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ABSTRACT
The significance of methane production by lakes to the global production of greenhouse gas is well
acknowledged while underlying processes sustaining the lacustrine methane budget remain largely
unknown. We coupled biogeochemical data to functional and phylogenetic analyses to understand
how sedimentary parameters characterize the methane cycle vertically and horizontally in the ice-
covered bay of the second largest lake in Europe, Lake Onego, Russia. Our results support a
heterogeneous winter methane cycle, with higher production and oxidation closest to riverine
inputs. Close to the river mouth, the largest numbers of copies of methane-related functional
genes pmoA and mcrA were associated with a specific functional community, and methane
production potential exceeded oxidation, resulting in 6–10 times higher methane fluxes than in
the rest of the bay. The elevated fluxes arise from the spatial differences in quantity and type
(lacustrine versus riverine sources) of organic matter. More homogeneity is found toward the
open lake, where the sediment is vertically structured into 3 zones: a shallow zone of methane
oxidation; a transitional zone (5–10 cm) where anaerobic methane oxidation is dominant; and a
methane production zone below. This vertical pattern is structured by the redox gradient and
human-induced changes in sedimentary inputs to the bay. Retrieved 16S rRNA gene sequences
from Candidatus Methanoperedens and Cand. Methylomirabilis suggest that anaerobic oxidation
of methane occurs in these freshwater lake sediments.
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Introduction

Lakes account for 6–16% of the global nonanthropogenic
methane (CH4) emissions (8–48 Tg yr−1), substantially
larger than ocean emissions (Bastviken et al. 2004). Con-
tinuous reevaluations have now increased this estimate to
76 Tg yr−1 (Saunois et al. 2016), but large uncertainties
remain and efforts are ongoing to better constrain CH4

cycling estimates in time and space (e.g., Brankovits et al.
2017, Davidson et al. 2018). Methane emissions from
lake ecosystems are generally the result of the balance
between microbial CH4 production and oxidation.
Methane is produced anaerobically in the sediment and
in the hypolimnion of stratified lake ecosystems. It is
mediated by members of the Archaea domain reducing
carbon dioxide (CO2) using dihydrogen (hydrogeno-
trophic methanogenesis), acetate (acetoclastic meth-
anogenesis), or sometimes methylated compounds

(methylotrophic methanogenesis) as electron donors.
Methane oxidation can occur both aerobically and anaero-
bically (anaerobic oxidation of methane [AOM]) depend-
ing on the availability of electron donors (CH4) and
electron acceptors (e.g., oxygen, sulfate, nitrate; e.g., Borrel
et al. 2011). In lakes, AOM is poorly documented despite
some indirect indications of its existence. Sulfate-depen-
dent AOMhas been suggested in Lakes Cadagno (Switzer-
land) and Ørn (Denmark) based on isotopic signatures of
residual CH4 and simultaneous concentration measure-
ments and incubations in the sulfate zone (Schubert et al.
2011, Nordi et al. 2013). Incubations in the water column
of a meromictic lake in Dendre (Belgium) indicated
AOM, in which nitrate instead of sulfate was the electron
acceptor (Roland et al. 2016). Sequences related to Candi-
datus Methylomirabilis (formerly NC10), known to per-
form nitrite-dependent AOM, have been detected in
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sediments of Lake Biwa in Japan (Kojima et al. 2012) and
Lake Constance in Germany (Deutzmann and Schink
2011, Deutzmann et al. 2014). Additionally, it was ident-
ified in other freshwater and marine environments
reviewed in Welte et al. (2016). Iron (Fe)-supported
AOMhas also been suggested by biogeochemicalmeasure-
ments in sediments of Lake Ørn in Denmark (Nordi et al.
2013) and Lake Kinneret in Israel (Sivan et al. 2011).

The involvement of sulfate/nitrite/iron reducers in
AOM implies that this process is influenced by the pro-
duction and degradation of intermediate substances used
by these consortia, themselves controlled by environ-
mental parameters. In particular, the availability of direct
methanogenesis reductants such as acetate or hydrogen
(H2) changes with redox conditions, vertically structur-
ing microbial communities and activities with sediment
depth (Conrad et al. 2009). Spatially fluctuating inputs
of organic matter or variable sedimentation rates are
expected to modify the horizontal structure of commu-
nities and activities of the CH4 cycle (Borrel et al.
2011). We emphasize these vertical and horizontal vari-
ations using Petrozavodsk Bay in Lake Onego, Russia, as
a study site (Fig. 1).

Elongated, dystrophic Petrozavodsk Bay is fed on one
side by the organic matter (OM)-rich Shuya River and
opens at its southeast end into the wide oligotrophic
Lake Onego, the second largest lake in Europe. The
bay thereby creates a contrasting longitudinal gradient
with riverine to more lacustrine OM in the sediment.
Moreover, anthropogenic activities in its northern water-
shed in recent decades have markedly influenced the
water and sediments of this bay (Kulikova and Syarki
2004, Belkina et al. 2008). As a result, strong changes
in the sedimentary column are expected, creating an
opportunity to decipher the parameters structuring the

CH4 cycle in a vertical profile. This knowledge is critical
given the current biogeochemical changes and environ-
mental stress applied on lakes and their watersheds by
global warming and anthropogenic activities (Palmer
et al. 2008, Pachauri et al. 2014). Our objectives were
to (1) qualify the actors of this CH4 cycle, both vertically
and along this transect, and (2) identify the structuring
parameters influencing the potential variability of this
cycle at the bay scale. Our work was conducted during
the ice-covered period, which likely constitutes an end
member minimum of the carbon cycle in the bay,
given lower productivity of lakes during such periods.

To address these objectives, we measured CH4

pore water concentrations in the sediment and the
bottom waters along a transect of the river-influenced
Petrozavodsk Bay (Fig. 2, step A). We then quantified
CH4-related functional genesmcrA (involved in methano-
genesis; Lueders and Friedrich 2003) and pmoA (involved
in methanotrophy; Costello and Lidstrom 1999) to dis-
tinguish zones of CH4 production and consumption
along depth (Fig. 2, step B). Based on qPCR results, the
potential CH4 production and consumption were
measured along the transect to elucidate the functioning
of the CH4 cycle in the Petrozavodsk Bay. We completed
the structure of the CH4 cycle by fingerprinting the mcrA
functional gene (Fig. 2, step C), which covers both metha-
nogenic and anaerobic CH4 oxidizing communities
(Hallam et al. 2003). Carbon isotopes of pore water CH4

and sequencing of the mcrA and 16S rRNA gene allowed
us to further explain the CH4 related community structure
and function with depth (Fig. 2, step D). Accompanying
measurements of sediment parameters helped define the
vertical structure of the lake sedimentary assemblage as
well as the effects of terrestrial inputs on the production
and consumption of CH4 on a horizontal scale.

Figure 1. Study site: (a) geographical location of Lake Onego within northern Europe; (b) zoom to Lake Onego area; (c) inset of Pet-
rozavodsk Bay showing the 3 different sites (P1, P2, and P3) along a transect from the Shuya River mouth toward the open lake. Bathy-
metric lines every 10 m.
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Limnological setting

LakeOnego, the second largest lake inEurope, has a surface
area of 9720 km2, an average depth of 30 m, and a maxi-
mum depth of 120 m in its northern part. The lake was
shaped by successive ice cap advances and retreats that
carved relatively deep elongated bays in the northern part
of the lake. Petrozavodsk Bay, the main study area, is
located in the northwestern part of the lake and owes its
name to the city of Petrozavodsk, which flanks its western
shore. The bay has a 73 km² surface area and amean depth
of 16 m (Sabylina et al. 2010) and is highly influenced by
water from the ShuyaRiver inputs, the second largest tribu-
tary of the lake, as well as by runoff from the urbanized area
(Sabylina et al. 2010). Runoff has caused eutrophication of
the bay during recent decades (Sabylina et al. 2010) com-
pared with the oligotrophic open lake, but the bay remains
mesotrophic because of regular water exchange with the
main oligotrophic basin. Lake Onego has a low mineraliz-
ation rate (Belkina 2011), with a notably low contribution
of primary production (3%) to the total organic carbon
(TOC; Tekanova 2012). Petrozavodsk Bay is often
considered dystrophic. Sabylina et al. (2010) estimated
that allochthonous OM contributes 61–64% of the total
OM in the bay water.

During the ice-covered period (mid-Dec to May),
water exchanges between the bay and the open lake
vary depending on the extent of the ice cover and seaso-
nal discharge. The bay water can either be highly
influenced by the Shuya River or have a similar compo-
sition to the open lake. Additionally, little information is
available on the quantity of wastewaters discharged to
the lake from the city of Petrozavodsk over this period.
The water column always remains oxygenated down to
the water–sediment interface, even in winter, with oxy-
gen penetrating down into the first 5 cm of sediment
(NB, pers. observ.). Despite sporadic winter monitoring,

the physical and biogeochemical functioning of the lake
during the ice-covered period is not fully understood,
and this poorly studied period is the main focus of a mul-
tidisciplinary project from which this study emanates.
During the ice-covered period, preliminary results
show that, although rates are low, primary production
and thermal convection occur in the water column of
Petrozavodsk Bay during daytime (Bouffard et al.
2016). Our work is embedded within this joint project
and aims to provide insight into the sedimentary CH4

cycle during the ice-covered period, which likely rep-
resents a minimum in the carbon cycling rate compared
with the rest of the year.

Material and methods

Sediment coring and on-site sampling

Sediments were collected in March 2015 and 2016 from 3
sites located along a transect extending from the mouth of
the Shuya River to the opening of Petrozavodsk Bay
(Fig. 1). The 3 sample sites were named as follows from
northwest to southeast: P1 (61°49.613′N, 34°22.195′E;
2.2 km from the Shuya River mouth, water depth
10 m); P2 (61°48.744′N, 34°25.793′E in 2015 and 61°
48.826′N, 34°25.600′E in 2016; 5 km from the Shuya
River mouth, water depth 20 m); and P3 (61°46.707′N,
34°31.797′E; 12.6 km from the Shuya River mouth,
water depth 27 m). In 2015, only site P2 was sampled
because ice conditions prevented safe access to sites P1
and P3. Sediment cores were retrieved using a gravity
corer (Eawag-63/S corer) with 63 mm diameter liners.
For each site, 3 cores were collected and dedicated to bio-
geochemical measurements (CH4 concentrations and iso-
topes), microbiological analyses (molecular-based
analyses and potential activities), and sedimentological
and geochemical analyses. With the exception of the

Figure 2. Description of the experimental design and strategy followed to investigate the characteristics of the winter sedimentary
methane cycle in Petrozavodsk Bay, Russia.
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cores for the sedimentological analyses, the sediment was
subsampled on the lake immediately after core retrieval
and conditioned according to analysis requirements
(after sediment extrusion for potential activities or after
sampling through the pierced holes using precut auto-
claved syringes for the remaining analyses).

Water and sediment characteristics

Water was sampled using a Niskin bottle at 3 different
depths in P1, P2, and P3 in 2016; P2 was also sampled in
2015. The Shuya River sampling site was located at 61°
50.788′N, 34°21.438′E. TOC concentrations were deter-
mined using an experimental setup (Zobkov and Zobkova
2015) for the standard UV/peroxodisulphatemethod (ISO
8245:1999). Data quality control was performed with ICP-
Waters project (Escudero-Onate 2016). Color was deter-
mined with standard method (ISO 7887:2011), and total
Fe concentrations were analyzed by atomic absorption
spectrometry. Total organicnitrogen (TON)concentration
was determined as the difference between total nitrogen
(TN) and the sum of NH4-N +NO3-N +NO2-N. TOC,
TON, Fe concentrations, and colorimetry in water were
analyzed at the Laboratory of Hydrochemistry andHydro-
geology, Northern Water Problems Institute, Karelian
Research Center, Russian Academy of Sciences.

The cores dedicated to sediment characterization were
transported to the Eidgenössische Technische Hochschule
(ETH) laboratory in Zürich, Switzerland, before opening
lengthwise. X-ray fluorescence (XRF) was performed on
an AVAATECH core scanner (2 mm resolution), and
values for elements Fe, titanium (Ti), silicon (Si), calcium
(Ca), manganese (Mn), and aluminum (Al) were
smoothed over 2 cm and normalized against Al. The
working halves of the cores were then sliced at 1 cm res-
olution for subsequent analyses. Grain size was measured
with a Malvern Mastersizer 2000 from Malvern Instru-
ments that measures particle sizes between 0.02 and
2000 μm using laser scattering. XRF core scanning and
grain-size analyses were performed at ETH.

Total carbon (TC), total nitrogen (TN), and total sul-
fur (TS) content was measured on an elemental analyzer
(EURO EA 3000), and total inorganic carbon (TIC) was
obtained from a titration coulometer (CM5015). TOC
was calculated as the difference between total carbon
(TC) and TIC. These bulk geochemical analyses were
performed at Eawag, Dübendorf, Switzerland.

Methane concentrations, fluxes, and isotope
measurements

Sediment samples (2 cm3) subsampled from the sedi-
ment core every centimeter through predrilled holes

were inserted in glass vials with NaOH (4 mL of 2.5%
NaOH in 20 mL vials in 2015, and 2 ml of 5M NaOH
in 120 mL vials in 2016), covered with a butyl stopper,
and sealed with an aluminium crimp. Dissolved CH4

concentrations were measured in the headspace under
controlled temperature conditions and pumped with
an automated system (Joint Analytical Systems,
Germany) into a gas chromatograph (GC; Agilent) at
constant temperature. The GC was equipped with a Car-
boxen 1010 column (30 m, Supelco) and a flame ioniz-
ation detector. The oven temperature was 40°C. Methane
standards were made by dilution of pure CH4 (99.9%)
and calibrated against commercial references of
100 ppm, 1000 ppm, and 1% (Scott, Supelco).

Methane fluxes (J ) were calculated based on Fick’s first
law using the top 10 cm of measured CH4 concentrations
in 2016 for each site. The equation from Maerki et al.
(2004) was used to correct for porosity and tortuosity
(Equation 1) with the formation factor F for clay–silt
given as F = 1.02/ϕ−1.81 and porosity (ϕ) of 0.9 (same for
each site given the similar sediment composition;
D. Subetto, pers. comm.). The diffusion coefficient D of
CH4 at 4°C in clay–silt sediment of porosity of 0.9 was
0.67 × 10−5 cm2 s−1 from Iversen and Jorgensen (1993),
with J calculated as:

J = −D
F

× ∂CH4

∂z
. (1)

The carbon isotopic signature of CH4 was determined by a
method similar to that described by Sansone et al. (1997).
Measurements were taken with an IsoPrime mass spec-
trometer connected to a TraceGas preconcentrator (GV
Instruments, UK). The amount of injected gas depended
on the CH4 concentration in the sample, ranging from a
few microliters to several milliliters. Samples were
measured twice. Results are noted in the standard δ-nota-
tion relative to Vienna PeeDee Belemnite (VPDB):

d13CCH4 =
Rsample

Rreference
− 1

( )
× 1000, (2)

where Rsample is the ratio of
13C/12C of the sample, Rreference

is the ratio of the reference material, and δ13CCH4 is the
isotopic signature of CH4 in‰ versus VPDB. A standard
(1% CH4 in argon) of known isotopic composition was
injected every 2–3 sample runs. The precision of the
method was ±0.7‰.

The contribution of CH4 oxidation was estimated
based on the difference in δ13CCH4 signatures between
0 and 15 cm. This range was estimated after Bastviken
et al. (2002) using equations for an open system in steady
state (Equation 3) from Happell et al. (1994) and
(Equation 4) from Tyler et al. (1997) and the Rayleigh
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model for closed system (Equation 5) from Liptay et al.
(1998).

fopen = ds − db
(a− 1)× 1000

, (3)

fopen = db − ds
(ds + 1000)((1/a)− 1)

, (4)

ln(1− fclosed)= [ln (db+ 1000)− ln (ds + 1000)]/(a− 1),

(5)

where fopen and fclosed are the fractions of CH4 oxidized
under open and closed system conditions, respectively;
δs and δb are the δ

13CCH4 at the surface (0 cm) and bottom
(15 cm); and α is the isotope fractionation factor taken as
1.02 (Bastviken et al. 2002). Theoretical δ13CCH4 was also
back calculated using the same equations and measured
CH4 oxidation potential (over 24 h).

Sediment potential methane production and
oxidation rates

The potentials for CH4 production and consumption
were measured as described in Fuchs et al. (2016) by
incubating lake sediment under controlled conditions.
Immediately following field sampling, 10 mL of wet sedi-
ment per targeted 2–5 cm sections of extruded sediment
were placed in 10 mL glass flasks, filled to the top to
exclude air capture, sealed, and stored at 4°C until poten-
tial activity measurements. Sampled intervals extended
to depths of 15 cm at all sites. For CH4 production
potential, 5–10 g of wet sediment was transferred to
150 mL flasks supplemented with 5 mL of demineralized
water. The flasks were hermetically sealed with rubber
caps, made inert with helium, and incubated at 4°C
under constant moderate agitation for 48 h. Methane
concentrations were then measured by gas chromato-
graphy (n = 1) at t0 = 1 h (allowing 1 h of medium equi-
libration), and at 2, 5, 24, and 48 h using a Catharometer
MTI 200 (SRN instruments) equipped with a Poraplot Q
6 m with helium as vector gas. For aerobic CH4 con-
sumption potential, the same experimental procedure
was used, except that 0.3 mL of CH4 was added to the
150 mL flask headspace through the rubber cap (t0).
The samples were then placed at 4°C under moderate
shaking, and CH4 concentrations were measured after
1, 4, 6, 24, 28, and 48 h using the same device used for
CH4 production. Only the shallowest depth intervals
that showed limited CH4 production (i.e., 0–4 cm for
P1, 0–6 cm for P2, and 0–12 cm for P3) were measured
for CH4 consumption potential. For each flask, dry
weights of incubated sediments were determined after
drying at 105°C for 48 h. Methane production and

consumption were expressed as ng of CH4-C (g−1 sedi-
ment dry weight [DW] h−1) based on the increase and
decrease of CH4 concentrations, respectively, among
t = 0, t = 1 h, t = 3 h (t = 2 h for CH4 consumption),
and t = 24 h.

Nucleic acids extraction

Core liners were pre-pierced and covered with tape to
allow sampling at determined depths (every 1 cm for
the first 10 cm and at 15 cm). Samples for nucleic
acids-based analyses were taken using pre-cut autoclaved
syringes, transferred to cryovials, and immediately stored
in liquid nitrogen in the field and at −80°C upon return
to the lab (within 10 d) until nucleic acid extraction was
carried out. Total DNA was extracted from an average of
1.5 g (0.94–1.89 g) of wet sediment using RNA Power-
Soil Total RNA Isolation Kit and RNA PowerSoil DNA
Elution Kit (MoBio Laboratories, Carlsbad, CA, USA)
according to the manufacturer’s protocols. The extracted
DNA was quantified fluorometrically after staining with
bisBenzimide (DNA Quantitation Kit, Fluorescence
Assay, Sigma-Aldrich, St Louis, MO, USA) using a
Plate Chameleon fluorometer (Hidex, Turku, Finland;
excitation: 340 nm, emission: 460 nm). DNA integrity
was verified by automated electrophoresis using the
TapeStation 2200 System (Agilent) with the Genomic
DNA ScreenTape and Reagents.

High throughput 16S rRNA sequencing and
analysis

For this type of analysis, only samples taken in 2015
from site P2 were processed. Polymerase chain reaction
(PCR) amplification was carried out with the universal
primer 515F (5′-GTGYCAGCMGCCGCGGTA-3′) and
909R (5′-CCCCGYCAATTCMTTTRAGT-3′) for the
V4-V5 hypervariable region of the 16S rRNA gene
(Wang and Qian 2009) to which indexes were inte-
grated following the dual-indexing procedure of Kozich
et al. (2013). Triplicates of samples were analyzed with
∼10 ng of DNA per triplicate. Products were then
quantified using Picogreen assay (Life Technologies,
Carlsbad, NM, USA) and pooled equimolarly. The
final pool was purified with AMPure beads after speed-
vac concentration. Sequencing was carried out by Fas-
teris (Geneva, Switzerland) on an Illumina Miseq with
2 × 250 cycles, with settings of 7.5 Gb yield (including
PhiX), an error rate of 2.5%, and Q30 at 75%. The
analysis yielded 5.3 Gb of sequences with error rates
within quality specifications. Adapters were removed
using Trimmomatic (Bolger et al. 2014) by Fasteris.
Sequences were then processed using the Find Rapidly
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OTUs with Galaxy Solution (FROGS) Galaxy-sup-
ported pipeline (Escudié et al. 2018). Paired-end reads
were joined using FLASH (Magoč and Salzberg 2011),
quality check was performed using FastQC, and contigs
were demultiplexed using in-house scripts. Sequences
with primers having no mismatch were retained and
filtered by size (350–500 bp), and those containing N
bases were discarded. The 16S rRNA gene sequences
were then denoised and clustered using the Swarm
method (Mahé et al. 2015) with a 3-base maximum
difference, deleting clusters with <0.005% abundance
and cluster occurrence in a minimum of 2 samples of
the total library. Chimeras were removed using vchime
of the vsearch package (Rognes et al. 2016). Affiliation
was determined using the Silva SSU database 123
(Quast et al. 2013) through BLAST (Altschul et al.
1990), which allowed multiple affiliation and manual
curation. Classification at the class level was used for
affiliated Bacteria and Archaea. All analyses were per-
formed on the Galaxy instance of the INRA MIGALE
bioinformatics platform (http://migale.jouy.inra.fr).
The relative abundance was calculated against the num-
ber of total taxonomically assigned reads, and a con-
strained hierarchical clustering (UPGMA) using
Morisita similarity index and 999 bootstraps was calcu-
lated. We present here results from CH4-related
Archaea and Bacteria evaluated at the order/family
level. These sequences are available at GenBank under
the accession numbers MH205692 to MH205728.

Microbial community abundances

The abundance of methanogens and methanotrophs was
estimated by quantitative PCR of mcrA and pmoA genes
for the 3 sites in 2016. Results from P2 (2015) were also
added for comparison. The protocol used was the same
as described by Fuchs et al. (2016) with a final qPCR
mix adjusted to 25 μL. Reactions were performed in a
final volume of 25 μL, containing 1× Brilliant II SYBR
Green QPCR Master Mix (Agilent), 0.3 mg mL−1 of
bovine serum albumin (Sigma-Aldrich), 0.5 μM of each
primer, and 0.5 μL of DNA. A plasmid containing a
single copy of mcrA and pmoA genes amplified from a
Methanosarcina thermophila affiliated clone
(KR011363) and from Methylomonas methanica DSMZ
25384 DNA extract, respectively, was diluted from 107

to 101 molecules per assay. Samples and standards
were used in triplicate. Efficiencies were 93% for mcrA
and 99% for pmoA. Relative standard deviations were
calculated with a 10% allowed maximum. An ANOSIM
test was computed to compare sites on PAST (Hammer
et al. 2001), using a Bray-Curtis similarity matrix with
9999 permutations.

Fingerprinting of functional gene mcrA

Extracted DNA was amplified using primers ME1 (5’-6-
FAM-labelled-) and ME2 as described by Billard et al.
(2015) but with modified hybridation temperature to
54°C. Amplicons were then digested using the Mspl
restriction enzyme for 4 h at 37°C. Restriction products
were purified using a AxyPrep PCR Clean-up Kit (Axy-
gen, Tewksbury, MA, USA) and separated on an ABI
3730xl DNA Analyzer (BIOfidal DTAMB, Université
Lyon 1) using the internal size standard Dye 5 ladder,
50–1000 bp (Gel company, San Francisco, CA, USA).
Fragments were then treated using the Peakscanner soft-
ware, with a fluorescence cutoff of 15 relative fluor-
escence units, and then processed with the interactive
binner method (Ramette 2009) using WS = 2, Sh = 1,
and cutoff of 0.01.

The obtained distance values for each operational
taxonomic unit (OTU) were exponentially transformed
(c = 2) and plotted by principal coordinates analysis
(PCoA) using a Bray-Curtis similarity calculation. We
computed an analysis of similarities (ANOSIM) on
PAST (Hammer et al. 2001) using a Bray-Curtis simi-
larity matrix and 9999 permutations for testing the
difference between user-defined groups. A Bonferroni
correction was applied to assess significance, which was
always below p = 0.0002 with R = 0.33. A Venn diagram
was constructed using Mothur (Schloss et al. 2009).

Cloning and sequencing of functional gene mcrA

Samples were selected based on significant clusters
obtained from T-RFLP to construct 4 clone libraries.
Amplicons of mcrA of samples P2 (5 cm) and
P3 (8 cm) were cloned individually. Samples from 2
and 4 cm from site P1 were pooled and named P1, and
a pool containing a few rare OTUs (including 3 samples:
P2 [2 cm] from 2015, P1 [10 cm], and P2 [1 cm]) was
named PP. Amplicons were cloned into pGEM-TEasy
TA vector (Promega) according to the manufacturer’s
protocol with an insert/vector ratio adjusted to 1 for
each reaction. For each library, 96 clones were sent to
Macrogen Europe (Netherlands) for purification and
sequencing using T7 primer. Obtained sequences were
aligned using clustalW on MEGA (Kumar et al. 2016),
checked for chimeras manually and with Uchime
(Edgar et al. 2011), and classified in 95% similar OTUs
(Daebeler et al. 2013) on Mothur (Schloss et al. 2009).
BLAST was conducted with blastn from the National
Center of Biotechnology Institute database (Johnson
et al. 2008), and the resulting sequences were aligned
by amino acids and used to build a phylogenetic tree
using the neighbor-joining method (Saitou and Nei
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1987) with 1000 samples bootstrapped on MEGA
(Kumar et al. 2016). Sequences are available in the
NCBI database under the accession numbers
MG594064 to MG594136.

Cloning results were correlated to T-RFLP fragments
by performing in silico T-RFLP on the mcrA sequences
using TRiFLe (Junier et al. 2008). Simulated fragments
that varied from experimental fragment size by <3 bp
were considered. These results were used to complete
sequence occurrence for each site. Weighted phyloge-
netic distance (Unifrac) was calculated for P1, P2, and
P3 based on the obtained final tree using Mothur
(Schloss et al. 2009).

Data analysis

Data obtained from XRF-scanning were presented as
profiles with depth points 2, 4, 6, 8, 10, and 15 cm,
selected after smoothing over 2 cm. These points were
plotted against Al for easier representation. Percent
sand, TOC, C/N, and TS were selected for the same sedi-
ment depths. When data were missing for the corre-
sponding depth, the average between 2 intermediate
depths was considered.

We built 2 community matrixes: the first was an OTU
versus sites matrix based on mcrA TRFLP results (rela-
tive fluorescence), and the second was an OTU versus
sites matrix based on selected 16S rRNA gene abundance
of methanotrophic microbial clades. Environmental par-
ameters fitting the matrix samples’ depths were compiled
in an associated variable table. The functional and
microbial dataset were both range-transformed. We
then computed several distance-based redundancy ana-
lyses (dbRDA) as an ANOVA to test for the possible
influence of environmental variables in driving the com-
munities. First we tested whether depths and sites were
significant variables influencing the structure of these

communities. We then tested the significance of sedi-
mentary parameters in structuring these communities.
The parameters were standardized and their significance
was assessed using automatic stepwise (forward) model
building for constrained ordination with 5000 permu-
tations. All analyses were performed using the Vegan
package (Oksanen et al. 2007) and R 3.4.0 (R Core
Team 2015).

Results

Water and sediment characteristics for each site

The Shuya River entering at the head of the bay signifi-
cantly affects the hydrochemical regime of the entire bay.
TOC, TON, and Fe concentrations and color were maxi-
mal in the river at 18.0, 0.87, and 1.23 mg L−1, and
138 mg Pt L−1, respectively, in March 2016. TOC con-
centration decreased from head to edge of the bay
(Table 1), but maxima were measured in P2 at 12 m
(17.3 mg L−1). Minimum values were measured for
each site at the deepest sampling points. Overall, the
C/N ratio was exceptionally high for each site (>30) at
the shallowest and intermediate depths and was lowest
at the deepest depths, with 26.7, 23.3, and 15.6 for P1,
P2, and P3, respectively. The color indices showed maxi-
mum turbidity for the Shuya River decreased with dis-
tance from the river mouth. Color index and TOC
concentrations at P2 station were close to values in the
open lake water in March 2015 and close to values in
the river water during the same period in 2016 (Table 1).

Profiles of the environmental variables exhibited
different patterns in the first 15 cm (Fig. 3a). Al, Si, Ca,
Ti, and Fe all behaved similarly, but quantitative differ-
ences were clearly observed for Fe/Mn and C/N for P1
as well as the depth occurrences of peak values (e.g., per-
cent sand and TS). Alkalinity was so low it was not

Table 1.Water column total organic carbon, total nitrogen, iron contents, C/N molecular ratio, and colorimetric index at various depths
for sites P1, P2 (2016 and 2015), and P3, as well as for the Shuya River.
Station Season Depth m TOC mg L−1 TON mg L−1 TN mg L−1 Fe mg L−1 Color mg Pt L−1 C/N (atomic ratio)

River Shuya March 2016 0.5 18 0.87 1.04 1.23 138 20.2
P1 March 2016 1 15.7 0.31 0.47 0.74 116 39.0

10 16.6 0.36 0.47 0.76 117 41.2
21 8.7 0.2 0.38 0.18 45 26.7

P2 March 2016 1 13.4 0.26 0.42 0.51 89 37.2
12 17.3 0.38 0.48 0.93 132 42.0
24 7.6 0.35 0.38 0.10 32 23.3

P3 March 2016 1 12.2 0.25 0.4 0.42 83 35.6
15 9.8 0.19 0.37 0.25 63 30.9
30 7.6 0.22 0.57 0.14 35 15.6

P2 March 2015 0.5 7.3 — — 0.15 33 —
4 8.4 — — 0.15 33 —
10 8.3 — — 0.15 33 —
18 8.2 — — 0.15 34 —
24 7.2 — — 0.16 33 —
26 7.2 — — 0.16 34 —
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plotted. An RDA highlighted inter-site environmental
differences (Fig. 3b) and indicated the structuring effect
of depth in the environmental profile (p = 0.001).

Methane concentrations, fluxes, and stable
isotope composition

Methane concentrations and stable isotopes composition
were measured for the first 15 cm of the sediment core
only because we expected this range would reveal the

main variations in the CH4 cycle, as is generally the case
in large lakes. At all 3 sites, theCH4 profiles exhibited simi-
lar diffusive behavior but with increasing gradients from
P3 to P1 (Fig. 4a). The highest pore water CH4 concen-
trations occurred at the lowest end of the analyzed vertical
range, with a maximum >1704 μmol L−1 at 14 cm for P1,
288 μmol L−1 at 14 cm for P2, and 101 μmol L−1 at 10 cm
for P3. At site P2 in 2015, a similar profile was recorded
with concentrations increasing up to 512 μmol L−1 at
40 cm. In the first centimeter of the sediment, CH4

Figure 3. Vertical profiles of (a) environmental parameters and (b) redundancy analysis of measured sediment cores at the sites P1
(2016), P2 (2015), and P3 (2016) in Petrozavodsk Bay. X-ray florescence (XRF) data are plotted against aluminum (Al) to allow inter-
site comparison. Color-coding in all figures is as follows: P1 = blue stars, P2 (2015) = open red circles, and P3 = green triangles.

Figure 4. Sedimentary profiles of (a) methane concentrations and (b) ratio of carbon isotopes from methane in Petrozavodsk Bay. Cal-
culated methane diffusive fluxes are given for the 2016 measurements.
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concentrations were highest at site P1 (193 μmol L−1)
compared to 4.9, 13.3, and 7.7 μmol L−1 at sites P2 (2015),
P2 (2016), and P3, respectively. Fluxes were estimated at
5.94 mmol m−2 d−1 for P1, 6.5 times more than the
0.92 mmol m−2 d−1 calculated for P2 (Fig. 4a). The CH4

flux at P3 was 0.47 mmol m−2 d−1, half of that measured
in P2. Methane concentrations in the bottom waters
were below detection limits for all sites except for P3,
where they reached 21 nmol L−1.

At P1, stable isotopic ratios of CH4 carbon were
relatively stable around −76.4‰ (SD 0.3‰) and
increased in the upper 2 cm toward the sediment–
water interface to −72.4‰ (Fig. 4b). At P1, δ13CCH4

in the upper 5 cm was lighter than at site P2(2015)
and P2(2016) as well as at P3. For P2, values in the
upper 8 cm differed between 2015 and 2016. In 2015,
δ13CCH4 values averaged −57.6‰ in the upper 8 cm
and −82.4‰ below 10 cm. The difference between
the 2 years may be related to the spatial heterogeneity
of the sediment because cores were not taken in exactly
the same location each year, or because the water
chemistry changed between 2015 and 2016 (Table 1).
A transition was observed at 10 cm with an intermedi-
ate δ13CCH4 value of −74.3‰. In 2016, minima around
−83‰ were observed between 7 and 15 cm, and then
values increased regularly until 2 cm to −68‰ and
finally reached −51.4‰ at the sediment–water inter-
face. For P3, minimum values lower than −80‰
were measured below 9 cm, increased rapidly from
−75.5‰ to −53.4‰ between 7 and 3 cm, and reached
approximately constant, maximum values of about
−50‰ for the most superficial sediments.

Calculations in open and closed systems showed that
only ∼20% of the CH4 was oxidized in P1 in the top
15 cm of sediment, which is substantially lower than
that observed in P2 and P3 (81.6 and 83.8% in closed

systems, respectively), and >100% in the open system
(Table 2a). Calculations of theoretical δ13CCH4 gave
values relatively heavier than those measured in P1
(−71.7‰ and −69.3‰ in a closed system, compared to
−76.4‰ to −72.4‰ measured between 4 cm and
0 cm). For P2 and P3, the calculated δ13CCH4 values
were generally lower than the measured values, in par-
ticular in the shallowest regions, and reached a maxi-
mum of −75.9‰ in the most surficial intervals
regardless of the system. Such signatures were already
exceeded at 5 and 6 cm for P2 and P3 and gave
δ13CCH4 values of −51.4‰ and −50‰, respectively,
near the sediment–water interface.

Methane production and consumption potential

Potential CH4 production rates exhibited different mag-
nitudes according to the site or sediment layer considered.
At P1, a CH4-C (DW) production peak reaching 185 and
213 ng of CH4-C g−1 h−1 (over 24 h) between 6–8 cm and
4–6 cm, respectively, was observed (Table 3a). By con-
trast, lowest production with <50 ng CH4-C g−1 h−1

occurred in the upper 4 cm and between 10 and 15 cm
(24 h). At P2, CH4 production potential reached a maxi-
mumof 18 ngCH4-Cg−1 h−1 between8 and 10 cm (24 h).
It stabilized at 16 ng CH4-C g−1 h−1 between 6 and 8 cm

Table 2. Calculations of the fraction (%) of produced methane
oxidized along the top 15 cm of sediment for P1, P2 (2016),
and P3 using open system in steady state (Equations 3 and 4)
and closed system (Equation 5).
(a) Theoretical fraction (%) of oxidized methane based on measured δs and δb

Equation 3 Equation 4 Equation 5

P1 20.0 22.0 19.4
P2 158.0 169.9 81.6
P3 170.0 182.5 83.8

(b) Theoretical δs (‰) calculated from methane oxidation potentials

P1 0–2 cm −67.3 −68.7 −69.3
P1 2–4 cm −70.9 −71.3 −71.7
P2 0–2 cm −75.9 −76.6 −77.2
P2 2–4 cm −78.3 −78.5 −78.9
P2 4–6 cm −80.0 −80.0 −80.3
P3 0–3 cm −76.1 −77.0 −77.7
P3 3–6 cm −79.0 −79.3 −79.7
P3 6–9 cm −80.8 −80.8 −81.1
P3 9–12 cm −81.0 −81.0 −81.3

Table 3. Measured potential (a) methane production and (b)
consumption rates at sites P1, P2, and P3 in 2016 during the
first hour, the first 3 h (the first 2 h, for consumption) and the
first 24 h.
(a) Methane production (ng C-CH4 g

−1 DW h−1)

site depth over 1 h over 3 h over 24 h

P1 0–2 cm 0 0 11
2–4 cm 69 109 48
4–6 cm 289 456 213
6–8 cm 309 27 185
8–10 cm 130 203 100
10–15 cm 15 23 10

P2 0–2 cm 0 0 0
2–4 cm 54 65 12
4–6 cm 25 29 8
6–8 cm 49 59 16
8–10 cm 54 65 18
10–15 cm 22 26 5

P3 0–3 cm 0 0 0
3–6 cm 0 0 0
6–9 cm 0 0 0
9–12 cm 6 8 0
12–15 cm 36 43 8

(b) Methane consumption (ng C-CH4 g−1 DW h−1)

P1 0–2 cm −34 502 −18 057 −1346
2–4 cm −34 158 −18 803 −1425

P2 0–2 cm −19 594 −10 945 −841
2–4 cm −17 370 −9771 −757
4–6 cm −15 719 −8962 −706

P3 0–3 cm −25 230 −14 573 −1163
3–6 cm −13 652 −7983 −647
6–9 cm −20 058 −11 799 −963
9–12 cm −12 204 −7262 −601
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but reached ∼50 ng CH4-C g−1 h−1 between 6 and 10 cm
(and at 2–4 cm) in the first hours of incubation. At
P3, the CH4 production zone was deeper compared
to the other sites, starting only at 12 cm (8 ng CH4-C
g−1 h−1 over 24 h, and 36 ng CH4-C g−1 h−1 in the first
hour).

The potential consumption of CH4 was also higher at
P1 (Table 3b). The maximum CH4 consumption of
about 1425 ng CH4-C g−1 h−1 was measured between 2
and 4 cm (over 24 h) and about 1346 ng CH4-C g−1

h−1 between 0 and 2 cm. It reached 34 502 ng CH4-C
g−1 h−1 in the first hour between 0 and 2 cm (34
158 ng CH4-C g−1 h−1 between 2 and 4 cm). At P2,
maximal consumption rates of 841 ng CH4-C g−1 h−1

(over 24 h) and 19 594 ng CH4-C g−1 h−1 were measured
between 0–2 cm over the first hour. Values dropped to
757 and 706 ng CH4-C g−1 h−1 over 24 h between 2–
4 cm and 4–6 cm, respectively. At P3, CH4 consumption
was higher than at P2, with 1163 ng CH4-C g−1 h−1

between 0 and 3 cm (25 230 ng CH4-C g−1 h−1 over
the first hour) and 963 ng CH4-C g−1 h−1 between 6
and 9 cm (20 058 ng CH4-C g−1 h−1 over the first
hour). Values dropped to 647 and 601 ng CH4-C g−1

h−1 (over 24 h) between 3 and 6 cm and 10 and 15 cm,
respectively. However, rates for P1 are possibly overesti-
mated while those of P2 and P3 may be underestimated.
Calculations of δ13CCH4 for site P1 were heavier,
suggesting that the maximum CH4 oxidation potential
is not attained in situ. We suggest this result was caused
by the low oxygen penetration in this site, which pre-
vented the establishment of aerobic methanotrophy,
unlike in incubation experiments that occurred in oxi-
dizing conditions. By comparison, sites P2 and P3 with
theoretical δ13CCH4 values are much higher than actually

observed (0–6 cm). We interpreted this finding as the
effect of AOM, which was not taken into account in
the incubation method.

Functional gene quantification, structure, and
drivers

The number of mcrA copies varied for each site, with a
maximum of 1.4 × 107 copies g−1 DW at P1 (7 cm),
1.2 × 107 at P2 in 2015 (10 cm), and 5.9 × 104 (20 cm)
in 2016 (Fig. 5a). Site P3 overall exhibited the lowest
values, never exceeding 4.7 × 103 copies g−1 DW at
2 cm depth. At P1, strong variations were observed
between maximum and minimum values in the first
10 cm. Copy number dropped below 103 g−1 DW
under 10 cm. At P2, the number of mcrA copies was
much higher in 2015 than in 2016 (by 2 to 4 orders of
magnitude). Although the magnitude in mcrA copies at
P2 varied between years, the vertical structure of both
was similar, with an increasing trend in the upper
10 cm. Significant differences were observed between
P1 and the other sites (Bonferroni-corrected p value of
0.08 between P1 and P2, and 0.006 between P1 and P3).

In general, at all 3 sites themaximum pmoA copy num-
ber was highest, with about 105 copies g−1 DW in the
upper 7 cm, and decreased at greater sediment depths to
about 103 copies g−1 DW (Fig. 5b). The maximum
pmoA copy number was observed at 7 cm at P1 with 3.3
× 105 copies g−1 DW and stayed above 105 copies g−1

DW in the first 7 cm. At P2, a maximum of >105 copies
g−1 of sediment was observed in the upper 7 cm in both
years. At site P3, the maximum pmoA copy number
reached 2.4 × 105 g−1 only at 5 cm and dropped to 5.0 ×
103 copies at 15 cm.

Figure 5. Number of (a) mcrA and (b) pmoA gene copy numbers for the 3 Petrozavodsk Bay sites P1, P2, and P3 along the cores.
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Results from genotyping of the mcrA gene showed a
functional community structure difference between site
P1 and the 2 other sites, P2 (independently of the
sampling year) and P3 (Fig. 6a; ANOSIM significance
at p < 0.0002). All samples generated 53 different
OTUs. For 2016, a higher richness was observed for P1
(41 OTUs for P1, 21 for P2, and 24 for P3; Fig. 6b). P1
exhibited a large number of unique OTUs (22) and a
strong difference in the overall composition of its com-
munity, in particular for the samples between 1 and
8 cm. The 2 other sites did not show particular differ-
ences between each other as they shared 14 OTUs, and
only 2 had unique OTUs at P2 and 3 at P3. All OTUs
from P2-2015 were shared with P2-2016, and most
OTUs were shared with the 2 other sites (15 of 16). A
secondary clustering was observed within the P2-P3
cluster; shallow samples (1–5 cm) differed significantly
in their structure from deeper samples (6–15 cm; ANO-
SIM p < 0.001). Samples from 2015 (P2 only) tended to
slightly blur this dichotomy as samples between 3 and
7 cm were scattered between these 2 marked groups.

For the functional dataset, “site” was found to be a sig-
nificant parameter (p = 0.002) characterizing the func-
tional communities, confirming the ANOSIM results;
however, depth was not found to be significant. Sediment
Mn (p = 0.002), Ca (p = 0.002), TOC (p = 0.002), and
C/N (p = 0.026) content were identified as the structur-
ing parameters of the functional community.

Functional community analysis: sequences

We separated 328 usable sequences (39 chimeras of 367
sequences) into 73 OTUs (95% similarity). These OTUs

were generally related to uncultured methanogenic
Archaea. Based on the obtained phylogenetic tree, they
form several branches, mainly related to the Methanomi-
crobia class (68 OTUs). Only 5 OTUs were attributed to
the Methanobacteria class.

Within Methanomicrobia, 51 OTUs were grouped into
a poorly constrained cluster named the Onego group
(Fig. 7). Closely related sequences were associated with
the former Fen cluster (Supplemental Material) and were
classified either into unclassified Methanoregulaceae,
unclassified Methanomicrobiales, or unclassified Eur-
yarchaeota. Other sequences were attributed to Methano-
sarcinaceae (8 OTUs) and were identified mainly at site
P2. Five OTUs seem to be related to sequences identified
as members of the Methanolinea genus. The rest of the
affiliatedMethanomicrobia sequences grouped withmem-
bers of theMethanocellales order (4OTUs). The 5 remain-
ingOTUs grouped within aMethanobacteriales group and
were retrieved mainly from the rare OTUs pool (PP). In
silico T-RFLP and site-specific cloning libraries allowed
us to attribute site occurrence to 51 OTUs (color-coded
in Fig. 6). Five OTUs were identified at site P1 only, all of
which belonged to the Onego cluster (5 OTUs). Ten
OTUs from theOnego cluster, 5Methanosarcina, 1Metha-
nocella, and 1Methanobacteria were found at P2 only. Site
P3 specific OTUs were attributed to the Onego cluster (3
OTUs) and to Methanolinea (1 OTU). Based on cloning
results, phylogenetic distance measured by Unifrac was
found to be higher between P1 and P2 (0.68) or between
P1 and P3 (0.64) than between P2 and P3 (0.59). All
measured distances were found to be significant (p <
0.001). Finally, note that no anaerobic oxidation of
methane (ANME) sequence was identified.

P2 (2015)

P2 (2015)
P2 (2016)

P2 (2015)
P2 (2016)

Figure 6. Statistical analysis of the microbial community based onmcrA structure analysis: (a) PCoA and Venn diagram based on T-RFLP
described OTUs (ofmcrA gene) for the 3 sites in Petrozavodsk Bay; (b) NMDS of TRFs combined to a distance-based redundancy analysis
of associated environmental parameters using step-across dissimilarities and permutation test under reduced model (999 permu-
tations). Only significant variables were plotted on the dbRDA.
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Methanotrophic community from 16S rRNA gene
sequencing and drivers of its structure

At P2, sequences related to families known to perform
aerobic oxidation of CH4 were obtained at all depths
between 1 and 15 cm (Table 4); however, higher read
abundances were observed between 1 and 8 cm. In par-
ticular, reads assigned to the Methylophilaceae family
were >1% of the total read within this interval. Reads

associated with the Methylococcaceae family reached
2.7% at 5 cm (Methylobacter genus accounting for
2.5%). Methylobacteraceae were also found, but at abun-
dances <0.2%. Reads associated with the anaerobic
methanotrophs Cand. Methylomirabilis ranged between
0.6 and 1.5% in the first 6 cm and attained 3.3% at
6 cm, 1.8% at 7 cm, and decreased to 0.5% below 9 cm.
Archaeal Cand. Methanoperedens reads reached 0.6–
0.7% at 6–7 cm. No other ANME sequence could be
identified within the library.

Hierarchical clustering constrained by sediment depth
obtained a cophenetic correlation of 0.77 and allowed us
to decipher 3 main clusters (Fig. 8) between 1 and 4 cm,
6 and 8 cm (Morisita similarity >0.9 for both), and 9 and
10 cm(Morisita similarityof∼0.9). Sample5was identified
as anoutlier andwas removed from the analysis. The 15 cm
sample did not showstrong similaritieswith the others. For
the 16S microbial dataset, no parameter was found to sig-
nificantly structure the community.

Discussion

Methane production and oxidation along the bay
transect

Although CH4 concentration profiles displayed similar
diffusive patterns along the transect in Petrozavodsk
Bay, the absolute concentrations varied broadly. Site P1
exhibited much higher CH4 concentrations, both in the
sediment down to 15 cm and at the sediment–water
interface (0 cm depth, which corresponds to the first
millimeter of sediment), than P2 and P3 (Fig. 4a).
Methane diffusive flux was >6 times higher at P1 than
at P2 and >12 times than at P3 (Fig. 4a). This horizontal
trend among the 3 sites was also observed for potential
CH4 production (Table 3) as well as for the maximum
mcrA gene copy numbers (Fig. 5a), and fairly supported
by ANOSIM results. The highest CH4 production at P1
was characterized by the maximum mcrA gene copy
number measured among all 3 sites (1.4 × 107 copies
g−1 DW). At P3, the overall mcrA profile remains
below 1000 copies of mcrA g−1 DW, suggesting a low
methanogenic community presence associated with
lower CH4 concentrations.

Overall, the values observed for the Petrozavodsk Bay
of Lake Onego were all several orders of magnitude lower
than those observed in other relatively large lakes of
similar mesotrophic state, such as Lake Geneva (106 to
107 mcrA copies g−1 DW; Fuchs et al. 2016) or Lake Kin-
neret (105 to 7.0 × 106mcrA copies g−1 DW; Bar-Or et al.
2015). Methane concentrations were also generally lower
than those observed in Lake Geneva. As an example, the
Shuya River-related site P1 showed similarities in

P2 (2015)
P2 (2016)

Figure 7. McrA-based phylogenetic tree and occurrence (sup-
ported by in silico TRFs) at the sampling sites P1, P2, and P3.
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concentrations to deeper (50–60 m) and inactive areas
of the Rhone delta in Lake Geneva (Sollberger et al.
2014, Randlett et al. 2015) or to the trenched sediment
of the central basin (Brandl et al. 1993), which are all
much deeper than P1 sediment cores (90–250 m).
Lake Onego and the atypical Petrozavodsk Bay are
thus relatively small CH4 producers, in particular during
winter. Concentrations of CH4 in the water column that
were close to detection limits support this statement.
Average CH4 production potential at P1 in the first
15 cm was, however, higher than that measured in
Lake Geneva and Lake Stechlin at 4°C between 15 and
25 cm (Fuchs et al. 2016). These differences could be
explained by the shallower and more river influenced
setting of Lake Onego’s site P1. By contrast, mean CH4

production values at P2 and P3 were similar to or slightly
lower than observed in Lake Geneva, Lake Stechlin
(Fuchs et al. 2016), and in most small Swedish lakes
studied by Duc et al. (2010) for 4°C incubation
experiments.

While large differences were observed for methano-
genesis between site P1 and the 2 other sites (Fig. 6),
methanotrophy seemed to more evenly distributed
based on pmoA copy numbers (Fig. 5b). The maximum
number of pmoA copies was slightly higher at P1, but
quantities were of the same order of magnitude and fol-
lowed similar distribution above 7 cm. This finding
suggests a relative deficiency of methanotrophic activity
at sites P2 and P3 compared with P1. The potential rates
of CH4 oxidation were also higher for P1 (1350–1425 ng
CH4-C g−1 DW h−1), whereas rates measured for P2 and
P3 remain generally below 1000 ng CH4-C g−1 DW h−1,
except for the top centimeters of site P3 (1163 ng CH4-C
g−1 DW h−1; Table 3b). These rates are similar to those
calculated for Lake Geneva but are much lower than

Figure 8. Constrained hierarchical clustering of P2-2015 samples
based on the methane-related 16S rRNA gene sequences.
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those calculated for Lake Stechlin (Fuchs et al. 2016) over
24 h.

In summary, CH4 production was higher in the sedi-
ments of Petrozavodsk Bay that were closer to the river.
Methane consumption was also higher in P1, but to a les-
ser extent than other sites. Calculations based on isotopic
ratios showed that only 20% of the produced CH4 was
consumed in the top 15 cm of sediments at P1 while
methanotrophic communities consumed up to 80% in
P2 and P3 (when a closed system was considered), high-
lighting the difference in CH4 cycling along the bay (dis-
cussed later).

Links between community structure and methane
cycling along the bay transect

Methanogenic community in Lake Onego
Sequencing of the mcrA gene revealed an overall domi-
nance of hydrogenotrophic methanogenic OTUs Metha-
noregulaceae, Methanocellaceae, Methanobacteriaceae,
and Methanomicrobiaceae (Fig. 7). The only sequences
obtained from known acetoclastic organisms belonged
to the Methanosarcinaceae order. Methanocellales mem-
bers are more common in relatively warm environments,
such as tropical lakes (Conrad et al. 2007) or rice paddies
(Sakai et al. 2008, 2010). They are rarely detected in
freshwater environments without enrichment (Borrel
et al. 2011), but their preference for low H2 concen-
trations prevalent in most freshwater lakes may explain
their retrieval in the Onego library (Conrad et al. 2006,
Sakai et al. 2009).

Methanobacterium have been retrieved from lakes
with high carbon supply, such as in a dystrophic acidic
lake (Chan et al. 2002) or hypereutrophic Lake Priest
Pot (Earl et al. 2003). Petrozavodsk Bay can be character-
ized as dystrophic, but it does not exhibit acidic
conditions.

Methanomicrobiales have also been identified in sub-
oxic to anoxic sediments of carbon-rich ponds (Briée
et al. 2007), where they were found associated with
Methanosarcinales, an association that generally domi-
nates lacustrine sediment methanogenic clone libraries
(Borrel et al. 2011). Here, acetoclastic Methanosarcina
seems to outcompete the other acetoclastic cladeMetha-
nosaeta, more commonly in lake environments where
low acetate concentrations are found (Jetten et al.
1992). Methanosarcina have been shown to be better
adapted to low temperatures; they were abundant at
4 °C compared to Methanosaeta, which was dominant
at 20 °C (Steinberg and Regan 2009), potentially explain-
ing their occurrence in the present study. The cold temp-
erature in Lake Onego sediment should also discriminate
against hydrogenotrophic methanogens, shown in the

past to be less adapted to cold environments than aceto-
clastic methanogens (Schulz and Conrad 1996). The
important diversity of hydrogenotrophic organisms in
Lake Onego’s sediment, however, may be favored by
the age and poor lability of the OM (Conrad 2005) dom-
inating the sediment of Lake Onego (Tekanova 2012).
The CH4 production zone in Lake Onego is relatively
deep. The δ13CCH4 below 10 cm, where CH4 production
seems to be most intense, was relatively heavy at all 3
study sites. Such signatures have been observed for
environments where acetoclastic methanogenesis is
inhibited (Conrad et al. 2009), which tends to support
the dominance of methanogenesis from H2/CO2 in the
deepest measured layers of the Petrozavodsk Bay
sediments.

Characteristics of site P1 functional community
Site P1 hosts a singular functional community (Fig. 6a).
T-RFLP fragments from mcrA show 22 singular OTUs
represented only at P1 (Fig. 6a), but they could not be
unequivocally identified. Cloning and sequencing results,
combined with in silico TRFLP characterization, allow
identification of some sequences related to hydrogeno-
trophic Methanoregula/Fen cluster. Other sequences
only found at P1 remain unclassified. Members of the
Methanoregulaceae family, originally known as Fen clus-
ter organisms (Galand et al. 2002), were identified in
shallow sediments of Finnish oligotrophic fens. They
are common in freshwater lakes, and in particular in
those harboring relatively acid conditions observed in
peats or fens (Galand et al. 2002, Cadillo-Quiroz et al.
2008). The high humic substance load of the Shuya
River feeding into Petrozavodsk Bay (Sabylina et al.
2010, Belkina 2011) may explain the high richness of
this group in the Onego sediment (72 OTUs of 97).

The specific functional community at P1 is associated
with a larger community and greater metabolism of the
CH4 cycle (Fig. 6). Statistical comparison with the poten-
tial of CH4 production was not possible because too few
samples were measured, but the rates of production were
largely higher at P1 than at other sites (Table 3a), which
is also the case for mcrA copy numbers (ANOSIM test
with p > 0.08 between P1 and P2, and p > 0.006 between
P1 and P3). As a consequence, CH4 production largely
exceeded CH4 consumption, resulting in a significantly
different isotopic signature of CH4-C (Table 2, Fig. 4b).
Site P1 was characterized by a higher C/N ratio in its
sedimentary column (Fig. 3). The distance-based RDA
of the functional community against the sedimentary
parameters of the 3 sites identified this parameter as a
contributor to this spatial heterogeneity. The C/N ratio
is a proxy of the terrestrial versus lacustrine origin of
the OM. The increased relative nitrogen content in
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bacterial and algal microorganisms (C/N < 10) compared
to terrestrial plant debris (C/N > 30) was used to trace
the origin of sedimentary OM (Meyers 1994). The
Shuya River contributes an important quantity of OM
to Petrozavodsk Bay (Kalinkina et al. 2013), reflected
by the higher turbidity caused by the load of humic sub-
stances in the lake close to its mouth and high C/N ratios
in its waters (Table 1). The highest C/N ratio measured
in sediment P1 clearly demonstrates an enrichment in
terrestrial organic carbon compared to P2 and P3
(Meyers 1994). The specific organic content of the sedi-
ments at P1 (compared to P2 and P3), likely enriched in
riverine inputs, may also contain heavier OM (higher
δ13COM, not measured here), which could be reflected
in the heavier δ13CCH4 values measured in the deepest
layers (15 cm) of that site (Fig. 3b). However, the large
δ13C ranges exhibited by terrestrial plants, soil humic
substances, and freshwater algae often prevent the
identification of OM sources through this method
(Schiff et al. 1990). Our work mainly explained this
difference by the dominance of methanogenesis over
methanotrophy in P1, masking the progressive contri-
bution of methanotrophy to CH4-C fractionation.

Our statistical analysis also revealed that Mn is a
structuring parameter of the mcrA community, which
is particularly enriched in P1 (Fig. 3b and 6b). Mn
behaved differently from Fe, Ca, and all other elements
directly influenced by riverine inputs (Fig. 3b). Because
Mn is solubilized more rapidly in reducing conditions
than Fe (Wersin et al. 1991, Boyle 2002), we interpreted
lower Mn quantities in P1 as an indicator of more redu-
cing conditions in the sediment, allowing the element to
remain solubilized. These reducing conditions are also
reflected in the higher Fe/Mn ratio for P1 (Fig. 3a)
than for P2 and P3. We suggest that more reducing con-
ditions prevail in P1 while P2 and P3 exhibit relatively
profound oxygen penetration (down to 7 cm) that natu-
rally influences the CH4 cycle. This differential O2 pen-
etration is likely caused by the higher intensity of
microbial activity in P1, which may be induced by higher
nutrient inputs (Sabylina et al. 2010) by the river at this
site than the 2 other sites. West et al. (2016) showed a
direct correlation between primary production and sedi-
ment methanogenesis rates in lakes. The inflowing water
brings in nutrients (Sabylina et al. 2010) that could fuel
the primary production of the lake and subsequently
lead to higher methanogenic rates or respiration rates
once autochthonous OM gets buried. Increased content
of Fe and TN in P1 and their maximal concentrations
in the Shuya River support this hypothesis (Table 1);
however, some unknowns remain regarding the horizon-
tal mixing of water within the bay. Minimum concen-
trations of TOC and Fe in the deepest layers of the

lake at each site, accompanied by smaller color indexes,
would suggest that Shuya River water flows on top of
lake water. Potentially, another source of water (likely
runoff from the urbanized area) may also influence the
deeper waters through, for example, high nitrogen con-
tent. This hypothesis is currently being investigated by
companion studies.

Overall, our data suggest that the CH4 cycle at P1
differs from P2 and P3 because of the strong effect of
this riverine input at the mouth of the Shuya River.
This input and all the resulting spatial characteristics dis-
cussed earlier sustain at P1 a functional community that
differs from P2 and P3 both in structure and abundance,
implying a higher methanogenic activity that exceeds
methanotrophy. The lower methanotrophy in P1 might
be associated with more reducing conditions, which pre-
vent an efficient establishment of aerobic methanotrophy
in the sedimentary column. However, CH4 concen-
trations in the water column are not higher at this site
than the others. Hence, CH4 oxidation likely occurs in
the uppermost few millimeters of sediment, which may
have been missed by our sampling. The oxidative con-
dition in which incubations have been realized show
that CH4 oxidation potential exceeds those of other
sites and could account for a complete oxidation of the
CH4 produced in the sediment. More work is needed
to understand why methanotrophy is limited in this site.

Methane production and consumption in the
sedimentary column

Methane production
Concentrations of CH4 along the Petrozavodsk Bay
transect show similar diffusive profiles but with notably
different rates (Fig. 4a). They also suggest a deep zone
of CH4 production, potentially below the measured sedi-
ment depths. Actual CH4 production zones can be
tracked through the decrease of δ13C isotopic signature
of biogenic CH4 observed in Lake Onego with depth.
Increased concentrations with depth and characteristic
isotopic signatures of biogenic CH4 (around −84‰ at
P2 and P3; Whiticar 1999), likely related to the dominant
hydrogenotrophic methanogenesis pathway (Conrad
et al. 2009), imply that most of the CH4 production
occurs below 10 cm (Fig. 3b). This finding is also indi-
cated by the CH4 production potentials observed at P3,
which begins to be measurable in the 10–15 cm interval
(Table 3). These data suggest even deeper CH4 pro-
duction zones, possibly fueled by long-term accumu-
lation of OM and its recycling by deep methanogenic
groups. Interestingly, recent seismic surveys in Petroza-
vodsk Bay highlighted the presence of gas escape struc-
ture in the deep Onego sediment (D. Subetto, pers.
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comm.). Deeply buried layers could fuel heterotrophic
microbial communities on geological time scales (Parkes
et al. 2005) and result in the slow diffusion of CH4 to the
surface. Our results show that our sampling only touches
the most surficial processes of this CH4 cycling.

Anaerobic methane oxidation
The CH4 produced diffuses upward in the sediment, as
seen in the typical shape of the CH4 concentration
profiles, and starts to be oxidized at 7 cm at P2 in 2016
(10 cm in 2015) and 11 cm at P3. The δ13CCH4 (Fig.
4a–b) increases correspondingly from about −84‰ to
less than −60‰ (Holler et al. 2009). Given the large
O2 penetration (down to at least 5 cm) in the core of
P2 and P3, this type of shift can be caused by aerobic
and anaerobic oxidation of CH4 in these layers (Whiticar
and Faber 1986). The anaerobic methanotrophs Cand.
Methanoperedens identified in relatively high abundance
at 6–8 cm at P2 (Table 4) harbor the full mcrA subunit
(Haroon et al. 2013) and could cause such a fractionation
signature (Fig. 4b) and the relatively high mcrA gene
copy number observed above 10 cm at P2 and P3 (Fig.
5a). The co-occurrence of Cand. Methylomirabilis
(identified by their 16S rRNA gene sequences) in the
same interval (Table 4) could enhance this AOM and
would maintain high pmoA copy numbers between 5
and 10 cm at P2 and potentially P3 (Luesken et al. 2011).

Haroon et al. (2013) suggested that Cand. Methano-
peredenaceae could perform AOM using nitrate as the
terminal electron acceptor via the reverse methanogen-
esis pathway:

5CH4 + 8NO−
3 + 8H+ � 5CO2 + 4N2

+ 14H2O. (6)

A complementary process was also acknowledged
because the nitrite produced was shown to be reduced
by Cand. Methylomirabilis oxyfera into N2 (equation
7), allowing a second step of CH4 oxidation (Haroon
et al. 2013). This CH4 oxidation pathway was described
by Ettwig et al. (2010) as an intraaerobic nitrite reduction
pathway:

3CH4 + 8NO−
2 + 8H+ � 3CO2 + 4N2

+ 10H2O. (7)

The identified 16s rRNA sequences of Cand. Methano-
peredens and Cand. Methylomirabilis, together with the
δ13CCH4 and simultaneous functional gene abundances,
provide an example of active anaerobic oxidation of
CH4 at site P2 (and potentially site P3, given the func-
tional community similarities; Fig. 6a). Based on the
specific association to nitrate and nitrite reduction

observed for this consortium, AOM might be coupled
to the N cycle in Lake Onego; however, our data can-
not confirm this pathway, and AOM associated with
Mn or Fe cannot be ruled out. Recent work shows
that a member of the Candidatus Methanoperedena-
ceae family is associated with Fe-supported AOM
(Cai et al. 2018). Thorough analysis of our mcrA or
16S rRNA sequences failed to identify other ANME
sequences. This work is to our knowledge the first
time that a Cand. Methanoperedens and Cand. Methy-
lomirabilis association has been described in a natural
environment, and in particular in lake sediments
(Welte et al. 2016). Our findings suggest the relative
importance of (nitrate-dependent) anaerobic oxidation
of CH4 in freshwater systems and establish Lake
Onego as an ideal site for the study of anaerobic oxi-
dation of CH4 in freshwater lake sediments. Tracking
the fate of potential electron acceptors such as nitrate
in the sediment pore water could help verify the preva-
lent AOM pathway in Petrozavodsk Bay.

Aerobic methane oxidation
Sequences related to Methylobacteriaceae, Methylophi-
laceae, and Methylococcales were obtained from site
P2. Betaproteobacteria Methylophilaceae-related
sequences dominated the methanotrophic community
and accounted for almost 3% of the total 16S rRNA
gene sequences obtained at 1 cm sediment depth at
P2 (Table 1), where the CH4 consumption potential
was maximal (Fig. 4). Sequences associated with the
Gammaproteobacteria Methylococcales order reached
2.7% of the total number of reads at 5 cm (mainly
members of the Methylobacter genus) but otherwise
remained below 0.4% in the upper 5 cm and below
0.7% between 6 and 8 cm. Below 8 cm, sequences
associated with organisms performing aerobic oxi-
dation of CH4 never exceeded 0.23% of the total
reads, which corresponded to the decrease observed
for pmoA copies numbers (Fig. 5b). Members of the
Methylococcaceae family were recovered in low temp-
erature environments (Sundh et al. 2005), in particular
the dominant genus Methylobacter observed at 5 cm
(e.g., Wartiainen et al. 2006, Svenning et al. 2011).
They were shown to also be active in anoxic conditions
(e.g., Oswald et al. 2016), which could explain their
occurrence below 5 cm in the cold sediments of Lake
Onego. Methylophilaceae members are facultative
methylotrophs (He et al. 2012). By relying both on
CH4 and methanol, they could be favored in compe-
tition for substrate. Based on phylogenetic data, co-
occurrence of anaerobic and aerobic CH4 oxidizers
was observed below 6 cm. There, Methylophilaceae
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could effectively rely on less valuable substrate not tar-
geted by other obligate methanotrophs.

Vertical structure of the methane cycle
The structure obtained from mcrA fingerprinting showed
significant clustering (both for P2 and P3) between samples
from 1 to 5 cm and from 6 to 15 cm (Fig. 6a and ANOSIM
pairwise significance, p < 0.001). Comparatively, the 16S
rRNA gene sequences (Table 4) and clustering (Fig. 8)
showed that the upper 5 cm was mainly composed of
aerobic methanotrophs, together with some Cand. Methy-
lomirabilis sequences. Below this, the number of AOM-
related sequences increased and defined a second cluster,
where aerobic and anaerobic CH4 oxidizer sequences coha-
bitate. At 15 cm, the number of sequences associated with
aerobic methanotrophs drastically decreased, and more
Cand. Methanoperedens sequences were observed.

Based on our multivariate analysis, 4 parameters
played a significant role in structuring the functional
mcrA community. The first is the redox sensitive Mn.
Based on its variation, its independence from other
elements, and the deep O2 penetration in cores P2 and
P3 (down to 5 cm minimum), its redox sensitivity
marked clear redox boundaries at 6 cm at P2 and P3
(Fig. 3a and 6b). Two other structuring variables were
TOC and Ca, which were highly influenced by riverine
inputs into the bay and decreased sharply at 6 cm (Fig.
3a). Ca behaved similarly to Fe and Ti (Fig. 3). The Fe
and Ti marked changes in the content of detrital frac-
tions, and therefore changes in terrestrial inputs with
time. In the bay, the TOC content was mainly influenced
by the Shuya River (Sabylina et al. 2010) because the lake
overall exhibited relative low primary production com-
pared to its allochthonous inputs of OM (Kalinkina
et al. 2013). An important feature of the TOC profile
in Onego was the strong changes imparted to human
activity in the river and lake catchment area. In the late
1970s and early 1980s, intense deforestation, farmland
ameliorative work, and ploughing strongly enriched the
Shuya River catchment with OM (Sabylina et al. 2010),
hence contributing to the currently observed high con-
centrations in the uppermost centimeters of the sedi-
mentary column (Fig. 3a). We therefore suggest that
the redox boundary and human influence on the quan-
tity and origin of the OM (and terrestrial inputs in gen-
eral) imposed this sharp transition between the 2
functional communities found at P2 (and potentially
P3). Below 5 cm, CH4 production coexisted with
AOM. Above 5 cm, oxidative conditions existed with lit-
tle to no CH4 production (although methanogen
sequences could be retrieved) and higher degradation
rates (Table 3). Moreover, a boundary at 10 cm was
observed from clustering of the 16S community structure

and likely marks the lower limit for AOM and the dom-
inance of CH4-producing communities below that depth
(Fig. 8, Table 4). The C/N ratio also had a structuring
effect on mcrA communities, mainly because of the
differentiation of site P1 from sites P2 and P3, and was
a function of the fraction of terrestrial versus lacustrine
OM in the sediment, as explained earlier.

Based mainly on P2 data, the CH4 cycle vertical struc-
turation can be described as follows:

(1) Between 1 and 5 cm: high CH4 isotopic signatures,
high pmoA gene copy numbers, high CH4 consump-
tion rates altogether support dominance of meth-
anotrophy in oxygenated environments. Aerobic
methanotrophic taxa like Methylophilaceae and
Methylococcales members identified by 16S rRNA
gene sequences (Table 4) likely carry out this process.

(2) Between 6 and 10 cm: increase in mcrA genes and
transitional carbon isotopic signatures likely relate
to oxidation of CH4. The co-occurrence of aerobic
and anaerobic CH4 oxidizers with CH4 producers
suggests a transitional zone between CH4 pro-
duction and oxidation. AOM likely starts to occur
in this relatively thick layer.

(3) Below 10 cm: higher CH4 concentrations are associ-
ated with an increase in relative abundance of CH4

producers belonging to the hydrogenotrophic
Methanoregulaceae family. The number of pmoA
copies decreases with the relative abundance of
sequences of aerobic CH4 oxidizers while mcrA
copy numbers remain relatively high. We expect
this sediment to host CH4 production, but this sup-
position is not directly supported by potential CH4

production but rather might be caused by the limit-
ations inherent to the incubation method, for
example an enhanced CH4 consumer efficiency in
the lab experiment. Interestingly, Cand. Methano-
peredens sequences are still high in those layers.
We do not know if these organisms participate in
AOM or if they contribute to CH4 production as
suggested by Lloyd et al. (2011).

Conclusion

Methane concentrations and isotopic composition
suggest an active CH4 cycle in the sediments of Petroza-
vodsk Bay of Lake Onego but with strong spatial vari-
ations along the bay. The shallowest site, and also the
most affected by the Shuya River (P1), has a singular
functional community associated with higher CH4 pro-
duction potential, higher CH4 flux rate, and higher num-
ber of mcrA copies. Methanotrophy at that location
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seems relatively less important. The methanogenic com-
munity is characterized by poorly knownmembers of the
Methanoregulaceae Fen cluster that are likely better
adapted to the higher terrestrial/allochthonous OM
inputs that characterize this site. The production poten-
tial and the sediment fluxes of CH4 decrease while the
methanogenic communities vary moving away from
the river mouth toward the open lake. Higher Methano-
sarcina diversity is observed in the center of the bay,
although members of the Fen cluster are still present,
together with Methanocella and Methanobacterium
members. The 16S rRNA gene sequences obtained
from sediments of the middle of the bay signal the pres-
ence of an AOM community likely supported by nitrate
and nitrite reduction, which is concentrated between 5
and 10 cm of the core. At this site, and further in the
open lake, all the produced CH4 seems to be oxidized.
Below 10 cm, hydrogenotrophic methanogenesis might
be the dominant process. Our approach, which couples
biogeochemical and sedimentological analysis with
analysis of functional and diversity traits of the microbial
community partly untangles the complexity of the sedi-
mentary environments. Our analysis identifies riverine
inputs and sediment oxygenation as important factors
in the spatial structure, intensity, and nature of the sedi-
mentary CH4 cycle in Petrozavodsk Bay. Clear distinc-
tion between CH4 production and CH4 degradation
zones have been observed and are overlapped by a tran-
sitional interval potentially hosting nitrogen-supported
AOM. The heterogeneity of the CH4 cycle in large
lakes is demonstrated in this study, with strong intrinsic
differences in sedimentary characteristics (amount of
allochthonous inputs) resulting in changes of commu-
nities that impact CH4 production (8–200 ng CH4-C
g−1 h−1) and fluxes to the water column (0.5–6 mmol
m−2 d−1). These changes occur at the bay scale within
a range of a few kilometers at depths varying from 10
to 27 m. Because they were measured during the ice-
covered period, they most likely represent a minimum
for the year, meaning that the observed heterogeneity
may be exacerbated during more productive periods.
When possible, the integration of these variations within
global CH4 budget models will likely help reduce the
uncertainty inherent to such estimations.
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