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Abstract

The “Ladoga” carbon supersite is part of the All-Russian carbon monitoring na-
tional system, it is located in the Boreal coniferous forest zone, and work is
underway here to implement measures to control the emission of greenhouse
gases. This study reports data on the total and carbon-associated diversity of
the soil microbes of reference soils. We obtained 729 amplicon sequence vari-
ants from 35 soil samples. Total diversity is represented by 11 phyla of bacteria
and 1 phylum of methanogenic archaea (for Histosol). Carbon-cycling bacteria
diversity is represented by six phyla (Actinobacteriota; Proteobacteria; Acidobac-
teriota; Bacteroiodota; Firmicutes; and Verrucomicrobiota). The dominant carbon-
cycling bacteria in the studied soils are Actinobacteriota and Proteobacteria. The
analysis of a- and B-diversity allowed us to identify three clusters of microbiota
different in taxonomic composition — these are topsoil of Podzol and subsoil
of Podzol (statistically significant (p <0.05) differences in abundance for Pro-
teobacteria and Verrucomicrobiota were revealed). Histosol is distinguished in a
separate cluster of microbial diversity; it differs from Podzol in the abundance
of carbon-cycling bacteria by Proteobacteria and Bacteroiodota (p < 0.0001). Fur-
ther studies of the soil microbiome of the “Ladoga” carbon supersite should be
focused on the study of functionally specialized groups of carbon and nitrogen
cycle microbes and their ecosystem functions.

Keywords: carbon supersite, soil microbiota, 16S rDNA amplicon sequencing,
high-throughput sequencing, Podzol, Histosol.

Introduction

Soil microorganisms play an important role in the global biosphere-atmosphere
carbon cycle (Naylor et al., 2020; Vasar et al., 2022; Wu et al., 2024). Bacteria
play a major role in the decomposition of organic matter of mortmass from
dead plants, animals, and fungi (Barbato et al., 2022; Baldrian, Lopez-Mondéjar,
and Kohout, 2023; Wu et al., 2024). Various phyla of the soil core microbiota
are involved in the processes of carbon transformation in terrestrial ecosystems
(Morten Dencker et al., 2019; Varsadiya, Urich, Hugelius, and Barta, 2021; Xue
et al., 2023; Wu et al.,, 2024). Currently, several important phyla are identified
as responsible for organic matter recycling processes: Actinobacteriota, Proteo-
bacteria, Cyanobacteria, Acidobacteriota, Myxococcota, Bacteroiodota, Firmicutes,
Verrucomicrobiota, Bdellovibrionota (Xue et al., 2023). These bacterial phyla are
divided into functional groups based on their metabolic processes in nutrient
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transformation differences that may influence soil or-
ganic carbon (SOC) storage and soil organic matter
transformation processes (Jeewani et al., 2020; Naylor et
al., 2020; Fu et al., 2022). It is crucial to understand the
performance of the carbon cycle at the micro-level in the
context of global climate change (Schimel and Schaeffer,
2012; Domeignoz-Horta et al., 2020; Naylor et al., 2020).
In Russia, a network of carbon measurement supersites
(hereinafter “carbon supersite”) has been organized to
study climate-related processes of carbon cycle trans-
formation in terrestrial and aquatic ecosystems. Carbon
supersites will cover all climatic and ecological zones on
the territory of Russia and will conduct (and are already
conducting) research aimed at fundamental and applied
tasks necessary to combat climate change on the planet
(Abakumov, Polyakov, and Chukov, 2022). Studies of soil
microbiota at carbon supersites have so far not received
enough attention. Therefore, the purpose of this work is
to obtain the first data on the taxonomic composition of
the microbiome of reference soils of the “Ladoga” car-
bon supersite (Leningrad region). In addition, using sta-
tistical and bioinformatics methods, we aim to assess the
a- and B-diversity of soil microorganisms and to detect
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the abundance of important phyla as responsible for soil
organic carbon cycling processes.

Materials and methods
Soil survey and main study area settings

The area of the “Ladoga carbon” supersite is located
in the Leningrad Region (Fig. 1), Voeikovo settlement
(59.948001N, 30.717330E). The territory belongs to the
Boreal coniferous (southern taiga) forest zone (FAO,
2012) with a Warm-summer Humid Continental (Dfb)
Climate (Peel, Finlayson, and McMahon, 2007). An av-
erage annual temperature is +5.6°C and an average an-
nual precipitation is 707 mm (Suleymanov et al., 2023).
The relief is composed of fluvioglacial sediments of
the Valdai glaciation and is represented by Esker and
Kame formations (Makarova et al., 2023). Dominant
vegetation types in projective cover are: Pinus sylves-
tris, Vaccinium myrtillus, Vacciniumvitis-idaéa, Athy-
rium filix-femina — at high elevation; Betula pendula,
Calamagrostis arun-dinacea, Sphagnum platyphyllum,
Vacciniumvitis-idaéa — at peatlands (Makarova et al.,
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Fig. 1. Location of the “Ladoga” carbon measurement supersite on a global (black markers) and regional scale. Blue markers indicate the sam-

pling locations for the corresponding soils.
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2023; Suleymanov et al., 2023). The dominant soils (ac-
cording to WRB (2022) classification) are Entic Podzols,
Folic Podzols, Hortic/Plaggic Podzols (on the territory
of old fields) and different types of Histosols (Fibric, He-
mic, Sapric) (Makarova et al., 2023; Polyakov et al., 2023;
Suleymanov et al.,, 2023). Samples for microbiological
analysis were collected from the two most common soils
in the area (without obvious anthropogenic impact) —
Folic Podzol (Oi-Oe (0-2 cm) — AhE (2-13 cm) — Bs
(13-34 cm) — BC/C (34-100 cm)) and Fibric Histosol
(He (0-50 cm) — Ha (50-... cm)). The chemical prop-
erties of these soils are described in details in (Makaro-
va et al.,, 2023; Polyakov et al., 2023; Suleymanov et al,,
2023). Basic chemical properties: Folic Podzol — pHyater
5.6 — 6.0, SOC — 7.5% in Oi-Oe horizon; 3.3% — in
AhE horizon; in deeper horizons 0.6 — 0.2%. Fibric
Histosol — pHyater 4.7 — 5.3 in He horizon; 3.7 — 4.1
in Ha horizon; SOC — 38-47 % in profile (Polyakov et
al., 2023; Abakumov et al., 2024). Samples for microbio-
logical analysis were taken from each soil horizon. After
sampling, all soil samples were transported at +4°C and
stored at —20°C.

DNA Extraction

The total soil DNA was extracted by using the pro-
tocol described in (Pinaev et al., 2022). Quality con-
trol was carried out by PCR and agarose gel electro-
phoresis. The sequencing of the V4 variable region
of the 16S rRNA gene was performed on the Illumina
MiSEQ sequencer (Illumina, San Diego, CA, USA)
at the Centre for Genomic Technologies, Proteomics
and Cell Biology (ARRIAM, Russia), using the prim-
ers 515f (GTGCCAGCMGCCGCGGTAA) and 806r
(GGACTACVSGGGTATCTAAT) (Caporaso et al., 2011).

Bioinformatics analysis

The general processing of sequences was carried out in
R 4.0 (R Core Team, 2013), using dada2 (v. 1.28.0) (Cal-
lahan et al., 2016) and phyloseq (v. 1.44.0) (McMurdie
and Holmes, 2013) packages, according to the author’s
choice of working pipeline. The 16S rDNA amplicon se-
quences were processed according to the dada2 pipeline.
Sequences were trimmed by length (minimum 280 bp
for forward and 210 bp for reverse reads) and quality
(absence of N, maximum error rates maxEE were 2 for
both forward and reverse reads). Amplicon sequences
variants (ASVs) were determined according to the
dada2 algorithm, and chimeric ASV's were removed by
the “consensus” method. The taxonomic annotation was
performed by the naive Bayesian classifier (provided
in the dada2 package, default settings), with the SILVA
138 database (Quast et al., 2012) used as the training set;
phyla names were corrected according to LPSN (Parte

et al,, 2020). The a-diversity (observed ASV and Simp-
son indices) and P-diversity (Bray — Curtis distance)
metrics were calculated using “phyloseq” and “vegan”
(Oksanen et al.,, 2018) packages. The NMDS ordination
of Bray — Curtis distances were drawn using the “phy-
loseq” package. The PERMANOVA analysis was carried
out using the “vegan” package.

Results and discussion

After the bioinformatic processing was completed,
729 ASVs from 35 samples were obtained. The mini-
mum read count per library was 1244, maximum 12787,
mean — 3444. After rarefaction for a-diversity analysis
depth of sequencing was 1244 sequences per sample.
Major phyla observed were Proteobacteria, Actino-
bacteria, and Bacteroidetes followed by Acidobacteria,
Verrucomicrobia, Planctomycetes, Gemmatimonadetes,
Euryarchaeota, and Firmicutes (Fig. 2A). According to
the bar graphs, the relative abundance of phyla in Podzol
reflects the differences between topsoil (Oi-Oe and AhE
horizons) and subsoil (Bs and BC/C horizons). For the
first two horizons of topsoil (Oi-Oe and AhE) of Podzol
the dominance of representatives of the Proteobacteria
phyla (40.9 — 56.5%) is noted. Samples from deeper
parts of the soil section (Bs) demonstrated the high val-
ues of the phyla Gemmatimonadetes (18.5 — 30.2 %). For
parent material (BC/C), the absence of Verrucomicrobia
(1.0 — 3.3%) and lower values of Gemmatimonadetes
(3.7 — 14.5%) are noticeable. The bacteria phylum’s
typical for Podzols include the phyla Proteobacteria
(mainly Rhodoplanes and Xanthomonadales), Acidobac-
teria, Actinobacteria, Bacteroidetes (Evdokimova et al.,
2020; Manucharova et al., 2021; Trifonova et al., 2021).
It is shown in Fig. 2B that in topsoil (Oi-Oe and AhE
horizons) among Proteobacteria phyla nitrite-oxidizing
bacteria Nitrobacter — chemoautotrophic organisms re-
lated to nitrification processes are especially abundant
(Laffite et al., 2020). The proportion of Verrucomicrobia
phyla decreases further down the Podzol profile (Oi-
Oe — 6.5£3.3%; AhE — 8.1£2.2%; Bs — 3.1+1.2%;
BC/C — 1.2+1.6%) since these phyla are cosmopoli-
tans of the rhizosphere (Biinger et al., 2020) and are
related to soil fertility conditions (Dash, Nayak, Pahari,
and Nayak, 2020). The high abundance of Gemmati-
monadetes (25.5+4.2%) in the Bs horizon is explained
by the genesis of this horizon, it is well drained since
it is composed of fine sands, while the phyla of Gem-
matimonadetes shows good adaptation to the conditions
of low moisture (Singh et al., 2023). Therefore, Gemma-
timonadetes abundance decreases (8.9+3.6%) in more
humid parent material (BC/C horizon). In subsoil close
to parent material (BC/C) an increase in the abundance
of Actinobacteria in the total microbiome pool was ob-
served (31.5+6.4%), among this phylum an increase
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in the abundance of Mycobacterium — environmental
nontuberculous mycobacteria was observed. According
to Glickman et al. (2020), the growth of Mycobacterium
chimaera is inhibited in the presence of a mineral form
of aluminum hydroxide and manganese-containing
mineral. The increased abundance of Mycobacterium
can be linked to the processes of illuviation of Al-Fe
compounds across the soil profile and beyond its limits,
which is typical for Podzols in this region.

The major bacteria found in peat soils are Proteobac-
teria (Tsitko et al., 2014; Christiansen, Green, Fryirs, and
Hose, 2022), Acidobacteria (Rakitin et al., 2022), Chloro-
flexi (Christiansen, Green, Fryirs, and Hose, 2022), Ver-
rucomicrobia (Aksenov et al., 2021), also the presence
of Bacteroidetes and Actinobacteria (Serkebaeva, Kim,
Liesack, and Dedysh, 2013), Planctomycetes (Kulichevs-
kaya, Pankratov, and Dedysh, 2006) is noted. As for His-
tosols microbiota (Fig. 2A), there is a high abundance of
Bacteroidetes (He — 20.2+0.4%; Ha — 25.2+16.2%),
as well as the presence of Firmicutes and Planctomycetes
in each sample. In addition, for the peat deposit (Ha ho-
rizon), it is possible to note the presence of representa-
tives of the phylum Euryarchaeota (2.6+2.3 %), which
are methanogenic archaea.

From the total microbiome diversity, the abundance
of bacterial phylum working in carbon cycling was iso-
lated (Fig. 2B). The diversity of the carbon cycling phy-
lum was recalculated as a proportion of the total abun-
dance. The bacteria working for carbon cycling were
identified as Actinobacteriota; Proteobacteria; Acido-
bacteriota; Bacteroiodota; Firmicutes; Verrucomicrobiota
(Cyanobacteria, Myxococcota and Bdellovibrionota were
not included as they were <0.01% of the total abun-
dance). Proteobacteria and Acidobacteriota phyla hold a
significant part of the whole abundance among carbon
cycling bacteria in Pozdol. A paired comparison of phy-
lum abundance using Sidak multiple comparisons tests
showed that there are not many significant similarities
in bacterial abundance for carbon cycling. In the topsoil
of Podzol, there were statistically significant differences
in abundance for Proteobacteria (p <0.01) and Acidobac-
teriota (p<0.001). In the subsoil of Podzol, statistically
significant differences in abundance were found only
for Actinobacteriota (p<0.0001). Among the phylum of
carbon-cycling bacteria in Histosol, the dominant phyla
were Actinobacteriota, Proteobacteria, and Bacteroiodo-
ta. The differences in the abundance of Proteobacteria
phylum (p < 0.05) between He and Ha horizons were sta-
tistically significant.

According to the one-way ANOVA (Fig. 3A, B),
for all observed ASVs (Dfl=5, Df2=29, F=2.6715,
p<0.01), Simpson (Dfl =5, Df2=29, F=5.049, p<0.01)
and Shannon (Dfl=5, Df2=29, F=3.6097, p<0.01)
indices, the soil horizon was a significant predictor of
a-diversity. Data on a-diversity of the soil microbiomes

showed that Podzol is completely different from Histo-
sols in terms of microorganism biodiversity. Thus, the
highest number of ASVs was in the Oi-Oe horizon of
the Podzol from the monitored site. The lowest number
of ASVs was found in the parent material, particular-
ly on the BC/C horizons, which is in accordance with
the fact that in-depth microbial biodiversity decreases.
The richness of topsoil samples was presumably higher
than that of subsoil. The Histosol samples had the lowest
value of richness, according to the observed ASV index.
It was significantly lower than the ones obtained from
the He horizon, but mostly both peat sections had lower
richness in comparison with Podzol samples. A signifi-
cant difference in evenness (according to the Simpson
index) has been discovered between the Histosol and
Podzol, as well as between different horizons of the Pod-
zol soil profile (especially between topsoil and subsoil).
In general, the highest evenness was characterized for
the topsoil samples, whereas lower horizons had moder-
ate values. The a-diversity for the carbon cycle phylum’s
(Fig. 3C, D) is similarly distributed. Podzol and Histolos
are statistically different (F=30.43. DF1=5, DF2=198,
p<0.0001). Statistically significant differences in micro-
bial diversity at carbon cycle phylum’s between topsoil
(Oi-Oe and AhE horizons) and subsoil (Bs and BC/C
horizons) of Podzol were also found (F=9.20 DF1 =5,
DF2=132, p<0.0001).

Taxonomic diversity of soil microbiome is strongly
related to chemical properties and soil regimes (Philip-
pot et al., 2024). The soils we investigated are variable
in genesis and in physicochemical properties. Podzols
are characterized by lower content of SOC and they are
more drained. Histosols are characterized by high mois-
ture and high content of organic carbon. We have previ-
ously noted that the core phyla of the microbial commu-
nity for both soils are Proteobacteria, Actinobacteria, and
Bacteroidetes. However, the lower-level differences in the
taxonomic composition of the microbial community are
probably associated with the genesis of the soils and their
physicochemical properties (Evdokimova et al., 2020;
Rakitin et al., 2022). The B-diversity analysis also re-
vealed differences between samples in a defined manner.
The association of the taxonomic composition of the mi-
crobiome with soil physicochemical properties should
also be investigated, but we are already able to identify
similar microbiome clusters based on B-diversity analy-
sis (Fig. 3). The results of the NMDS (beta-diversity, cal-
culated using Bray — Curtis distances) are presented in
Fig. 3E, E. According to this data, the topsoil samples of
Podzol had a unique microbial composition, clustered
in NMDS, in their own, partly diverse, clusters. Samples
from Bs and BC/C horizons were also grouped in clus-
ters, but much clearer ones. At the same time, samples
from the Histosol clustered NMDS, but each in its
unique group. According to the PERMANOVA, the soil
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horizon was a significant factor of p-diversity (Dfl =5,
Df2=29,F=8.1903, p<0.001) for the Bray — Curtis dis-
tances. Therefore, according to B-diversity, it is possible
to categorize the studied soils into three different groups
(for total and carbon cycle phylum’s relative abundance)
in terms of microbial diversity: 1 — topsoil of Podzol
(0i-Oe and AhE horizons); 2 — subsoil of Podzol (Bs
and BC/C horizon); 3 — Histosol (He and Ha horizon).

Conclusions and outlook

Microbial diversity analysis identified 729 unique ASVs
from 35 soil samples. A total of 11 phyla of bacteria and
1 phylum of archaea were identified. The dominant bac-
terial phyla in Podzol and Histosol are Proteobacteria
and Actinobacteria. The presence of a certain phylum
and genus is associated with the features of soil genet-
ic horizons: Nitrobacter — associated with the topsoil
(Oi-AhE horizons) of Podzol; Verrucomicrobia — more
often found in the topsoil, as they are cosmopolitans
of the rhizosphere; Gemmatimonadetes — which are
adapted to low moisture, found in the drained horizon
Bs composed by sands. For Histosol, a higher abun-
dance of Firmicutes was found and methanogenic ar-
chaea (Euryarchaeota) were identified in the deep Ha
horizon. The total microbial diversity can be separated
into three independent clusters: topsoil of Podzol; sub-
soil of Podzol; and Histosol. Although the list of phyla is
common for both reference soils, we observe statistically
significant differences in relative abundance between
these two soils, and between parts of the soil profile
(especially in Podzol). The main differences in micro-
biological diversity are related to the different genesis
of reference soils: Podzols — these are post lithogenic
soils with organo-mineral matrix, where biogenic accu-
mulation and recycling of organic matter occurs mainly
in topsoil. Histosols are organogenic soils composed of
previously accumulated organic matter (peat) of various
degrees of decomposition. In addition, these two soil
types differ significantly in soil regimes (water, air, and
thermal), so we found microorganisms associated with
soil horizons with different parameters (e.g.: methano-
genic archaea (Euryarchaeota), which were found in the
waterlogged and anaerobic horizon of Ha of Histosol).
Of the prominent phylum of carbon cycle bacteria were
identified: Actinobacteriota; Proteobacteria; Acidobacte-
riota; Bacteroiodota; Firmicutes; and Verrucomicrobiota,
which are clustered similarly. The highest abundance
among carbon cycling bacteria was revealed for Actino-
bacteriota, Proteobacteria in Podzol Actinobacteriota,
Proteobacteria, and Bacteroiodota in Histosol. Statisti-
cally significant differences in the phylum abundance of
carbon cycle bacteria between the two soils were found
between Proteobacteria and Bacteroiodota (p <0.0001).
Further research should be focused on studying func-

tional groups related to carbon and nitrogen cycling in
the bacterial communities and identifying their ecosys-
tem functions for different reference soils of the “Lado-
ga” carbon supersite.

References

Abakumov, E., Nizamutdinov, T., Zhemchueva, D., Suley-
manov, A., Shevchenko, E., Koptseva, E., Kimeklis, A,
Polyakov, V., Novikova, E., Gladkov, G., and Andronov, E.
2024. The characterization of biodiversity and soil
emission activity of the “Ladoga” carbon-monitoring
site. Atmosphere 15(4):420. https://doi.org/10.3390/at-
mos15040420

Abakumov, E.V., Polyakov, V.I., and Chukov, S.N. 2022. Ap-
proaches and methods for studying soil organic mat-
ter in the Carbon polygons of Russia (Review). Eurasian
Soil Science 55(7):849-860. https://doi.org/10.1134/
$106422932207002X

Aksenov, A.S., Shirokova, L.S., Kisil, O.Y., Kolesova, S.N.,
Lim, A.G., Kuzmina, D., Pouillé, S., Alexis, M.A., Cas-
trec-Rouelle, M., Loiko, S.V., and Pokrovsky, O.S. 2021.
Bacterial number and genetic diversity in a permafrost
peatland (Western Siberia): testing a link with organic
matter quality and elementary composition of a peat
soil profile. Diversity 13(7):328. https://doi.org/10.3390/
d13070328

Baldrian, P., L6pez-Mondéjar, R., and Kohout, P. 2023. Forest
microbiome and global change. Nature Reviews Micro-
biology 21(8):487-501. https://doi.org/10.1038/s41579-
023-00876-4

Barbato, R. A, Jones, R. M., Douglas, T. A., Doherty, S.]., Mes-
san, K., Foley, K. L., Perkins, E.]., Thurston, A. K., and Gar-
cia-Reyero, N. 2022. Not all permafrost microbiomes are
created equal: influence of permafrost thaw on the soil
microbiome in a laboratory incubation study. Soil Biology
and Biochemistry 167:108605. https://doi.org/10.1016/j.
s0ilbio.2022.108605

Bunger, W., Jiang, X., Mdller, J., Hurek, T., and Reinhold-Hu-
rek, B. 2020. Novel cultivated endophytic Verrucomi-
crobia reveal deep-rooting traits of bacteria to associ-
ate with plants. Scientific Reports 10(1):8692. https://doi.
org/10.1038/s41598-020-65277-6

Callahan, B.)., McMurdie, P.]J., Rosen, M.]., Han, A.W., John-
son, A.J.A., and Holmes, S.P. 2016. DADA2: High-reso-
lution sample inference from Illumina amplicon data.
Nature Methods 13(7):581-583. https://doi.org/10.1038/
nmeth.3869

Caporaso, J. G., Lauber, C. L., Walters, W. A,, Berg-Lyons, D., Lo-
zupone, C.A., Turnbaugh, P.J., Fierer, N., and Knight, R.
2011. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the Na-
tional Academy of Sciences 108(supplement_1):4516-4522.
https://doi.org/10.1073/pnas.1000080107

Christiansen, N.A., Green, T.J., Fryirs, K. A., and Hose, G.C.
2022. Bacterial communities in peat swamps reflect
changes associated with catchment urbanisation. Urban
Ecosystems 25(5):1455-1468. https://doi.org/10.1007/
$11252-022-01238-3

Dash, B., Nayak, S., Pahari, and Nayak, S. 2020. Verrucomi-
crobia in soil: an agricultural perspective. Frontiers in Soil
and Environmental Microbiology 37-46.

Domeignoz-Horta, L. A., Pold, G., Liu, X.-. A,, Frey, S.D., Mel-
illo, J. M., and DeAngelis, K. M. 2020. Microbial diversity
drives carbon use efficiency in a model soil. Nature Com-
munications 11(1):3684. https://doi.org/10.1038/s41467-
020-17502-z


https://doi.org/10.1134/S106422932207002X
https://doi.org/10.1134/S106422932207002X
https://doi.org/https://doi.org/10.1016/j.soilbio.2022.108605
https://doi.org/https://doi.org/10.1016/j.soilbio.2022.108605
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/doi:10.1073/pnas.1000080107

BIOLOGICAL COMMUNICATIONS, vol. 69, issue 3, July-September, 2024 | https://doi.org/10.21638/spbu03.2024.305 183

Evdokimova, E.V., Gladkov, G.V., Kuzina, N. 1., Ilvanova, E. A.,
Kimeklis, A.K., Zverev, A.O., Kichko, A.A., Akseno-
va, T.S., Pinaev, A.G., and Andronov, E.E. 2020. The
difference between cellulolytic ‘culturomes’ and mi-
crobiomes inhabiting two contrasting soil types. PLoS
One 15(11):e0242060. https://doi.org/10.1371/journal.
pone.0242060

FAO. 2012. Global ecological zones for FAO forest reporting:
2010 update. Working Paper 179. FAO, Rome, Italy.

Fu, Y., Luo, Y., Tang, C., Li, Y., Guggenberger, G., and Xu, J.
2022. Succession of the soil bacterial community as re-
source utilization shifts from plant residues to rhizode-
posits. Soil Biology and Biochemistry 173:108785. https://
doi.org/10.1016/j.s0ilbio.2022.108785

Glickman, C.M., Virdi, R., Hasan, N.A., Epperson, L.E.,
Brown, L., Dawrs, S.N. Crooks, J.L., Chan, E.D.,
Strong, M., Nelson, S.T., and Honda, J. R. 2020. Assess-
ment of soil features on the growth of environmental
nontuberculous mycobacterial isolates from Hawai'i.
Applied and Environmental Microbiology 86(21):e00121-
00120. https://doi.org/doi:10.1128/AEM.00121-20

Jeewani, P. H., Gunina, A., Tao, L., Zhu, Z., Kuzyakov, Y., Van Zwi-
eten, L., Guggenberger, G., Shen, C., Yu, G., Singh, B.P.,
Pan, S., Luo, Y., and Xu, J. 2020. Rusty sink of rhizodepos-
its and associated keystone microbiomes. Soil Biology
and Biochemistry 147:107840. https://doi.org/10.1016/j.
soilbio.2020.107840

Kulichevskaya, I.S., Pankratov, T. A., and Dedysh, S. N. 2006.
Detection of representatives of the Planctomycetes
in Sphagnum peat bogs by molecular and cultivation
approaches. Microbiology 75(3):329-335. https://doi.
org/10.1134/50026261706030155

Laffite, A., Florio, A., Andrianarisoa, K.S., Creuze des Chatel-
liers, C., Schloter-Hai, B., Ndaw, S. M., Periot, C., Schlot-
er, M., Zeller, B., Poly, F., and Le Roux, X. 2020. Biologi-
cal inhibition of soil nitrification by forest tree species
affects Nitrobacter populations. Environmental Microbi-
ology 22(3):1141-1153. https://doi.org/10.1111/1462-
2920.14905

Makarova, M.V., Abakumov, E.V., Shevchenko, E.V., Para-
monova, N.N., Pakhomova, N.V. Lvova, N.A., Ve-
trova, M.A., Foka, S.C., Guzov, Y.N., Ivakhov, V.M.,
lonov, D.V., Khoroshavin, A.V., Kostsov, V.S., Mikush-
ev, S. V., Mikhailov, E. F., Pavlovsky, A. A., and Titov, V. O.
2023. From carbon polygon to carbon farm: the poten-
tial and ways of developing the sequestration carbon
industry in the Leningrad Region and St. Petersburg.
Vestnik of Saint Petersburg University. Earth Sciences 68(1).
https://doi.org/10.21638/spbu07.2023.105

Manucharova, N. A., Pozdnyakoy, L. A., Vlasova, A.P., Yanov-
ich, A.S., Ksenofontova, N.A., Kovalenko, M. A., Stepa-
nov, P.Y., Gennadiev, A. N., Golovchenko, A.V., and Ste-
panov, A. L. 2021. Metabolically active prokaryotic com-
plex in grassland and forests’ sod-podzol under polycy-
clic aromatic hydrocarbon influence. Forests 12(8):1103.
https://doi.org/10.3390/f12081103

McMurdie, P.J. and Holmes, S. 2013. phyloseq: an R package
for reproducible interactive analysis and graphics of mi-
crobiome census data. PLoS One 8(4):e61217. https://
doi.org/10.1371/journal.pone.0061217

Morten Dencker, S., Muhammad Zohaib, A., Carsten Suhr, J.,
Catherine, L., Timothy, M. V., Lorrie, M., Samuel, J., Sam-
uel, F., and Anders, P. 2019. Transcriptomic responses
to warming and cooling of an Arctic tundra soil micro-
biome. bioRxiv:599233. https://doi.org/10.1101/599233

Naylor, D., Sadler, N., Bhattacharjee, A., Graham, E.B., An-
derton, C.R., McClure, R., Lipton, M., Hofmockel, K.S.,
and Jansson, J.K. 2020. Soil microbiomes under cli-

mate change and implications for carbon cycling. An-
nual Review of Environment and Resources 45:29-59.
https://doi.org/https://doi.org/10.1146/annurev-envi-
ron-012320-082720

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P.,
O’hara, R., Simpson, G., Solymos, P., Stevens, M. H. H.,
and Wagner, H. 2018. Community ecology package. R
package version 2:5-2

Parte, A.C., Sarda Carbasse, J., Meier-Kolthoff, J.P., Re-
imer, L.C., and Goker, M. 2020. List of prokaryotic
names with standing in nomenclature (LPSN) moves to
the DSMZ. International Journal of Systematic and Evo-
lutionary Microbiology 70(11):5607-5612. https://doi.
org/10.1099/ijsem.0.004332

Peel, M. C,, Finlayson, B. L., and McMahon, T. A. 2007. Updated
world map of the Képpen-Geiger climate classification.
Hydrology and Earth System Sciences 11(5):1633-1644.
https://doi.org/10.5194/hess-11-1633-2007

Philippot, L., Chenu, C., Kappler, A., Rillig, M. C., and Fierer, N.
2024. The interplay between microbial communities and
soil properties. Nature Reviews Microbiology 22(4):226-
239. https://doi.org/10.1038/s41579-023-00980-5

Pinaev, A.G., Kichko, A.A., Aksenova, T.S., Safronova, V.lI.,
Kozhenkova, E. V., and Andronoy, E. E. 2022, RIAM: a uni-
versal accessible protocol for the isolation of high purity
DNA from various soils and other humic substances.
Methods and Protocols 5(6):99. https://doi.org/10.3390/
mps5060099

Polyakov, V., Abakumov, E., Nizamutdinov, T., Shevchenko, E.,
and Makarova, M. 2023. estimation of carbon stocks and
stabilization rates of organic matter in soils of the “Lado-
ga" carbon monitoring site. Agronomy 13(3):807. https://
doi.org/10.3390/agronomy13030807

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yar-
za, P., Peplies, J., and Glockner, F.O. 2012. The SILVA
ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Research
41(D1):D590-D596. https://doi.org/10.1093/nar/gks1219

R Core Team, R. 2013. R: Alanguage and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. Available at: https://www.R-project.
org/.

Rakitin, A.L., Begmatov, S., Beletsky, A.V., Philippov, D.A,,
Kadnikov, V.V., Mardanov, A.V., Dedysh, S.N., and
Ravin, N.V. 2022. Highly distinct microbial communities
in elevated strings and submerged flarks in the boreal
Aapa-type mire. Microorganisms 10(1):170. https://doi.
org/10.3390/microorganisms10010170

Schimel, J. and Schaeffer, S. M. 2012. Microbial control over
carbon cycling in soil. Frontiers in Microbiology 3. https://
doi.org/10.3389/fmicb.2012.00348

Serkebaeva, Y.M., Kim, Y., Liesack, W., and Dedysh, S.N.
2013. Pyrosequencing-based assessment of the bacte-
ria diversity in surface and subsurface peat layers of a
Northern Wetland, with focus on poorly studied phyla
and candidate divisions. PLoS One 8(5):e63994. https://
doi.org/10.1371/journal.pone.0063994

Singh, S., Singh, S., Lukas, S. B., Machado, S., Nouri, A., Calder-
on, F., Rieke, E. R., and Cappellazzi, S. B. 2023. Long-term
agro-management strategies shape soil bacterial com-
munity structure in dryland wheat systems. Scientific Re-
ports 13(1):13929. https://doi.org/10.1038/s41598-023-
41216-z

Suleymanov, A., Abakumov, E., Nizamutdinov, T., Polyakov, V.,
Shevchenko, E., and Makarova, M. 2023. Soil organic
carbon stock retrieval from Sentinel-2A using a hybrid
approach. Environmental Monitoring and Assessment
196(1):23. https://doi.org/10.1007/s10661-023-12172-y


https://doi.org/10.1371/journal.pone.0242060
https://doi.org/10.1371/journal.pone.0242060
https://doi.org/https://doi.org/10.1016/j.soilbio.2022.108785
https://doi.org/https://doi.org/10.1016/j.soilbio.2022.108785
https://doi.org/https://doi.org/10.1016/j.soilbio.2020.107840
https://doi.org/https://doi.org/10.1016/j.soilbio.2020.107840
https://doi.org/10.21638/spbu07.2023.105
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1101/599233
https://doi.org/https://doi.org/10.1099/ijsem.0.004332
https://doi.org/https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fmicb.2012.00348
https://doi.org/10.3389/fmicb.2012.00348
https://doi.org/10.1371/journal.pone.0063994
https://doi.org/10.1371/journal.pone.0063994

184 BIOLOGICAL COMMUNICATIONS, vol. 69, issue 3, July-September, 2024 | https://doi.org/10.21638/spbu03.2024.305

Trifonova, T., Kosmacheva, A., Sprygin, A., Chesnokova, S.,
and Byadovskaya, O. 2021. Enzymatic activity and mi-
crobial diversity of sod-podzolic soil microbiota using
16S rRNA amplicon sequencing following antibiotic ex-
posure. Antibiotics 10(8):970. https://doi.org/10.3390/
antibiotics10080970

Tsitko, I., Lusa, M., Lehto, J., Parviainen, L., Ikonen, A. T. K., La-
hdenpera, A.-M., and Bomberg, M. 2014. The variation
of microbial communities in a depth profile of an acidic,
nutrient-poor boreal bog in Southwestern Finland. Open
Journal of Ecology 04:832-859. https://doi.org/10.4236/
0je.2014.413071

Varsadiya, M., Urich, T., Hugelius, G., and Barta, J. 2021. Micro-
biome structure and functional potential in permafrost
soils of the Western Canadian Arctic. FEMS Microbiology
Ecology 97(3):fiab008. https://doi.org/10.1093/femsec/
fiab008

Vasar, M., Davison, J., Sepp, S.-K., Mucina, L., Oja, J., Al-
Quraishy, S., Anslan, S., Bahram, M., Bueno, C.G., Can-
tero, J.J., Decocq, G., Fraser, L., Hiiesalu, I., Hozzein,
Wael N., Koorem, K., Meng, Y., Moora, M., Onipchen-
ko, V., Opik, M., Partel, M., Vahter, T., Tedersoo, L., and
Zobel, M. 2022. Global soil microbiomes: a new frontline
of biome-ecology research. Global Ecology and Biogeogra-
phy 31(6):1120-1132. https://doi.org/10.1111/geb.13487

Wu, H., Cui, H,, Fu, C,, Li, R, Qi, F, Liu, Z, Yang, G., Xiao, K.,
and Qiao, M. 2024. Unveiling the crucial role of soil mi-
croorganisms in carbon cycling: A review. Science of The
Total Environment 909:168627. https://doi.org/10.1016/j.
scitotenv.2023.168627

Xue, P., Minasny, B., McBratney, A., Pino, V., Fajardo, M., and
Luo, Y. 2023. Distribution of soil bacteria involved in C
cycling across extensive environmental and pedogenic
gradients. European Journal of Soil Science 74(1):e13337.
https://doi.org/10.1111/ejss.13337


https://doi.org/10.1093/femsec/fiab008
https://doi.org/10.1093/femsec/fiab008
https://doi.org/https://doi.org/10.1111/geb.13487
https://doi.org/https://doi.org/10.1016/j.scitotenv.2023.168627
https://doi.org/https://doi.org/10.1016/j.scitotenv.2023.168627
https://doi.org/https://doi.org/10.1111/ejss.13337



