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Abstract—The taxonomic diversity and metabolic activity of microbial communities in the Laptev Sea water
column above and outside the methane seep field were studied. The concentrations of dissolved methane in
the water column at both stations were comparable until the depth of the pycnocline (25 m). At this depth,
local methane maxima were recorded, with the highest concentration (116 nM CH4) found at the station out-
side the methane seep field. Results of the 16S rRNA gene sequencing and measurements of the rates of
hydrogenotrophic methanogenesis indicated the absence of methanogenesis caused by the methanogenic
archaea in the pycnocline and in other horizons of the water column. The 16S rRNA-based analysis of micro-
bial phylogenetic diversity, as well as radiotracer analysis of the rates of primary production (PP), dark CO2
assimilation (DCA), and methane oxidation (MO), indicated the functioning of a diverse community of
pelagic microorganisms capable of transforming a wide range of organic compounds under oligotrophic con-
ditions of the Arctic basin. Hydrochemical prerequisites and possible microbial agents of aerobic methane
production via demethylation of methylphosphonate and decomposition of dimethylsulfoniopropionate
using dissolved organic matter synthesized in the PP, DCA, and MO processes are discussed.
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The methane cycle is an important component of
the carbon biogeochemical cycle in the ocean. Meth-
ane may either arrive to marine basins from deep
hydrothermal springs, mud volcanoes, and cold meth-
ane seeps or be synthesized in situ in the sediments
and the water column.

Methanogenic archaea, which are considered the
main methane producers of our planet, are well-
known and have been thoroughly studied. They are
strict anaerobes and produce methane mainly from
such low-molecular mass compounds as CO2, acetate,
methanol, and methylamines. Methane formation
from methoxy groups of cyclic organic compounds
was recently shown (see review by Kurth et al., 2020
and references therein). Development of methano-
genic archaea in the seas is associated mainly with
anoxic sediments and (in the water column) with
anoxic microniches in large suspended organic parti-

cles or in the zooplankton gut and pellets (Bianchi et
al., 1992; Ditchfield et al., 2012). However, the sur-
face, oxygen-containing waters of various areas of the
Global Ocean often exhibit methane oversaturation
relative to the atmosphere, the phenomenon termed
the methane paradox (Karl et al., 2008; Bižic et al.,
2020). Detection of anoxic microniches harboring
methanogenic archaea has long been used to explain
this phenomenon. The methane paradox is, however,
presently explained as a result of metabolic activity of
aerobic pelagic microorganisms, usually of methyl-
phosphonate (MPn) degradation by aerobic bacteria
under phosphate limitation (Karl et al., 2008; Sosa et
al., 2019), which, apart from phosphate release, results
in reduction of the methyl group to methane. More-
over, recent data indicate other mechanisms of aerobic
methane production, although their specific features
and occurrence in the Global Ocean remain poorly
studied. Thus, under nitrogen limitation and available
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phosphorus, methane may be produced via aerobic
decomposition of dimethylsulfoniopropionate
(DMSP) to dimethyl sulfide (DMS) or methylmer-
captan (methane thiol, MeSH) (Damm et al., 2010)
with subsequent anaerobic degradation of these prod-
ucts by methylotrophic methanogens (Kurth et al.,
2020). Moreover, recent studies revealed methane
production by diverse phytoplanktonic microorgan-
isms: cyanobacteria, coccolithophorids and other
haptophytes, diatoms (see review by Bižić et al., 2020
and references therein). In this case, the issue is asso-
ciated not with previously known metabolic pathways
(MPn demethylation or production of hydrogen by
nitrogenase and hydrogenases, with its subsequent uti-
lization in hydrogenotrophic methanogenesis), but
with an unknown mechanism of CO2 conversion to
methane linked to the basic metabolism of oxygenic
phototrophs.

The eastern Arctic shelf seas, including the Laptev
Sea, are known as sources of massive methane emis-
sion to the atmosphere (Berchet et al., 2016; Shakhova
et al., 2010). Over 700 sites of methane seepage with
intensities varying by 5 orders of magnitude (up to
176 g CH4/(m2 day)), depending on the state of
underwater permafrost and the stability of hydrates,
have been revealed in the Laptev Sea (Shakhova et al.,
2015). Concentrations of dissolved methane in near-
bottom water at the zones of methane seep discharge
are as high as 300–650 nМ and sometimes reach
5000 nМ (Shakhova et al., 2010; Savvichev et al.,
2018). According to the long-term studies, methane
transport from the sediments into the atmosphere
occurs mainly via bubble transfer, which involves par-
tial methane dissolution in the water column and its
saturation (Shakhova et al., 2010, 2015). Elevated
methane concentrations in the water columns of Arc-
tic seas, including the Laptev Sea, are therefore usu-
ally associated with activity of numerous methane
seeps. However, phylogenetic diversity and the meta-
bolic potential of pelagic microbial communities of
the Laptev Sea shelf that may act as alternative meth-
ane sources remain unstudied.

In order to assess the possible agents of microbial
methane production under oxic conditions of the
Laptev Sea water column, comparative study of the
hydrochemical parameters was carried out in the pres-
ent work, as well as determination of the taxonomic
diversity and functional activity of pelagic microbial
communities at stations located both above and out-
side the field of methane seeps.

MATERIALS AND METHODS

Research site and water sampling. Water and sedi-
ment samples were collected in the Laptev Sea during
the 73rd cruise of RV Akademik Mstislav Keldysh in
October 2018. Two stations of similar depth were cho-
sen: AMK73-6045 (76.7744 N, 125.7620 E) in the
zone of a methane seep discharge and AMK73-6053
(76.7387 N, 128.4512 E) outside the zone of methane
bubble emission (Fig. 1). Water samples were col-
lected from 10-L bathometers of a Rosette complex
immediately after heaving on board. The sampling
horizons were determined according to the data on
temperature and salinity. The major parameters of the
sampling stations are listed in Table 1.

Hydrochemical parameters of the water. Water sam-
ples were collected using transparent silicon rubber
tubes in order to control the absence of gas bubbles.
The samples for determination of dissolved oxygen
and ammonium nitrogen were fixed immediately after
collection. The samples for determination of phos-
phates and nitrates were collected into 0.5-L plastic
vials without fixation and were analyzed in the labora-
tory on board.

Dissolved oxygen was determined using the modi-
fied Winkler method using calibrated 20–30-mL vials
with 10 mm plug diameter and at least 300% washing
volume (Methods.., 1999). Phosphates were deter-
mined by the Murphy-Riley method; nitrites were
measured with the single color reagent; nitrates,
according to the modified method of Morris and
Riley; and ammonium nitrogen was measured accord-
ing to the method of Sagi and Solórzano with forma-
tion of a phenol-hypochlorite complex (Methods..,
1999).

The N* quasiconservative indicator was calculated
as: N* = (N – 16P + 2.90 μmol/kg) × 0.87 (Gruber
and Sarmiento, 1997), where N is nitrate concentra-
tion and P is phosphate concentration. N* is close to
zero when the Redfield proportion (N : P = 16 : 1) is
maintained, while the positive and negative N* values
indicate deviations from this ratio.

Samples for determination of methane concentra-
tions were collected (avoiding turbulence) into glass
vials with a fixing compound (KOH) and the standard
headspace and sealed hermetically with rubber stop-
pers. Methane was determined by the phase equilib-
rium degassing method on a Krisrall-2000-M gas
chromatograph (Chromatec, Yoshkar-Ola, Russia)
equipped with a f lame ionization detector. The error
of this method was ±6%.

Radiotracer analysis. The rates of photosynthesis,
microbial dark CO2 assimilation, and autotrophic
methanogenesis were measured by the radiocarbon
method with NaH14CO3; the rate of methane oxida-
tion was determined using 14CH4.

To measure the rates of primary production (PP)
and dark CO2 assimilation (DCA), the water from
bathometers was dispensed into 310-mL glass vials
using a silicon rubber tube, without turbulence, with
double washing, and with overflow of half the vial vol-
ume. All vials were darkened during the sample collec-
tion. At each horizon, two transparent vials were used
for PP measurements, and two darkened ones (cov-
MICROBIOLOGY  Vol. 90  No. 2  2021
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Fig. 1. Location of stations AMK73-6045 (methane seep) and AMK73-6053 (remote station), sampled during the 73th cruise of
RV Akademik Mstislav Keldysh in October 2018 in the Laptev Sea. 
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ered with aluminum foil) were used for DCA measure-
ments. For DCA control, one darkened vial was fixed
with 1 mL 0.05 N HCl. After sampling, 100 μL sterile
NaH14CO3 (specific activity 2.04 GBq mmol–1, 5 μCi
per sample) was added in the dark. The common dark-
ening sheaths were then removed, and individual
sheaths calibrated according to the amount of photo-
synthetically active radiation at the sampling horizon
were applied. The vials were incubated on deck in a
flow aquarium for 4 to 6 h. After incubation, the sam-
ples were fixed with 1 mL 0.05 N HCl. Subsequent
treatment for determination of the PP and DCA rates
was carried out as described previously (Savvichev
et al., 2020).

The rate of hydrogenotrophic methanogenesis was
measured after incubation similar to that for DCA
determination and fixation with KOH. After incuba-
tion with labeled bicarbonate, the samples were pro-
cessed as described previously (Pimenov and Bonch-
Osmolovskaya, 2006).

To determine the rate of methane oxidation (MO),
the water was dispensed into 30-mL penicillin vials
with washing and overflow and sealed with rubber
stoppers, avoiding air bubbles. After addition of 14CH4
(1 μCi per sample, specific activity 1.16 GBq mmol−1)
as solution in degassed distilled water, the samples
were incubated for 48 h in a refrigerator under condi-
tions close to in situ ones. Each sample was incubated
in two replicates with the control (fixed with 1 N
KOH). After incubation the samples were fixed and
MICROBIOLOGY  Vol. 90  No. 2  2021
transported to the laboratory for determination of 14C
incorporation into the products of microbial oxida-
tion: СО2, biomass (BM), and dissolved organic car-
bon (DOC). Sample treatment and calculation of
methane oxidation rates were carried as described pre-
viously (Rusanov et al., 1998).

Determination of microbial community composition
by high-throughput 16S rRNA gene sequencing. The
biomass from water samples (1 L) was concentrated on
Microsart CN-Filter membranes (Sartorius Stedim
Biotech, Germany) with 0.2 μm pore diameter. Prior
to DNA isolation in the laboratory the filters were
stored in a frozen condition.

DNA was isolated from the biomass using the com-
mercial PowerSoil DNA Isolation Kit (Qiagen, The
Netherlands). The 16S rRNA gene libraries were
obtained by two sequential PCRs. Both reactions were
carried out using the qPCRmix-HS SYBR mixture
(Evrogen, Russia) on a StepOnePlus Real-Time PCR
System amplifier (Applied Biosystems, United
States). During the first reaction, the V4 region of the
16S rRNA genes was amplified using the primers 515F
(5′-GTGBCAGCMGCCGCGGTAA-3′) (Hugerth et
al., 2014) and Pro-mod-805R (5'-GACTACNVGG-
GTMTCTAATCC-3′) (Merkel et al., 2019) at the final
concentration of 0.25 μM according to the following
program: initial denaturing, 3 min at 95°C; 32 cycles
(denaturing, 25 s at 95°C; primer annealing, 20 s at
56°C; elongation, 30 s at 72°C); and final elongation,
20 min at 72°C. The amplicons were then used as tem-
plates for the second reaction with unique Illumina
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Table 1. Parameters of the stations AMK73-6045 and AMK73-6053 sampled during the 73th cruise of RV Akademik
Mstislav Keldysh in October 2018

N* is the quasiconservative indicator reflecting variations in the Redfield proportion (Gruber and Sarmiento, 1997).

Depth,
m

Horizon, 
m T, °C S, ‰

O2,
μM

СН4,
nM

PO4,
μM

NO3,
μM

NO2,
μM

NH4,
μM

N*

AMK73-6045 (above the methane seep)
72.7 0 0.70 30.64 359.11 29.0 0.30 1.13 0.00 0.61 –0.67

4 – – – 31.7 – – – – –
10 0.71 30.61 349.81 33.0 0.69 0.47 0.04 0.31 –6.67
16 – – – 47.3 – – – – –
25 0.66 30.65 349.26 61.6 0.41 2.18 0.09 0.32 –1.29
32 –1.43 34.03 348.67 40.6 0.52 2.74 0.00 0.31 –2.33
48 –1.47 34.03 346.62 40.2 0.46 0.31 0.00 0.29 –3.61
65 –1.48 34.03 317.81 867.9 0.74 7.70 0.04 0.27 –1.08
70 –1.48 34.03 328.32 841.1 0.48 8.69 0.00 0.30 3.40

AMK73-6053 (outside the zone of active gas emission)
67.1 0 0.42 30.05 354.00 29.9 0.33 2.03 0.04 0.06 –0.30

8 0.69 30.40 352.01 32.1 0.33 2.70 0.09 0.09 0.28
15 – – – 50.4 – – – – –
20 0.25 32.46 344.95 44.6 0.41 4.16 0.09 0.04 0.44
25 –1.13 33.92 344.24 116.5 0.43 4.99 0.04 0.05 0.88
45 –1.60 34.20 308.88 25.9 0.58 8.83 0.04 0.12 2.13
65 –1.60 34.20 323.33 25.9 0.59 7.14 0.09 0.07 0.52
index primers (TruSeq). The final concentration of
the index primers was 0.5 μM. The second PCR was
carried out according to the following program: initial
denaturing, 3 min at 95°C; 14 cycles (denaturing, 20 s
at 95°C; primer annealing, 20 s at 59°C; elongation,
30 s at 72°C); and final elongation, 20 min at 72°C.
The libraries were cleaned with the Cleanup Standard
kit (Evrogen, Russia), mixed in equimolar amounts,
and loaded on 2% agarose gel; the required products
were excised on The Safe Imager Blue-Light transillu-
minator (Invitrogen, Israel) at 470 nm. DNA from the
gel was purified using the Cleanup Standard kit (Evro-
gen, Russia). The final concentrations of the library
pools were measured on a Qubit 2.0 f luorimeter
with the highly sensitive HS Assay Kit (Life Technol-
ogies, United States). Sequencing was carried out on a
MiSeq platform (Illumina, United States) using the
MiSeq Reagent Micro Kit v2 (300 cycles) according to
the manufacturer’s recommendations. Initial process-
ing of the data and removal of chimera sequences
was carried out as described previously (Fadrosh et al.,
2014). Construction of the OTU tables and alpha-diver-
sity analysis were carried out as described previously
(Pimenov et al., 2018). The sequence arrays were depos-
ited to GenBank under BioProject no. PRJNA684336.
RESULTS

Physicochemical characteristics of the stations.
Distribution of the hydrophysical and certain hydro-
chemical parameters in the water column at station
AMK73-6045 located above a methane seep, and at
the remote station AMK73-6053 is shown on Fig. 2
and in Table 1. The pycnocline was located at 23–
32 m at the station above the seep (AMK73-6045) and
somewhat higher (20–25 m) at the remote station
AMK73-6053. At both stations, the layers above and
below the pycnocline were well-aerated, with oxygen
concentrations of 340–360 and 320–340 μМ, respec-
tively (Table 1). The concentrations of biogenic ele-
ments (P, N) changed insignificantly along the pro-
file. However, calculation of the quasiconservative
indicator N*, which reflects variations in the Redfield
ratio, revealed nitrogen limitation throughout almost
all the water column above the methane seep
(AMK73-6045), while its values for the reference sta-
tion (AMK73-6053) were above zero for all horizons
except for the topmost one (Table 1).

Methane concentrations in the water columns of
both stations were usually within the range from 25.9
to 50.4 nM. However, at the pycnocline depth (25 m)
local maxima were recorded: 61.6 and 116.5 nM for
stations AMK73-6045 (seep) and AMK73-6053
(remote), respectively. Methane concentrations in the
near-bottom horizons of station AMK73-6045 (seep)
MICROBIOLOGY  Vol. 90  No. 2  2021
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Fig. 2. Profiles of temperature (a), salinity (b), and methane (c) at stations AMK73-6045 (solid line) and AMK73-6053 (broken
line). 
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was as high as 867.9 nM, while at the reference station
it did not exceed the average values until the very bot-
tom (Fig. 2).

Phytoplankton primary production. PP rates
revealed at the studied stations were low (Figs. 3a, 3b).
The total PP values at stations AMK73-6045 (seep)
and AMK-6053 (remote) varied from 2.2 to 18.2 and
from 5.2 to 9.9 μg C/(L day), respectively. Integral PP
values for two stations were almost the same (Table 2).
At different horizons of station AMK73-6045 (seep),
the share of bicarbonate carbon (С-НСО3) incorpo-
rated in BM varied from 11 to 76%, while the share of
С-НСО3 incorporated into DOC varied from 24 to
89% of the summary PP values (Fig. 3a). At the
remote station AMK73-6053, carbon incorporation
into BM was higher (40 to 75%) and incorporation
into DOC was somewhat lower (25 to 60%) (Fig. 3b).
On average the PP-associated shares of С-НСО3
incorporation into DOC were 71.8 and 42.7% for sta-
tions AMK73-6045 and AMK73-6053, respectively
(Table 2).

Dark CO2 assimilation (DCA). DCA values mea-
sured at two stations were relatively high for Arctic seas
during late autumn. At station AMK73-6045 (seep)
the total DCA rate varied along the horizons from 2.5
to 4.9 μg C/(L day), with the average value of 3.4 μg
C/(L day). The values above the average were found at
the surface, in the upper pycnocline (25 m), and in two
near-bottom horizons at 65 and 70 m (Fig. 3c). The
share of С-НСО3 incorporated into microbial BM
varied from 21 to 43% at different horizons, while
most С-НСО3 was incorporated to DOC (57−79% of
the total DCA).

The DCA depth profile at the remote station
AMK73-6053 differed significantly from the one
MICROBIOLOGY  Vol. 90  No. 2  2021
above the seep (Fig. 3d): DCA was above the average
in the upper horizons (from the surface to the upper
pycnocline) and low from the lower part of the pycno-
cline to the bottom. However, the DCA range (from 2
to 5.4 μg C/(L day)) and average value (3.8 μg C/(L
day)) at the remote station AMK73-6053 were similar
to those of station AMK73-6045 above the methane
seep. The shares of С-НСО3 incorporation into BM
and DOC at different horizons were 17 to 55 and 45 to
83%, respectively.

The average DCA-related shares of С-НСО3
incorporation into BM and DOC were similar at both
stations: ~30% into BM and 70% into DOC (Table 2).

Methanogenesis and methane oxidation in the water
column. The calculated rate of hydrogenotrophic
methanogenesis (MG) determined by radiotracer
analysis with NaH14СO3 was quite low, not exceeding
3 nL СН4/(L day), i.e., below the sensitivity of the
method, which provides for reliable measurement of
MG rates above 5 nL CH4/(L day) at methane con-
centrations up to 2 μL/L. These results indicate that
the contribution of hydrogenotrophic MG to an
increase in subsurface methane concentrations in the
studied water samples was low or absent.

Microbial methane oxidation (MO) occurred
throughout the water column, and methane carbon
was converted to СО2, BM, and DOC (Figs. 3e, 3f).
MO at both stations were low (except for the near-bot-
tom horizons at the seep station), which is typical of
the water column of the open Arctic seas (Rogener
et al., 2020). At the remote station AMK73-6053 the
range of total methane oxidation rates varied from 9 to
47 nL СН4/(L day), with the average of 20 nL СН4/(L
day) (Fig. 3f). Above (15 m) and below the pycnocline
(25 m), the values were above the average. The lowest
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Fig. 3. Microbial processes at stations AMK73-6045 (seep) and AMK73-6053 (remote station) sampled during the 73th cruise of
RV Akademik Mstislav Keldysh: primary production (PP, (a–b)), dark CO2 assimilation (DCA, (c–d)), and methane oxidation
(MO, (e–f)). Colored bars indicate the ratios of PP, DCA, and MO products during microbial transformation of C-HCO3 (a–
d) and C-CH4 (e–f): blue, incorporation into the biomass (BM); red, production of dissolved organic carbon (DOC); and green,
СО2 production. The graphs reflect the distribution of the rates of the processes along the profile: (m) PP, total rate of primary
production (BM + DOC); (d) DCA, total rate of dark CO2 assimilation (BM + DOC); and (j) MO, total rate of methane oxi-
dation (СО2 + BM + DOC). 

0

4

10

16

32

25

0
Share of the total PP, %

D
ep

th
, m

(а)

20 40 1008060

0

АМК73-6045   

PP, μg C/(L day) PP, μg C/(L day)

AMK73-6053  

4 8 2018141062 1612 4 8 18141062 1612

0

4

10

16

32

25

0
Share of the total PP, %

(b)

20 40 1008060

0 20

0

10
4

16
25
32

70
65
48

0
Share of the total  DCA, %

D
ep

th
, m

(c)

20 40 1008060

0
DCA, μg C/(L day) DCA, μg C/(L day)

2 4 6531 2 4 531

0
8

20
15

25

65
45

0
Share of the total  DCA, %

(d)

20 40 1008060

0 6

0

10
4

16
25
32

70
65
48

0
Share of the total  МО, %

D
ep

th
, m

(e)

20 40 1008060

0
МО, nL CH4/(L day) МО, CH4/(L day)

0
8

20
15

25

65
45

0
Share of the total  МО, %

(f)

20 40 1008060

0

In CO2
  In BМ
  In DOC

МО

  In BМ
  In DOC

PP

  In  BМ
  In DOC
DCA

1000100101 1000100101



ON THE POSSIBILITY OF AEROBIC METHANE PRODUCTION 151

Table 2. Integral values for the rates of primary production (PP), dark CO2 assimilation (DCA), and methane oxidation
(MO) by pelagic microbial communities measured at stations AMK73-6045 (above the methane seep) and AMK73-6053
(outside the zone of active gas emission) during the 73th cruise of RV Akademik Mstislav Keldysh in October 2018

The values in parentheses indicate the percentage of the total process intensity. * 0–32 m is the integral MO value for the zone from the
surface to the lower pycnocline. ** 0–70 m is the integral MO value for the zone from the surface to the bottom.

Processes AMK73-6045 AMK73-6053

PP,
mg C/(m2 day)

Total PP 228.6 237.3

C-HCO3 incorporation to BM 64.5 (28.2%) 135.9 (57.3%)

C-HCO3 incorporation to DOC 164.1 (71.8%) 101.4 (42.7%)

DCA,
mg C/(m2 day)

Total DCA 230.4 208.5

C-HCO3 incorporation to BM 67.9 (29.5%) 64.3 (30.8%)

C-HCO3 incorporation to DOC 162.5 (70.5%) 144.2 (69.2%)

МО,
μg C-CH4/(m2 day)

Total МО 0–32 m*
771.9

0–70 m**
4271.7 693.4

C-CH4 incorporation to СО2 164.8 (21%) 252.3 (5.9%) 293.0 (42.2%)

C-CH4 incorporation to BM 29.9 (4%) 945.2 (22.1%) 54.7 (7.9%)

C-CH4 incorporation to DOC 577.2 (75%) 3074.2 (72.0%) 345.8 (49.9%)
MO rates were detected in the near-bottom horizons
(45 and 65 m). Both maxima and minima (the inter-
mediate and near-bottom ones) were in complete
agreement with the methane profile (Fig. 2). The
shares of MO-related methane carbon incorporation
into СО2, BM, and DOC at the reference station were
42.2, 7.9, and 49.9%, respectively (Table 2).

The patterns at station AMK73-6045 above the
methane seep were different (Fig. 3e). According to
the concentrations of dissolved methane, two zones
could be discerned in the water column: from the sur-
face to the lower pycnocline (0–32 m) and from the
lower pycnocline to the bottom (Fig. 2). In the zone
from the surface to the lower pycnocline, methane
concentrations were even lower than at the reference
station. The range of MO rates varied uniformly and
more significantly: from 16 at the surface to 81 nL
СН4/(L day) below the pycnocline, with the average
value of 42 nL СН4/(L day) (Fig. 3e). Similar to the
reference station, MO rate decreased slightly in the
pycnocline, while a local maximum was observed
immediately above the pycnocline. Integral MO cal-
culated for this zone was comparable to integral MO
for the remote station (Table 2). A drastic increase in
methane concentration was, however, revealed at the
seep station in the zone from below the pycnocline to
the bottom (Fig. 2), as well as a significant (several
times) increase in microbial MO rates. The range of
methane oxidation increased from 81 (at 32 m) to 120
(at 48 m) and to almost 370 nL СН4/(L day) in the
MICROBIOLOGY  Vol. 90  No. 2  2021
near-bottom horizon (Fig. 3e), while integral MO was
several times higher than at the reference station
(Table 2).

The distribution of MO-related methane carbon
(C-CH4) incorporation into СО2, BM, and DOC cal-
culated for the zone from the surface to the lower pyc-
nocline was different from that calculated for all the
water column from surface to bottom (Table 2), indi-
cating the differences in activity of methane-oxidizing
microbial communities in the near-bottom and sub-
surface horizons of the station above the methane seep
(AMK73-6045).

Molecular analysis of the composition of microbial
communities. Since a peak of methane concentration
was revealed in the pycnocline horizon of both sta-
tions, three samples were chosen for analysis of micro-
bial phylogenetic diversity, two from the pycnocline of
both stations (AMK73-6045_25 and AMK73-
6053_25) and one from the horizon above the pycno-
cline of the seep station (AMK73-6045_16). After pri-
mary data processing, the sequencing resulted in 640
to 833 16S rRNA gene sequences with the average
length of 254 bp. The reads were combined into oper-
ational taxonomic units (OTUs) at 97% similarity.
The phenotype coverage calculated by Chao1 varied
from 82.8 to 83.8% (Table 3). While the rarefaction
curves did not reach the plateau, they were close to this
state (supplementary material Fig. S1). While this cov-
erage is insufficient for conclusion on quantitative rep-
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Table 3. Results of total DNA sequencing and assessment of the phylotype diversity coverage of pelagic microbial commu-
nities from the pycnocline (25 m) and the horizon above the pycnocline (16 m) at stations AMK73-6045 (above the meth-
ane seep) and AMK73-6053 (outside the zone of active gas emission)

Sample
(station_depth) Number of reads Number of OTUs Archcae, % Chao1 Rarefaction, %

AMK73-6045_16 640 163 0.9 194.4 83.8
AMK73-6045_25 780 159 1.9 191.3 83.1
AMK73-6053_25 833 175 1.8 211.4 82.8
resentation of the minor prokaryotic groups, it is suf-
ficient for description of the dominant taxa.

At the level of higher taxa the composition of three
communities was similar. Sequences of the Bacteria
domain were more numerous than those of Archaea
(over 97% of the total read number) (Fig. 3, Table S1).
Archaeal sequences belonged to two phyla: Thaumar-
chaeota (“Candidatus Nitrosopumilus”; 0.3–1.3%)
and Euryarchaeota (Marine Group II; 0.3–0.6%).
Most of bacterial sequences belonged to the phylum
Proteobacteria (75.6–81.5%), specifically to the
classes Alphaproteobacteria (16.5–3.5%), Gammapro-
teobacteria (42.0–59.3%), and Deltaproteobacteria
(0–2.8%). Apart from proteobacteria, members of the
phyla Bacteroidetes (9.9–11.5%), Actinobacteria (0.5–
1.8%), and Verrucomicrobia (0.6–2.2%) were also
revealed. Other phyla of the Bacteria were responsible
for not more than 0.9% of the total reads number.
Members of the following phylogenetic groups were
most numerous in the samples (over 10% of the total
reads number): clade SAR11 (class Alphaproteobacte-
ria; 7.2–15.2%), clusters SUP05 (family Thiogloba-
ceae; 7.5–17.4%) and OM60(NOR5) (9.6–10.5%),
genus Methyloprofundus (0.1–11.6%), and unidenti-
fied members of the family Nitrincolaceae (8.9–
13.2%). Members of the genus Planktomarina (2.7–
6.4%) and clades SAR92 (4.5–6.6%) and NS5 (2.1–
4.3%) were also significant components of the com-
munities. While cyanobacteria were not revealed in the
samples, chloroplast sequences were detected (1.3–
4.2%). The share of mitochondrial sequences (Rickett-
siales) was insignificant (0.3–1.0%).

Among members of the clade SAR11, predominant
ones belonged to subclade Ia (6.1–13.4% of the total
reads number), which are common in high-latitude
areas (Brown et al., 2012). Gammaproteobacterial
sequences belonging to the SUP05 cluster were related
to the Arctic96BD-19 subcluster, comprising aerobic
lithoheterotrophic “Ca. Thioglobus sp.” NP1 and
“Ca. Thioglobus singularis” PS1. The OTU sequences
from the samples, which were assigned to the cluster
OM60(NOR5), were related to the heterotrophic spe-
cies Marimicrobium arenosum CAU 1038. Unidenti-
fied members of the family Nitrincolaceae were related
to uncultured clones of marine gammaproteobacteria
Arctic96B-16 and Ant4D3.
DISCUSSION

It was earlier found for the central part of the Arctic
Ocean that the subsurface methane concentrations
were close to the values   in equilibrium with the atmo-
sphere (3.5−4 nM) in the Atlantic-derived waters,
while it reached 5−7 nM in Pacific-derived waters,
which in the second case was associated with the aer-
obic biological production of methane by pelagic
communities (Damm et al., 2010). Methane concen-
trations in the upper horizons of the water column at
the studied stations above the methane seep (AMK73-
6045) and at a distance from it (AMK73-6053) had
comparable values   and were in the range of 25.9−
50.4 nM (Table 1), which indicates a significant over-
saturation of surface waters of the studied region with
methane. Taking the values   measured by Damm et al.
(2010) as background ones (that is, clearly not deter-
mined by the activity of methane seeps), it can be con-
cluded that both studied stations were affected by
methane seeps. Thus, the elevated concentration of
methane throughout the water column at the AMK73-
6045 station was directly caused by the methane bub-
bles discharge from the bottom sediments, and at the
remote station AMK73-6053 – by advective transfer of
methane-enriched waters, which can be traced in the
pycnocline-associated layer over distances of hun-
dreds of kilometers from a powerful source of bubbly
methane (Shakhova et al., 2015). At the studied sta-
tions, at the depth of the pycnocline, local maxima of
the methane were indeed recorded with the highest
value of 116 nM at the station AMK73-6053 (Fig. 2).
The highest number (11.6%) of 16S rRNA gene
sequences belonging to the methanotrophic bacterial
genus Methyloprofundus was also revealed there (sam-
ple AMK73-6053_25). Their relative abundance was
below 1% in two samples from the station above the
seep (AMK73-6045_16 and AMK73-6045_25),
which correlates with lower concentrations of dis-
solved methane (47.3 and 61.6 nM, respectively). The
MO rate was also low at both stations, i.e., the contri-
bution of methanotrophic bacteria to the trophic net-
work in the pelagic zone was rather low, unlike the
communities of the bottom sediments (Pimenov et al.,
2000; Savvichev et al., 2018).

Despite the obvious influence of powerful methane
seeps on the concentration of dissolved methane in the
water column of the studied region, the possibility and
MICROBIOLOGY  Vol. 90  No. 2  2021
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intensity of in situ biological methane production
remains a relevant issue. Radiotracer analysis did not
reveal measurable hydrogenotrophic methanogenesis
in any of the studied water horizons. Methylotrophic
MG, which, according to some data, may be a signifi-
cant source of methane in the oxic water column of the
Arctic Ocean (Damm et al., 2010), was not investi-
gated in the present work. However, since no 16S
rRNA sequences of methanogenic archaea were
revealed in microbial communities of the studied sam-
ples (AMK73-6045_16, AMK73-6045_25, and
AMK73-6053_25), the possibility of another potential
methane producer in the water column should be con-
sidered.

The structure and functioning of microbial com-
munities under oligotrophic conditions of Arctic seas
are determined by such physicochemical factors as
light and availability of biogenic elements and organic
matter. According to our data, on average 43 to 75%
(and up to 90% at some horizons of the studied sta-
tions) of C-CO2 and C-CH4 is converted to DOC in
the course of PP, DCA, and MO (Table 2, Fig. 3),
which provides for the metabolic activity of diverse
groups of pelagic heterotrophic microorganisms. Abil-
ity to use, apart from the energy obtained by dissolved
organic matter (DOM) decomposition, also the
energy of sunlight provides a physiological advantage
to photoheterotrophs and proteorhodopsin-contain-
ing chemoheterotrophs (Boeuf et al., 2014). Such
organisms include aerobic anoxygenic bacteria of the
order Rhodobacterales (Amylibacter, Planktomarina,
and other Rhodobacteraceae) and proteorhodopsin-
containing members of the clades SAR11 (Pelagibac-
terales), SAR86, and SAR92, which were numerous in
the studied samples (Fig. 4, Table S1).

Ability of the pelagic aerobic community to pro-
duce methane is determined by DOM composition
and availability of the biogenic elements. Methylphos-
phonic acid (methylphosphonate, MPn) and dimeth-
ylsulfoniopropionate (DMSP) are presently consid-
ered the possible methane precursors in oxic marine
environments (Karl et al., 2008; Damm et al., 2010).
While direct determination of these compounds in our
water samples was not carried out, the microorgan-
isms known to be capable of their synthesis and degra-
dation were revealed, and hydrochemical prerequisites
for both pathways of methane formation were estab-
lished.

The genes of methylphosphonate synthesis are
known in widespread ammonium-oxidizing marine
archaea Nitrosopumilus maritimus (Thaumarchaeota),
as well as in members of the SAR11 clade (Pelagibac-
terales) (Metcalf et al., 2011; Born et al., 2017). Rela-
tive abundance of the sequences related to Nitro-
sopumilus in the studied three samples was low (0.3–
1.3% of the total reads number). However, sequences
of the SAR11 clade were rather numerous (7.2–
15.2%). The latter are able both to synthesize methyl-
MICROBIOLOGY  Vol. 90  No. 2  2021
phosphonate and to utilize it as a phosphorus source
under phosphate limitation, with equimolar amounts
of methane released as a byproduct (Carini et al.,
2014).

Methylphosphonate demethylation is carried out
by CP-lyase. Apart from SAR11, the genes encoding
this enzyme were found in various other bacteria and
occur widely in the areas of the Global Ocean charac-
terized by phosphorus limitation (Karl et al., 2008;
Sosa et al., 2019). In the Arctic region, these condi-
tions occur in the Atlantic-derived waters, including
the Laptev Sea. While absolute phosphate concentra-
tions at both stations were not low, positive N* values
at the remote station AMK73-6053 indicated an
imbalance in the Redfield ratio with nitrogen excess
relative to phosphorus, so phosphate starvation at this
station may be hypothesized (Table 1). Thus, meta-
bolic activity of both Nitrosopumilus and SAR11,
which synthesize and demethylate methylphospho-
nate, may contribute to aerobic methane production
in the studied region.

This suggestion certainly requires experimental
verification, since the works on methane release from
methylphosphonate via the CP-lyase pathway have
been carried out mainly in the low-latitude areas of the
Global Ocean (Karl et al., 2008; Sosa et al., 2019),
while an opposite pattern has been shown for the cen-
tral part of the Arctic Ocean, where methane produc-
tion occurred in the area affected with phosphate-rich
Pacific-derived waters, rather than in the zone
affected by phosphate-poor Atlantic-derived waters.
Thus, methane was released under conditions of phos-
phate availability and nitrogen limitation. In this case,
DMSP was a direct precursor of methane (Damm
et al., 2010). Among the studied samples, nitrogen
limitation (N*  0) was observed at station AMK73-
6045 above the methane seep (Table 1), where aerobic
methane production from DMSP may be expected.

The polar and subpolar seas are known to have ele-
vated DMSP levels, both as a dissolved compound and
as a component of microbial biomass. DMSP is syn-
thesized by various members of marine phyto- and
bacterioplankton and has a number of functions,
including the osmo- and cryoprotector, antioxidant,
signal, and regulatory ones, and also acts as a storage
of carbon, sulfur, and/or energy (see review by Zhang
et al., 2019 and references therein). Among the micro-
organisms found in our samples, members of
the clades SAR11 and SAR86 and of the genus Plank-
tomarina are capable of DMSP utilization (Voget et
al., 2015; Sun et al., 2016). The SAR11 cells are unable
to assimilate sulfate and thus require such organic sul-
fur compounds as DMSP, methionine, and cysteine
(Tripp et al., 2008). In the Northern Atlantic surface
water horizons, the SAR11 cells were found to be
responsible for 50% of amino acid assimilation activity
and for 30% of DMSP assimilation activity (Malm-
strom et al., 2004). Thus, owing to its abundant repre-

!
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Fig. 4. Diversity and relative abundance of prokaryotic phyla (a) and genus-level phylogenetic groups (b) in water samples from
stations AMK73-6045 (methane seep) and AMK73-6053 (remote station). Only phylogenetic groups with relative abundance
above 1% of the total read number in at least one sample are listed. The overall abundance of phylogenetic groups responsible for
less than 1% each is indicated by gray color. The samples AMK73-6045_25 and AMK73-6053_25 were collected from the pyc-
nocline horizon; the sample AMK73-6045_16 was collected from the horizon above the pycnocline. n/i indicates unidentified
members of a group.
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sentation in the community (7.2 to 15.2% of the total
read number) and its expected high activity, the clade
SAR11 may be the functionally most important com-
ponent.

DMSP is catabolized via two competing pathways:
demethylation with production of methanethiol
(methyl mercaptan, MeSH) and cleavage with forma-
tion of dimethyl sulfide (DMS) (Zhang et al., 2019).
Since both methanethiol and DMS may act as sub-
strates for methylotrophic methanogenesis under
anoxic conditions (Tallant and Krycki, 1997), Damm
et al. (2015) proposed the theoretical ability of meth-
ane production by marine microorganisms in oxic
environments. According to their model, calculated
for a nominal Roseobacter cell, high respiratory activity
and low permeability of the cellular membranes may
result in the preservation of anoxic intracellular condi-
tions favoring methane production even in oxygen-
MICROBIOLOGY  Vol. 90  No. 2  2021
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saturated waters. A similar mechanism, protecting
nitrogenase from oxygen inhibition, is known for
nitrogen-fixing microorganisms, including cyanobac-
teria (Peschek et al., 1991). However, methane pro-
duction via methylotrophic methanogenesis requires
specific enzyme systems (Kurth et al., 2020), which
are not known in non-methanogenic prokaryotes.
Interestingly, in model experiments elevated numbers
of the nifH gene copies were revealed in the Arctic
water samples supplemented with DMSP, from which
methane was released (Damm et al., 2010). It can be
assumed, that methane release from DMSP under
nitrogen limitation and nitrogen fixation may be
related processes.

To conclude, it should be noted that the pelagic
microbial community of the Arctic Seas is an import-
ant component of marine trophic networks and may
have a significant effect on release of climatically
important gases into the atmosphere. High concentra-
tion of dissolved methane in the surface, oxygen-rich
water of marine basins may result both from discharge
of the underwater methane seeps and from activity of
subsurface microorganisms in the water column. Our
work revealed the hydrochemical prerequisites for and
the possible microbial agents of aerobic methane pro-
duction via methylphosphonate demethylation and
DMSP decomposition. Thus, in situ methane pro-
duction under oxic conditions of the Laptev Sea water
column may use DOM, which, according to our data,
is extensively synthesized in the processes of PP,
DCA, and MO.

Radiotracer techniques, which are traditionally
used for measurement of methanogenesis rates, are
not suitable for assessment of methane-producing
activity of aerobic pelagic microbial communities,
since the pathways of methane production by pelagic
microorganisms are diverse and are often not associ-
ated with utilization of such classical substrates as
CO2, acetate, methanol, and methylamines. Further
research is therefore required for experimental confir-
mation of various mechanisms for aerobic methane
production by a broad spectrum of heterotrophic
microorganisms forming stable communities in the
water column of marine basins in various climatic
zones. Due to occurrence of both western “heterotro-
phic” and eastern “autotrophic” provinces (Semiletov
et al., 2005; Semiletov et al., 2016), which makes it
possible to carry out research in areas with nitrogen
and/or phosphorus deficiency during a single cruise,
Eastern Arctic seas are attractive subjects for such
studies.
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