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Pe3ztome: VI3ydeHO MHUKPOOHOE COOOLIECTBO IMAJEBBIX IOYB €CTECTBEHHBIX,
3aJ€KHBIX M CEIbCKOXO3SHCTBEHHBIX DKOCHUCTEM I_IeHTpaJ'leOﬁ HKyTI/II/I
Wcnons30BaH ~ METOA  BBICOKOMPOM3BOAWTENHHOTO  CEKBEHUPOBaHHS
¢parmenta rena 16S pPHK nHa cexBenatope Illumina MiSeq. B naneBbix
MIOYBaxX 3aJEKHBIX 3eMeJb MPOUCXOAUT CHIKEHHE COAEPKaHMs MUTATEIbHBIX
BEILECTB I10 OTHOIIEHUIO K 3eMJISIM, BOBJICYCHHBIM B CEJILCKOX O3IHCTBEHHBIH
o6opot. B coctaBe MukpoOMOMa MajieBbIX MOYB MPeolIagaoT OakTepuu U3
¢durymos Acidobacteria, Actinobacteria, Verrucomicrobiota, Pseudomonadota
(Alphaproteobacteria, Gammaproteobacteria), Bacterioidota, Chloroflexi,
Planctomycetota. Brisiinena BBICOKast YUCIIEHHOCTh TaKCOHOB
mukpoopranmsmos  Udaeobacter,  Pirullulacea u  Acidobacteriota,
XapaKTEePHBIX U1 MUKpOONOMa Mep3JI0THBIX 1Mo4B. [10uBEI 3anexeil 1 namHu
XapaKTepU30BaJIUCh 0OoJiee BBHICOKUMHM HHAEKCAMH MHKPOOHOro albda-
pa3Ho00pa3us 1Mo CPAaBHEHMIO C NIOYBAMH €CTECTBEHHBIX YKOCHCTEM. B mouse
3aJIe)KM TIOBBINIATIACE TIPEACTaBIeHHOCTh apxeit u ¢uayma Chloroflexi, mpu
9TOM CcHIpKanack goiast Verrucomicrobiota u Acidobacteriota. o 17.8%
(WIOTHUIIOB B TaKCOHOMHYECKOM COCTAaBE MHKPOOMOMa TMaleBHIX IOYB
SIBITIOTCSL YHUKATBHBIMH B 10 25.7% — oOmUMH MEXIy 3aJIe)KHBIMH U
(oHOBBIMU yuacTKkamu. AHanu3 OeTa-pazHoo0pasuss MHUKpOOMOMa pa3HbIX
TUIIOB 3E€MeJlb CBUIETENBCTBYIOT O TOM, YTO MajeBble MOYBBI 3aJeXei
HeHTpaJbpHON Skyrum 3a mocnennue 30 JeT mnperepnend 3HAYHTEITBHYIO
TpaHC(OPMALUIO B CTOPOHY 30HAIBHBIX TOYBEHHBIX PSJIOB.

Knroueeole cnosa: 16S-aMIUIUKOHBI; O6ropazHoOOpazue TI0YB;
BBICOKOIPOU3BOIUTEIILHOE CEKBEHUPOBAHNE; KPUOTCHHBIE ITOYBHI.
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Abstract:  Soil microbiome makes a significant contribution to the
implementation of ecosystem services, which are necessary for the sustainable
functioning of ecosystems. Soils of central Yakutia develop under dynamic
physical and chemical conditions (long-term freezing/thawing processes,
redistribution of nutrients), which ensures the formation of a specific
microbial community in natural and anthropogenically transformed areas. The
object of the study was the natural, fallow, and agricultural soils of central
Yakutia. The method of high-throughput sequencing of 16S rRNA gene
fragment on lllumina MIiSEQ sequencer was used to analyze the microbial
community. As a result, in fallow lands a decrease in nutrients was revealed if
compared to the lands involved in agricultural turnover. Based on the
composition of the microbiome it was observed that the most common phyla
are Acidobacteria, Actinobacteria, Verrucomicrobiota, Pseudomonadota
(Alphaproteobacteria, Gammaproteobacteria), Bacterioidota, Chloroflexi,
Planctomycetota. The presence of a core set of microorganisms for the studied
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soils was recorded, up to 17.8% of phylotypes are unique and up to 25.7% are
common to fallow lands and background plots. Microbial communities vary
depending on geographical locations and on types of natural resource use. The
most distinct microbial communities are formed in hydromorphic soils with
the development of gley processes, as well as in agricultural soils.

Keywords: 16S amplicons; soil biodiversity; high-throughput sequencing;
permafrost affected soils.

INTRODUCTION

The central part of Yakutia has been a major agricultural center
for a long time, but today, most of the land is fallow and subject to self-
restoration processes. As a result of cryogenic processes, landscape
transformation, degradation of soil cover, removal of nutrients and reg-
ular changes in soil microbiome occur. The soil microbiome plays a
significant role in vegetation development, and soil nutrient redistribu-
tion, and influences the quality of life of the population (Jansson, Hof-
mockel, 2019; Suman et al., 2022). Therefore, the study of soil micro-
biomes is an important step toward sustainable agriculture, especially
in soils affected by permafrost processes (Santos, Olivares, 2021). Soils
of the central part of Yakutia are represented by permafrost Calcic
Cryosols, which are formed under conditions of low temperatures and
short growing seasons (lvanova et al., 2013). The unique geological
and geochemical features of central Yakutia determine the specific
composition of microflora that develops under conditions of dynamic
change of physical and chemical environmental factors in a wide range
of low temperatures (Ivanova et al., 2014). However, natural and an-
thropogenically transformed soils are extremely poorly studied and
there is still no complete picture of the quantitative and qualitative
composition of soil microbiota in permafrost landscapes of Yakutia
(Kuzmina et al., 2021). From the previously obtained data, it was re-
vealed that the greatest influence on the composition of soil microbiota
in the soils of central Yakutia is exerted by the presence of moisture in
the soil profile. A characteristic feature of these soils is the content of a
high number of bacteria throughout the entire profile of the studied
soils (Kuzmina et al., 2021). Climatic conditions, the presence of car-
bonates in the parent rocks, and the proximity of a large river lead to
intensive agriculture in the region (Okoneshnikova, 2015). Among oth-
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er regions located in the Arctic sector of the Russian Federation, Yaku-
tia is the least urbanized territory, indicating a relatively high propor-
tion of the rural population engaged in agriculture and animal husband-
ry. In Yakutia, there were 19 446.5 thousand ha of agricultural lands in
2021, but the share is annually decreasing, as far as in 2005 the area of
agricultural lands amounted to 24 632.1 thousand ha. The gradual tran-
sition of lands into fallows negatively affects the state of soil cover,
which leads to soil degradation and loss of fertility (Ahmad et al.,
2022; Mitin et al., 2024). As a result of agro-landscape degradation, the
soil cover is transformed into natural ecosystems (Desyatkin et al.,
2021). Along with the change of leading soil-forming processes, the
soil microbiome is changing as well (Santos, Olivares 2021; Zverev et
al., 2022). The ecosystem services performed by the soil microbiome
are vital for soil carbon sequestration and nutrient supply to plants, so
the importance of the soil microbiome in soil conservation cannot be
overestimated (Jansson, Hofmockel, 2019).

The soil microbiome plays an important role in ecosystem func-
tioning and is largely responsible for the balance of carbon and other
nutrients, the microbiome plays a key role in climate regulation, includ-
ing the production or consumption of greenhouse gases (Jansson, Hof-
mockel, 2019). From a fertility perspective, the soil microbiome can
influence plant growth, and be used as part of plant defense against
pests (Dubey et al., 2019). During secondary succession, plant commu-
nities change, and with it the soil microbiome changes (Lin et al.,
2021). Afforestation of the area and formation of phytocenoses on the
site of former pastures and arable land leads to carbon storage in plant
biomass, but the degradation of agricultural soils leads to a decrease in
soil organic carbon that was stored here as a result of anthropogenic
activities (Suman et al., 2022). Under climate change, pastures and fal-
low lands will be increasingly exposed to natural events such as fires,
droughts, and floods (Jansson, Hofmockel, 2019). Over the last few
years, fires have become more frequent in Yakutia, starting in late
spring and lasting until late summer (Polyakov et al., 2022). During the
upper fires, the upper soil cover, which is exposed to the direct impact
of fire, suffers the greatest damage, the litter and the upper humus-
accumulative horizon are burned out, and microorganisms eliminate
(Chebykina et al., 2022; Desyatkin et al., 2024). Fires result in de-
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creased rates of soil carbon sequestration, which is associated with de-
creased biodiversity of the soil microbiome and disruption of the integ-
rity of internal carbon polymer production links that contribute to soil
aggregate formation and carbon sequestration (Jansson, Hofmockel,
2019). The soil microbiome provides key ecosystem services, regula-
tion of water, and nutrients, and is involved in carbon balance, carbon
sequestration energy redistribution, and humification (Jansson, Hof-
mockel, 2019; Suman et al., 2022; Santos, Olivares, 2021). Studying
the soil microbiome of Yakutia is important in terms of climate change
and food security of the largest region in Russia. Under the conditions
of permafrost degradation, natural phenomena, and soil transition to
fallow state, it is necessary to study the soil microbiome and its re-
sponse to landscape transformation, this determines the purpose of this
study.

MATERIALS AND METHODS

Study area. Soil sampling was carried out during fieldwork at
the end of the summer of 2021 in 3 replicates from each spot. Soils
were selected from arable and fallow lands as well as zonal terrestrials.
The area of study is shown in Fig.1.

Yakutsk is located in the Tuimaada valley on the left bank of the
Lena River, in its middle reaches. It is the largest city located in the
permafrost zone. Soil sampling took place on the Prilensky plateau. It
is composed of Cambrian and Ordovician gypsiferous and saline lime-
stones and dolomites (Polyakov et al., 2022; Okoneshnikova, Ivanova
2020). The vegetation cover is represented by taiga pine and larch for-
ests. The climate is sharply continental with long frosty, low-snow win-
ters. The temperature drops to -45 °C in winter. Summers are moder-
ately warm (15-17 °C), during which most precipitation falls. Precipi-
tation is about 350-450 mm per year (Polyakov et al., 2022; Okonesh-
nikova, lvanova, 2020).

Soil sampling was conducted in the west of the city. Soil sam-
ples were collected from the fallow land (Y1), hayfield formed on fal-
low land (Y7), land used in modern agriculture (Y13), and zonal soil
formation variants (Y3, Y9, Y11) (Fig. 2).
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62°00°58.4”"N

129°41°37.6"E

Magaras village

Y7
(

]
Y9

Puc.1. ObacTb uccienoBanHusl B IEHTPAILHOM YacTH SIKyTHu.
Fig. 1. The study area of the central part of Yakutia.

The description of soil profiles is presented in Table 1.

Soil samples were frozen at the time of collection and delivered
to the Applied Ecology Laboratory of Saint-Petersburg state Universi-
ty. Samples were stored at +4 °C to analyze the main agrochemical pa-
rameters and pH. For all samples, the main nutrition parameters were
determined: pH, available phosphorus and potassium, ammonium and
nitrate nitrogen. The chemical parameters are presented in Table 2.

Microbiome analysis. For the microbiome analysis upper hori-
zon of each soil was chosen. DNA was isolated from six soil samples
in three replicates using the NucleoSpin Soil Kit (Macherey-Nagel
GmbH & Co. KG, Germany) and a Precellus 24 homogenizer (Bertin,
USA). The quality control of the isolation was carried out by PCR and
agarose gel electrophoresis.
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E F

Puc. 2. N3zydenHsie mouBeHHbIe Mpoduimi. A — 3ajexHsble Mo4BH Y1; B — 30HanbpHbIE nanesbie mouBsl Y3; C — 3aexHbIe

MOYBBI, UCIONb3yeMble MoJ] ceHokoc Y7; D — 3oHanbHble majeBbie ouB Y9; E — 30HanbHble maneBbie mouBbl Y11;
F — cenbckoxossiicrBennble moussl Y13.

Fig. 2. The studied soil profiles. A — fallow land Y1; B — zonal Calcic Cryoslol Y3; C — hayfield formed on fallow land
Y7; D - zonal Calcic Cryosol Y9; E — zonal Calcic Cryosol Y11; F —arable land Y13.
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Tadoaunua 1. O0mas nHpopManus 0 CTPOSHUU TIOYBEHHOTO PO
Table 1. The general information of studied soils

S;%I Horizon* Diﬁ:h’ Description Color Location Coordinates Soil name**
Horizon with ac-
Ah 0-6 cumulation of 7'§;£R
organic matter Fallow lands
Buried ploughing began to over- | N 62°06’ 07.67 | , Hlagdic
Y1l horizon with ac- o190 an | Anthrosol
. grow by Betula | E 129°16°39.9 :
Abh 6-30 cumulation of 75YR latyphylla (Loamic)
P B organic matter, 712 platyphy
inclusion of coal
Horizon with ac- Background Calcic
Y3 Ah 415 cumulation of 7.5YR forest with N 62°05°27.7” Crvosol
B organic matter 6/1 domination of | E 129°15°19.6” YOSC
. . (Loamic)
Larix dahurica.
. . Plaggic
v | aw | one |emimettien| rsve | St | N | i
P B . 4/1 yis E 128°11°41.5” (Loamic)
of organic matter as a hayfield.
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Mpononxenune Tadauubl 1
Table 1 continued

S;%I Horizon* Diﬁ:h’ Description Color Location Coordinates Soil name**
Horizon with ac-
Ah 5-13 cumulation of 7'2/?? Background Calcic
Y9 organic matter forest with N 62°07°33.2” Crvosol
Transit ploughing 75YR domination of | E 128°11°38.3” (Lo)émic)
A/Bp 26-55 horizon '7 1 Larix dahurica.
Background
. . forest with Calcic
Horizon with ac- 7.5YR S N 62°41°06.1”
Yil AR 0-6 cumulation ap | domination of | 000546 4» | Cryosol
Betula (Loamic)
platyphylla.
Ploughing horizon
Ahp 0-25 | with accumulation Y'g/zR Plagaic
of organic matter Modern arable | N 61°41°04.9” 99
Y13 - — . omms " Anthrosol
Horizon with illu- land with oats. | E 129°22°50.9 ;
. . 75YR (Loamic)
Bt 25-40 | vial concentration 6/4

Note. * Guidelines for soil description (2006); ** WRB (2015); *** Fallow lands.
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Tabauna 2. PacrpenencHue BaKHEHIINX arpOXUMHUYECKHX XapaKTEPUCTHK
ITOYB, MI/KT
Table 2. The main agrochemical parameters of studied soils, mg/kg

Soil ID pH P,0s K,0 NH, NO;
Y1 5.72 40 39 8.07 0.80
Y3 5.3 29 174 18.30 2.74
Y7 5.47 346 43 6.95 273
Y9 5.60 40 53 12.60 2.46
Y13 6.08 210 180 33.10 255
Y11 6.95 313 35 778 5.18
Min 5.3 29 35 6.95 0.8
Max 6.95 346 180 33.10 255

Mean 5.84 163 87 14.46 6.56
i&;‘:ﬁ; 0.61 145 69 10.07 9.37
p-value <0.02

Due to the well-developed methods of taxonomical annotation
and relatively representative sequencing, the v4 variable region
(f515/r806) of the 16S rDNA gene was selected for future analysis.
Sequencing of the variable region was performed on the lllumina MiS-
EQ sequencer using primers f515 (GTGCCAGCMGCCGCGGTAA)
and r806 (GGA CTACVSGGGTATCTAAT) (Bates et al., 2010). The
general processing of sequences was carried out on the dada2 (v1.14.1)
package (Callahan, 2016). Reads were filtered by length (240 bp for
forwards and 180 for reverse) and expected error rate (maxEE = 2) no
N was allowed. Reads were paired by the “consensus” method, and
annotated using Bayesian Naive classifier using SILVA 138 database
as the training set (Quast, 2013). The main diversity analysis of the re-
sults was carried out using the phyloseq (v1.30.0) package in R
(v3.6.3) (Mcmurdie, Holmes, 2013). Differential abundance of taxa in
pairwise comparisons was estimated using DESeqg2 (v1.26.0) (Love,
Andres, 2017). The Difference in the abundances (marking phylotype
as “variable”) was determined by two thresholds (baseMean >=10 and

16
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log2FoldChange >=2) and p-adj (Langfelder, Horvath, 2008). The
WGCNA method was used to reveal the main phylotypes, the presence
of which in microbiomes was influenced by the chemical parameters of
the soil.

RESULTS AND DISCUSSION

The distribution of biogenic elements in the studied soils is pre-
sented in Fig. 3.

The highest content of nutrients, as expected, is observed in ag-
ricultural soils, this is due to the systematic application of mineral and
organic fertilizers to the soil. The fallow lands are characterized by a
significant decrease in the content of the main agrochemical indicators,
it is associated with the processes of degradation of soil cover, removal
of nutrients from soils, and transformation of fallow land soils in the
direction of zonal soil formation.

For comparative assessment of the soil microbiome structure,
NMDS analysis of beta diversity (Bray-Curtis) was carried out (Fig. 4).
Samples were not grouped either by type or geographic location. The
greatest differences were observed in the sample Y7 hayfield formed
on fallow land, and in the soil sample Y13 taken from modern arable
land. According to the NMDS diversity, samples of fallow soil Y1 and
zonal soils Y3 and Y9 are in the same cluster, which indicates that the
microbiome of fallow soils currently corresponds to the microbiome of
zonal soils of Central Yakutia. The transition of Y1 to fallow took
place about 30 years ago, since that time, the process of soil cover deg-
radation and soil formation according to zonal type occurred. Signifi-
cant differences in the microbiome of Y7 hayfield formed on fallow
land can be caused by the fact that haying operations have been carried
out on the presented soils for a long time. The investigated soils are
also characterized by signs of staling starting from 24 cm, which may
influence the change in microbiome composition. The microbiome of
soils Y11 and Y13 have significant differences compared to other sam-
ples, which is related to the underlying parent rocks. These soils have
alluvial origin because they are located in the bed of an ancient river.
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Background  Arable lands 0 : Background : Arable Tand ™
fghy Halfow tands e = Fallow land

Puc. 3. Pacnipenenenre BaKHEHIIINX arpOXUMUYECKHX XapaKTEPUCTHK MOYB.
Fig. 3. The distribution of main agrochemical parameters of studied soils.

The most represented phyla in the microbiomes by relative rep-
resentation (in descending order) are Acidobacteriota, Actinobacteriota,
Verrucomicrobiota, Pseudomonadota (Alphaproteobacteria), Bacteroi-
dota, Planctomycetota (Fig. 5). It is necessary to note that the samples
described above are characterized by changes in relative representation
already at the level of individual phylum. The hayfield formed on fal-
low land Y7 shows the most specific taxonomic profile. The relative
representation of Archaea and Chloroflexi is higher, and the proportion
of Verrucomicrobiota and Acidobacteriota is lower. The high differ-
ence in hayfield formed on fallow land Y7, apparently, is the processes
of gleying, which take place in the underlying horizons, which leads to
the suppression of microorganisms. When comparing fallow soil Y1
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and modern agricultural soil, we can note that in fallow soil there is a
decrease in such major phyla as Actinobateriota, Verrucomicrobiota,
Chloroflexi, Crenarhaeota and Myxococcota. Among the background
soils, the greatest difference is noted in sample Y11. Different types of
land use are characterized by the presence of a core set of microorgan-
isms (Fig. 6). At the same time, background soils do not differ qualita-
tively in contrast to fallow soils. Up to 17.8% of phylotypes are unique
to each soil type. Up to 25.7% of phylotypes are common to fallow
soils and background plots.

stress -- 0.055 o
4 Y 11 Background
Y13 Arable land
Y3 Background » Qe
<]
2 Y1 Fallow land
=
z g
°
y
Y7 hayfield formed on fallow land
(4
Y9 Background %

NMDS1

Puc. 4. NMDS s Oera-paznoobpasus (bpeit-Kepruc). Dmmmricer
OTPaHUYMBAIOT MTOBTOPHI B TpeJeNiaX OJHOro oOpasma moussl. L[BeT 0Opasmos
cooTBeTCcTBYeT MecTy orbopa: cuumii — A (Y11, Y13), kpacusiii — B (Y1, Y3),
senensiii — C (Y7, Y9).

Fig. 4. NMDS for beta diversity (Bray-Curtis). Ellipses confine replicates
within one soil sample. The color of the samples corresponds with the
sampling site: blue — A (Y11, Y13), red — B (Y1, Y3), green — C (Y7, Y9).
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Acidobacteriota4 F16.3 274 4.2 15.5 14.4 22.7
Actinobacteriota 1 V139 9.7 15.2 10.5 19.9 8.8
Verrucomicrobiota{ 1710.9 9.5 1.7 1747 133 231
Alphaproteobacteria{ FN14:7 16.3 114 14.5 7 7.8
Bacteroidota{ F12.1 7435 12.1 104 8.1 5.8
Gammaproteobacteria 4 9.9 10 11.8 11.8 6.4 7
Gemmatimonadota 4 49 4.8 1.6 5.1 3.6 4.4
ChloroflexiA 24 17 11.6 15 4.8 2.4
Planctomycetota 4 34 3.4 152 BYz. 24 3.7
Patescibacteria- 34 515 2.5 3 2.3 0.7
Firmicutes 1.7 0.3 4.4 0.4 24 7.7
Crenarchaeota 0 0 62 DN 84 1.3
Desulfobacterota 1 2.6 0.5 4.8 1.6 0.1 0.6
Myxococcota 4 14 0.7 13 L7 2.7 1.1
RCP2-54 1 0.4 0.7 0.8 0.2 O;g 0.7
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(opamwkeBbli) k  HauMmenbuiemy (cunmid). [IpeacraBurenu — Quiryma
Pseudomonadota moka3aHbl Ha ypOBHE KIaCCOB.

Fig. 5 Major phyla — relative abundance, from the highest (orange) to the
lowest (blue). Pseudomonadota representatives are shown on the class level.
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Fig. 6. Venn diagram illustrating quantity of the unique and common
phylotypes of soil microbial communities for the sampling sites with different
types of land use.
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Alpha diversity indices show the general pattern except for the
sample Y13 (arable land) — there indices characterizing evenness of
diversity are higher (Fig. 7). Non-reclamated soils are characterized by
relatively low indices of uniformity of diversity, which may be
associated with the lack of organic and mineral fertilizers applied, as
well as degradation of soil cover. However, when comparing fallow
soils with natural soils, it is noted that the alpha diversity of
microorganisms in fallow soils is higher than in natural soils. A
significant decrease in the alpha-diversity index in Y13 can be related
to the pH value close to neutral, while other samples have an acidic and
slightly acidic reaction.

WGCNA analysis was used to identify phylotypes that would be
characteristic of the core, yet dynamically respond in similar ways to
environmental factors (Fig. 8).

alpha-diversity index
. '} N

Puc. 7. Anpda-mHOEKCH pa3HOOOpasws, ciieBa HampaBo: HaOnromaemsii,
[TennoHa u uHBEpTHPOBAHHBINH CHMIICOHA.

Fig. 7. Alpha diversity indices, from left to right: Observed, Shannon and
Inverted Simpson.
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Fig. 8. WGCNA analysis. Top — clustering of jointly changing phylotypes
(undirected graph was used) and selection of significant clusters of
phylotypes. Below — the dynamics of changes in the individual clusters.
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A cluster of 223 phylotypes was identified, which varied in
abundance together and were present in most of the samples. It should
be noted that this cluster is taxonomically uneven. It is characterized by
the presence of groups of microorganisms (Udaeobacter, Pirullulacea,
Acidobacteriota) difficult to cultivate and typical of soils of the far
north and characterized by complex reactions to such soil properties as
pH and complex carbon sources (Fig. 9).

Proteobactens Alphagrotesbacters Xanthobacteraceae
Proteobactens Alphaprotecbacteria Xarthobacteracese

Proteobactens Alphagrotecbacteria Rhizobiales Incertae Sedis

Ackobacteriots Aciobacterise Bryobacteracese. Bryobacter
Aciobacteriots Vichambactera
Acidobacteriota Vicnamibacteria
44444 Seq: Methylomirabiota Methybomirabia

Actrodactenots Aertenicrobia

-------- Actrobacternta Acdemicrobia

Actrobacterts Actmobactera Mycobactensceae Mycobscternm

Actrobacternta Actrobactera Mrococcacese Peeudartiobacter
..... E Ackobacterita Blastocatelia Pyrmomonadacese RBAL
..... Ackdobactenota Blastocatelia Pyrnomonadacese RBAL

“““““ Seqnt Acidobacterta Blastocatelia Pyrinomonadacese RBaL

Protesbactera Gammaprotecbacteria TRA320
Proteobactens Gammaproteobacteria A2
Protecbactena Gammaproteobactera Unknomn Famiy Ackdbacter

Proteobactera Alphagroteobactera Reyranetacese Reyraneta
Myxococcota Poanga Poyangacese Aethercbacter
Bacteroidota Bacteroidia Chtnophagacese

Bacteroidota Bactaroida Crtmopnagaceae

Bactercidots Bacteroida Chtnophagacese.

Bacteroidota Bacteroidia

Bacteroidota Bacteroidia Bactoroidetes vadeHALT

----- E Bacteroidota Bactaroidia Bacteroidetes vadHALT

0.0 0.2 0.4 0.6 Phylum Class Family Genus

Puc. 9. ®dunoreHernueckoe MOJ0KEHHE OCHOBHBIX (PUIOTHIIOB B “cepom”
KJIacTepe — Kiacrepe, ColepKaiieM OCHOBHbIC (DHIIOTHITHI.

Fig. 9. Phylogenetic position of major phylotypes in the “gray” cluster, a
cluster containing core phylotypes.

Spearman correlation analysis was used to analyze the statistical
relationship between the main agrochemical indicators and major phyla
(Table 3). From the obtained data we can note that Acidobacteriota and
Actinobacteriota have a strong statistical relationship with pH and NO3
(r =1), Verrucomicrobiota ¢ P,Os (r =0.98), Alphaproteobacteria ¢
K,O and NH, (r = 1), etc. However, these levels of the statistical rela-
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tionship differ depending on soil formation conditions, so, for example,
on soils affected by fires according to Mantel's test there was no statis-
tical relationship between pH reaction and agrochemical parameters,
but there was a strong positive correlation between major phyla and
soil substrate-induced respiration. Thus, we can conclude that these
indicators only indirectly indicate that although there is a strong posi-
tive relationship between phyla, but they do not fully determine the
composition of the soil microbiome.

Tadnmuma 3. Koaddunmenr panrosoit xoppensiiun CrnmpMeHa OCHOBHBIX
ArpOXUMHYCCKUX MMapaMETPOB U MaKOPHbBIX (bPIJIOFeHeTI/I'-IeCKI/IX rpynmn
Table 3. Spearmen correlation of main agrochemical parameters and major

phyla

Major phyla pH P,Os K,O NH, NO;

Acidobacteriota 1 0.19 0.65 0.65 1
Actinobacteriota 1 0.60 0.29 0.65 1
Verrucomicrobiota 0.10 0.98 0.56 0.71 0.56
Alphaproteobacteria 0.13 0.11 1 1 0.13
Bacteroidota 0.54 0.78 0.93 0.54 0.12
Gammaproteobacteria 0.10 0.88 0.93 0.43 0.20
Chloroflexi 0.72 0.07 0.93 0.50 0.55
Planctomycetota 0.51 0.50 0.46 0.97 0.77
Patescibacteria 0.10 0.07 0.56 0.56 0.17
Firmicutes 0.13 0.01 0.24 0.17 0.41
Crenarchaeota 0.45 0.09 0.73 1 0.16
Desulfobacterota 0.56 0.51 0.17 0.03 0.10
Myxococcota 0.41 0.83 0.41 0.41 1
RCP2-54 0.67 0.26 0.77 0.37 0.43

The obtained data show the specificity of the microbiome of
soils of the far north. One of the characteristic features of these soils is
the growth of microbiome diversity in agrocenoses with changes in the
representation of specific groups of microorganisms between samples.
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The studied soils are characterized by non-significant differences
between fallow, natural and agricultural soils. However, according to
the beta diversity index (Fig. 4), fallow soils that are subject to natural
self-restoration are in the same cluster as background soils. This indi-
cates a gradual degradation of fallow soils and their transformation to-
wards zonal Calcic Cryosol. Such dynamics were noted by us during
the micromorphological analysis of soils, fallow soils subjected to self-
restoration have less developed soil structure, which indicates the pro-
cess of land degradation (Polyakov et al., 2022). Up to 25.7% of phylo-
types are common to fallow soils and background plots, this indicates
the fact that fallow soils have been undergoing a significant transfor-
mation towards the zonal soil series over the last 30 years, which is
confirmed by the beta diversity. Among the background soils, the
greatest difference is noted in sample Y11, this is due to the neutral
reaction of pH, as well as the formation of soils in the bed of an ancient
river. The difference between Y11 and Y13 could be due to the fact
that Y13 is annually planted with crops (potatoes) and fertilizers are
applied.

The city of Yakutsk and its surroundings are located in the per-
mafrost zone, which affects the composition of the soil microbiome
(Ivanova et al., 2014). Thus, three groups of microorganism’s charac-
teristics of the northern soil microbiome (Udaeobacter, Pirullulacea,
and Acidobacteriota) were found. A similar picture is characteristic of
the agrosoils of Yamal, here the predominance of these phyla is also
noted (Abakumov et al., 2021a). The relatively high proportion of
Chloroflexi indicates the process of water-logging of soils since this
phylum is an autotrophic anaerobic component of the microbiome
(Abakumov et al., 2021a; Abakumov et al., 2021b). Field and back-
ground soils are characterized by an increased proportion of nitrogen-
fixing microorganisms (Alphaproteobacteria), while in agricultural
soils their proportion decreases, indicating that there is a deficit of
available nitrogen in agroecosystems (Abakumov et al., 2021b). The
dominance of Acidobacteriota indicates arid conditions, which is con-
firmed by our study, and the significant reduction of this component in
Y7 tand he predominance of Chloroflexi is a consequence of excessive
moistening conditions (Ivanova et al., 2021). Presence of Crenarchaeo-
ta may accompany soil-forming processes in the fallow sites of the
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sharply continental climate (Nicol et al., 2005). Unusual is the fact that
the alpha diversity index revealed the highest number of detected phyla
in fallow soil (Y1) and hayfield, formed on fallow land Y7, in typical
conditions, however, the highest alpha diversity is supposed to be
found in natural (background) soils (Abakumov et al., 2021a). The sim-
ilar conclusion was reached by researchers in Yamal; apparently, some
components of the microbiome, associated with arable soil, remain to
some extent in fallow soils, but zonal components of the microbiome
are also acquired.

CONCLUSIONS

The soil microbiome is represented by the dominant major phyla
Acidobacteriota, Actinobacteriota, Verrucomicrobiota, Alphaproteo-
bacteria, Bacterioidota, Gammaproteobacteria, Chloroflexi, and Planc-
tomycetota. A cluster of 223 phylotypes was identified which co-vary
in abundance and yet were present in the majority of the samples. The
studied cluster is characterized by the presence of groups of microor-
ganisms (Udaeobacter, Pirullulacea, Acidobacteriota), which are char-
acteristic groups of microorganisms for the far north. Up to 25.7% of
amplicon sequence variants are common to fallow soils and back-
ground plots, this may indicate the fact that fallow soils have under-
gone significant transformation towards zonal soil series over the last
30 years, which is confirmed by the beta diversity analysis. Degrada-
tion of fallow land soil cover leads to the reduction of the alpha diversi-
ty index, however, when comparing fallow soils with natural soils, it is
noted that the alpha diversity of microorganisms in fallow soils is high-
er than in natural soils.
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