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Abstract—The archaeal composition of permafrost samples taken during the drilling of frozen marine sediments
in the area of the Barentsburg coal mine on the east coast of Grønfjord Bay of Western Spitsbergen has been
studied. This study is based on an analysis of the V4 region of the 16S rRNA gene, carried out using next-gen-
eration sequencing. The general phyla of the Archaea domain are Euryarchaeota, Bathyarchaeota, Thaumar-
chaeota, and Asgardarchaea. As a result of a phylogenetic analysis of the dominant operational taxonomic units,
representatives of methanogenic and methane- and ammonium-oxidizing archaea, as well as heterotrophic
archaea, are found. The methanogenic archaea of Euryarchaeota phylum, Methanobacteria class, are found in
permafrost with controversial genesis, while the methane-oxidizing archaea of Methanomicrobia class Methano-
sarcinales order are found in the marine permafrost at cape Finneset: the ANME-2a, -2b group in layers of 8.6
and 11.7 m and the ANME-2d group (Candidatus Methanoperedens) in a layer of 6.5 m. Ammonium-oxidizing
archaea of phylum Thaumarchaeota is present in all types of permafrost, while the order of Nitrososphaerales is
found in permafrost with controversial genesis and the order Nitrosopumilales is in permafrost with marine and
controversial genesis. Representatives of phylum Bathyarchaeota are found stratigraphically in the most ancient
samples under study. Asgardarchaeota superfylum is excluded in the layers of permafrost with marine genesis and
is represented by the phyla Lokiarchaeota, Thorarchaeota, and an unclassified group belonging to this superphy-
lum. The presence of methane, ethylene, and ethane in the permafrost of the first sea terrace of Cape Finnemet
at a depth of 11.7 m, as well as the composition of the archaeal community, give us reason to assume that, before
freezing, microbiological processes of anaerobic methane oxidation took place in it, probably received from Ter-
tiary rocks. The results of both this and previous works present the Spitsberen permafrost as a rich archive of
genetic information of little-studied prokaryotic groups.

Keywords: Western Spitsbergen, permafrost, marine sediments, domain Archaea, V4 region of 16S rRNA,
methane
DOI: 10.1134/S0001433821100066

INTRODUCTION
The Spitsbergen is a unique region of the Arctic where

fast processes associated with climate warming are
recorded. According to meteorological data from Long-

yearbyen, the average annual air temperature increased
during the 20th century from about –9 to ‒4°С (Hum-
lum et al., 2003). The area of glaciers in the vicinity of
Longyearbyen and Barentsburg decreased by about
1254
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Fig. 1. Region of the study area in the Spitsbergen archipelago (a); satellite image of a permafrost test site in Barentsburg showing the
locations of boreholes 1, 2, 5, and 7 (b); and the precise locations of boreholes 2 and 5 (c) (using maps from https://google.ru/maps
and https://toposvalbard.npolar.no).
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50% from 1936 to 2017 (Chernov et al., 2018). Spits-
bergen permafrost is the warmest within the High Arc-
tic due to the warming influence of currents and air
masses carried from the Atlantic with the West Spits-
bergen current. In 2016, as part of the creation of a
permafrost test site of the Russian Science Center on
the eastern bank of Grønfjord Bay, boreholes were
drilled to study the structural features of permafrost
and monitor ground temperatures (Demidov et al.,
2016, 2019). Permafrost coastal–marine sediments
frozen in the late Pleistocene and Holocene after they
emerged from under the sea level, were drilled. This
study is a continuation of the ongoing work on a com-
prehensive study of permafrost in the vicinity of the
Barentsburg mine. Comparative microbiological stud-
ies of the Arctic systems of seawater–marine sedi-
ment, as well as terrestrial–subsea permafrost, show
the differences between the dominant prokaryotic
groups. For the Archaea domain, in the same seawa-
ter–marine sediments transition, an increase in the
proportions of the orders of Methanomicrobia and
Methanococci and a decrease in the order of Methano-
bacteria of the phylum Euarchaeota, as well as a signif-
icant increase in the proportion of Thermoprotei (Cre-
narchaeota) and the appearance of the order Thermo-
plasmata (Euarychaeota), were observed (Hamdan
et al., 2013). The dominant groups of the Archaea
domain in permafrost in the Cape Mamontov Klyk
area were anaerobic methanogenic, ammonium-oxi-
dizing, and methane-oxidizing Archaea. The perma-
frost in the Buor-Khaya Bay (southern Laptev Sea)
was dominated by groups of methanogenic and meth-
ane-oxidizing Achaea (Winkel et al., 2018). In West
Antarctica in the South Atlantic Ocean, the composi-
tion of the Archaea domain of King George Island—
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
rich in microbial methane and about 7500 years old—
the dominance of methanogenic and ammonium-oxi-
dizing Archaea was revealed using the V3-V5 and V1-V5
regions of 16S rRNA (Karaevskaya et al., 2014). In the
study of 2-m strata of marine sediments from the off-
shore of Northwestern Spitsbergen with a nonvertical
methane emission, representatives of phylum Crenar-
chaeota, Miscellaneous Crenarchaeotal group (at the
top of the strata), as well as phylum Euarchaeota,
ANME-1 group of anaerobally methane-oxidizing
archaea (in the lower part of the strata), were discov-
ered (Treude et al., 2020). In the biofilms from bore-
holes drilled in marine gas hydrate pingo approxi-
mately 50 km from the south-southwest of South Cape
Island (Spitsbergen archipelago), representatives of
Methanomicrobia class, ANME-1a and -b groups of
phylum Eurarchaeota; representatives of the recently
discovered C. methanofastidiosales order, carrying out
metallotrophic methanogenesis (Vanwonterghem et al.,
2016); representatives of phylum Bathyarchaeota,
which is supposedly capable of methanogenesis
(Evans et al., 2015); and representatives of phyla Ther-
moplasmata and Woesearchaeota (Gründer et al., 2019)
were discovered. However, the studies on the ancient,
deep permafrost on Spitsbergen using the new genera-
tion sequencing method have not yet been carried out.
The aim of our work was to characterize permafrost
coastal marine sediments covering the entire altitude
and age range of the ladder of marine terraces in the
Barentsburg region using the methods of analyzing the
V4 region of the 16S rRNA gene in order to gain an
idea of the structure of archaeal communities and cor-
responding microbiological processes that took place
in marine sediments before their freezing for a long
time. This work represents the second part of the study
 Vol. 57  No. 10  2021
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ARCHAEAL COMMUNITIES OF FROZEN QUATERNARY SEDIMENTS 1257
on the Archaeal domain; the first part was dedicated to
the Bacterial domain.

SAMPLING SITE
This study used permafrost cores from borehole

(Bh) 1 (78.02289° N, 14.29845° E, 2.0 m above sea
level (MSL)) drilled at the mouth of the Grøn River;
Bh 2 (78.09504° N, 14.24096° E, 75.5 m MSL) and
5 (78.09856° N, 14.23299° E, 43.0 m MSL), drilled on
the eastern bank of the Isfjord Bay; and Bh 7
(78.04703° N, 14.21962° E, 8.0 m MSL), drilled at
Cape Finneset (Fig. 1). These sediments were repre-
sented by sands, sandy loams, loams, and clays of
coastal–marine genesis (Fig. 2) which accumulated
during the middle and late Holocene and then, during a
sharp drop in relative sea level, came to the surface, were
frozen, and then were covered with a thin cover of con-
tinental sediments of various genesis (Forman et al.,
2004; Svendsen, Mangerud, 1997). The average
annual temperature of Bh 2 (September 25, 2018–
August 25, 2019) at a depth of 5.5 m was –2.17°С and
a one-time measurement (September 12, 2016) of the
Bh 7 temperature at a depth of 12.5 m was –0.87°С
(Demidov et al., 2020). Despite the fact that in the
modern era these sediments are frozen, samples from
depths less than 3 m could have been thawed during
the Holocene warming, when the seasonal thawing
depth exceeded the modern one. In the case of Bh 1, a
short-term rise in sea level might have caused the tem-
porarily thawing of sediments which are now frozen
(Solovieva et al., 2018; Salvigsen, Høgvard, 2005).
Samples taken for next-generation sequencing were
numbered according to Bh numbers and sampling
depths (S1-1, S2-4, S5-3, S7-7, S7-9, and S7-12).

METHODS
Sampling. Drilling was carried out in August and

September 2016 using the UKB 12/25 drilling
machine (Vorovskiy Head, Yekaterinburg, Russia).
The coring was undertaken without washing and with-
out adding chemical reagents. Thin-walled core pipes
with an external diameter of 76 to 112 mm were used.
After cleaning the surface of the frozen core segments
with a sterile scalpel, the samples were placed in sterile
bags (Whirl-Pak®, Nasko, United States) and stored
at temperatures –4 to –10°С. On 28 October 2016,
they were transported to the laboratory, where they
were stored in a freezer at –18°С until analysis in the
period from October 2016 to February 2020.

Analysis of carbon monoxide, carbon dioxide, meth-
ane and ethylene concentrations. For an analysis of
gases, we selected Bh7, since it is the deepest (12 m)
and abundant in samples for gas extraction from per-
mafrost. Gas was collected using headspace degassing
in 150 mL syringes (Alperin et al., 1985).

Analyses of carbon monoxide, carbon dioxide,
methane, ethylene, and ethane concentrations were
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
carried out on a Chromatek-Kristall 5000 chromato-
graph with packed and capillary columns and a tem-
perature in the column oven by isotherm at 80°C
(NRC Kurchatov Institute – IREA, Moscow, Russia).
Three detectors were used: PID-1 (for carbon oxides
and methane) and PID-2 (for C2-C4 hydrocarbons);
the temperature of both was 200°C; RTA was used to
determine nitrogen, oxygen, and hydrogen; the tem-
perature was 160°C. Reference gas consumption
(helium) was 15 mL/min. The carrier gas was helium
(99.9999%); pressure was 25 kPa. Hydrogen con-
sumption was 25 mL/min and air consumption was
500 mL/min. The gas mixtures used were
O2/CO/CO2/CH4/N2/He with mole fraction of com-
ponents (ppm) 2.2/2.2/2.3/2.3/2.6/remainder and
7.8/7.7/7.6/7.7/7.6/remainder respectively, C2H4,
C2H2, C2H6, C3H6, C3H8,i-C4H10/n-C4H10,N2 with
mole fraction of components (%) 0.00105/0.00097/
0.00108/0.00104/0.00105/0.00111/0.00107/remainder.

DNA isolation and preparation and sequencing of
amplicon libraries. DNA from the samples was isolated
using Fast DNA Spin Kit for Soil according to the
manufacturer’s method (MP Biomedicals, United
States). The concentration was measured using a
Qubit 2.0 f luorimeter with a dsDNA HS reagent KIT
(InvitrogenTM, United States). Amplicon libraries
were created using PCR with universal primers for
region V4 in accordance with the previously described
methodology (Fadrosh et al., 2014) at the Vernadsky
Institute of Microbiology. Primers were selected for
the most objective ratio of Bacteria and Archaea
domains: 515F (5′-GTGBCAGCMGCCGCGG-
TAA-3′) (Hugerth et al., 2014) and Pro-mod-805R
(5'-GACTACNVGGGTMTCTAATCC-3′) (Merkel
et al., 2019). Sequencing was performed on a MiSeq
system (Illumina, United States) at Biospark (Mos-
cow, Troitsk, Russia) using a reaction MiSeq Reagent
Micro KIT v2 that reads 150 nucleotides from each
end. Each sample was read in two technical duplicates,
including the reagents and air control sample used to
subtract the contaminant sequences from the study
sample. A total of 164 843 sequences were obtained.

Bioinformatic and statistical analysis. Demultiplex-
ing, as well as subsequent processing and sequence
analysis, were performed using the appropriate scripts
in QIIME 2 ver2019.1 software (Bolyen et al., 2019).
Operational Taxonomic Units (OTUs) were identified
using the SILVAngs 1.4 pipeline (https://ngs.arb-silva.
de/silvangs/) and BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) programs. The coverage index of
amplicon libraries was calculated by the formula

where n is the number of OTUs represented by one
amplicon and N is the total number of amplicons
(Good, 1953). The Chao1 index (Chao, 1984) was
calculated by the formula

= −1 C n N
 Vol. 57  No. 10  2021
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Table 1. Concentrations of carbon-containing gases in samples from Bh 7 by a Chromatek-Kristall 5000 chromatograph

* b.d.l. indicates below the detected limit.

Depth, m bs Sample no.
Concentration, mL kg–1

CO CO2 CH4 C2H4 C2H6

4.5 5.76202 13.46128 0.14902 b.d.l.* b.d.l.
6.5 S7-7 1.94538 8.84039 0.09029 b.d.l. b.d.l.

11.7 S7-12 4.85901 28.13825 0.48315 0.29511 0.74120

Table 2. Characteristics of amplicon libraries: archaeal DNA content, total number of obtained sequences and phylotypes
(OTUs) in samples, coverage and diversity indices

Bh no. Depth, m Sample no. Archaea, % OTU, 
number

Amplicons, 
number

Good
index, %

Shannon–
Weaver index, 

%

Chao1
index, %

1 1.3 S1-1 0.04 3338 ± 427 30404 ± 5471 96.3 ± 4.3 5.0 ± 0.1 8540 ± 1156
2 4.2 S2-4 1.00 164 ± 18 6678 ± 604 98.3 ± 1.1 2.5 ± 0.1 857 ± 761
5 3.1 S5-3 0.02 531 ± 56 19829 ± 4061 98.7 ± 0.1 2.8 ± 0.1 1207 ± 387
7 6.5 S7-7 0.02 783 ± 60 14899 ± 2308 98.2 ± 0.1 4.7 ± 0.1 1239 ± 142
7 8.6 S7-9 1.00 96 ± 35 164 ± 32 53.6 ± 9.6 4.1 ± 0.6 452 ± 169
7 11.7 S7-12 0.14 799 ± 23 10274 ± 549 96.8 ± 0.4 4.3 ± 0.1 1242 ± 83
where Sobs is the identified number of phylotypes
(OTU), a is the number of phylotypes (OTU) repre-
sented by one amplicon, and b is the number of phylo-
types represented by two amplicons. The Shannon–
Weaver Index (Magurran, 1988) was calculated accord-
ing to the formula

where pi is the relative abundance of the ith philotype
(OTU). The relative abundance of technical replica-
tions was combined to indicate the relative content for
analysis of the bacterial community using bubble
graph diagrams. The analysis of main components and
cluster analysis were performed using the Past3 statis-
tical package (Hammer, 2017) using the paired group
algorithm (UPGMA) and the Euclidean affinity
index.

Deposit at GenBank. The sequence of regions V4
16S rRNA were loaded into the NCBI database as bio-
project PRJNA625477. The gene sequences of
16S rRNA isolates were transferred to the NCBI data-
base under the numbers MN599988-MN599993.

RESULTS
Methane and Other Carbon-Containing Gases 

in Samples of Bh 7 Near Cape Finneset
The methane content in Bh 7 samples ranged from

0.09029 to 0.48315 mL/kg (Table 1). The concentra-

( )+ 2
obsChaol =   2 ,S a b

= −'   ln ,i ii
H p p
IZVESTIYA, ATMOSPHER
tion of carbon dioxide was about 58–98 times higher
than the methane concentration and 2.2–5.8 times
higher than the carbon monoxide concentration. In
the sample S7-12, ethylene and ethane were detected
at comparable levels with methane content concentra-
tions (Table 1).

Profiling of the V4 region of 16S rRNA. Genomic
DNA was isolated from all samples: in concentrations
from 0.1 to 0.8 ng/μL for Bh 1 and 7 samples and
about 0.02 ng/μL for Bh 2 and 5 samples. The content
of archaeal DNA in the total prokaryotic DNA did not
exceed 1% (Table 2).

A total of 44 OTUs of the Archaea domain were
revealed (all of them are dominant, ≥1%): 7, 5, 7, 8, 1,
and 16 for samples S1-1, S2-4, S5-3, S7-7, S7-9, and
S7-12, respectively.

It was represented by the phyla Euryarchaeota
(5.6–100%), Bathyarchaeota (22.1–81.0%), Thaumar-
chaeota (5.6–54.0%), Asgardarchaea (6.3–79.2%), and
Woesearchaeota (5.6–52.2%) (Figs. 3, 4). Methano-
genic Archaea were found in samples S1-1, S2-4, S5-3,
and S7-7 and were represented by four genera: Metha-
nocalculus, Methanobacterium, Methanobrevibacter,
and Methanothermobacter. In phylum Euryarchaeota,
the Methanobacteria class was the most diverse in the
studied samples. Its representatives were found in all
boreholes. Therefore, in the S1-1 sample, 32.7% was
the genus Methanobacterium and 15.4% was the genus
Methanothermobacter. This is the only sample out of
six in which the proportion of methanogenic Archaea
exceeded 20.0%, amounting to 46%. This genus was
also discovered as the only representative of methano-
IC AND OCEANIC PHYSICS  Vol. 57  No. 10  2021
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Fig. 3. Relative abundance of archaeal taxa in the studied samples. Sample names are explained in the text. Bubbles represent the
mean value of relative abundances from two technical repetitions.

Relative
abudance

Phylum Class Order Family Genus
genic Archaea in sample S7-7. The genus Methanoth-
ermobacter was also found in sample S2-4. The genus
Methanobrevibacter was the only identified represen-
tative of methanogens in sample S5-3. The Metha-
nomicrobia class is represented in our samples by the
genus Methanocalculus and was found only in sample
S2-4, where it amounted to 18% of the archaeal com-
munity. The Thermoplasmata class was represented by
the SG8-5 group and was found only in sample S7-12
(2.8%). Other members of the Methanosarcinales
order belonging to Archaea involved in anaerobic
methane oxidation were found in Bh 7: groups
ANME-2a, -2b (S7-9 100% and S7-12 30.3%), and -2d
(Candidatus Methanoperedens) (S7-7 36.1%). The
phylum Bathyarchaeota was found in samples S2-4
(80.6%) and S7-12 (17.8%). Representatives of
ammonium-oxidizing Archaea of the order of Nitroso-
sphaerales were present in samples S1-1 (50%), S7-7
(3.6%), and S7-12 (5.6%) and those of the order
Nitrosopumilales in samples S1-1 (3.9%), S5-3
(10.0%), and S7-12 (2.8%). Inside the Asgardarchae-
ota superfila, phyla Lokiarchaeota (S5-3 22.2%, S7-7
6.8%, and S7-12 12.2%), Candidatus Thorarchaeota
(S5-3 27.7% and S7-12 29.3%), and unclassified
Asgardarchaeota by the 16S rRNA gene (S5-3 33.3%)
were discovered. Representatives of Lokiarchaeota in
sample S5-3, as well as unclassified Asgardarchaeota
in samples S5-3 and S7-12, were identified thanks to
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
the phylogenetic tree on which they appeared on com-
mon branches by representatives of Lokiarchaeota
from samples S7-7 and S7-12. Woesearchaeota phylum
was found inside the DPANN superfila (S5-3 3.9%,
S7-7 52.2%, and S7-12 9.4%).

DISCUSSION

The content of carbon-containing gases in permafrost
of Cape Finneset. The presence of ethylene and ethane
in the sample S7-12 can be explained both by the natu-
ral composition of the gas phase rising through the per-
mafrost to the surface from the bedrock, and by the
anaerobic processes of ethylene splitting by archaea to
ethane and methane described earlier (Koene-Cottaar
and Schraa, 1997; Xie et al., 2017). Ethylene and acety-
lene are known to inhibit melanogenesis in marine sed-
iments (Oremland, Taylor, 1975).

Characteristics of amplicon libraries (the character-
istics are also given in the first part of the study about
Bacteria domain (Karaevskaya et al., 2021)). Sample
S1-1 was characterized by the greatest variety; its
Shannon–Weaver index was 5.0 ± 0.1 and the Chao1
index was 8540 ± 1156, while the library coverage was
96.3 ± 4.3% (Table 2). The samples of Bh 7 were less
diverse, for which the Shannon–Weaver index was
4.1 ± 0.6 to 4.7 ± 0.1 and Chao1 was 452 ± 169 to
 Vol. 57  No. 10  2021
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Fig. 4. Phylogenetic position of the archaeal OTU relative to the nearest homologues and type strains and from NCBI database
(Maximum Likelyhood, Tamura-Nei model, bootstrap method with 500 replicates). 
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1242 ± 83. Sample S7–9, with the lowest diversity
indices and low library coverage, 53.6 ± 9.6%, was
knocked out of the general picture when compared
with the other two samples, S7–7 and S7–12 (96.8 ±
0.4 – 98.2 ± 0.1%). This phenomenon may exist due
to unfavorable conditions for the conservation or iso-
lation of DNA in this sample, which differs from oth-
ers in its high content of plant residues. Samples S2-4
(2.5 ± 0.1) and S5-3 (2.8 ± 0.1) were characterized by
the lowest diversity by the Shannon–Weaver index,
while the library coverage in them was very good and
amounted to 98.3 ± 1.1 and 98.7 ± 0.1, respectively.
This may be due to the very low output concentrations
of DNA, and this, in turn, to their older age when
compared to the samples of the lower marine terraces
exposed by Bh 1 and 7.

Taxonomy of OTUs of the Archaea domain. Here we
considered the taxonomy of OTUs comprising the
Archaea domain (Figs. 3, 4; Table 3), excluding those
that make up less than 5% of all archaeal amplicons,
which is below the error level of the method, marked
with an asterisk in Table 3.

The OTUs of the phylum Euryarchaeota of the
genus Methanobacterium revealed in samples S1-1 and
S7-7 were found to be related to the type strain of
hydrogenotrophic freshwater methanogenic archaea
M. lacus 17A1T (Borrel et al., 2012). The genus Metha-
nocalculus unites halotolerant species and was repre-
sented in the S2-4 OTU sample, related to the type
strain of M. pumilus MHT-1T hydrogenotrophic
archaea (Mori et al., 2000), which is resistant to high
concentrations of several heavy metals, such as CdCl2
and CuSO4 (Fargeau et al., 2019).

OTUs of marine anaerobic methane-oxidizing
archaea ANME-2a, -2b (Beuling et al., 2019) were
found in samples S7-9 and S7-12, and freshwater
ones—ANME-2d (Kurth et al., 2019)—were found in
sample S7-7.

The phylum Bathyarchaeota, found in samples S2-4
and S7-12, is an archaea that occurs inter alia in Na2+-
saline habitats in symbiosis with the class Methanomi-
crobia. In the Bathyarchaeota metagenome, genes
encoding the methyl-coenzyme M-reductase (MKP)
complex were found (Evans et al., 2015; Kallistova
et al., 2017), participating in methanogenesis and
anaerobic oxidation of methane (Thauer, 1998; Shima
and Thauer, 2005).

The family Nitrososphaeraceae (found in samples S1-1,
S7-7, and S7-12) and the family Nitrosopumilaceae
(genus Candidatus Nitrosopumilus) (found in samples
S1-1, S5-3, and S7-12) of the phylum Thaumarchae-
ota are anaerobic ammonium-oxidizing archaea; the
former is found in soil and in freshwater and marine
ecosystems and the latter is found in deep-sea marine
ecosystems (Park et al., 2012).

Archaea of the superphylum Asgardarchaeota were
found only in wells 5 and 7. It is assumed that the
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
archaea of this superphylum are obligate anaerobes;
can have autotrophic, heterotrophic, and phototro-
phic types of nutrition; and can also participate in the
reduction of iron and manganese in the presence of
methanogenic archaea and sulfate-reducing bacteria
(Jørgensen et al., 2013). The phylum Lokiarchaeota,
found in samples S5-3, S7-7, and S7-12, was found in
hydrothermal vents in Japan (Takai, Horikoshi, 1999),
bottom marine sediments of the Atlantic Ocean
(Vetriani et al., 1999), and in terrestrial anaero-
bic/microaerophilic aquatic ecosystems (Sorensen,
Teske, 2006) and deep-sea hydrotherms of the North
Atlantic on the Knipovich Ridge (Jørgensen et al.,
2012; 2013). The phylum Thorarchaeota found in sam-
ples S5-3 and S7-12 was found in lacustrine, man-
grove, and hydrothermal marine bottom sediments;
presumably they are capable of transforming proteins
and hydrocarbons, as well as acetogenesis and sulfate
reduction (Seitz et al., 2016). All representatives of
Asgardarchaeota closest to the OTUs obtained by us
were found in marine ecosystems. It should be noted
that the identified OTUs related to the phylum
Asgardarchaeota practically did not intersect with
each other in different samples, with the exception of
AS5-3-2 and AS7-12-3, AS5-3-3 and AS7-12-4,
which indicates their varied composition depending
on the location and time of sedimentation (Fig. 4).

Genetic relationship of samples. Based on the anal-
ysis of the principal components, according to the tax-
onomic diversity of the Archaea, the samples most sim-
ilar each other were S7-7 and S7-12, as well as S1-1. The
isolation of sample S7-9 in Bh 7 can be explained by the
increased content of fragments of plant material in it,
which is most likely due to sedimentation conditions
that are different from the other two samples. By the
presence of superphylum, Asgardarchaeota made it
possible to combine samples from Bh 5 (S5-3) and
7 (S7-7 and S7-12) and phylum Thorarchaeota (S5-3
and S7-12) (Fig. 5b). Another cluster is formed by
samples S5-3 and S2-4 (Fig. 5b). The archaeal diver-
sity of sample S2-4 is the most different of all samples.
This may be due to the different conditions of sedi-
ment formation and the different age of the sediments
of Bh 1, 3–7, and Bh 2.

Most likely, the archaeal communities of the layers
corresponding to samples S5-3 and S7-9 were formed
in strictly anaerobic conditions favorable for the pro-
cesses of the anaerobic oxidation of methane and
ammonium. Whereas the communities of the layers
corresponding to samples S1-1, S2-4, S7-7, and S7-12
formed in both aerobic and anaerobic conditions,
methanogenesis was added to other processes. The
reason for the appearance of methanogenesis may be
connected not so much with aerobic conditions arising
in the process of the evolution of the sediments, but with
the influence of saturated carbon dioxide in groundwa-
ters on land ecosystems (Demidov et al., 2020).
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Fig. 5. PCA of phyla content for two technical repetitions of domain Archaea (a). Vectors show selected taxonomical factors that
are mainly responsible for the variance between samples. Cluster analysis of average abundance values using the paired group
algorithm (UPGMA) and the Euclidean affinity index (b).

–75 –60 –45 –15 0 15 30 45–30

60

45

30

15

0

–15

–30

PC1 (36.0%)

P
C

2 
(3

3.
1%

)

D
is

ta
nc

e

10
20
30
40
50
60
70
80
90

100

Sample

S5
-3

S7
-7

S7
-1

2

S1
-1

S7
-9

S2
-4

Thaumarchaeota

Asgardarchaeota,

Bathyarchaeota

Euryarchaeota

Woesearchaeota

(a) (b)
CONCLUSIONS

A comparative study of Spitsbergen permafrost
representing marine terraces located in different sites
of the east bank of Grønfjord was carried out for the
first time, using mutually complementary methods:
profiling the V4 region of the 16S rRNA gene for the
Archaeal domain.

Characterized by the predominance of archaeal
phyla Euryarchaeota, Bathyarchaeota, Thaumarchae-
ota, and Asgardarchaea, the communities were similar
to the communities of modern coastal and marine
coastal sediments. Presumably, they were formed
mainly under anaerobic, but also under mixed aero-
bic–anaerobic conditions.

It had been previously established that the isotopic
composition of methane and carbon dioxide in Bh 7,
as well as the predominance of methane oxidizing of
the ANME-2a, -2b and -2d groups over methano-
genic of ther Methanobacteria order, suggests that
these deposits could have been formed under condi-
tions of gas intake from Tertiary rocks.

The presence of methane, ethylene, and ethane in
the sample from Bh 7 at a depth of 11.7 m, as well as
the structure of archaeal communities, suggests the
presence of microbiological processes of anaerobic
oxidation of methane in this layer before freezing,
probably coming from Tertiary rocks.

Thus, combining the results from domains Bacteria
and Archaea, the functional role of the studied pro-
karyotic communities seems to be reduced to hetero-
trophic psychrophilic activity in all samples; metha-
nogenesis in samples S1-1 and S2-4; the anaerobic
oxidation of methane by bacteria of the genus Methy-
lobacter in sample S1-1; the anaerobic oxidation of
IZVESTIYA, ATMOSPHER
methane by archaeal groups ANME-2a, -2b, and -2d
in samples S7-7, S7-9, and S7-12; the sulfate-reduc-
ing activity of bacteria of the phyla Firmicutes and
Nitrospirae in samples S2-4, S7-7, and S7-9; and
anaerobic ammonium oxidation by Archaea of the phy-
lum Thaumarchaeota in samples S1-1, S5-3, S7-7, and
S7-12. Also, all samples assume the presence of micro-
biological processes of conversion of hydrocarbons.

The results obtained here and in our previous article
(Karaevskaya et al., 2021) give motivation for further
research in the field of the phylogeny of prokaryotic
communities of Spitsbengen’s permafrost, in particular
that of marine archaea of the recently discovered super-
phylum Asgardarchaeota. Their metabolism, as well as
the reasons for their quite wide variety in this perma-
frost, is of great interest. Due to the very low fraction of
the Archea domain in the prokaryotic communities
under study, approaches with primers for the gene of
interest of certain archaeal groups must be used for
molecular genetic studies in this area.
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