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Abstract: The white poplar (Populus alba) is a dioecious woody plant with significant potential for
the phytoremediation of soils. To realize this potential, it is necessary to utilize growth-promoting
microorganisms. One potential source of such beneficial microorganisms is the rhizosphere commu-
nity of wild-growing trees. However, the structure, dynamics, and metabolism of the rhizosphere
community of wild-growing white poplar remain poorly understood. To ascertain seasonal dy-
namics, species diversity, and metabolic potential, we sequenced 16S rRNA genes in metagenomes
derived from 165 soil samples collected in spring and autumn from the root surfaces of 102 trees
situated in disparate geographical locations. The three most prevalent phyla across all samples are
Proteobacteria, Actinobacteriota, and Acidobacteriota. At the order level, the most prevalent orders
are Sphingomonadales and Rhizobiales. Accordingly, the families Sphingomonadaceae and Rhizobi-
aceae were identified as dominant. The rhizospheric microbiome exhibited substantial inter-seasonal
variation. Six families, including Caulobacteraceae, Xanthomonadaceae, Chitinophagaceae, Chtho-
niobacteraceae, Sphingomonadaceae, and Rhizobiaceae, exhibited alterations (spring-to-autumn)
across all geographical locations under study. Members of the Rhizobiaceae family, which includes
nitrogen-fixing bacteria, can provide poplar with plant-available forms of nitrogen such as nitrate
and ammonium. The rhizosphere microbiome may facilitate the conversion of inorganic sulfur into
sulfur-containing amino acids, cysteine and methionine, that are bioavailable to plants. Furthermore,
the rhizosphere microbiome is capable of synthesizing amino acids, organic acids (including Krebs
cycle acids), and some lipids and sugars. Consequently, the rhizosphere community can stimulate
poplar growth by providing it with readily available forms of nitrogen and sulfur, as well as building
blocks for the synthesis of proteins, nucleic acids, and other macromolecules. Many of these pathways,
including nitrogen fixation, were subjected to seasonal changes.

Keywords: Populus alba; thizosphere; soil metagenomics; microbial diversity; amplicon sequence
data; 16S rDNA

Key Contribution: The abundance and diversity of the rhizosphere community of wild white poplar
is subject to seasonal fluctuations that correlate with the phase of the tree’s life cycle. The bacterial
community has the potential to stimulate poplar growth by providing readily available forms of
nitrogen and sulfur, as well as building blocks for the synthesis of proteins, nucleic acids and other

macromolecules.

BioTech 2024, 13, 52. https:/ /doi.org/10.3390/biotech13040052

https:/ /www.mdpi.com/journal /biotech


https://doi.org/10.3390/biotech13040052
https://doi.org/10.3390/biotech13040052
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biotech
https://www.mdpi.com
https://orcid.org/0000-0001-5203-0787
https://orcid.org/0000-0002-7844-1960
https://orcid.org/0009-0005-5565-1331
https://orcid.org/0000-0003-4992-7299
https://orcid.org/0000-0002-6493-8378
https://orcid.org/0000-0002-6893-4673
https://orcid.org/0000-0002-3722-8207
https://doi.org/10.3390/biotech13040052
https://www.mdpi.com/journal/biotech
https://www.mdpi.com/article/10.3390/biotech13040052?type=check_update&version=1

BioTech 2024, 13, 52

20f11

1. Introduction

Phytoremediation is a promising alternative for cleaning up contaminated soils and
restoring ecosystems. White poplar (Populus alba L.) is a popular woody plant among
researchers and has become a model for studying the mechanisms of plant-microbe in-
teractions in woody plants. Poplar has a wide range of practical applications: it is used
for timber production, its rapid growth makes it useful in combating climate change, and
it is planted on urban and industrial soils for phytoremediation and landscaping due to
its ability to transfer and accumulate cadmium and nickel from the environment into its
tissues [1].

It is known that microorganisms surrounding plants can modulate stress tolerance
and enhance defense responses [2,3], including biological control by preventing the spread
of pathogenic bacterial strains [4]. Poplar has a branched root system that provides a large
surface area for contact with the soil and habitat. In addition, the roots contain many
nutrients such as sugars, amino acids, and carbohydrates, and are thus ideal attachment
sites for various microorganisms [5]. Moreover, the microbial community is dynamic
and changes depending on the nutrient content of the soil or the presence of metabolites
released by plant tissues [6]. Poplar roots contain endophytes (fungi, bacteria, and archaea
within the plant tissue) and rhizosphere microorganisms (those on the root surface) that
help the host plant to fight pathogens and phytophages, resist abiotic stresses, including
heavy metals and organic pollution, and stimulate growth by secreting hormones, etc. [5,7].

In addition, bacteria can also be a bioremediation tool [8]. It is important to consider
that one part of the microbial community may be sensitive to metal pollution [9,10] while
the other part may be resistant to pollution, so when the soil is contaminated they become
dominant, able to mobilize the undigested form of metal into an available form for uptake
and accumulation by plants [11]. In this context, strategies to develop and exploit plant-
microorganism relationships to enhance plant resistance to pollution [12] and to increase
the efficiency of neutralization of heavy metals from soils [13,14] have been considered in
recent years.

A major problem in studying such interactions is the lack of sufficient data on how
the composition of the plant rhizosphere environment varies with growing region and
season. The lack of such data is an obstacle to the development of bacterial-plant co-culture
technology, as it is unclear which community members are stably represented regardless of
environmental conditions. Thus, characterizing the complex interactions between poplar
and its microorganisms is an important step in understanding the general properties of
plants, and studying the poplar rhizosphere also helps to elucidate which microorganisms
and soil processes influence its phytoremediation capacity. Understanding the changes
that occur in this community in response to environmental conditions will help to develop
strategies to improve the phytoremediation efficiency and resilience of white poplar to
adverse factors.

The aim of the study was to determine the species diversity, seasonal dynamics, and
metabolic potential of the rhizosphere community of wild white poplar growing in different
regions of European Russia.

2. Materials and Methods
2.1. Sample Collection

Soil samples were collected for this study from 104 trees growing in natural popula-
tions in three regions of the Russian Federation: Volga Federal District (Nizhny Novgorod
Region, suburb of Nizhny Novgorod, PFO), Southern Federal District (Volgograd Region,
suburb of Uryupinsk, UFO), and North Caucasus Federal District (Stavropol Territory,
suburb of Pyatigorsk-Podkumok River valley, SKFO). Female and male individuals were
represented among the trees, as well as trees whose sex could not be determined. To assess
the variability of rhizosphere bacterial community, soil samples were collected two times
a year: in spring (April-May) and in autumn (October-November) in 2022. The general
characteristics of the samples are given in Table 1. The sex of trees from which samples
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were collected and their growing region are indicated. Each line corresponds to one region,
for which the number of trees included in the analysis and the number (spring and autumn)

of the corresponding samples are indicated. The complete sample data are summarized in
Table S1.

Table 1. General characteristics of the rhizosphere samples analyzed.

Trees Included in the Analysis * Rhizosphere Samples

Total Included in the

Federal Analysis
District i i
o Spring Autumn Rhizosphere
Male Female Unspecified Period Period Trees Samples
PFO 12 18 0 22 30 30 52
UFO 7 8 6 ** 16 21 21 38
SKFO 7 17 6 ** 27 25 30 52

* Sex was determined by inspection of the tree in the presence of generative organs or by PCR for the ARR17
sex gene with primers as described in [15]. ** Visual inspection of one tree from the region revealed both male
generative organs and female generative structures simultaneously.

Soil samples were collected at a depth of 10 cm from the soil surface. Rhizosphere
samples were obtained using a laboratory spoon from the root surface, stored, and trans-
ported in 2 mL tubes containing MagNA Pure DNA Tissue Lysis Buffer (F. Hoffmann-La
Roche Ltd., Basel, Switzerland). Following collection, samples were stored and transported
at —20 °C. The collected soil samples were stored at —75 °C prior to DNA extraction.

The soils of the research regions had the following characteristics: Nizhny Nov-
gorod region—sod-meadow loamy alluvial soil (fluvisol), pH 5-5.5, total carbon 2-2.5%;
Uryupinsk region—sod-meadow sandy alluvial soil (fluvisol), pH 4.5-5, total carbon
0.5-1%; Sochi region—sod-meadow loamy alluvial soil (fluvisol), pH 5.5-6, total carbon
2-2.5%; Pyatigorsk region—sod-meadow loamy alluvial soil (fluvisol), pH 8, total carbon
1.5-2%.

2.2. DNA Library Preparation and Sequencing

DNA was isolated from a soil sample (average mass about 250-300 mg) according
to the standard protocol of the MagnoPrime kit (NextBio, Moscow, Russia). DNA quan-
tification was performed on a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA), and quality control was performed on a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies Inc., Wilmington, DE, USA). The A260/A280 ratio in DNA
samples was 1.8-2.0.

Amplicon libraries were prepared according to the two-step PCR protocol described
previously [16]. Briefly, in the first step, target sequences were amplified using primers
containing locus-specific sequences for the V3-V4 region of the 165 rRNA gene (16S
Amplicon PCR Forward Primer: CCTACGGGGGNGGCWGCWGCAG; 16S Amplicon PCR
Reverse Primer: GACTACHVGGGTATCTAATCC) [17,18]. For each sample, amplicons
were pooled equimolarly and a second PCR was performed with Nextera XT Index primers
consisting of two-index barcodes and sequencing adapters. All PCR products were then
pooled equimolarly, and library quality was assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) and quantity using a Qubit 4 fluorimeter
(Thermo Fisher Scientific, Waltham, MA, USA). Library sequencing was performed on a
MiSeq platform (Illumina, USA) using Illumina MiSeq Reagent Kit v3 (150 cycles). An
average of 20 thousand reads (from 1.5 to 82 thousand) per sample were obtained.

2.3. Data Analysis

Briefly, the sequencing data were processed by DADAZ2 [19], and the list of micro-
bial taxa was inferred using naive RDP classifier (DADAZ2) and Silva 138.1 database [20].
Because of short read length, bootstrap confidence threshold was used at 0.5. Prediction
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of metabolic potential of bacterial community was based on PICRUSt2 [21] and MicFun-
Pred [22]. Alpha diversity indices were calculated using ‘vegan’ package [23] at the family
level. Differential taxon abundance analysis was performed with ALDEX2 [24]. Due to the
pronounced heterogeneity of the groups, we mainly relied on the Mann—-Whitney U test
(either from ALDEX2 or simply normalized abundance values), but Welch'’s t-test was also
considered to detect any potential microbiome changes.

3. Results

Using 165 rRNA metagenome sequencing data, we first assessed the taxonomic diver-
sity of soil microbiomes at various taxonomic levels (Figure 1, Table S2). Depending on the
taxonomic level, the soil samples differed from each other to various degrees. Nevertheless,
it was possible to identify dominant taxonomic groups characteristic of most specimens.
The top three dominant phyla in all samples are Proteobacteria, Actinobacteriota, and
Acidobacteriota. The top three dominant classes are Alphaproteobacteria, Gammapro-
teobacteria, and Actinobacteria. At the order level, the Sphingomonadales and Rhizobiales
are clearly dominant. Accordingly, the dominance of the families Sphingomonadaceae and
Rhizobiaceae was found.
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Figure 1. Taxonomic composition of the rhizosphere microbiome in different regions in fall and
spring: PFO, UFO, and SKFO. Analyses were performed for taxa of different levels. (A) phyla;
(B) classes; (C) orders; (D) families. Reads corresponding to unannotated amplicon sequence variants
(ASVs) are highlighted in dark gray.
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It should be noted that the lower the taxonomic level, the higher the content of
unassigned ASVs and unidentified taxons. This is expected and is mainly due to the
ambiguity of 165-amplicon sequences or, in some rare cases, the presence of new taxa not
present in the reference database.

The data indicate that certain taxa exhibit lower abundance in the spring than in
the autumn. For instance, the class Gammaproteobacteria and the Sphingomonadaceae
family are less prevalent in the spring than in the autumn. Conversely, other taxa are
more abundant in the autumn than in the spring. The class Actinobacteria and the family
Rhizobiaceae are examples of this phenomenon.

Evidence suggests that the composition of the rhizosphere community may vary not
only due to the physiological characteristics of individual plants, but also due to geographic
and climatic differences [25]. Accordingly, we proceed with a comparative analysis of the
rhizosphere microbiome composition between different geographical regions and seasons
(Figure 2). The data obtained revealed significant differences, both between seasons and
between geographic regions.

Spring - Spring - Spring -
PFO, spring PFO, autumn di'f;‘;:’:‘ze ,:”r::g's :ﬁ"::::s' SKFO, spring SKFO, autumn d;‘;‘g’:“’c‘s “:F:':::g!; :n“:::“;‘s' UFO, spring UFO, autumn d;;‘;:‘a’:’;e :‘:::g's ;‘”:::;‘s'
Caulobacteraceae * 014 128 | * 000 1.14 1 0 013 169
Xanthomonadaceae 019 217 =+ 000 299 000 475
Pedosphaeraceae * 014 166 * 012 128 I 032 021
Pyrinomonadaceae *047 211 * 009 470 1 I 0.65 0.46
Opitutaceae * 008 038 * 006 041 1 1 0.08 0.10
Sphingomonadaceae 17.83 26.37 ] 23.50 39.99 W 17.99 4523
Alcaligenaceae 0.00 0.15 | 0.00 0.16 |- * 078 1.01
Saprospiraceae I 0.01 0.10 i 0.00 0.32 0.00 0.04
WD2101 soil group i 0.02 0.15 002 028 0.03  0.00
Yersiniaceae 049 1.15 ] 1.04 250 . 0.59 5.92
Nitrosomonadaceae ] 0.00 0.96 [ ] 0.03 0.84 0.00 0.00
Lactobacillaceae I 0.05 0.0 0.00 0.00 || 0.00 0.13
Sphingobacteriaceae 0.08 027 ] 0.00 0.19 | 0.16  0.45
Vicinamibacteraceae i 098 153 I 228 467 1.07 078
Tepidisphaeraceae 0.00 0.08 ] 0.00 0.12 0.00 0.03
Flavobacteriaceae 0.00 0.16 ] 0.00 0.15 0.05 0.00
Micropepsaceae | 0.00 0.68 0.00 0.00 || 0.07 0.00
Microscillaceae 031 093 ] 023 1.03 | 0.53 0.38
Gemmataceae 025 079 ] 037 015 0.00 0.19
Gemmatimonadaceae 0.00 0.32 0.01 0.00 0.10 0.05
Blastocatellaceae 047 099 I 032 0.88 042 037
Nocardioidaceae | 059 030 1 0.14 021 il 0.29 0.88
Rhodobacteraceae N 0.07 033 ] 047 029 I 021 0.07
Thermoanaerobaculaceae I 0.04 0.04 ] 0.00 0.00 0.11  0.12
Acidobacteriaceae (Sub. 1) I 028 097 0.00 0.00 B 0.83 0.08
Chitinophagaceae i * 182 392 W 1.12 3.15 * 205 087
Verrucomicrobiaceae i 0.04 0.01 ] 0.17  0.00 0.00 0.02
Comamonadaceae I 1.89  1.06 141 163 150 0.55
Chthoniobacteraceae I 279 331 || 0.86 1.72 * 361 061
Micromonosporaceae 428 043 ﬂ 1.25 1.09 3.08 121
Moraxellaceae [l 0.01  0.00 [ 023 0.00 0.00 0.00
Rubritaleaceae I 019 0.14 [ | * 051 0.09 010 0.7
Pirellulaceae 0.09 002 ] 091 021 0.50 0.00
llumatobacteraceae 0.50 0.09 | | 215 0.08 0.56 0.10
Bacillaceae 165 037 [ * 097 0.15 0.62 0.30
Staphylococcaceae 0.61 0.04 [ * 465 0.15 022 0.13
Rhizobiaceae ** 18.03 9.40 * 1153 244 * 1283 4.14
—r [ ——— 1
-15 0 15 -1.5 0 15 -1.5 0 15
4 (Sp>Au) (Au>Sp) (Sp>Au) (Au>Sp) (Sp>Au) (Au>Sp)

-4 0
log2 [relative abundance]

Figure 2. Most abundant bacterial families in poplar rhizospheres collected in three regions of Russia
during the spring and autumn seasons. An asterisk (*) indicates taxa with statistically significant
(p < 0.05 by the Mann—Whitney test, Aldex2) inter-seasonal changes, two asterisks (**) indicate taxa
with FDR < 0.05. Heatmaps show log?2 of relative taxon abundance (normalized to the average value
across all the samples). ‘Spring-autumn difference” shows difference between autumn and spring,
considering intra-group standard deviation (median effect size, Aldex2). Positive values mean that
taxon abundance increases in autumn compared to spring, and vice versa. The two columns on the
right represent the average percentage of reads annotated as a current taxon for spring and autumn
samples.

Despite the existence of discernible inter-seasonal and inter-geographical differences,
the variation in microbiome structure types within each group remained considerable. Nev-
ertheless, several discernible cross-regional dissimilarities were identified. In many cases,
these differences exhibited a pronounced seasonal dependence. Consequently, numerous
taxa exhibited a sufficiently high presence in one location during both spring and autumn,
whereas in another location, they were observed predominantly during one season (autumn
or spring). For instance, members of the bacterial family Rhizobiaceae were identified
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at PFO in both seasons, representing 85-100% of samples. However, at SKFO, they were
predominantly observed in spring (90% of samples), with a significantly lower prevalence
in autumn (15% of samples). Similarly, at UFO, Rhizobiaceae were more prevalent in spring,
yet the proportion of Rhizobiaceae-positive specimens remained relatively high in autumn.

Additionally, the “strict” region-specific families were identified. Thus, the presence
of Staphylococcaceae was observed exclusively in the SKFO spring samples (90% of spring
samples; 4.6% of reads on average), whereas these taxa were almost entirely absent in the
other two regions (as well as in SKFO autumn). Caulobacteraceae were predominantly
identified in the autumn samples from PFO and UFO, representing 80% of the total samples,
while no other groups exhibited the same level of presence. In the spring season, as well as
during both seasons in SKFO, the proportion of Caulobacteraceae-positive samples was
low (10-30%). Additionally, among the families with notable geographical differences in
abundance, Vicinamibacteraceae exhibited a higher abundance in PFO and SKFO, while
Pyrinomonadaceae demonstrated a higher content in PFO and SKFO, particularly during
the autumn season. In the springtime, as well as during both seasons in SKFO, the pro-
portion of Caulobacteraceae-positive samples was low (10-30%). Additionally, among the
families with geographical differences in abundance, Vicinamibacteraceae (higher abun-
dance in PFO and SKFO) and Pyrinomonadaceae (higher content in PFO and SKFO, mainly
during the autumn season) stand out.

The most abundant phyla that exhibit statistically significant changes in content
between regions during the autumn season are Acidobacteriota, Verrucomicrobiota, and
Bacteroidota (FDR < 0.05). It is noteworthy that in the autumn period, SKFO and PFO
exhibited a high content of these phyla in nearly all samples, whereas only 20-30% of UFO
samples demonstrated this trend. For the spring period, differences between SKFO and
UFO were also identified, but the nature of these differences was markedly distinct. In the
case of Acidobacteriota and Bacteroidota, the results were inversely correlated, with higher
abundance observed in UFO samples compared to SKFO.

Furthermore, at least six families exhibited statistically significant alterations (at least
one of the tests; p < 0.05) between spring and autumn in all three regions: Caulobacteraceae,
Xanthomonadaceae, Chitinophagaceae, Chthoniobacteraceae, Sphingomonadaceae, and
Rhizobiaceae. The latter family of bacteria is of particular interest as it encompasses a range
of plant symbionts that enhance plant growth.

Microbial communities associated with poplar may provide valuable metabolites that
could alter the metabolism of trees [26]. Therefore, we estimate the metabolic potential of
the poplar-associated rhizosphere microbiomes (Tables S3-57). The results presented in
Figure 3 show that among the 60 most common pathways, there are several that may be
beneficial to poplars. These include pathways of sulfate assimilation, which are associated
with the synthesis of cysteine and methionine. These pathways may provide poplar with
readily available sources of sulfur forms. The most commonly represented pathways are
those involved in amino acid and nucleotide biosynthesis. The other abundant pathways
are those involved in lipid biosynthesis and the biosynthesis of organic acids that are
components of the Krebs cycle (all tricarbonic acids of the cycle).

Regarding the interseasonal and interregional differences in the abundance of metabolic
pathways of the rhizosphere microbiome (Figure 3 and Figure S1), it can be seen that in all
three regions, metabolic pathways are less abundant in spring than in autumn, which corre-
lates well with the reduced abundance of the rhizosphere microbiome in spring (Figures 1
and 2).
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Figure 3. Assessment of the metabolic potential of the rhizosphere microbiome for individual samples
using PICRUSt2 (top—60 most abundant MetaCyc pathways). The color scale (blue—white-orange)
indicates the log-relative abundance (availability) of a metabolic pathway (i.e., all genes required for
a given pathway must be present in the microbial community).

4. Discussion

We found that the rhizosphere microbiome of wild white poplar is enriched with
chemoorganotrophic and photosynthetic bacteria characteristic of different soils and geo-
graphical locations. The families Sphingomonadaceae and Rhizobiaceae were identified as
dominant in all geographic locations and seasons. In general, taxa abundance is lower in
spring than in autumn at all geographic locations. Metabolic potential of the rhizosphere
microbiome showed significant interseasonal fluctuations and were lower in spring than in
fall.

Among the taxa identified in the rhizosphere microbiome at the family level, several
families are notable for their beneficial effects on poplars (Figure 1). For example, repre-
sentatives of the Bacillaceae family have been observed to possess antifungal activity [27],
stimulate plant growth, denitrify, and degrade organic pollutants [28]. Methylobacteri-
aceae has been demonstrated to induce systemic resistance to pathogens, in addition to its
function of stimulating plant growth [29,30]. Staphylococccaceae plays a role in mitigating
biotic stresses [31]. Moraxellaceae is responsible for denitrification and the degradation
of organic pollutants [28]. The rhizosphere microbiome of wild poplar is dominated by
representatives of the well-known and important family of symbiotic bacteria Rhizobiales,
which perform the role of nitrogen fixers [32]. It is established that the family Rhizobiales
is more frequently detected when studying bacterial communities of woody plants [33].
In legumes, representatives of this family form nodules; however, in woody plants, al-
though they do not contribute to the formation of nodules, they are also capable of fixing
atmospheric nitrogen and converting it into nitrate and ammonium forms available to the
plant [34].

The present study demonstrates that there are seasonal variations in the abundance of the
rhizosphere community (Figure 1). Prior research has indicated a decline in the diversity of mi-
crobiomes associated with trees, including poplar, during the autumn season [35-37]. Further
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investigation reveals that representatives of the Moraxellaceae, Bacillaceae, Propionibacteri-
aceae, Enterobacteriaceae, Methylobacteriaceae, Staphylococcaceae, and Streptococcaceae
families are among the top 10 bacterial taxa exhibiting seasonal declines in diversity [37].
Several potential explanations for this observed phenomenon can be put forth. First, it may
be a change in carbon sources for the symbionts. In the autumn, poplars shed their leaves,
thereby terminating the flow of organic matter from the crown to the root. Concurrently,
the source of organic matter shifts to the fallen leaves, which are subsequently recycled
by saprophytes. Second, saprophytes that process forest litter, such as mold fungi, release
mycotoxins that inhibit microbial growth [38]. Consequently, the rhizosphere microbes
must adapt to the alteration of the carbon source and the competition for food with other
organisms during the autumn season. These causes may result in a reduction in the di-
versity of the rhizospheric microbiome due to the mortality (or transition to a dormant
state) of susceptible species and an increase in the abundance of other species that are
capable of adapting to the aforementioned conditions. Furthermore, some bacterial fami-
lies and genera with seasonal dynamics are characteristic of freshwater ecosystems. For
instance, the autumnal shift in the prevalence of the family Caulobacteraceae within the
class Alphaproteobacteria is a notable example. Given that white poplar is a species that
flourishes in river valleys and wet soils, it is plausible that the dynamics of such bacterial
communities are linked to spring floods.

The observed changes in rhizosphere composition of representatives of bacterial fami-
lies for SKFO and PFO are quite symmetrical and similar, especially for those bacteria whose
representation increases significantly by autumn (Figure 2). The rhizosphere community of
poplars from the UFO behaves quite differently, in which the increase of representatives of
individual families (such as Pedosphaeraceae, Opitutaceae, and Pyrinomonadaceae) is not
so pronounced. This is an interesting observation as all three regions are geographically dis-
tant from each other. We can relate the characteristic behavior of the rhizosphere community
of SFO to the periodic waterlogging of the Khoper River, which occurs in this white poplar
growing region. It is known that periodic waterlogging negatively affects the development
of beneficial members of the microbiome, allowing the development of phytopathogenic
ones [39]. We can confirm that, by autumn, the decrease in the diversity of bacteria of the
Rhizobiaceae family, potentially favorable for poplar physiology, is more pronounced in
UFO. At the same time, the diversity of species of the Xanthomonadaceae family (which
includes the known plant bacteriosis pathogen genus Xanthomonas) increases more pro-
nouncedly. This observation undoubtedly requires more careful monitoring, since poplars
prefer to grow in the valleys of water bodies. Moreover, we cannot exclude that anomalous
temperatures observed at the time and places of sample collection [40] could also contribute
to the inter-regional differences in the composition of the rhizosphere communities

The results of the evaluation of the metabolic potential of the rhizosphere (Figure 3)
are in good agreement with existing literature, which suggests that in the absence of
a soil microbiome (when poplar is grown on sterilized soils), poplar needs increased
amounts of amino acids, organic acids (including Krebs cycle acids), and some lipids
and sugars, so there is increased biosynthesis of these substances in poplar roots [26].
Our data also suggest that the rhizosphere community capable of incorporating sulfur
sources in metabolism is higher than in the autumn. Sulfur is a constituent of amino
acids, and also contributes to plant resistance to salt stress [41] and enhances the action of
phytohormones [42]. In general, plants can assimilate sulfur from soil by their roots [43].
However, it remains unclear whether bacteria contribute to this process or, conversely,
compete for this macronutrient. What is evident, however, is that the process of sulfur
assimilation or mineralization by the bacterial community should be more active in the
spring than in the autumn.

The relatively low metabolic potential of the rhizosphere community in spring
(Figure S1) may be associated with the delayed onset of the climatic spring, which re-
sults in a delayed onset of community development. It should be noted that this does not
imply a reduction in community diversity. Based on these observations, we propose that
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the rhizosphere community is highly sensitive to the environmental conditions in which
the trees are cultivated.

5. Conclusions

In the present study, plant-growth promoting taxa were observed in rhizosphere com-
munities associated with the wild-growing white poplar. These taxa exhibited geographical
and interseasonal differences in abundance, composition, and metabolic potential. Our
observations suggest that these differences are environmentally driven rather than related
to the phenological phase of the plants. Further longitudinal investigation is required to
test this hypothesis, with weather and other environmental factors to be monitored.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biotech13040052/s1, Table S1: Characteristics of rhizosphere
samples analyzed; Table S2: 165—taxonomic data, normalized read counts; Table S3: Picrust2 enzyme
(EC) abundance normalized 0-100%; Table S4: MicFuncPred enzyme (EC) abundance normalized
0-100%; Table S5: Picrust2 KEGG KO gene abundance nor-malized 0-100%; Table S6: MicFunPred
MetaCyc reactions abundance normalized 0-100%; Table S7: Picrust2 MetaCyc pathways abundance
normalized 0-100%; Figure S1: Assessment of seasonal differences in the metabolic potential of the
rhizosphere microbiome using PICRUSt2 (top-90 most differentiated MetaCyc pathways).

Author Contributions: Conceptualization, M.L.P.; methodology, M.S.E,; software, G.S.K.; formal
analysis, V.V.V,, G.S.K,, M.AK. and D.SK,; investigation, M.S.F., M.A K. and N.S5.G.; writing—
original draft preparation, D.S.K; writing—review and editing, D.S.K. and N.S.G.; visualization,
A.S.B.; supervision, N.S.G.; project administration, N.L.B. and A.V.K,; funding acquisition, N.L.B. All
authors have read and agreed to the published version of the manuscript.

Funding: Primary analysis of sequencing data, including phylogenetic analysis (Figure 1), was
performed with financial support from the Ministry of Science and Higher Education of the Russian
Federation (grant No. 075-15-2019-1660). Comparative analysis of sequencing data, including analysis
of the metabolic potential of microbiomes (Figures 2 and 3), was performed with financial support
from the Russian Science Foundation, grant No. 22-14-00404.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in NCBI SRA
repository and have an identification number: PRJNA1072085 (SRP487950). Direct URL to data:
https:/ /www.ncbi.nlm.nih.gov/bioproject/ PRINA1072085 (accessed on 24 September 2024).

Acknowledgments: This work was performed using the equipment of EIMB RAS “Genome” center
(http:/ /www.eimb.ru/rul/ckp/ccu_genome_ce.php (accessed on 24 September 2024)).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Miletic, Z.; Jonjev, M.; Jaric, S.; Kostic, O.; Sekulic, D.; Mitrovic, M.; Pavlovic, P. Green solution to riparian pollution: Populus alba
L. potential for phytoremediation and bioindication of PTEs along the Sava river. Heliyon 2024, 10, €28183. [CrossRef]

2. Liu, H; Brettell, L.E.; Qiu, Z.; Singh, B.K. Microbiome-Mediated Stress Resistance in Plants. Trends Plant Sci. 2020, 25, 733-743.
[CrossRef] [PubMed]

3. Banik, A.; Pandya, P; Patel, B.; Rathod, C.; Dangar, M. Characterization of halotolerant, pigmented, plant growth promoting
bacteria of groundnut rhizosphere and its in-vitro evaluation of plant-microbe protocooperation to withstand salinity and metal
stress. Sci. Total Environ. 2018, 630, 231-242. [CrossRef] [PubMed]

4. Syed Ab Rahman, S.F; Singh, E.; Pieterse, C.M.].; Schenk, PM. Emerging microbial biocontrol strategies for plant pathogens.
Plant Sci. 2018, 267, 102-111. [CrossRef] [PubMed]

5. Beckers, B.; Op De Beeck, M.; Weyens, N.; Boerjan, W.; Vangronsveld, J. Structural variability and niche differentiation in the
rhizosphere and endosphere bacterial microbiome of field-grown poplar trees. Microbiome 2017, 5, 25. [CrossRef] [PubMed]

6. Xie, J.; Ma, Y.; Li, X.; Wu, J.; Martin, F.; Zhang, D. Multifeature analysis of age-related microbiome structures reveals defense

mechanisms of Populus tomentosa trees. New Phytol. 2023, 238, 1636-1650. [CrossRef]


https://www.mdpi.com/article/10.3390/biotech13040052/s1
https://www.mdpi.com/article/10.3390/biotech13040052/s1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1072085
http://www.eimb.ru/ru1/ckp/ccu_genome_ce.php
https://doi.org/10.1016/j.heliyon.2024.e28183
https://doi.org/10.1016/j.tplants.2020.03.014
https://www.ncbi.nlm.nih.gov/pubmed/32345569
https://doi.org/10.1016/j.scitotenv.2018.02.227
https://www.ncbi.nlm.nih.gov/pubmed/29482138
https://doi.org/10.1016/j.plantsci.2017.11.012
https://www.ncbi.nlm.nih.gov/pubmed/29362088
https://doi.org/10.1186/s40168-017-0241-2
https://www.ncbi.nlm.nih.gov/pubmed/28231859
https://doi.org/10.1111/nph.18847

BioTech 2024, 13, 52 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Taghavi, S.; Garafola, C.; Monchy, S.; Newman, L.; Hoffman, A.; Weyens, N.; Barac, T.; Vangronsveld, J.; van der Lelie, D. Genome
survey and characterization of endophytic bacteria exhibiting a beneficial effect on growth and development of poplar trees.
Appl. Environ. Microbiol. 2009, 75, 748-757. [CrossRef]

Verma, S.; Kuila, A. Bioremediation of heavy metals by microbial process. Environ. Technol. Innov. 2019, 14, 100369. [CrossRef]
Hu, X;; Wang, J.; Lv, Y,; Liu, X.; Zhong, J.; Cui, X.; Zhang, M.; Ma, D.; Yan, X.; Zhu, X. Effects of Heavy Metals/Metalloids and
Soil Properties on Microbial Communities in Farmland in the Vicinity of a Metals Smelter. Front. Microbiol. 2021, 12, 707786.
[CrossRef]

Goswami, A.; Adkins-Jablonsky, S.J.; Barreto Filho, M.M.; Shilling, M.D.; Dawson, A.; Heiser, S.; O’Connor, A.; Walker, M.;
Roberts, Q.; Morris, ].J. Heavy Metal Pollution Impacts Soil Bacterial Community Structure and Antimicrobial Resistance at the
Birmingham 35th Avenue Superfund Site. Microbiol. Spectr. 2023, 11, e0242622. [CrossRef]

Wang, Y.; Narayanan, M.; Shi, X.; Chen, X; Li, Z.; Natarajan, D.; Ma, Y. Plant growth-promoting bacteria in metal-contaminated
soil: Current perspectives on remediation mechanisms. Front. Microbiol. 2022, 13, 966226. [CrossRef] [PubMed]

Barra Caracciolo, A.; Terenzi, V. Rhizosphere Microbial Communities and Heavy Metals. Microorganisms 2021, 9, 1462. [CrossRef]
[PubMed]

Ma, Y.; Oliveira, R.S.; Freitas, H.; Zhang, C. Biochemical and Molecular Mechanisms of Plant-Microbe-Metal Interactions:
Relevance for Phytoremediation. Front. Plant Sci. 2016, 7, 918. [CrossRef] [PubMed]

Gladkov, E.A_; Tereshonok, D.V,; Stepanova, A.Y.; Gladkova, O.V. Plant-Microbe Interactions under the Action of Heavy Metals
and under the Conditions of Flooding. Diversity 2023, 15, 175. [CrossRef]

Kim, G.; Montalvao, A.P.L.; Kersten, B.; Fladung, M.; Miiller, N.A. The genetic basis of sex determination in provides molecular
markers across the genus and indicates convergent evolution. Silvae Genet. 2021, 70, 145-155. [CrossRef]

Zhernova, D.A.; Pushkova, E.N.; Rozhmina, T.A.; Povkhova, L.V.; Novakovskiy, R.O.; Turba, A.A.; Borkhert, E.V.; Sigova, E.A;
Dvorianinova, E.M.; Krasnov, G.S.; et al. ITS and 16S rDNA metagenomic dataset of different soils from flax fields. Data Brief.
2024, 52, 109827. [CrossRef]

Ward, D.M.; Weller, R.; Bateson, M.M. 16S rRNA sequences reveal numerous uncultured microorganisms in a natural community.
Nature 1990, 345, 63-65. [CrossRef]

Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, el. [CrossRef]
Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef] [PubMed]

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, ].; Schweer, T.; Yarza, P,; Peplies, ].; Glockner, FO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef]

Douglas, G.M.; Maffei, VJ.; Zaneveld, ].R.; Yurgel, S.N.; Brown, ].R; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685-688. [CrossRef] [PubMed]

Mongad, D.S.; Chavan, N.S.; Narwade, N.P; Dixit, K.; Shouche, Y.S.; Dhotre, D.P. MicFunPred: A conserved approach to predict
functional profiles from 16S rRNA gene sequence data. Genomics 2021, 113, 3635-3643. [CrossRef] [PubMed]

Dixon, P. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 2003, 14, 927-930. [CrossRef]

Fernandes, A.D.; Reid, J.N.S.; Macklaim, J.M.; McMurrough, T.A.; Edgell, D.R.; Gloor, G.B. Unifying the analysis of high-
throughput sequencing datasets: Characterizing RNA-seq, 16S rRNA gene sequencing and selective growth experiments by
compositional data analysis. Microbiome 2014, 2, 15. [CrossRef] [PubMed]

Ji, K; Wei, Y,; Lan, G. Geographic Location Affects the Bacterial Community Composition and Diversity More than Species
Identity for Tropical Tree Species. Plants 2024, 13, 1565. [CrossRef]

Fracchia, F.; Guinet, F; Engle, N.L.; Tschaplinski, T.J.; Veneault-Fourrey, C.; Deveau, A. Microbial colonisation rewires the
composition and content of poplar root exudates, root and shoot metabolomes. Microbiome 2024, 12, 173. [CrossRef]

Nair, J.R; Singh, G.; Sekar, V. Isolation and characterization of a novel Bacillus strain from coffee phyllosphere showing antifungal
activity. J. Appl. Microbiol. 2002, 93, 772-780. [CrossRef]

Bao, L.; Gu, L.; Sun, B.; Cai, W.; Zhang, S.; Zhuang, G.; Bai, Z.; Zhuang, X. Seasonal variation of epiphytic bacteria in the
phyllosphere of Gingko biloba, Pinus bungeana and Sabina chinensis. FEMS Microbiol. Ecol. 2020, 96, fiaa017. [CrossRef]
Senthilkumar, M.; Madhaiyan, M.; Sundaram, S.; Kannaiyan, S. Intercellular colonization and growth promoting effects of
Methylobacterium sp. with plant-growth regulators on rice (Oryza sativa L. Cv CO-43). Microbiol. Res. 2009, 164, 92-104.
[CrossRef]

Ardanov, P; Sessitsch, A.; Haggman, H.; Kozyrovska, N.; Pirttila, A.M. Methylobacterium-induced endophyte community
changes correspond with protection of plants against pathogen attack. PLoS ONE 2012, 7, e46802. [CrossRef]

Araya, M.A ; Valenzuela, T.; Inostroza, N.G.; Maruyama, F,; Jorquera, M.A.; Acuna, ].J. Isolation and Characterization of Cold-
Tolerant Hyper-ACC-Degrading Bacteria from the Rhizosphere, Endosphere, and Phyllosphere of Antarctic Vascular Plants.
Microorganisms 2020, 8, 1788. [CrossRef] [PubMed]

Lindstrom, K.; Mousavi, S.A. Effectiveness of nitrogen fixation in rhizobia. Microb. Biotechnol. 2020, 13, 1314-1335. [CrossRef]
[PubMed]

Zhu, Y.G.; Peng, J.; Chen, C; Xiong, C.; Li, S.; Ge, A.; Wang, E.; Liesack, W. Harnessing biological nitrogen fixation in plant leaves.
Trends Plant Sci. 2023, 28, 1391-1405. [CrossRef] [PubMed]


https://doi.org/10.1128/AEM.02239-08
https://doi.org/10.1016/j.eti.2019.100369
https://doi.org/10.3389/fmicb.2021.707786
https://doi.org/10.1128/spectrum.02426-22
https://doi.org/10.3389/fmicb.2022.966226
https://www.ncbi.nlm.nih.gov/pubmed/36033871
https://doi.org/10.3390/microorganisms9071462
https://www.ncbi.nlm.nih.gov/pubmed/34361898
https://doi.org/10.3389/fpls.2016.00918
https://www.ncbi.nlm.nih.gov/pubmed/27446148
https://doi.org/10.3390/d15020175
https://doi.org/10.2478/sg-2021-0012
https://doi.org/10.1016/j.dib.2023.109827
https://doi.org/10.1038/345063a0
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41587-020-0548-6
https://www.ncbi.nlm.nih.gov/pubmed/32483366
https://doi.org/10.1016/j.ygeno.2021.08.016
https://www.ncbi.nlm.nih.gov/pubmed/34450292
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1186/2049-2618-2-15
https://www.ncbi.nlm.nih.gov/pubmed/24910773
https://doi.org/10.3390/plants13111565
https://doi.org/10.1186/s40168-024-01888-9
https://doi.org/10.1046/j.1365-2672.2002.01756.x
https://doi.org/10.1093/femsec/fiaa017
https://doi.org/10.1016/j.micres.2006.10.007
https://doi.org/10.1371/journal.pone.0046802
https://doi.org/10.3390/microorganisms8111788
https://www.ncbi.nlm.nih.gov/pubmed/33202619
https://doi.org/10.1111/1751-7915.13517
https://www.ncbi.nlm.nih.gov/pubmed/31797528
https://doi.org/10.1016/j.tplants.2023.05.009
https://www.ncbi.nlm.nih.gov/pubmed/37270352

BioTech 2024, 13, 52 11 of 11

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Burke, D.J.; Carrino-Kyker, S.R. Chapter 14—The influence of mycorrhizal fungi on rhizosphere bacterial communities in forests.
In Forest Microbiology; Asiegbu, FO., Kovalchuk, A., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 257-275.

Ou, T;; Xu, W.E; Wang, E; Strobel, G.; Zhou, Z.Y.; Xiang, Z.H,; Liu, ].; Xie, ]. A Microbiome Study Reveals Seasonal Variation in
Endophytic Bacteria Among different Mulberry Cultivars. Comput. Struct. Biotechnol. J. 2019, 17, 1091-1100. [CrossRef] [PubMed]
Argiroff, W.A.; Carrell, A.A,; Klingeman, D.M.; Dove, N.C.; Muchero, W.; Veach, A.M.; Wahl, T.; Lebreux, S.J.; Webb, A.B.; Peyton,
K.; et al. Seasonality and longer-term development generate temporal dynamics in the Populus microbiome. mSystems 2024, 9,
€0088623. [CrossRef] [PubMed]

Sigutova, H.; Sigut, M.; Pyszko, P.; Kostovcik, M.; Kolarik, M.; Drozd, P. Seasonal Shifts in Bacterial and Fungal Microbiomes
of Leaves and Associated Leaf-Mining Larvae Reveal Persistence of Core Taxa Regardless of Diet. Microbiol. Spectr. 2023, 11,
€0316022. [CrossRef] [PubMed]

Ismaiel, A.A.; Papenbrock, ]J. Mycotoxins: Producing Fungi and Mechanisms of Phytotoxicity. Agriculture 2015, 5, 492-537.
[CrossRef]

Leelastwattanagul, O.; Sutheeworapong, S.; Khoiri, A.N.; Dulsawat, S.; Wattanachaisaereekul, S.; Tachaleat, A.; Duangfoo, T.;
Paenkaew, P; Prommeenate, P.; Cheevadhanarak, S.; et al. Soil microbiome analysis reveals effects of periodic waterlogging stress
on sugarcane growth. PLoS ONE 2023, 18, e0293834. [CrossRef]

Russian Federal Service for Hydrometeorology and Environmental Monitoring. A Report on Climate Features on the Territory of the
Russian Federation in 2022; Russian Federal Service for Hydrometeorology and Environmental Monitoring: Moscow, Russia, 2023;
p- 104.

Andres-Barrao, C.; Alzubaidy, H.; Jalal, R.; Mariappan, K.G.; de Zelicourt, A.; Bokhari, A.; Artyukh, O.; Alwutayd, K.; Rawat,
A.; Shekhawat, K.; et al. Coordinated bacterial and plant sulfur metabolism in Enterobacter sp. SA187-induced plant salt stress
tolerance. Proc. Natl. Acad. Sci. USA 2021, 118, €2107417118. [CrossRef]

Jahan, B.; Sehar, Z.; Masood, A.; Anjum, N.A.; Khan, M.LR.; Khan, N.A. Chapter 18—Sulfur Availability Potentiates
Phytohormones-Mediated Action in Plants. In Plant Signaling Molecules; Khan, M.I.R., Reddy, P.S., Ferrante, A., Khan, N.A., Eds;
Woodhead Publishing: Sawston, UK, 2019; pp. 287-301.

Mosa, K.A.; Ali, M.A.; Ramamoorthy, K.; Ismail, A. Chapter 6—Exploring the relationship between plant secondary metabolites
and macronutrient homeostasis. In Plant Nutrition and Food Security in the Era of Climate Change; Kumar, V., Srivastava, A.K.,
Suprasanna, P., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 119-146.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.csbj.2019.07.018
https://www.ncbi.nlm.nih.gov/pubmed/31452862
https://doi.org/10.1128/msystems.00886-23
https://www.ncbi.nlm.nih.gov/pubmed/38421171
https://doi.org/10.1128/spectrum.03160-22
https://www.ncbi.nlm.nih.gov/pubmed/36629441
https://doi.org/10.3390/agriculture5030492
https://doi.org/10.1371/journal.pone.0293834
https://doi.org/10.1073/pnas.2107417118

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Library Preparation and Sequencing 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

