic tree indicate lineages with ≥70% and ≥90% maximum parsimony bootstrap
support, respectively. The scale bar represents 10% estimated sequence divergence.

Dominance of Methylococcacea representatives belonging to
type Iamethanotrophs was corroborated by comparison of in sil-
ico T-RFs of obtained pmoA clones and the actual T-RFs of the
analyzed samples. Sequences with the MspI recognition site at
502 bp were found to constitute a substantial part of all T-RFLP-
analyzed samples (Figs S5 and S6, Supporting Information) and

could clearly be assigned to this group (Table S2, Supporting In-
formation). The same was true for the T-RF at 72 bp. In silico di-
gestion of cloned pmoA fragments further showed that T-RFs of
53, 64 and 77 bp were related to Methylococcacea representa-
tives belonging to type Ibmethanotrops (Table S2, Supporting In-
formation). Despite our sequencing effort and meta-analysis of
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existing pmoA clones from Lake Constance, the bulk of T-RFs ob-
served in the environmental samples could not be assigned to a
specific cloned pmoA sequence.

DISCUSSION
Pockmarks sustain a highly active methanotrophic
community

Pockmarks are just starting to be discovered in freshwater lakes
(Pickrill 1993; Manley et al. 2004; Duck and Herbert 2006; Wessels
et al. 2010; Reusch et al. 2015) but their influence on the biogeo-
chemistry and ecology of the overlying pelagic zone has not yet
been explored in detail. Lake Constance, which is an important
and well-studied model system for lakes, is characterized by
hundreds of pockmarks near the entrance of the main tributary,
the Alpine River Rhine (Wessels et al. 2010; Bussmann et al. 2011),
with roughly 40% of them actively seeping methane of biogenic
origin (Bussmann et al. 2013). We observed methane concentra-
tions that were up to two orders of magnitude higher directly
above seep locations as compared to reference sites, indicating
that pockmarks represent an important source of methane in
thewater column of Lake Constance near the Alpine Rhine estu-
ary (Fig. 1A and S2A, Supporting Information). Above pockmarks,
methane concentrations steeply decreased in intermediate and
surface water layers to concentrations similar to reference sites.
Such distribution patterns were congruent with thosemeasured
previously above profundal pockmarks in Lake Constance (Buss-
mann et al. 2013). Ascending methane bubbles with an initial
diameter of 5 mm are predicted to dissolve almost completely
in the hypolimnion of Lake Constance, resulting in hardly any
methane input into epilimnetic water layers (Bussmann et al.
2013). This is also supported by our data and has been described
in studies on methane seeps and methane gas hydrates in ma-
rine environments (Valentine et al. 2001; Durisch-Kaiser et al.
2005). At reference stations, methane concentrations were high-
est in surface waters and thus could not result from methane
escaping methanogenic sediments. Methane peaks in surface
waters have been repeatedly observed in pelagic environments
of Lake Constance and other lakes (Schmidt and Conrad 1993;
Hofmann, Federwisch and Peeters 2010; Grossart et al. 2011; Hof-
mann 2013; Bogard et al. 2014; Tang et al. 2014; Blees et al. 2015).
The source of this epilimneticmethane is still amatter of discus-
sion but lateral transport from nearshore littoral zones (Schmidt
and Conrad 1993; Hofmann, Federwisch and Peeters 2010) and
methane production in anoxic microenvironments such as de-
trital particles and digestive tracts of zooplankton (Schmidt and
Conrad 1993; Schulz et al. 2001; Blees et al. 2015) have been sug-
gested for pre-alpine lakes like Lake Constance. In analogy to
alternative pathways of methane formation proposed for ma-
rine environments, aerobic decomposition of methylated com-
pounds could also contribute to methane accumulation in near-
surface water layers (Karl et al. 2008; Damm et al. 2010; Metcalf
et al. 2012).

Methane that dissolves from emanating bubbles can ei-
ther be diluted with methane-depleted surrounding water or
can be oxidized by methanotrophic bacteria (Bussmann et al.
2013). In the deep hypolimnion close to gas ebullition sites, el-
evated methane concentrations apparently stimulated methan-
otrophic activities, resulting in MOX of up to 458 nmol CH4

l−1 d−1. In comparison, at intermediate and surface water
depths, the rates were only 3–63 nmol CH4 l−1 d−1 andwere com-
parable to values obtained at non-seep reference sites. Our data
confirm earlier results derived from depth profiles of methane

isotopic carbon signatures, which indicated that around 90% of
the pockmark-derived methane is oxidized within the deep hy-
polimnion (Bussmann et al. 2013). Thus, methane availability
appears to largely determine the activity ofmethanotrophic bac-
teria, as has been repeatedly observed in studies on lake wa-
ter columns and on marine pelagic environments adjacent to
methane seeps or methane gas hydrates (Valentine et al. 2001;
Durisch-Kaiser et al. 2005; Sundh, Bastviken and Tranvik 2005;
Kankaala et al. 2006; Zakharenko et al. 2015). The positive cor-
relation between methane concentrations and MOX should be
typically double-checked since activity calculations depend lin-
early on methane concentrations (see Material and Methods).
Therefore, we additionally followed the fractional turnover rate
of methane, which is an activity measure independent of am-
bient concentrations (Heintz, Mau and Valentine 2012; Osudar
et al. 2015). Fractional turnover rates overlapped for pockmark-
and reference-related surface and intermediate water layers,
whereas bottom waters above seep-derived methane plumes
exhibited 2–3 times higher fractional turnover rates as com-
pared to reference sites. Thus, bothmethane oxidation and frac-
tional turnover rates indicate that the water column-associated
methanotrophic community is stimulated by methane emis-
sions from profundal pockmarks and is able to maintain a high
level of activity throughout near-bottom waters.

Pelagic methanotrophs are most abundant in waters
directly overlying pockmarks

We performed pmoA-based qPCR analysis to assess the distribu-
tion ofmethanotrophs in thewater column above profundal and
littoral pockmark and reference sites. During our fall survey of
the profundal zone, bottom water layers close to gas-emitting
sites harbored increased numbers of methane-oxidizing bac-
teria, which decreased in intermediate and surface water
layers to abundances observed at reference sites (Fig. 1C). This
increased relative abundance in the deep hypolimnion above
profundal pockmarks coincided with elevatedmethane concen-
trations and oxidation activities (Fig. 1). Thus at these locations,
rates of methane oxidation seem to be controlled by methan-
otrophic population size. This is supported by a general positive
relationship between methane supply, oxidation capacities and
methanotrophic abundances as being observed also for other
lakes (Ross et al. 1997; Sundh, Bastviken and Tranvik 2005; Os-
wald et al. 2015).

The relative abundances of methanotrophs above littoral
seeps were even one to two orders of magnitude higher than
those obtained at littoral reference sites (Fig. S4, Supporting
Information). These results coincide with higher abundances
of sediment-hosted methanotrophs at littoral pockmarks as
compared to reference sites (Deutzmann, Wörner and Schink
2011). Above littoral pockmarks, methane-oxidizing bacteria
were found to be quite evenly distributed throughout the water
column and increased only slightly in close vicinity to methane
plumes. In contrast to profundal pockmarks, methane released
from littoral pockmark sediments has been described to pass the
water column with nearly no dissolution and oxidation (Buss-
mann et al. 2013). A similar observation has been made in Lake
Baikal, reporting escape of methane from shallow sources into
the atmosphere (Schmid et al. 2007). As DNA-based qPCR anal-
ysis does not reflect microbial activity, we could not distinguish
between active methanotrophs and resting stages or spores. In-
active methanotrophic bacteria have been shown to constitute
a substantial part of the methanotrophic community in pock-
mark and non-seep sediments of Lake Constance (Rahalkar et al.
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2009; Deutzmann, Wörner and Schink 2011). Thus, enhanced
abundances of methanotrophs above shallow pockmarks might
not primarily depend on increased methane concentration but
could, at least in parts, result from release of sediment-hosted
methanotrophs to the overlying water column by gas ebullition.
Irrespective of the reason of enhanced methanotroph abun-
dances above profundal and littoral pockmarks, their increased
biomass in the water column might represent a crucial link for
re-entry of methane-derived carbon and energy into the pelagic
food web that would otherwise be emitted as additional green-
house gas to the atmosphere (Sundh, Bastviken and Tranvik
2005; Jones and Grey 2011).

Members of the Methylococcaceae dominate the
methanotrophic community in the pelagic zone
of Lake Constance

The major part of the methane-oxidizing community was
shared between pockmark and reference water columns, as in-
dicated by pmoA-based T-RFLP analysis (Fig. 2B). However, we
also detected a considerable number of methanotrophs (ca. 20%
of T-RFs) whose presence was apparently supported by local
pockmark-specific conditions. Surprisingly, we detected a sta-
ble community composition of methanotrophs throughout the
entire water column above deep seep locations, which was ap-
parently not coupled to the greater availability of methane in
close proximity to profundal gas emanation sites (Fig. 2A). Here,
other parameters such as oxygen concentrations, nitrogen avail-
ability or trace metal concentrations may have been the major
factors shaping the methanotrophic community as has been
suggested previously for marine waters overlying seep and ref-
erence sites (Durisch-Kaiser et al. 2005). We also detected a par-
tial overlap of water column-associated and sediment-affiliated
methanotrophic communities at littoral and profundal pock-
marks (Fig. 3).While themajority of sediment-affiliatedmethan-
otrophs could be detected also in thewater column, the opposite
was not true. This type of overlap is not surprising as sediment
re-suspension at gas emanation sites likely results in a benthic-
pelagic exchange of methanotrophs. Such a (methane) bubble-
related transport of benthic methanotrophs into the overlying
water column has been also suggested for the marine environ-
ment (Schmale et al. 2015).

The phylogenetic composition of pelagicmethanotrophswas
dominated by a diverse community of gammaproteobacterial
Methylococcaceae (members of type Imethanotrophic bacteria),
whereas alphaproteobacterial methanotrophs (type II) were not
detected. A predominance of gammaproteobacterial (type I) over
alphaproteobacterial (type II) methanotrophs could have been
caused by a partial discrimination of the reverse primer mb661r
against pmoA variants within the Alphaproteobacteria (Knief
2015). However, a dominance of methanotrophic Gammapro-
teobacteria has previously been reported for pockmark and non-
seep sediments in Lake Constance (Pester et al. 2004; Rahalkar
and Schink 2007; Deutzmann, Wörner and Schink 2011) and
from various other studies on methanotrophic communities in
benthic and pelagic freshwater environments (Ross et al. 1997;
Costello et al. 2002; Carini et al. 2005; Nercessian et al. 2005;
Sundh, Bastviken and Tranvik 2005; Biderre-Petit et al. 2011;
Grossart et al. 2011; Oswald et al. 2015). We did not check for
methanotrophs within the Beijerinckiaceae that contain only a
soluble (cytoplasmic) methane monooxygenase but not the par-
ticulate (membrane-bound) enzyme targeted by the pmoA gene.
However, a recent review onmethanotrophs revealed thatmem-
bers of the Beijerinckiaceae have been detected preferentially

in various soil environments rather than in freshwater habitats
(Knief 2015). Therefore, our results indicate that members of the
Methylococcaceaemight play a key role inmethane oxidation in
Lake Constance, regardless of habitat-dependent selection pres-
sures due to changes in methane and oxygen concentrations or
nutrient availability.

The majority of water column-derived pmoA phylotypes
formed a clade that was distinct from sediment-affiliated
methanotrophs and only distantly related (≤86% nucleotide se-
quence identity) to methanotrophs of the genera Methylovulum
andMethylobacter (type Ia methanotrophs, Fig. 4). Phylotypes af-
filiated with this clade were retrieved from both pockmark and
reference sites, indicating a widespread distribution of these yet
uncultivated bacteria in the water column of Lake Constance.
Another considerable proportion of the retrieved sequences
clustered into groups that were more closely related to Methy-
lobacter species (also type Ia). Sediment-associated phylotypes
of this cluster were recovered from pockmark and non-seep lo-
cations, whereas water column-associated ones solely occurred
in pockmark surroundings. Again, this indicates entrainment of
sediment-hostedmethanotrophs into thewater column by sedi-
ment re-suspension at gas emanation sites (Schmale et al. 2015).

Unfortunately, wewere not able to relate all obtained T-RFs to
methanotrophic phylotypes despite our sequencing effort. Nev-
ertheless, both the T-RFLP analysis and the meta-analysis of
pmoA clones obtained from pelagic and benthic pockmark and
reference sites indicated that the methanotrophic community
in waters overlying pockmarks are shaped by water-associated
methanotrophs as well as sediment-affiliated methanotrophs
that enter the water column by gas ebullition (Schmale
et al. 2015).

CONCLUSIONS

In methane-seeping pockmark areas of freshwater lakes, the
flux of methane exceeds the capacity of sediment-hosted
methanotrophs to counteract release of this potent green-
house gas. In this study, we show for the first time that
in a deep pre-alpine lake pockmark-overlying waters harbor
a methanotrophic community that is shaped by pelagic and
seep-associated methanotrophs and displays a pronounced
metabolic activity coupled to an increased population size. This
water column-associated community is dominated bymembers
of the Methylococcaceae and acts as an effective biological filter
in the deep hypolimnion, precluding the release ofmost of seep-
associated methane to the atmosphere.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Biderre-Petit C, Jézéquel D, Dugat-Bony E et al. Identification of
microbial communities involved in the methane cycle of a
freshwater meromictic lake. FEMS Microbiol Ecol 2011;77:533–
45.

Blees J, NiemannH, ErneM et al. Spatial variations in surface wa-
ter methane super-saturation and emission in Lake Lugano,
southern Switzerland. Aquat Sci 2015;77:535–45.

Bogard MJ, del Giorgio PA, Boutet L et al. Oxic water col-
umn methanogenesis as a major component of aquatic CH4

fluxes. Nat Commun 2014;5, DOI: 10.1038/ncomms6350.
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