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Abstract: Chernevaya taiga in West Siberia is a unique environment, with gigantism of grasses and
shrubs. Exceptionally high productivity of plants is determined by the synergistic interaction of
various factors, with a special role belonging to microorganisms colonizing the plant roots. This
research explored whether agricultural plants can recruit specific microorganisms from within virgin
Chernevaya Umbrisol and thus increase their productivity. Radish and wheat plants were grown
on the Umbrisol (T1) and control Retisol of Scotch pine forest stand (T3) soils in the phytotron, and
then a bacterial community analysis of the rhizosphere was performed using high-throughput se-
quencing of the 16S rRNA genes. In laboratory experiments, the plant physiological parameters were
significantly higher when growing on the Umbrisol as compared to the Retisol. Bacterial diversity
in T1 soil was considerably higher than in the control sample, and the principal coordinate analysis
demonstrated apparent differences in the bacterial communities associated with the plants. Agricul-
tural plants growing in the T1 soil form specific prokaryotic communities, with dominant genera
Chthoniobacter, Pseudomonas, Burkholderia, and Massilia. These communities also include less abundant
but essential for plant growth nitrifiers Cand. Nitrosocosmius and Nitrospira, and representatives of
Proteobacteria, Bacilli, and Actinobacteria, known to be gibberellin-producers.
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plant gigantism; plant growth promoting rhizobacteria (PGPR)
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1. Introduction

According to forecasts, the most important problems for humanity in the current
century will be global warming, the decline in biodiversity and ecosystem sustainability,
and the lack of energy and food. Long-term environmental conditions would have severe
impacts on agricultural production, food security, availability, and accessibility [1]. Rapidly
expanding human population and economic growth increased pressure on biodiversity re-
sources, and up to one-half of the terrestrial surfaces have been altered by human activity [2].
Only 2-3% of the Earth’s terrestrial surface remains ecologically intact [3], and Chernevaya
taiga (tall-grass fir-aspen forest) is an example of an undamaged wilderness area.

Chernevaya taiga is a unique forest ecosystem, unaffected by anthropogenic impact,
located in the Altai-Sayan mountain region of Siberia, Russia. It is a small area with
naturally isolated micro-habitat, a boreal formation at elevations ranging from 400 to 900 m
above sea level [4]. Due to the amount of snow in the winter and the overall amount of
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precipitation throughout the year, the soil of Chernevaya taiga never freezes, resulting in a
level of biodiversity comparable to those found in tropical rain forests [5]. These forests
are characterized by the presence of relict flora species and gigantism of herbaceous plants.
These features are usually associated with the local hydrothermal and climatic conditions,
related to the rapid cycling of nutrients within the ecosystem [6].

One of the characteristic distinguishing features of Chernevaya taiga that separates it
from other Siberian forests is that the stand is dominated by Siberian fir (Abies sibirica) and
aspen (Populus tremula) without a clear predominance of one over the other [7]. The most
notable unique ecological characteristic of Chernevaya taiga is gigantism of the perennial
grass plants and shrubs. Large shrubs up to 4.5 meters, of Sorbus sibirica, Padus avium,
and Salix caprea, do not form a closed canopy. The well-developed closed grass cover
of the taiga is formed by such giant (up to 2.5 m) perennial plants as Saussurea latifolia,
Crepis sibirica, Aconitum excelsum, Cacalia hastata, Pleurospermum uralense, Bupleurum aureum,
Lathyrus gmelinii, Aconitum septentrionale, Delphinium elatum, and Thalictrum minus. This area
is also characterized by mass-flowering early spring plants and ephemerides, the presence
of species classified as Pliocene relics, and the almost complete absence of moss cover [8].
Despite the flushing type of water regime, leaching the organic matter from the soil profile,
soil fertility remains very high, significantly exceeding the fertility of agricultural lands [6].

The rhizosphere, the interface between plant roots and surrounding soil, is an ac-
tive component of plant—soil systems [9]. It contains a specific microbial community that
can influence plant growth, and can be viewed as a “root microbiome” [10,11]. Rhizo-
sphere microorganisms actively participate in plant nutrient absorption, protecting against
pests and pathogens and increasing resistance to stress [12]. Plants attract soil microor-
ganisms through root exudates and root litter, forming a rhizosphere community with
microorganisms of various trophic levels [13]. In addition to substrates for the growth of mi-
croorganisms, root exudates also contain signaling molecules, microbial attracts, stimulants,
inhibitors, or repellents [14].

Little is known about the factors determining the composition of the rhizosphere
microbial communities. The changes in the rhizosphere community’s composition were
found during the development of the host plant [15]. Differentiations of bacterial commu-
nities at the rhizosphere—soil-root interface were revealed [16-18]; however, to date the
underlying mechanisms of differentiation are unknown. In addition, although the effect
of root exudates on rhizosphere communities is well known [19], there is no information
about the dynamics of such changes.

It was shown that the functionality of the rhizosphere microbiota depends on the
presence of certain species, but recent studies demonstrated that it is determined by the
interaction between organisms more than by the presence of a certain species [20]. This
transition to functional analysis of the rhizobiome can significantly expand the under-
standing and manage of the rhizosphere microbiome. Functional diversity at the microbial
community’s level is well documented and can be associated with the ecology of the
community [21].

Plant growth and development is stimulated by environmental signaling molecules or
internal molecules such as hormones. Many of the plant growth promoting rhizobacteria
(PGPR) are capable of producing hormones and thus may play a significant role in plant
growth. For example, PGPRs synthesize indole-3-acetic acid (IAA), a phytohormone that
affects various processes in plants [22]. At a low concentration of exogenous IAA, elongation
of primary roots occurs, while high levels of IAA, on the contrary, reduce the length of the
primary root, but stimulate the formation of lateral roots and root hairs [23]. Another group
of phytohormones, gibberellins (GAs), stimulates the division of plant cells, controls the
differentiation of the root meristem, and induces the proliferation of root hairs [24].

Some rhizobacteria, such as Rhizobium and Azospirillum, are known to produce GA [25].
Production of gibberellin-like substances has also been found in other bacterial genera,
including Acetobacter, Herbaspirillum, and Bacillus [26].
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We hypothesized that the plant root system might recruit soil microorganisms carrying
specific traits of growing plants. The present study aims to assess differences/similarities
between the rhizosphere microbiota of agricultural plants growing on Chernevaya taiga
Umbrisol and control Retisol in the laboratory pot experiments. Here, we characterize
bacterial communities by 165 rRNA high-throughput sequencing. In addition, we mea-
sured the cultivable bacteria number, plant physiological parameters, and physicochemical
soil parameters.

2. Materials and Methods
2.1. Regional Settings, Sampling and Laboratory Analysis

The field study was conducted in May 2020 on the territory of the Tomsk region,
Russia. Soils from two environments were selected for this study, namely T1, Chernevaya
soil-dark gray soil (Umbrisol, Albic, Loamic, Folic WRB classification [27]) under the
tallgrass fir-aspen forest with a shrinking fir stand (56.30693 N, 85.47063 E) and T3, control
soil-oligotrophic sandy loam soil (Retisol, Luvic, Folic WRB Classification) under the pine
forest with an admixture of larch (56.48106 N, 84.79860 E). A detailed description of the
areas and study sites were given in the previous publications [28,29].

Various soils compose the soil cover of the Chernevaya taiga ecosystem [28]. The most
typical soils for this environment are Umbrisols and Retisols. Chernevaya taiga is confined
to landforms with heights ranging from 200 to 700/800 m asl. Normally, these ecosystems
are located on the western, windward slopes of the mountains and foothills of the southern
part of Western Siberia. A unique combination of biotic, lithogenic, relief, and climatic
soil formation factors leads to the formation of peculiar soils of Chernevaya taiga. These
soils do not freeze in the winter and have essential storage of water throughout the year,
which provides the rapid mineralization of the organic matter and the fixation of mineral
nutrients in the topsoil of the soil section. The accumulation of biophilic elements and very
intensive biogeochemical turnover of alkaline cations are the most important properties of
Chernevaya taiga soils [30], which are associated with the phenomenon of gigantism and
extremely high plant productivity.

The profile of the Umbrisol consisted of the following horizons: O-AU-AUe-BI-BC-C
sub-layered silty loams of Holocene slops. The Luvic Retisol profile is essentially shorter
and consists of fewer horizons—O-AY-AC-C, where the C horizon is presented by sandy
textured parent materials of aeolian late Holocene origin.

General physicochemical characteristics are described in Table 1. Bulk soil samples for
the physicochemical analyses were selected from 10 cm layer in quadruplicate; they were
ground in laboratory and passed through 2 mm sieve. For microbiological research, each
field sample was placed into sterile bag and stored on dry ice before further processing.
The laboratory samples were processed immediately after arriving to laboratory.

Soil pH values were determined potentiometrically in suspension with water to soil
ratio of 2.5:1 (Seven CompactTM, Mettler, Germany). The particle-size composition of
soils was determined by the commonly adopted Kaszynski sedimentation method. Total
carbon (C) and nitrogen (N) content in soil samples were estimated with an elemental
analyzer (LECO CHNS-932, Manasquan, NJ, USA) by dry combustion. Nitrate-NO3;~
and ammonium-N NH4" were extracted with 0.5 M K;SO,4 and then analyzed by the
indophenol method [31]. NHs* was quantified directly in the soil extract, and NO3~
after reduction to ammonium by zinc powder and 10% CuSOy solution. All analytical
procedures were done in five replicates. Concentrations of total phosphorus and metals
were measured by the atomic absorption spectrometer “Kvant-2MT” (Kortek, Russia).
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Table 1. General soil parameters of experimental plots, average of 5 replicates +/— SE. The most
significant differences (t-test, p-value < 0.05) are highlighted in bold.

Unit Item Chernevaya Umbrisol (T1) Control Retisol (T3)
Clay 39+7 58 £16
Silt 4243 19+ 3.1
Y% Sand 19+2 23 £3.0
C 3.46 + 0.4 0.36 £ 0.06
N 0.28 1-0.05 0.04 £0.01
pHmo 596 +£1.4 512+£0.7
C/N 12.31 £ 35 8.62+1.1
P 234 + 26 44 +9
N-NH4* 7.32 +£2.2 0.09 £ 0.01
N-NOj3~ 859 +13 1221+ 24
K 91.7 £ 14 20.3 £ 3.0
1 Na 6.3 4 2.2 2.8+ 0.4
mg kg Cu 28408 0.28 + 0.12
Fe 169.4 + 32 80.5+ 6.5
Mg 322475 140+ 1.6
Mn 164 +£23 16.1 £ 1.8
Zn 7.0+ 1.6 14+03

2.2. Conducting Pot Experiments with Radish and Spring Wheat Plants

The experiment was conducted in February-March, 2021 in a phytotron at 23 £ 1 °C,
50-60% RH, 550 M photon/ m?%/s,and 16 h photoperiod. The soil in the plastic pots with
non-sterile soils was kept at 60% water holding capacity by daily watering.

Surface-sterilized seeds of radish (Raphanus raphanistrum subsp. Sativus, cultivar “Red
light”) and spring wheat (Triticum aestivum L., cultivar “Lada”) were germinated on moist-
ened filter paper for 2 days. Then ten seedlings were transferred to a pot containing 0.2 kg
either Chernevaya or control soil. All experiments were done in three replicates. Data
on plant height (mm), root length (mm), and the dry weight of shoots and roots (70 °C,
72 h, mg) were measured at the end of the growth period; the root to shoot ratio was
also calculated.

For rhizosphere microbiota analysis, plants were destructively sampled at the end
of the experiment, the whole root system was harvested and gently shaken to remove
excess soil adhered to the root system. Then soil closely attached to the root system was
collected by a vigorous vortex for 5 min in sterile PBS solution and centrifuged at 4000 rpm
for 5 min. The supernatant was discarded, and one part of the soil fraction was stored
at 4 °C for bacteria counting, while the other part was stored at —80 °C until subsequent
DNA extraction.

2.3. Bacterial Quantification

Two culture media, namely soil agar and Luria—Bertani (LB) agar, were used to quantify
bacterial colony forming units (CFU) in rhizosphere soil. Rhizosphere soil fraction received
as described in Section 2.2 was vortexed and serially diluted. A hundred microliters of
the 10~#-10~7 dilutions were plated and incubated at 28 °C for seven days. Five technical
replicates of the dilution series were plated for quantification.

2.4. DNA Isolation, Amplification, and Illumina Sequencing of the 16S rRNA Gene

Total soil DNA was extracted from 0.25 g of rhizosphere soil samples using the Power
Soil DNA Isolation Kit (Qiagen, Calsbad, CA, USA). The NanoDrop 1000 spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA) was used to determine DNA concentration
and purity.

Variable V4 region of the 165 rRNA gene was selected for analysis and amplified using
universal  primers 515F  (5-GTGCCAGCMGCCGCGGTAA-3') and  806R
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(5’-GGACTACVSGGGTATCTAAT-3') [32]. Library preparation and following high through-
put sequencing was performed as described in previous study [28].

2.5. Bioinformatics Analysis

Preprocessing of the Illumina sequencing reads included removal of the adapters and
indices using the Cutadapt program [33], as well as denoising, combining paired reads,
and deleting chimeras using the Dada2 package [34] implemented in the QIIME2 package,
v-2019.7 [35].

After filtering, high-quality amplicon sequence variants (ASVs) were obtained and
included for subsequent analyses. The taxonomic classification of the obtained amplicon
sequence variants was performed using Naive Bayes classifier trained on 99% OTUs
sequences from Silva 138 database for the SSU rRNA genes [36]. All features annotated as
mitochondria or chloroplasts were also removed. After filtering, on average 64,541 high-
quality sequences per sample (min = 58,057 and max = 71,418) were obtained and included
for subsequent analyses.

The ASV abundance of each sample was standardized by using the lowest level of
sequence depth as a reference. To keep focus on “root generalists” and remove the possible
PCR artifacts or chimeras, only features with an abundance of more than 10 reads and
presented in rhizospheres of both plants in study (in any type of soil) were selected for
subsequent analysis.

Further processing, including the construction of a phylogenetic tree using the FastTree
algorithm [37], the calculation of x- and (3-diversity, was performed within the QIIME2
package [35], and the plugins implemented in it, including standard diversity (Faith’s PD),
evenness (Pielou’s index), and distance (UniFrac, Bray—Curtis dissimilarity) metrics.

The packages MicrobiomeAnalyst [38] and DESeq2LEfSe [39] were used to identify
differentially abundant taxa and to visualize results.

2.6. Nucleotide Sequence Accession Numbers

The raw data generated from 165 rRNA gene sequencing of microbial communities
from rhizosphere soil samples have been deposited in the MG-RAST database as the
“Chernevaya Taiga of Western Siberia-rhizosphere microbiome” project (mgp103638).

3. Results
3.1. Soil Properties and CFU Data

pH values measured in soil-water suspension ranged from 6.3 in T1 soil to 6.2 in T3
soil (Table 1). Soils of Chernevaya taiga (T1) showed essentially higher content of total
carbon (C) as compared with control forest soil: 9.9 and 2.4%, correspondingly. Similar
results were observed for the contents of the soil total nitrogen (N).

Parameters of texture, the content of sand, silt, and clay are very different for T1 and
T3 soils. First, there is an essential difference in clay content, which is higher in T3 soil. The
silt content in T1 is more than two times higher, as compared to T3 (Table 1).

Soil contents of total carbon, nitrogen, phosphorus, and potassium and C/N ratio
were higher in T1 than in T3 (Table 1). Furthermore, higher levels of Fe, Mg, and Zn were
found in T1.

We have found the bacterial CFU number ranging from 8.1 + 1.1 x 107 to
9.5 + 2 x 108 in 1 g of wet rhizosphere soil. The bacterial abundances in the rhizosphere
were significantly higher for radish plants (9.5 & 2 x10® and 6.8 4 1.1 x 108 CFU) compared
with wheat (8.1 4 1.1x10” and 1.0 # 0.6 x 108 CFU) (p-value < 0.05) when growing on the
Chernevaya T1 and control T3 soils, respectively.
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3.2. Plant Physiological Parameters and Rhizosphere Bacterial CFU Number for Artificially
Grown Plants

Physiological parameters of the plants grown on the Chernevaya soil (shoot height,
root length, and dry mass) were significantly higher compared to those grown on the
control soil (Figure 1, Table 2).

Figure 1. Phenotype and plant traits of radish (A) and spring wheat (B). B1: general view of wheat
plants used in the experiment; B2: details of their root system. Plants were grown in the pot
experiment with Chernevaya soil (T1) and the control soil (T3) samples.

Table 2. Measurements of the physiological parameters of radish and wheat plants grown in pots

with control and Chernevaya taiga soils.

Chernevaya Soil Control Soil
Culture 1 Parameters (T1) (T3)
Shoot height, mm 80 + 11 50 +5
. Root length, mm 70 £ 8 35+4
Radish Root: shoot ratio 0.88 0.70
Dry mass, mg plant~! 16.63 + 0.4 1547 £ 0.3
Shoot height, mm 19.7 £ 3.3 16.3 +2
Wh Root length, mm 46 +13 37 +£20
eat Root: shoot ratio 041 0.43
Dry mass, mg plan’ﬁ1 140 4+ 0.05 90 + 0.03

In the pot experiment, soil type had a significant effect on plant morphological charac-
teristics, plant height, and root length (Figure 1). At the same time, total root length was
three to five times longer in wheat plants and twice as much in radish plants. The total
plant dry mass was significantly (p < 0.05) greater in the T1 soil than in T3 soil for both

types of plants (Table 2).

3.3. Overview of Microbial Community Diversity

To explore the species richness of a particular sample, we have calculated phylogenetic
diversity using the Faith’s PD index (Figure 2A), and species evenness using Pielou’s index
(Figure 2B). We observed increased diversity in Chernevaya taiga soils compared to control
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(ANOVA F-value 109.51, p-value: 7.7837 x 1077). With the pairwise comparison, we
observed increased species diversity in the rhizosphere communities of the radish plants in
Chernevaya taiga soil samples (p-value 0.049), and no significant increase in wheat plants
(p-value 0.12).

0.76
0.72 1
——

é 0.70 _
0.68

0.66

Pielou's evenness

0.64 1

0.62

0.60 -

Radish
(control)

Radish Whea Wheat Radish Radish Wheat Wheat

t e
(Chernevaya) (control) {Chernevaya) (control) (Chernevaya) (control) (Chernevaya)

(A) (B)

Figure 2. Diversity of the microbial communities in the rhizosphere of radish and wheat plants
growing at the Chernevaya and control soils based on Faith’s phylogenetic diversity index (A) and
Pielou evenness index (B).

Analysis of evenness, or abundance of species relative to other species in a given
community, showed no significant difference between samples. Species evenness index
varied from 0.6 to 0.75 (Figure 2B). The rhizosphere communities of the radish plants
on control soils demonstrated the most uneven species composition, but the pairwise
comparison p-value was below the significance threshold 0.05.

Beta diversity metrics were analyzed to elucidate major drivers of microbial commu-
nity composition using the weighted UniFrac distance metric, based on species content
and phylogenetic information. Principle coordinate analysis (PCoA) consistently indicated
soil type as the vector responsible for the greatest amount of variability. Our results show
that microbial communities in the rhizosphere in both plants on Chernevaya taiga soil
demonstrated pronounced clustering clearly separated from those in control soil (Figure 3).
Interestingly, communities of radish and wheat grown in Chernevay soil were clustered
together. On the control soil, the communities formed separate clusters (Figure 3).

@ Raddish (Chemevaya)
@ Raddish (control)
[ ] @ Wheat (Chemevaya)
Wheat (control)

Axis.2 [26%)]

0.0
Axis.1 [65%]

Figure 3. Analysis of beta diversity structure of rhizosphere microbiome samples visualized by
principal component analysis (PCA) using Bray—Curtis dissimilarity index.
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3.4. Microbial Community’s Composition in Rhizosphere of Radish and Wheat Plants

The revealed differences in - and (3-diversity of rhizosphere prokaryote communi-
ties prompted us to study more deeply the differences in the taxonomic composition and
relative abundance of bacterial taxa. All studied samples had a similar structure at the
phylum level and contained representatives of 18 phyla typical for soils. Proteobacteria,
Bacteroidetes, Acidobacteria, Verrucomicrobia, and Actinobacteria were the five dominants
in all rhizosphere soil samples (Figure 4A), and the proportion of unclassifiable microor-
ganisms was also very high. At the same time, the relative abundance of the most common
phyla differed significantly for plants grown in T1 soil and T3 soil (Figure 4A). At the
phylum level, Actinobacteria and Verrucomicrobia were most abundant, and Archaea and
Firmicutes were present exclusively in the rhizosphere of plants growing in Chernevaya
soil. Planctomyces were found only in the rhizosphere of wheat plants. At the class level,
Spartobacteria (Verrucomicrobiota), Bacilli (Firmicutes), and Chloracidoacteria (Acidobac-
teria) dominated in the rhizosphere of the T1 soil growing plants, while Sphingobacteria
(Bacteroideta), Acidobacteria, and Actinobacteria prevailed in the control soil (Figure 4B,
Supplementary Table S1). The most common genera in the rhizosphere of T1 soil were
Chthoniobacter, Pseudomonas, Bukholderia, and Massilia. Thus, the soil has a significant impact
on the diversity and structure of the microbial community of the rhizosphere.

0.00 025 075 1.00

050
Relative Abundance
B roeovactera [l Actinovacteria ™ [ chioroiexi

] B v

B vernucomicrovia | Notassigned ] Amatimonadetes
B Acidovacteria Fimicutes [ Gemmatimonadetes

(A)

Ahest oo . _
rmes heneme | | _

Phylum

0.00 025 075 100

050
Relative Abundance

Bl cermesrooactera [l Nocassanes [l Pecosonoerae scamicrosia [l opisoe

B Avhaproteabacteria [ Prycisohaerae [l chioroplast I Fimbimonagia [ Cytophagia
I closuidia
Class [l sswrosprac B socii actinobacteria [ Keedonobacteia [ Tk10
[ sehingobaseeria B ochaproteobacteia | Acidobacteria 6 [l Acidobacteria 5
W scopoeobacieria [ ™72 DAOS2 B sma
W scidonacieria W soivacteres Gemmatimonagetos [ i 8
(B)

Figure 4. Relative average abundances of the prokaryotic taxa in the rhizosphere of radish and wheat,
growing on the T1 and T3 soils in the laboratory experiment on the phyla (A) and classes (B) level.
The values were summarized at phylum level (keeping only phyla with relative abundance >1%) and
relativized to 100%. See Supplementary Table S1 for the abundance values for each taxonomic level.
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3.5. Evaluation the Differentially Abundant Prokaryotic Taxa

Between-classes PCA of the whole community structure showed that soils had specific
effects on the rhizospheres” microbiomes of the radish and wheat plants. The dissimilarity
in the rhizosphere community structure between the Chernevaya and control soils can
largely be attributed to those most strongly selected or depleted taxa.

To evaluate prokaryotic taxa which may be less abundant but be of great importance in
the plant growth, we performed linear discriminant analysis and calculated the log10 LDA
score for each taxon in each sample. We ranked differentially abundant bacteria to identify
bacteria with the most substantial population responses to the growth in the Chernevaya
soil (Figure 5, Supplementary Table S2). Responses in both positive (more abundant) and
negative (less abundant) directions were observed.

Verrucomicrobia

Firmicutes

Actinobacteria

Gemmatimonadetes

Chloroflexi
T™7
Nitrospirae
@ Class
% Crenarchaeota B chernevaya
@ B control
FBP
TM6
0oD1
WPS_2

Cyanobacteria

Not_Assigned

Bacteroidetes

@
w
o
w
@

LDA score

Figure 5. Effect size (LDA) for the prokaryotic phyla in the rhizosphere of plants growing on the
Chernevaya soil relative to those on the control soil. Only taxa recruited in rhizospheres of all plants
in study (“root generalists”) were taken into account. LDA score is a log10 transformed, absolute
threshold 2, FDR-adjusted p-value cutoff 0.05. See Supplementary Table S2 for the analysis result for
each taxonomic level.

In this work we focused on the taxa that can provide high plant growth in taiga
soils for different plants. For this purpose, we selected those taxa that are present in the
rhizosphere of both plants (the so-called “root generalists”). As a result, we obtained a
dataset of 231 genera. The majority of the prokaryotic sequence variants with a high degree
of selection in the rhizosphere of Chernevaya soil compared to the control are the same for
wheat and radish plants. The most selected were the phyla Verrucomicrobiae, Firmicutes,
Actinobacteria, Gemmatimonadetes, Chloroflexi, Saccharibacteria (TM7), Nitrospirae, and
Crenarchaeota. Additionally, members of Candidate phylum Gracilibacteria GN02 were
highly selected in the wheat rhizosphere and Verrucomicrobiae in the radish rhizosphere.

Hierarchical clustering of the rhizosphere communities showed clear separation of the
Chernevaya and control soil samples (Figure 6).
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IR plant Chernevaya
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Actinobacteria

Verrucomicrobia
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Crenarchaeota
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Cyanobacteria
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Proteobacteria
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[ Acidobacteria

Armatimonadetes
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Figure 6. Heatmap diagrams showing the hierarchical clustering of the rhizosphere communities on
the phylum level. Euclidean distance, Ward's linkage clustering method.

4. Discussion

The rhizosphere is a root zone considered as a hotspot for bacterial diversity, where
bacteria are mainly expressed in functions adapted to the root’s presence and promote plant
growth. During the growth process, plant roots secrete carbon compounds that are used by
rhizosphere microorganisms. In turn, microorganisms affect plant growth by increasing
the availability of mineral compounds and forming biologically active substances [13].
Plant-associated microbes can be recruited from the environment or from seeds. However,
most of the beneficial microorganisms fall into the rhizosphere from the soil [40]. The
current study aimed to evaluate whether the rhizosphere microorganisms may be the
drivers of the extremely high productivity of plants growing on the Chernevaya soil.
We intended to answer the questions of (1) whether agricultural plants growing in the
laboratory experiments with Chernevaya taiga soil manifest the high growth parameters
and (2) whether there are specific features of the rhizosphere microbial communities which
would be likely to control the plant gigantism.

In general, the answer to both questions is yes. The physiological characteristics
of wheat and radish plants grown on T1 soil significantly exceed those on the control
soil. One of the reasons may be the high carbon and nitrogen content in the soil as well
as metal (copper, iron, magnesium, zinc) contents. Iron, copper, and zinc are essential
for plant cell metabolism, due to their ability to donate and accept electrons and be the
components of proteins catalyzing redox reactions. Additionally, zinc is the cofactor of
RNA polymerase [41], while magnesium participates in photosynthesis and associated
physiological processes required for optimal plant growth and yield [42].

Alpha and beta diversity metrics suggest that rhizosphere samples of T1 soil hosted
the more complex microbial communities, but only a few microbial phyla dominate. Rhi-
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zosphere microbial communities of wheat and radish growing in T1 soil were separated
clearly from those in control soil. These data confirm the finding that bacterial rhizosphere
phyla are conserved mainly among plants [43], and the variance in rhizosphere microbial
communities is typically larger in the same plants growing in the different soils as in the
different plants growing in the same soil [44]. The unique Chernevaya Umbrisol may be
considered as a significant reservoir for microbial diversity, and the plant does appear
to drive the differentiation of a small subset of soil microbiota. The presence of distinct
microbial taxa in T1 and T3 rhizospheres propose that soil conditions (e.g., pH, texture,
content of organic matter, metals) likely play an important role in microbial community
structure, and define how the bacteria will be affected by the rhizosphere conditions.

Proteobacteria is the most abundant bacterial phylum in the rhizospheres under study,
which is consistent with previous investigations of other soil systems [45]. Proteobac-
teria contains numerous PGPR genera, including Pseudomonas, Azotobacter, Azospirillum,
Rhizobium, and Enterobacter, with promising applications for crop improvement. Other
dominant rhizosphere phyla (>5% of the sequences) were different across plants growing
in Chernevaya and control soils. Verrucomicrobia and Actinobacteria dominated in T1 soil
and contain different PGPRs with a variety of functions benefiting plant growth, while in
T3 soil Acidobacteria and Bacteroideta prevailed. The growing interest to Actinobacteria
application in agricultural practice is due to their ability to colonize root system of plants
and, forming spores, to survive for a long time in unfavorable conditions [46]. Recent stud-
ies demonstrated that Verrucomicrobia abundant in rhizosphere form close associations
with plant roots and have characteristics typical for PGPB [47].

According to modern conceptions, non-dominant taxa with a minor contribution to
the whole community are recognized for their importance in maintaining alpha diversity
in microbial communities and key ecosystem functions [48]. Possible roles of the rare
taxa may include nutrient cycling, resistance to disturbance or invasion, and driving the
functions of host-associated microbiomes [49]. Rare microbes may perform key functions
that are costly for dominant taxa. For example, they play an essential role in soil nitrogen
fixation [50], providing evidence for the potential disconnect between abundance and
functional capacity. Bacteria with the substantial population responses to the growth in
the Chernevaya soil were mostly the same for wheat and radish rhizospheres. The most
selected were Chloracidobacteria (Acidobacteria), proposed class Ellin 6529 (Chloroflexi),
Thaumarchaeota (Crenarchaeota), Nitrospira (Nitrospirae), Gemm-1 (Gemmatimonadetes),
MB-A2-108 (Actinobacteria), and TM7-3 (Bacteroidetes). At the same time, only in the
wheat rhizosphere GKS2-174 (Candidate phylum Gracilibacteria) was highly selected.

It is necessary to note that the taxa with the highest degree of selection belong to
difficult-to-cultivate organisms, many of which are absent in laboratory culture and their
characteristics are unknown. Ellin 6529 is frequently distributed, but an understudied
representative of the Chloroflexi [51]. Gracilibacteria is a candidate phylum included in the
Patescibacteria group. Based on the genomic analyses it was suggested that Gracilibacteria
has limited metabolism and may be symbionts [52]. Gemmatimonadetes contained only
one valid species, but numerous environmental 165 rRNA gene sequences were found in
the soil and marine environments [53].

One of our exciting findings was that nitrifying archaea and bacteria were found in
the rhizosphere of plants growing in T1 soil. Ammonia-oxidizing bacteria and archaea are
particularly relevant because of their roles in nutrient cycling in ecosystems. Archaea in the
rhizosphere of the Chernevaya soil were classified as Candidatus Nitrososphaera. They medi-
ate the first and rate-limiting step of nitrification, the conversion of ammonium to nitrate.
We have also detected nitrite-oxidizing bacterium Nitrospira, a genus in Nitrospiraceae.
Certain Nitrospira species are known as “completely” nitrifying (comammox) that perform
both steps of ammonia oxidation [54]. Nitrospira were reported to be widely presented
in terrestrial ecosystems and were found in bulk Chernevaya soil [28], and were recently
discovered in the rhizosphere of perennial grasses [55].
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Currently, the agricultural sector of the economy is oriented towards environmentally
sustainable development, which means increasing productivity while preserving natural
resources and the environment [56]. In this regard, there is an ever-growing interest in the
study of soil and rhizosphere microorganisms that can be used to increase crop yields [57].
Long-term land usage in agricultural practice leads to negative implications such as distur-
bances of the global nutrient cycles, degradation of organic matter, increased greenhouse gas
emissions, reduced soil fertility, etc. [58]. Agricultural soils are characterized by low microbial
taxonomic and functional diversity, and domestication may have affected plant phenotypes
relating to the recruitment of beneficial microorganisms from the soil [59]. From this point of
view, Chernevaya taiga is a unique ecosystem that preserves the “pre-agricultural” micro-
biome, not affected by agricultural practices. Most investigations focus their attention on the
effects of PGPR use on the yield of agricultural crops [60]. The idea of using PGPR from a
unique environment, known for its high productivity is, however, novel.

Despite its unique properties, information about the microbial communities of
Chernevaya soil is very limited. Based on previously conducted metagenomic studies the
taxonomic composition of microbial communities in Chernevaya taiga soil differs signif-
icantly from those of the soils of the surrounding forest areas [28]. On the other hand,
this object may be of great importance in the search of PGPR, cellulolytic microorganisms,
as well as producers of antibiotics, auxins, and other biologically active molecules. In
addition, understanding the causes of gigantism can be used to increase crop yields by
environmentally friendly techniques. The impact of soil microbiome on ecosystem biodi-
versity, productivity, and stability has been recognized [61-63], although studies explaining
and analyzing such effects are few, compared with the significance of this global problem.
Knowledge of the distribution and diversity of indigenous bacteria in the natural ecosys-
tem with high fertility, their isolation and characterization can be the basis for creating
agricultural biotechnology based on the novel PGPR strains.

5. Conclusions

Identification, characterization, and further isolation of PGPR from the soil of the
unique environment, Chernevaya taiga, may represent excellent novel biotechnological
tools. Considering that soils for vegetable production are limited, the use of these bacteria
would improve the tolerance, productivity, and yield of plants of agronomic interest which
is a problem for world food security.

In conclusion, our experimental data contribute to an understanding of how soil mi-
croorganisms and plants create specific root-associated microbial communities. This study
is the first attempt to elucidate the bacterial diversity and composition in the rhizosphere of
the crops artificially growing on the Umbrisol using high-throughput sequencing methods.
We have demonstrated that the rhizosphere microbiota of agricultural plants grown on
Chernevaya taiga soil differs from corresponding microbiota of the control soil, and that
differences were revealed at the level of dominant taxa and minor components of the com-
munity. It was found that significant enrichment of rare, mainly uncultured prokaryotic
taxa occurs in the rhizosphere. The fact that similar microorganisms from Chernevaya taiga
soil are highly enriched in different crops may suggest their significance for plant growth.
For some components of rhizosphere consortia, the role of nitrifying archaea and bacteria
in stimulating plant growth is clear, whereas, for others, it requires further research.

Our promising result supports the idea that the bacteria, specifically for Chernevaya
taiga soil, influences plant growth through the creation of the specific rhizobiome. A
more detailed analysis of individual strains’ roles and combinations will shed light on this
effect. Future studies should investigate the functional role of the root-associated microbial
communities, including both isolates and uncultured microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microorganisms10112171/s1, Table S1: Relative average abundance
of the prokaryotic phyla in different plant rhizosphere and soil types, for each taxonomy level;
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Table S2: Effect size analysis (LDA) for the prokaryotic taxa in the rhizosphere of plants growing on
the Chernevaya soil relative to those on the control soil.
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