Antonie van Leeuwenhoek (2022) 115:801-820
https://doi.org/10.1007/s10482-022-01733-9

ORIGINAL PAPER

q

Check for
updates

Phylogenetic diversity in sulphate-reducing bacterial
communities from oxidised and reduced bottom sediments

of the Barents Sea

Andrei L. Brioukhanov® - Vitaly V. Kadnikov
Timur A. Kanapatskiy - Nadezhda V. Politova

- Igor I. Rusanov - Alexander N. Novigatskiy
- Nikolai V. Ravin

- Nikolai V. Pimenov

Received: 14 December 2021 / Accepted: 22 March 2022 / Published online: 18 April 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract In the bottom sediments from a number
of the Barents Sea sites, including coastal areas of
the Novaya Zemlya, Franz Josef Land, and Svalbard
archipelagos, sulphate reduction rates were measured
and the phylogenetic composition of sulphate-reduc-
ing bacterial (SRB) communities was analysed for the
first time. Molecular genetic analysis of the sequences
of the 16S rRNA and dsrB genes (the latter encodes
the B-subunit of dissimilatory (bi)sulphite reductase)
revealed significant differences in the composition of
bacterial communities in different sampling stations
and sediment horizons of the Barents Sea depending
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on the physicochemical conditions. The major bac-
teria involved in reduction of sulphur compounds in
Arctic marine bottom sediments belonged to Desul-
fobulbaceae, Desulfobacteraceae, Desulfovibrion-
aceae, Desulfuromonadaceae, and Desulfarculaceae
families, as well as to uncultured clades SAR324 and
Sva0485. Desulfobulbaceae and Desulfuromona-
daceae predominated in the oxidised (E, = 154-
226 mV) upper layers of the sediments (up to 9% and
5.9% from all reads of the 16S rRNA gene sequences
in the sample, correspondingly), while in deeper,
more reduced layers (E, = =210 to —105 mV) the
share of Desulfobacteraceae in the SRB community
was also significant (up to 5%). The highest relative
abundance of members of Desulfarculaceae family
(3.1%) was revealed in reduced layers of sandy-clayey
sediments from the Barents Sea area affected by cur-
rents of transformed (mixed, with changed physico-
chemical characteristics) Atlantic waters.

Keywords Barents sea - Marine bottom sediments -
Sulphate-reducing bacteria - Desulfobacteraceae -
Desulfobulbaceae - Desulfuromonadaceae - SAR324
clade

Introduction
Barents Sea is an open marine system, where large

amounts of dispersed organic matter (OM) from the
northern Atlantic and Arctic oceans interchange,
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mainly precipitating on the sea bottom (Stiansen et al.
2009; Lind et al. 2018). Transversal structure of the
Barents Sea summer waters along the Kola merid-
ian demonstrates that warm Atlantic waters almost
completely fill the southern part of the sea, forming
the central and northern branches of the Nordkapp
Current (Fig. 1). Cold waters inflowing from the
Arctic Ocean via the Franz-Victoria and St. Anna
trenches prevail in the northern part of the Barents
Sea; thus, deep-water trenches are the key areas for
water exchange between the Arctic basin and the Bar-
ents Sea (Mityaev et al. 2018). The estimated aver-
aged gross production for most of the Barents Sea
area including coastal waters is 82—-174 g C m~2 per

year (Makarevich 2012), with the largest contribu-
tion of the Atlantic area (Dalpadado et al. 2014). An
increased organic matter concentration in the near-
bottom water layers can be explained by deep cur-
rents, gravitational processes and bottom topography,
providing the presence of a nepheloid layer in the
Barents Sea almost everywhere (Politova et al. 2019).

Organic material resulting from primary produc-
tion precipitates to the sea bottom, where microor-
ganisms of the bottom sediments mineralised most of
it (Wollast 1991). Significant variation in the redox
potential of these sediments, from oxidised sur-
face horizons to strongly reduced deeper ones, pro-
vides diverse ecological niches for a broad range of

Depth (m)

0- 100

80°N -

200 - 300

] 300 - 400

[ 400 - 1000
1000 - 2000

. =
78°N -: - 2000 - 3000
B

» 3000

72°N 1

70°N A

20°E 30°E

Fig.1 Sampling stations (67th cruise of the RV Akademik
Mstislav Keldysh, August-October 2016) and water circula-
tion in the Barents Sea: Atlantic waters—red (grey for black
and white version) lines, transformed waters of Atlantic ori-
gin—black dotted lines, Barents Sea waters—black dashed
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lines, Arctic waters—blue (black thick for black and white ver-
sion) lines, Norwegian and Murmansk coastal currents—green
(black thin for black and white version) lines (Stiansen et al.
2009)
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microorganisms. Investigation of drill samples from
the Arctic bottom sediments revealed bacterial 16S
rRNA genes in all horizons, while genetic material
of the Archaea domain members were found only in
strongly reduced sulphide-enriched horizons; micro-
bial communities of each horizon were phylogeneti-
cally diverse and interacted closely with communities
of the neighbouring horizons with noticeably differ-
ent physicochemical characteristics (Forschner et al.
2009).

The products of fermentative metabolism act as
electron donors for bacteria responsible for the ter-
minal phase of OM oxidation in Svalbard coastal
sediments (Finke and Jgrgensen 2008; Robador
et al. 2009; Glombitza et al. 2015). Sulphates and
metal oxides are the most important electron accep-
tors in the anoxic horizons of marine coastal bottom
sediments (Thamdrup 2000). In the upper horizons
(0-2 cm) of Arctic sediments, sulphate reduction and
iron reduction are responsible for mineralization of
75 and 25%, respectively, while in deeper horizons
(5-9 cm) sulphate reduction is the almost exclusively
process of mineralization (Jensen et al. 2003; Van-
dieken et al. 2006a; Finke et al. 2007). Most measure-
ments of sulphate reduction rate (SRR) in the Barents
Sea were carried out for the samples from the bottom
sediments of Svalbard fjords in the course of inves-
tigation of the OM mineralization pathways and of
the temperature effect on sulphate reduction (Arnosti
et al. 1998; Nickel et al. 2008; Sawicka et al. 2012;
Robador et al. 2015).

Sulphate-reducing bacteria (SRB), which help to
mineralize over 50% of organic carbon resulting from
pelagic primary production, play the key role in the car-
bon and sulphur global biogeochemical cycles in the
ocean (Jgrgensen 1982; Miiller et al. 2018). SRB are
a phylogenetically heterogeneous group (Muyzer and
Stams 2008) comprising the microorganisms capable of
obtaining energy by anaerobic oxidation of molecular
hydrogen or low molecular weight organic compounds
(which are often fermentation products), using sulphate
as a final electron acceptor. Sulphate-reducing bacteria
may be subdivided into two separate groups accord-
ing to the utilization of organic compounds. Lactate,
formate, and propionate are the typical substrates for
oxidation to acetate by SRB with an incomplete tricar-
boxylic acid cycle; in most ecosystems, including Arc-
tic marine sediments, it is mainly carried out by mem-
bers of the genera Desulfovibrio and Desulfobulbus

(Glombitza et al. 2015). Most members of the genera
Desulfobacter, Desulfobacterium, Desulfococcus, Des-
ulfosarcina can oxidise organic substrates completely
(Knoblauch et al. 1999a; Glombitza et al. 2015).

One of the first molecular studies on the composition
of microbial communities in Svalbard coastal bottom
sediments revealed the presence of ~30% of potentially
psychrophilic microorganisms, most of which were
sulphate-reducing bacteria (Sahm et al. 1999). Several
psychrophilic SRB capable of growth even at subzero
temperatures have been isolated from Svalbard coastal
bottom sediments, including Desulfofrigus oceanense,
Desulfofaba gelida, and Desulfotalea psychrophila
(Knoblauch et al. 1999b), Desulfotomaculum arcti-
cum (Vandieken et al. 2006¢) and Desulfoconvexum
algidum (Konneke et al. 2013). Psychrophilic SRB
(Desulfovibrio arcticus) were also found in the Arctic
cryopegs, saline water-saturated horizons located at
various depths in permafrost soils (Pecheritsyna et al.
2012). The results of several studies (Jgrgensen et al.
1990; Thamdrup et al. 1994; Sagemann et al. 1998;
Pimenov et al. 2000) showed the rate of sulphate reduc-
tion in northern seas’ bottom sediments to be compara-
ble with the rates of this process in moderate latitudes.
Temperature of the Arctic bottom sediments affects the
competition for substrates between SRB phylogenetic
subgroups, some of which contain psychrophilic spe-
cies and have very high rates of metabolism at low tem-
peratures (Knoblauch et al. 1999a).

The data on sulphate reduction rates in the Barents
Sea bottom sediments are presently scarce (Arnosti
et al. 1998; Savvichev et al. 2009; Robador et al. 2015),
while there is almost no information on the phyloge-
netic composition of sulphate-reducing microbial com-
munities from Arctic seas. Thus, the aim of our study
was to carry out in-depth investigation of the phyloge-
netic diversity in sulphate-reducing bacterial communi-
ties from the Barents Sea bottom sediments collected
at hydrochemically different sediment horizons and
sampling stations, including those at the coastal areas
of the Novaya Zemlya, Franz Josef Land, and Svalbard
archipelagos.
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Materials and methods
Sampling of the bottom sediments

Samples of the Barents Sea bottom sediments
and near-bottom water were collected during the
67th cruise of RV Akademik Mstislav Keldysh
(August—-October 2016) using a Mini Muc K/MT 410
multi-corer (KUM, Germany) and a large-diameter
geological tube (Shirshov Institute of Oceanology,
Russia). Samplings were carried out at the sites of
hydrocarbon deposits in the Pechora Sea (the south-
eastern part of the Barents Sea) near Vaygach Island
(station 5407); at the Shtokman gas condensate
deposit (stations 5412 and 5419); in the North Bar-
ents Sea Deep (station 5421); at the Novaya Zemlya
coasts in the Russkaya Gavan’ Bay (station 5424) and
in the Western Novaya Zemlya Trench (station 5415);
at the Franz Josef Land coasts in the Cambridge Strait
(strait entrance at station 5453, deep-water area at sta-
tion 5454, and in the Dezhnev Bay at station 5456);
at the Svalbard coast in Storfjorden (station 5441);
and in the Medvezhinskii Trench (station 5431)—see
Fig. 1 and Table 1 (Politova et al. 2018, 2019).

Determination of organic carbon and rates of sulphate
reduction

Initial description of the sedimentary cores (0-26-cm
layer) and samplings for determination of SO,*~ and
organic carbon (C,,) contents, as well as measure-
ments of sulphate reduction rates and redox potential
(E,), were carried out in the laboratory on the ship’s
board. After sampling, the sediments were frozen
inboard at —18 °C. Prior to analysis in stationary
laboratories, the samples were defrosted and dried
at 50 °C. C,,, contents in the bottom sediments were
determined by dry incineration using AN-7560 car-
bon analyser (GZIP, Belarus) with the accuracy 3-6
rel.% in the Shirshov Institute of Oceanology, Russia.

Sulphate reduction rates (SRR) were determined
by radioisotope analysis using 3°S-sulphate. Imme-
diately after hauling on board, the sample (3 cm?)
of a bottom sediment from a corresponding horizon
was collected into a cut-off 5-ml plastic syringe and
sealed with a gas-tight butyl rubber stopper. After
injecting 0.2 ml of *S-SO,*~ solution (10 pCi),
the samples were incubated at 1-3 °C for 1-2 days.
After incubation, the samples were fixed with 1 ml
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of 2 M KOH before transportation to the station-
ary laboratory. The samples were then treated
as described previously (Pimenov and Bonch-
Osmolovskaya 2006). Pore waters were separated
by centrifugation for 10 min at 8000 g in a TsUM-1
centrifuge (Russia). Sulphate concentrations in pore
water samples were measured using a Stayer ion
chromatograph (Russia).

The sediment samples with the highest sulphate
reduction rates were used for molecular studies of
phylogenetic composition of microbial communities
and for isolation of SRB enrichment cultures.

All SRR and organic carbon measurements were
carried out in three replicates.

SRB enrichment cultures

Initial enrichment cultures were obtained by injecting
1 cm?® of the corresponding bottom sediment sample
into 18-ml Hungate test tube with 9 ml of anoxic lig-
uid Widdel lactate/sulphate medium for marine SRB
(Widdel and Bak 1992). The samples used for SRB
enrichments originated from four stations located at
the south-east (station 5407, 0-1.5 cm) and north of
the Novaya Zemlya (station 5424, 5-7 cm), also at the
west of the Franz Josef Land (stations 5454, 0-3 cm
and 5456, 6-10 cm). Enrichments were maintained
by inoculations using sterile syringes; the inoculum
volume was 10%. The enrichment cultures were incu-
bated for 5-25 days at 20 °C in the dark.

Growth of the enrichments was monitored by light
microscopy and by colorimetric sulphide determina-
tion with N,N-dimethyl-p-phenylenediamine (Triiper
and Schlegel 1964).

Isolation of total DNA

Total DNA was isolated from 0.25 g of correspond-
ing bottom sediment samples using the MO BIO’s
PowerSoil DNA Isolation Kit (Qiagen, Netherlands),
according to the manufacturer’s protocol. The isola-
tion of total DNA from the SRB enrichment cultures
was carried out using the Genomic DNA Purification
Kit (Thermo Fischer Scientific, USA). The concentra-
tion and purity of DNA samples were estimated spec-
trophotometrically at A 260 and 280 nm on NanoDrop
2000C (Thermo Fisher Scientific, USA).
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Table 1 Results of

Station (coordi- ~ Bottom sediment  E,, (mV) 5042‘, (LUM) SRR, (nmol S Corer (%)
meagurement§ of nates, depth) horizon, (cm) cm™ day_]) ¢
physicochemical parameters
of bottom water and bottom 5407 Bottom 283
sedi.ments at sampling 70° 0.000 N H,0
stations of the Barents Sea 57° 58.000 E 0-15 190 276 104 02

47m 1550 —67 29.1 8.2

10-14 - 160 26.6 78

5412 Bottom H,0O 28.3

ij ;34‘9“7)% N o2 226 26.8 1.8 1.5

268 m 2-4 20 26.8 2.7

5-8 — 48 27.6 24
10-14 -175 263 6.5

5415 Bottom 27.4

75°0.000 N H,0

54°0.000 E 2-4 -20 274 2.5 22

24l m 15-17 - 97 295 3.1

180 22.8 1.6

5419 6-8 - 86 272 24 -

73°5.560 N 13-15 - 95 26.7 3.2

44°36.750 E

340 m

5421 0-2 180 272 2.1 2.6

75°59.800N 5.3 - 126 28.5 24

42° 47.640 E

368 m

5424 Bottom 27.8

76°12.250 N H,0

62°29.190 E 0-2 208 272 3.0 0.3

176 m 5-7 — 147 233 20.1

19-24 —-210 20.8 113

5431 0-2 128 24.8 1.1 1.4

73°40.027 N 4-6 7 27.6 15

25°0.231E

oo 10-13 - 131 27.6 1.1

22-25 25.0 0.6

5441 Bottom 26.8

76° 10.169 N H,0

17°29.688 E 0-2 154 29.7 0.9 1.6

316m 6-8 — 150 22.1 1.3

18-20 —-223 28.7 0.7

5453 0-3 144 26.2 0.2 13

igz éggzg g 10-12 - 140 26.3 0.3

104 20-24 -90 0.3

5454 Bottom H,0 22.6

80: 35596 N o3 147 229 8.2 14

g9 43135 E 7-9 125 26.1 274

18-22 - 105 26.6 0.2
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Table 1 (continued)

Station (coordi-  Bottom sediment  E,, (mV) S0,%, (uM) SRR, (nmol' S C,,,, (%)
nates, depth) horizon, (cm) em™3 day™!)
5456 Bottom H,O 22.5
80°36.879 N
48°15834E 02 166 24.4 52 1.5
606 m 6-10 - 80 29.5 44.8
24-28 - 150 26.6 47.2

PCR analysis of the dsrB and 16S rRNA genes

The DSRp2060F and DSR4R oligonucleotide PCR
primers (Geets et al. 2006) specific to the dsrB gene
encoding the B-subunit of dissimilatory (bi)sulphite
reductase, an essential enzyme for sulphate reduc-
tion, were used for SRB detection in the Barents Sea
bottom sediments and to obtain the amplicons for the
subsequent DGGE analysis. Preliminary assessment
of SRB phylogenetic diversity was carried out by
PCR with oligonucleotide primers specific to the 16S
rRNA genes of six major SRB subgroups—DFM 140/
DFM842, DBB121/DBB1237, DBM169/DBM 1006,
DSB127/DSB1273, DCC305/DCC1165, DSV230/
DSV838 (Daly et al. 2000; Korneeva et al. 2015).

PCR was carried out using a GeneAmp PCR Sys-
tem 9700 amplifier (Applied Biosystems, USA).
The reaction mixture (25 pl) contained the follow-
ing: ~25 ng template DNA; 2.0 mM MgCl,; 400 uM
dNTP (Thermo Fischer Scientific, USA); 500 nM of
each primer (Syntol, Russia); and 2.5 U Tag DNA
polymerase (Syntol, Russia). Amplification was car-
ried out as follows: 95 °C for 5 min; 35 cycles of
94 °C for 1 min, corresponding T, for 1 min, 72 °C
for 1 min; and 72 °C for 10 min.

Nested PCR was used for detection of minor SRB
members in the obtained enrichment cultures. This
method provides for higher sensitivity and amplifica-
tion specificity. Nested PCR was carried out in two
steps. First, fragments of bacterial 16S rRNA genes
were amplified using total DNA from enrichments
as a template, and pA+pH’ oligonucleotide prim-
ers (Edwards et al. 1989; Dar et al. 2005) under the
following conditions: 95 °C for 5 min; 35 cycles of
94 °C for 1 min, 37 °C for 1 min, 72 °C for 6 min; and
72 °C for 10 min. Then, fragments of the 16S rRNA
genes of six major SRB subgroups were amplified
with corresponding primers using the product of the
first step as a template. Amplification products were
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analysed using 110 V electrophoresis in 1% agarose
gel and 1 X TAE buffer.

DGGE and sequencing of the dsrB gene fragments

Products of amplification (with the use of total DNA
from SRB enrichments as template) of the dsrB gene
fragments were separated by denaturing gradient gel
electrophoresis (DGGE). To improve DGGE separa-
tion of the DNA fragments, the sequence of the for-
ward primer DSRp2060F contained a GC-rich frag-
ment of 40 bp at the 5'-end (Muyzer et al. 1993).
Amplification products were applied to 7% (v/v)
polyacrylamide gel (acrylamide—N,N’-methylenebi-
sacrylamide, 37.5:1) with acrylamide concentration
gradient of 35-65% in 0.5x TAE buffer (pH 7.4).
Denaturing agents used for the preparation of a 100%
solution were 7 M urea and 40% deionised formamide
(Merck, Germany). Ammonium persulphate (50 pl of
10% APS per 10 ml solution) and TEMED (10 pl per
10 ml solution) were used as an initiator and a cata-
lyst for gel polymerization, respectively (Green et al.
2010).

DGGE was carried out for 8 h at 200 V and 60 °C
in a DCode Universal Mutation Detection Sys-
tem (Bio-Rad, USA). After electrophoresis, the gel
was washed with distilled water and stained with
SYBR®Gold (Thermo Fisher Scientific, USA) for
40 min in the dark. The stained gel was visualised on
a transilluminator; the separate bands were excised,
transferred into test tubes with 20 pl of sterile dis-
tilled water, and incubated for 16 h at 4 °C for elution
of the DNA fragments from the polyacrylamide gel.

PCR was carried out using the DNA fragments
eluted from the gel as templates and the primer pair
DSRp2060F (5'-CAACATCGTTCATACCCAGGG-
3"y and DSR4R (5-GTGTAGCAGTTACCGCA-
3") in order to reamplify the dsrB fragments, which
were then purified from 1% agarose gel using DNA
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Gel Extraction Kit (Thermo Fisher Scientific, USA).
Nucleotide sequences of the dsrB gene fragments
were determined by Sanger sequencing with the Big-
Dye Terminator v. 3.1 Cycle Sequencing Kit in an
ABI PRISM 3730 automatic DNA analyser (Thermo
Fisher Scientific, USA).

All PCR and DGGE experiments were carried out
in three replicates.

High-throughput sequencing of the 16S rRNA gene
fragments

PCR amplification of the 16S rRNA gene fragments
containing the V3-V4 variable regions was car-
ried out using the universal, covering Bacteria and
Archaea, primers PRK341F (5'-CCTACGGGRBG-
CASCAG-3") and PRK806R (5-GGACTACY VGGG
TATCTAAT-3") (Takai, Horikoshi 2000; Yu et al.
2005). The following program was used: 96 °C
for 2 min, followed by 30 cycles of 96 °C for 30 s,
53 °C for 30 s, and 72 °C for 60 s, and a final elonga-
tion at 72 °C for 10 min. PCR fragments were then
sequenced on a GS FLX genome analyser (Roche,
Switzerland) according to the Titanium protocol
using the GS FLX Titanium Sequencing Kit XL+.
Creation of the library, its amplification, and sequenc-
ing were carried out according to the relevant Roche
protocols.

Phylogenetic analysis

Similarity between the translated amino acid
sequences encoded by the dsrB gene and the corre-
sponding GenBank sequences (about 125 amino acids
each) was determined after aligning by the MUS-
CLE (Edgar 2004), using also the ExPASy and the
BLASTX software. Phylogenetic tree on the dsrB
gene was constructed with the Maximum Likeli-
hood method implemented in the MEGA-X software
(Kumar et al. 2016), using homologically close refer-
ence sequences from the GenBank.

Reads of the 16S rRNA gene fragments starting
with the forward primer were selected and trimmed
to the same length of 250 bp, using Mothur v.1.35.1
(Schloss et al. 2009). All the subsequent operational
taxonomic unit (OTU) analysis was done with Use-
arch v.11 (Edgar 2010). Low-quality reads were fil-
tered (fastq_maxee=1.00) and high-quality reads
were clustered into OTUs at 97% identity level. At

the clustering stage, chimera and singleton sequences
were removed by the Usearch algorithm. Then all
reads, including low-quality ones and singletons,
were mapped to OTU representative sequences at
97% global identity level to determine OTU rela-
tive abundance for each sample. OTU taxonomic
identification was performed using the SINA online
alignment and classification platform, and the Silva
v.1.2.11 database with default parameters (Pruesse
et al. 2012; Quast et al. 2013), and searching for close
sequences in GenBank using the BLAST software.
When a sequence with more than 95% similarity with
the 16S rRNA gene of the described microorganism
was detected, OTU was assigned to the corresponding
genus.

Results and discussion

Physicochemical analysis of the Barents Sea bottom
sediments

The Holocene bottom sediments were represented
by grey aleuro-pelitic clayey hydrotroilite silts with
inclusions of detritus and a characteristic upper
(0-3 cm) reddish oxidised layer. Small (up to 1 cm)
Fe—Mn crusts occurred at stations 5412, 5415, 5421,
5431, 5453, and 5454. Sulphate concentration in the
bottom sediments was within the range 20.8-29.7 pM
(Table 1). In the Pechora Sea (the south-eastern
part of the Barents Sea), the sediments were coarse-
grained, represented by sand-aleurite silts (station
5407) with the lowest C,, content (0.2%). Aver-
age C,, content in the upper layers of the Barents
Sea bottom sediments was 1.4% (n=10), compared
to the average of 1.1% (n=90) for the whole sea
area (Nemirovskaya 2020), while the highest values
defined in our work (2.6%) were typical of predomi-
nantly pelitic silts of the deep-water part of the North
Barents Sea Trench (Table 1). Reduced conditions
with active sulphate reduction and degradation of
plankton biomass precipitating from the water col-
umn usually result in C,,, content decreasing from the
surface horizon (0-3 cm) of sediments to deeper ones
(4-15 cm) (Nemirovskaya 2020).

Station 5407 (Pechora Sea) is under predominant
influence of the Coastal Current (seasonal fluctua-
tion: S=30-34.5%0; T=-1.8-8 °C) (Ingvaldsen and
Loeng 2009), which transfers desalinated waters from
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the North and White seas and is located in the area
of hydrocarbon deposits, gas seeps, and relics of per-
mafrost sediments. In spite of predominant coarse-
grained bottom sediments with the lowest Corg, reduc-
ing conditions developed in these sediments from the
horizon of 1.5 cm (Fig. 2).

The Barents-Kara oil-and-gas province is repre-
sented by sand-clay Mesozoic (Triassic-Jurassic-Cre-
taceous) and Cenozoic sediments (Margulis 2008).
These areas (stations 5412 and 5419) are affected

by the waters of the Barents Sea and transformed

E,, mV
(a) -270-200-130 -60 10 80 150

depth, cm

SRR, nM S cm>day

SO, uM
(b) 0 10 20 3%) . (c) 0 10 20 30 40 S0
0 L 1 )

10

15

depth, cm

20

25

. |

Fig. 2 Redox potential (a), sulphate concentration (b) and
sulphate reduction rate (c) in the bottom sediments at sam-
pling stations in the Barents Sea:— (large black triangle) — sta-
tion 5407,—(black square)—station 5412,— (small black
triangle) —station 5424,— X —station 5441, —3 — station
5454, — (black circle) — station 5456
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Atlantic waters (seasonal fluctuation: S=34.5-35;
T=-1.5-5 °C) (Ingvaldsen and Loeng 2009). In such
surface sediment horizons with relatively low C,,
concentrations (1.5%), the composition of the hydro-
carbon molecular markers indicates their enrichment
with components of thermally mature endogenic
organic matter.

High production of the Barents Sea is caused
by mixing of the relatively warm Atlantic waters
with the cold Arctic ones, which results in forma-
tion of the Polar front at the border of the Barents
Sea waters (seasonal fluctuation: S=234.5-35%o;
T=-1.5-5 °C) with Arctic waters (seasonal fluc-
tuation: S=32-34.8%0; T= <0 °C) (Ingvaldsen and
Loeng 2009). In this region, on the Perseus Plateau
station 5421 is located, which is characterised by high
rate of sediment accumulation and the highest C
value for the surface bottom sediments (2.6%).

Station 5424 is located in the area of the Russkaya
Gavan’ Bay dominated by discharge of a freshwater
terrigenic flow from the Shokal’skogo Glacier, one of
the outlets of the ice sheet on the Severny Island of
the Novaya Zemlya archipelago. Content of organic
matter in the bottom sediments at this station was
low, just 0.31%.

Station 5415 is located in the Western Novaya
Zemlya Trench, where the coastal Novaya Zemlya
Current flows (seasonal fluctuation: S=33-34.7%o;
T=-1.8-6 °C), which is significantly affected by
transformed highly productive Atlantic waters (Bar-
ents Sea waters: seasonal fluctuation S =34.5-35%o;
T=-1.5-5 °C) and the drift of Novaya Zemlya gla-
ciers (Ingvaldsen and Loeng 2009). Organic carbon
content in the bottom sediments here was above the
average values for the Barents Sea (C,,,=2.2%).

Station 5431 is located in the Medvezhinskii
Trench at the border with Atlantic waters (seasonal
fluctuation S= >35%o; T=>3 °C) and transformed
Arctic waters (seasonal fluctuation S= <34.4%o;
T=1-3 °C) (Ingvaldsen and Loeng 2009). The
content of organic carbon in the sediments here
(Corg=1.4%) corresponds to the average values for
the Barents Sea (Nemirovskaya 2020).

Station 5441 is located in Storfjorden at the west-
ern part of the Barents Sea continental outskirts, at
the boundary between oceanic and continental crust
(Gabrielsen et al. 1990). This area is characterised
by wide occurrence of cold Arctic methane seeps
of endogenous origin and is affected by the flow off
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Svalbard glaciers (Astrom et al. 2016). Organic car-
bon content in the bottom sediments (C,,=1.6%)
was slightly higher than the average values for the
Barents Sea (Nemirovskaya 2020).

The Cambridge Strait is located between the
Alexandra Land and Prince George Land islands
(Franz Josef Land archipelago), where ice sheets are
well developed. Arctic waters dominate in this area
(seasonal fluctuation: S=32-34.8%0; T=<0 °C),
although Atlantic modified waters (seasonal fluctua-
tion S=34.8-34.9%0; 0 °C<T< 1,5 °C) penetrates
into the Barents Sea via the Franz Josef Trench (along
the western entrance to the Cambridge Strait with sta-
tion 5453), arriving into the Arctic basin via the Fram
Strait (Ingvaldsen and Loeng 2009). Station 5456
(Corg= 1.5%) is located at the fracturing zone of the
Nagursky Fault near Dezhnev Cape, while station
5454 (C,,=1.4%) is located in the deep-water part of
the Cambridge Strait.

Sulphate reduction in the Barents Sea bottom
sediments

The lowest rates of sulphate reduction were revealed
at station 5431 in the Medvezhinskii Trench bottom
sediments (0.6-1.5 nmol S cm™ day™!), at Svalbard
coast at station 5441 (0.7-1.3 nmol S cm™ day™1),
and especially at the entrance to the Cambridge Strait
at station 5453 (0.2-0.3 nmol S cm™ day™!). In the
bottom sediments of the central Barents Sea area (sta-
tions 5412, 5419, and 5421) sulphate reduction rates
(SRR) varied from 2.1 to 6.5 nmol S cm™> day_l, with
higher values in the Shtokman deposit area at station
5412, up to 6.5 nmol S cm™ day™' in the 12—-14-cm
sediment horizon.

The higher SRR were revealed in the Pechora Sea
bottom sediments at station 5407 (7.8-10.4 nmol S
cm™> day™!), as well as in the bays affected by glacier
movement: near Shokal’skogo Glacier at the Russ-
kaya Gavan’ Bay, Novaya Zemlya coast (station 5424,
3.0-20.1 nmol S cm™ day™!), near the Polyarnykh
Letchikov Glacier in the deep-water part of the Cam-
brigde Strait, Franz Josef Land coast (station 5454,
8.2-27.4 nmol S cm™ day™!) and in the Dezhnev Bay
(station 5456, 5.2-47.2 nmol S cm ™ day™!).

It should be noted, that most of the previous meas-
urements of SRR in the Barents Sea were carried
out for the samples from the bottom sediments of
Svalbard fjords in the course of investigation of the

OM mineralization pathways and of the temperature
effect on SRB activity. These rates varied from 4-53
to 200-350 nmol S cm™> day_l (Arnosti et al. 1998,;
Sagemann et al. 1998; Nickel et al. 2008; Sawicka
et al. 2012; Robador et al. 2015). The SRR at the east
coastline of Svalbard were low because of higher
Fe(IlI) concentrations, a substrate for a competitive
reducing process, in the bottom sediments, versus the
west coastline area (Vandieken et al. 2006a). The rates
of sulphate reduction in the sediments of the cen-
tral Barents Sea area varied from 1.1 to 16.8 nmol S
cm™ day'l, while in the sediments of the continental
slope SRR were much lower, from 0.08 to 0.34 nmol
S ecm™ day™! (Savvichev et al. 2000, 2009). Our
results obtained for the bottom sediments from a
number of the Barents Sea sites, including coastal
areas of the Novaya Zemlya, Franz Josef Land, and
Svalbard archipelagos, are within this range and give
clear evidence for the presence of active SRB cells in
the investigated sediments.

Metabolic activity of SRB cells in bottom sedi-
ments near the Svalbard coast (Smeerenburgfjorden)
at a water depth 218 m was previously shown to
change along the sediment depth profile, with the
highest sulphate reduction rate detected at the sub-
surface, in the upper 2—-6 cm. The maximum amount
of SRB cells in these sediments was at the 2.25 cm
horizon—up to 5.2 x 10 SRB ml~!' (Ravenschlag
et al. 2000). In the present work, the highest sulphate
reduction rates were found in deeper horizons, at the
horizons of 5-10 cm and more (see Table 1). It should
be noted that in some cases the SRB distribution pro-
file in marine Arctic sediments varies significantly
due to the action of tides and bioturbation caused by
marine invertebrates. The physical structure of the
bottom sediments, the content of pore water as well
as organic matter contents and metal concentrations
also have large effects on abundance of marine micro-
organisms and their metabolic activities (Ravenschlag
et al. 2001; Hop et al. 2002).

PCR detection of sulphate-reducing bacteria in
enrichment cultures from the Barents Sea bottom
sediments

From samples of bottom sediments taken at sta-
tions 5407, 5424, 5454 and 5456 off the coast of the
Novaya Zemlya and Franz Josef Land archipelagoes,
actively growing and producing H,S enrichment
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cultures were obtained on the Widdel lactate/sulphate
medium for marine SRB. Microscopic examination of
fixed and fuchsin-stained cell preparations from the
SRB enrichment cultures revealed that the main part
of cells in all preparations was represented by rods of
different lengths, whereas vibrios, spirillae and cocci
were less common.

.For all total DNA samples isolated from obtained
SRB enrichment cultures, positive PCR signals indi-
cated the presence of dsrB, one of the key genes for
sulphate reduction pathway.

Direct PCR analysis of the 16S rRNA gene frag-
ments specific for six major SRB subgroups revealed
members of subgroup 5 (Desulfococcus-Desul-
fonema-Desulfosarcina) in enrichments from the bot-
tom sediments of Franz Josef Land (station 5454 at
the Polyarnykh Letchikov Glacier, 0-3 cm horizon)
and of subgroup 6 (Desulfovibrio-Desulfomicrobium)
at station 5456 (6-10 cm) in the Dezhnev Bay. SRB
of subgroup 6 were also detected in enrichments
from the bottom sediments of two stations (5407
and 5424, 0-1.5 and 5-7-cm horizons, correspond-
ingly) to the south and to the north of the Novaya

Zemlya archipelago. No SRBs of subgroups 1-4
were revealed in the obtained enrichment cultures
(Table 2).

Nested PCR was carried out in order to detect
minor SRB in the enrichment cultures. Analysis of
the results showed the presence of SRB subgroups 1
(Desulfotomaculum), 2 (Desulfobulbus) and 4 (Desul-
fobacter) in enrichments from the bottom sediments
collected to the south of Novaya Zemlya (station 5407
close to Vaygach Island near the continent). Nested
PCR also revealed SRB subgroup 5 (Desulfococcus-
Desulfonema-Desulfosarcina) in enrichments from
the sediments collected at both stations (5407 and
5424) to the south and to the north of Novaya Zemlya
and to the west of Franz Josef Land (station 5456,
Dezhnev Bay). Nested PCR detected 16S rRNA gene
fragments belonged to SRB subgroup 6 (Desulfovi-
brio-Desulfomicrobium) at station 5454 at the Franz
Josef Land—see Table 2.

PCR analysis revealed no members of SRB sub-
group 3 (Desulfobacterium) in all enrichment cul-
tures from the Barents Sea bottom sediments, while
SRB subgroups 1 and 2 (Desulfotomaculum and

Table 2 Analysis of phylogenetic diversity of sulphate-reducing bacteria in the enrichment cultures from bottom sediments of the

Barents Sea by direct and nested PCR

PCR-primers specificity PCR type

Bottom sediments samples

Novaya Zemlya (st. Novaya Zemlya
5407, 0-1.5 cm)

Franz Josef
Land (st. 5454,

Franz Josef Land
(st. 5424, 5-7 cm) (st. 5454, 0-3 cm)

6-10 cm)

dsrB gene Direct PCR  + + + +
16S rRNA gene Direct PCR - - - -
Desulfotomaculum Nested PCR  + _ _ —
(SRB subgroup 1)

16S rRNA gene Direct PCR  — - - -
Desulfobulbus Nested PCR  + _ _ _
(SRB subgroup 2)

16S rRNA gene Direct PCR - - - -
Desulfobacterium Nested PCR  — _ _ —
(SRB subgroup 3)

16S rRNA gene Direct PCR - - - -
Desulfobacter Nested PCR  + _ _ —
(SRB subgroup 4)

16S rRNA gene Desulfococcus-  Direct PCR  — - + -
Desulfonema- Desulfosarcina Nested PCR  + + + +
(SRB subgroup 5)

16S rRNA gene Desulfovibrio- Direct PCR  + + - +
Desulfomicrobium Nested PCR  + + + +

(SRB subgroup 6)

#The Bold indicates detection of the corresponding SRB subgroups in the bottom sediment samples only by nested PCR
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Desulfobulbus, respectively) were detected only in
the enrichments from the sediments of station 5407 at
the Novaya Zemlya southern coast by sensitive nested
PCR.

It should be noted that members of SRB subgroup
6 (Desulfovibrio-Desulfomicrobium), which are con-
sidered the most widespread ones in marine ecosys-
tems, were revealed by direct PCR in enrichment
cultures from the bottom sediments collected at both
stations (5407 and 5424) to the south and to the north
of Novaya Zemlya and at station 5456 near Franz
Josef Land. Nested PCR detected SRB subgroup 5
(Desulfococcus-Desulfonema-Desulfosarcina) in
enrichments from the bottom sediments of all four
investigated stations, which was in agreement with
the earlier studies of the Svalbard coastal bottom sed-
iments by fluorescent in situ hybridization and rRNA
blot hybridization, revealed predominance of the
Desulfosarcina-Desulfococcus of the family Desul-
fobacteraceae (up to 73% of all SRB). This fact par-
tially confirms their abundance in seas and metabolic
versatility in respect of electron donors (Ravenschlag
et al. 2000).

Phylogenetic analysis of sulphate-reducing bacteria
in enrichment cultures from the Barents Sea bottom
sediments based on the dsrB gene

Analysis of five translated amino acid sequences
encoded by the dsrB gene revealed that in total DNA
isolated from the SRB enrichments, obtained from
the surface horizon (0-1.5 cm) of the oxidised bottom
sediments at station 5407 to the south-east of Novaya
Zemlya, they exhibited the highest similarity to the
dsrB sequences of Desulfatiferula (95.2%), Desul-
Sfobulbus (91.2%), Desulfopila (88.8%) genera, and
uncultured Desulfofustis spp. (86.4%).

In the oxidised upper horizon (0-3 cm) of the
bottom sediments collected in the area of Franz
Josef Land at station 5454 (639 m depth) west of
the archipelago, the highest dsrB gene translated
sequence similarity (four sequences were obtained)
was observed for members of Desulfatiferula genus
(93.6%) too, but also with Desulfovermiculus halo-
philus (93.2%), Desulfocurvus vexinensis (92.8%),
and uncultured SRB isolated from the hypersa-
line sediments of the Great Salt Lake in Utah, USA
(93.1%).

As for reduced bottom sediments, in the SRB
enrichments from 5-7-cm sediment horizon collected
at station 5424 to the north of Novaya Zemlya archi-
pelago in the Russkaya Gavan’ Bay (depth 176 m),
five translated amino acid sequences encoded by dsrB
were similar to those from Desulfobulbus (96.0%),
Desulfatiferula (95.2%), Desulfoconvexum (92.8%),
Desulfopila (90.4%), and Desulforhopalus (89.9%)
genera. Interestingly, Desulfoconvexum algidum,
the only known member of Desulfoconvexum genus
(Desulfobacteraceae family) is a psychrophilic SRB
isolated from the bottom sediments at the Svalbard
north-western coast, which is capable of chemolitho-
autotrophic growth on hydrogen as an electron donor
(Konneke et al. 2013).

In the SRB enrichments from reduced bottom sedi-
ments (6-10-cm horizon) collected at station 5456
south of Franz Josef Land in Dezhnev Bay near the
Lunnyi Kupol Glacier (depth 606 m), three translated
amino acid sequences encoded by dsrB were similar
to those from Desulfovibrio frigidus (93.6%), as well
as from Desulfomicrobium norvegicum (91.5%) and
Desulfosarcina variabilis (84.5%). D. frigidus was
isolated from cold sediments at Svalbard western
coast and is able to grow on a broad range of electron
donors (hydrogen, formate, and lactate) and accep-
tors (sulphate, sulphite, thiosulphate, and elemen-
tal sulphur) (Vandieken et al. 2006b). The relevant
sequences distributed among the major detected SRB
families (Desulfobacteraceae, Desulfobulbaceae, and
Desulfovibrionaceae) are designated on the phyloge-
netic tree (Fig. 3) by the numbers of corresponding
sampling stations.

As can be seen from the above data, dsrB gene
fragments belonged to Desulfatiferula genus were
detected in the oxidized upper bottom sediments
(stations 5407 and 5454) as well as in some reduced
lower bottom sediments (station 5424). Representa-
tives of Desulfobulbus and Desulfopila genera existed
in the oxidized (station 5407) and reduced (station
5424) bottom sediments near Novaya Zemlya archi-
pelago. Only oxidized upper bottom sediments con-
tains dsrB gene fragments specific to Desulfofustis
spp. (station 5407 at Novaya Zemlya), Desulfover-
miculus spp. and Desulfocurvus spp. (station 5454
at Franz Josef Land), while variety of SRB genera in
the reduced lower bottom sediments was somewhat
higher—including SRB closed to Desulfoconvexum,
Desulforhopalus (station 5424 at Novaya Zemlya),
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Fig. 3 Phylogenetic tree of
sulphate-reducing bacteria
enrichment cultures from
the bottom sediments of
the Barents Sea, obtained
by comparative analysis of
the translated amino acid
sequences encoded by the
dsrB gene. The numbers
next to each node represent
a measure of support for the
node (given as percent-
ages where 100% represent
maximal support). The
scale bar corresponds to 5%
of the calculated sequence
divergence
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5407-3 MT806073

331 ALN40076.1 partial uncultured Desulfofustis sp.
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Desulfovibrio, Desulfomicrobium and Desulfosarcina
(station 5456 at Franz Josef Land).

Occurrence of the dsrB gene fragments with
the highest similarity to the relevant fragments in
genomes of members of Desulfobacteraceae and
Desulfovibrionaceae families was shown previously
for a number of other marine sediment ecosystems,
including the meromictic Black Sea (Bryukhanov
et al. 2018). Two presently known members of Des-
ulfatiferula genus (Desulfobacteraceae family) are
able to utilize long-chain alkanes and fatty acids as
electron donors and are mesophiles, isolated from
oil-contaminated bottom sediments of Etang de Berre
Lagoon at the Mediterranean coast of France (Cravo-
Laureau et al. 2007; Hakil et al. 2014). It should be
noted that all known Desulfobulbus spp. (Desulfobul-
baceae family) oxidize three-carbon compounds and
have a wide lability of metabolism from fermenta-
tive to mixotrophic, some species were isolated from
desalinated bottom sediments of river estuaries (Oak-
ley et al. 2010). Members of the genus Desulfopila of
the same family, including Desulfopila aestuarii and
Desulfopila inferna, use a broad spectrum of organic
electron donors (and sometimes also hydrogen)
and are also found mainly in the coastal areas, such
as river estuaries and the littoral zone (Gittel et al.
2010).

Phylogenetic analysis of sulphate-reducing bacterial
communities from the Barents Sea bottom sediments
based on the 16S rRNA gene profiling

Analysis of DNA fragments isolated and reamplified
from DGGE bands during investigation of enrichment
cultures is not always able to detect the minor com-
ponents of microbial communities, and application
of dsrB as a genetic marker, although widely used
for study the phylogenetic position of SRB (Bagwell
et al. 2009), has certain limitations due to horizontal
gene transfer (Klein et al. 2001). Therefore, a high-
throughput sequencing of the 16S rRNA gene frag-
ments was used for complete qualitative and quantita-
tive analysis of native microbial communities in the
Barents Sea bottom sediments.

Phylogenetic analysis of the composition of
microbial communities was carried out for 12 sedi-
ment samples with high sulphate reduction rates:
stations 5407 (0-1.5 and 10-14-cm horizons), 5412
(0-2 and 10-14-cm horizons), 5424 (0-2, 5-7, and

19-24-cm horizons), 5441 (0-2 and 6-8-cm hori-
zons), and 5454 (0-3, 7-9, and 8-22-cm horizons).
About 6000-20,000 sequences of the 16S rRNA
gene fragments were obtained for each sample. It
was demonstrated, that the most numerous sub-
groups of sulphate- and sulphur-reducing bacteria of
Deltaproteobacteria class in the investigated bottom
sediments belonged to Desulfobulbaceae and Des-
ulfobacteraceae families (Desulfobacterales order),
Desulfuromonadaceae family (Desulfuromonadales
order), Desulfarculaceae family (Desulfarculales
order), Desulfovibrionaceae family (Desulfovibrion-
ales order), and two uncultured clades, SAR324 and
Sva0485 (Fig. 4).

Clade SAR324 comprises widespread oceanic Del-
taproteobacteria preferring the biotopes with low O,
content and possessing versatile metabolism (chemo-
lithotrophy, heterotrophic growth on C1 compounds,
and alkane oxidation). The SAR324 dsrA gene clus-
tered phylogenetically in a bootstrap supported clade
that is distinct from the common sulphur-oxidizing
and sulphate-reducing types (Sheik et al. 2014). For
clade Sva0485, which comprises tentative sulphate/
iron-reducing Deltaproteobacteria, detected to date
in acidic mine ecosystems, deep-water hydrothermal
sulphide smokers, and iron-containing lake sedi-
ments, a new taxon, Acidulodesulfobacterales order,
has been proposed (Tan et al. 2019).

At station 5407 (south-east of Novaya Zemlya
archipelago, near Vaygach Island, depth 47 m) with
the lowest C,, content (0.2%), which is a subject to
the effects of the Coastal Current carrying desali-
nated seawater and of the Pechora catchment basin,
most numerous SRB in the surface oxidised sedi-
ments (0—1.5-cm horizon, E,=190 mV) belonged to
Desulfobulbaceae (5.4% of all reads in the sample),
Desulfuromonadaceae (3.2%), Desulfobacteraceae
(1.8%) families, and to SAR324 clade (0.5% of all
reads)—see Fig. 4. At the deeper, strongly reduced
horizon (10-14 cm, E;,=—-160 mV) the SRB commu-
nity composition was different, with predominance
of members of the Desulfobacteraceae family (4.4%
of all reads in the sample), while the shares of Des-
ulfobulbaceae and Desulfuromonadaceae decreased
to 1.9% and 1.6%, respectively. SRB of Desulfarcu-
laceae family (1.2%) and Sva0485 clade (0.9%) were
also revealed. Within Desulfobacteraceae family, the
closest similarity of the obtained 16S rRNA gene
sequences was to those of uncultured SEEP-SRBI1
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station station station station station station station
5407_0-1.5 | 5407_10-14 5412_0-2 5412_10-14 5424_0-2 5424_5-7 5424_19-24
Desulfarculaceae 0.1 1.2 0.1 3.1 0.1 0.0 0.2
Desulfobacteraceae 1.8 4.4 0.8 5.0 1.2 3.2 25
Desulfobulbaceae 54 1.9 1.7 24 24 3.9 9.0
Desulfuromonadales 3.2 1.6 0.9 0.1 5.9 1.9 2.8
SAR324 0.5 0.2 0.4 0.1 0.3 0.2 0.1
Sva0485 0.0 0.9 0.1 0.6 0.0 0.1 0.2
station station station station station
5441_0-2 5441_6-8 5454 0-3 5454 7-9 | 5454_8-22

Desulfarculaceae 0.0 0.6 0.0 0.3 0.2

Desulfobacteraceae 1.5 4.0 0.6 1.0 2.0

Desulfobulbaceae 1.7 4.9 0.3 0.1 1.5

Desulfuromonadales 1.0 0.4 1.5 0.2 1.1

SAR324 0.4 0.4 0.2 1.3 21

Sva0485 0.2 0.6 0.0 0.8 0.2

16.00

14.00

12.00

% of SRB subgroups from the entire microbial commu

5t5407_0-1.5 5t5407_10-14 5t5412_0-2 st5412_10-14 5t5424_0-2
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st5424_1924  st5441.0-2 st5441_6-8 st5454_0-3 5t5454_7-9 5t5454_8-22
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Fig. 4 Distribution of the main subgroups of sulphate/sulphur-
reducing bacteria (at the family level) in the bottom sediments
of the Barents Sea based on the results of high-throughput
sequencing of the 16S rRNA gene fragments. The X-axis
shows the numbers of sampling stations and horizons (in cm)

and Sva0081 clades, as well as to Desulfosarcina
genus.

The samples collected at station 5412 (west of
Novaya Zemlya archipelago, area of the Shtokman
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of bottom sediments, and the Y-axis indicates the abundance
(in %) relative to all reads of the 16S rRNA gene sequences in
the sample, i.e. percentages of SRB subgroups from the entire
microbial community

gas condensate deposit, depth 267 m), showed no
pronounced differences in the composition of the
SRB communities in similar sediment horizons (0-2

and 10-14 c¢m), in spite of C,,, content being 7 times
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higher (Fig. 4). It should be noted, however, that
compared to the coastal station 5407, in the upper
oxidised bottom sediments (E,=226 mV) at station
5412, relative abundance of SRB cells was 2.8 lower,
although their phylogenetic composition was simi-
lar (% of all reads in the sample): Desulfobulbaceae
(1.7%), Desulfuromonadaceae (0.9%), Desulfobac-
teraceae (0.8%), and SAR324 clade (0.4%). In the
deeper, reduced sediments of station 5412 (1014 cm,
E,=-175 mV), the quantitative and qualitative com-
position of the SRB community also did not differ
significantly from that of station 5407 (Fig. 4), apart
from 2.5 times higher relative abundance of Desul-
farculaceae and especially a significant decrease in
relative abundance of Desulfuromonadaceae family
(from 1.6% to 0.08%). It looking as follows: Desul-
fobacteraceae (5% of all reads in the sample), Des-
ulfarculaceae (3.1%), Desulfobulbaceae (2.4%), and
Sva0485 clade (0.6%).

In the bottom sediments of station 5424, together
with station 5407 located at the Novaya Zemlya coast,
although at its northern part (Russkaya Gavan’ Bay,
176 m depth) and is affected by freshwater inflow
from the Shokal’skii Glacier, the composition of the
SRB community was interesting. Similar to station
5407, the sediments at station 5424 had low organic
matter content (0.3%) and was located in the area
affected by coastal currents. In the oxidised upper
sediments (0-2 cm, E,=208 mV) of station 5424,
members of Desulfuromonadaceae family were the
most abundant group (5.9% of all reads in the sam-
ple), rather than Desulfobulbaceae predominant at
stations 5407 and 5412. Other subgroups were Desul-
fobulbaceae (2.4%), Desulfobacteraceae (1.2%), and
SAR324 clade (0.3%). Deeper reduced horizons (5-7
and 19-24 cm, E,=-147 and —210 mV) of station
5424 differed from the similar horizon (10-14 cm) at
station 5407 in predominance of Desulfobulbaceae
family (especially in the 19-24-cm horizon, where
SRB relative abundance was 15% of all reads, the
highest value among all collected sediments) and in
almost complete absence of Desulfoarculaceae mem-
bers. Phylogenetic composition of predominant bac-
teria reducing sulphur compounds in the horizons
5-7 and 19-24 cm of station 5424 was as follows:
Desulfobulbaceae (3.9% and 9%), Desulfobacte-
raceae (3.2% and 2.5%), and Desulfuromonadaceae
(1.9% and 2.8%)—see Fig. 4. Apart from numerous
uncultured forms, members of Desulforhopalus and

Desulfocapsa genera were revealed within the Des-
ulfobulbaceae family, while the most common mem-
bers of Desulfobacteraceae family belonged to Desul-
fobacula and Desulfoconvexum genera, as well as to
uncultured Sva0081 and SEEP-SRBI1 clades.

In the oxidised surface sediments (0-2-cm hori-
zon, E, =154 mV) of station 5441 at the Svalbard
southern coast, which are affected by glacial flows
and contain relatively high C, content (similar to
station 5412), SRB relative abundance was relatively
low (not exceeding 5%). The quantitative phyloge-
netic composition of the microbial community reduc-
ing sulfur compounds was relatively similar to that
of the surface sediments of stations 5407 and 5412:
Desulfobulbaceae (1.7% of all reads in the sample),
Desulfobacteraceae  (1.5%), Desulfuromonadales
(1.1%), and SAR324 and Sva0485 clades—0.4%
and 0.2%, respectively. Compared to stations 5407
and 5412, reduced sediments (horizon 6-8 cm,
E,=-150 mV) of station 5441 had higher relative
abundance of members of Desulfobulbaceae fam-
ily (4.9% of all reads in the sample) and lower rela-
tive abundance of Desulfoarculaceae (Fig. 4). While
most Desulfobulbaceae from this horizon belonged to
uncultured lineages, some were identified at the genus
level (Desulfocapsa and Desulfobulbus); within Des-
ulfobacteraceae family, Desulfofaba, Desulfococcus,
and Desulfatirhabdium genera were revealed, as well
as SEEP-SRB1 and Sva0081 clades. Low amounts of
the 16S rRNA gene sequences exhibiting the high-
est similarity to those of Desulfatiglans spp. (Desul-
farculaceae family, Desulfarculales order) were also
detected.

To compare the obtained data on phylogenetic
composition of SRB communities with the previ-
ous research of Arctic marine sediments it should be
noted that only a few data is known up to date. For
instance, several psychrophilic SRB have been iso-
lated from Svalbard coastal bottom sediments, includ-
ing the representatives of Desulfofrigus, Desulfofaba,
Desulfotalea (Knoblauch et al. 1999b), Desulfotomac-
ulum (Vandieken et al. 2006c) and Desulfoconvexum
(Konneke et al. 2013) genera. As it is mentioned
above, Desulfofaba spp. and Desulfoconvexum spp.
were revealed by 16S rRNA analysis in the oxidised
surface sediments (0—2-cm horizon) of station 5441
at the Svalbard southern coast and in the reduced bot-
tom sediments (5-7-cm horizon) of station 5424 to
the north of Novaya Zemlya correspondingly.
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The bottom sediments collected at the deep-water
(639 m) station 5454 west of the Franz Josef Land,
affected by the flow from the Polyarnykh Letchikov
Glacier had the SRB phylogenetic composition dif-
fering significantly from that of other sampling
stations. Thus, the surface (0-3 cm, E,=147 mV)
oxidised sediments showed the lowest relative
abundance of sulphate- and sulphur-reducing bac-
teria among the all collected Barents Sea sediment
samples (2.5% of all reads in the sample). Members
of Desulfoarculaceae family and SVAO0485 clade
were not detected, and relative abundance of Desul-
fobulbaceae was very low (only 0.3% of all reads),
while Desulfuromonadales formed the majority
(1.5% of all reads in the sample) (Fig. 4). While,
unlike the similar horizon of other stations, the
deeper horizon (7-9 cm) of station 5454 was also
oxidised (E, =125 mV), the rate of sulphate reduc-
tion there was very high (27.4 nmol S cm™ day™').
In this sample, members of Desulfobulbaceae fam-
ily, which was the most numerous SRB subgroup
in the majority of the studied samples, were almost
absent; relative abundance of Desulfuromonadales
was also very low; the share of uncultured SAR324
clade was significant (over 1.3% of all reads in the
sample). In the deep reduced horizons (18-22 cm,
E,=—-105 mV) of station 5454 sediments, SRB rel-
ative abundance was lower than in similar horizons
of other stations, although the phylogenetic com-
position of the microbial community was similar,
except for the high share of SAR324 clade (Fig. 4):
SAR324 (2.1% of all reads in the sample), Desulfo-
bacteraceae (2%), Desulfobulbaceae (1.5%), Desul-
Sfuromonadales (1.1%), Sva0485 (0.2%), and Desul-
foarculaceae (0.2%).

It should be noted that members of Desulfobul-
baceae family, which constituted the most abundant
SRB subgroup in most horizons of the studied Bar-
ents Sea bottom sediments, have been previously
detected at the boundary between anoxic sulphide-
containing sediments and upper oxidised ones (Pfef-
fer et al. 2012). The members of Desulfobacteraceae
family also occur in marine bottom sediments (Stritt-
matter et al. 2009). The presence of metabolically
active Desulfobacteraceae and Desulfobulbaceae was
previously revealed near Axel Heiberg Island at the
north of the Canadian Arctic archipelago (Colangelo-
Lillis et al. 2019) and in Arctic deposits of northern
Finland, where Desulfobulbus was the predominant
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genus (Virpiranta et al. 2019). Aceticlastic SRB of
Desulfobacteraceae and Desulfobulbaceae families
were shown to play a significant role in the degrada-
tion of cyanobacterial necromass in marine Arctic
sulphide sediments (Miiller et al. 2018).

Bacteria able to reduce sulphate and elemental sul-
phur constituted~10% of all microorganisms in sur-
face oxidised sediments at stations 5407 and 5424,
which are located near the Novaya Zemlya archi-
pelago coast, affected by coastal currents and con-
tained the lowest C,, content, with predominance
of Desulfobulbaceae and Desulfuromonadaceae. In
deeper, reduced sediment horizons of station 5407,
Desulfobacteraceae family was the dominant SRB
group, while Desulfobulbaceae prevailed in reduced
sediments of station 5424, where the rate of sulphate
reduction was higher. Slight predominance of Desul-
fobulbaceae over Desulfobacteraceae was observed
also in reduced sediments of station 5441, located
at Svalbard archipelago southern coast, affected by
both Arctic and Atlantic currents, and characterised
by much higher C,, content. The highest relative
abundance of members of Desulfarculaceae family
was revealed in reduced horizons of sand-clayey sedi-
ments of station 5412 in the Barents Sea area affected
by the currents of transformed Atlantic waters. In the
reduced horizon of sandy-aleurite sediments from
the deepest station 5454 (Cambridge Bay, Franz
Josef Land, depth 639 m), the lowest rate of sulphate
reduction was detected, as well as emergence of the
SAR324 clade, members of which, as was mentioned
above, possess highly labile metabolism.

Some sulphur-reducing bacteria of the family
Desulfuromonadaceae, which was also detected in
the bottom sediment samples in present research
(Fig. 4), are able to use as electron acceptors, apart
from elemental sulphur, also Mn(I'V), Fe(III), Co(III),
Te(VII), U(VID) etc. Thus, psychrophilic Fe(II)-
reducing bacteria Desulfuromonas svalbardensis and
Desulfuromusa ferrireducens have been isolated from
marine sediments at Svalbard archipelago coast (Van-
dieken et al. 2006d) The bottom sediments of Sval-
bard fjords, which are affected by nearby glaciers,
have low content of organic matter, which limits for-
mation of iron sulphides, so that iron is released into
the water column. Fe(Ill)-reducing bacteria of the
order Desulfuromonadales were detected recently
in the upper 12 cm of these sediments. At a station
remote from the coast, transition from the iron cycle
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microbial communities to sulphate-reducing commu-
nities occurred in the sediments already in the ~5-cm
horizon, which was in agreement with the higher C,,,
content and higher rate of sulphate reduction (Buon-
giorno et al. 2019).

The lowest SRB relative abundance, not exceed-
ing 3-4.5% of all microorganisms, was observed here
in all oxidised surface sediment horizons, except for
two stations at the Novaya Zemlya coast. Detection
of anaerobic SRB of Desulfobacterales order in such
strongly oxidised conditions (with E, up to 226 mV)
at all stations is of great interest, confirming aerotol-
erance of many SRB cells inhabiting the oxic-anoxic
interface in a number of biotopes and possessing
effective antioxidation systems (Brioukhanov et al.
2010).

High relative abundance of uncultured (up to 40%)
sulphate- and sulphur-reducing bacteria revealed in
the studied Barents Sea bottom sediments indicates
considerable prospects for identification, isolation to
pure cultures, and in-depth biochemical and genetic
investigation of members of new microbial taxa
inhabiting the cold Arctic seas, a presently insuffi-
ciently studied part of the World Ocean.
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