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Introduction: Microbial communities in the plant rhizosphere are critical for
nutrient cycling and ecosystem stability. However, how root exudates and soil
physicochemical characteristics affect microbial community composition in
Populus rhizosphere is not well understood.

Methods: This study measured soil physiochemistry properties and root exudates
in a representative forest consists of four Populus species. The composition of
rhizosphere bacterial and fungal communities was determined by metabolomics
and high-throughput sequencing.

Results: Luvangetin, salicylic acid, gentisic acid, oleuropein, strigol, chrysin, and
linoleic acid were the differential root exudates extracted in the rhizosphere of four
Populus species, which explained 4840, 82.80, 48.73, and 59.64% of the variance for
the dominant and key bacterial or fungal communities, respectively. Data showed
that differential root exudates were the main drivers of the changes in the rhizosphere
microbial communities. Nitrosospira, Microvirga, Trichoderma, Cortinarius, and
Beauveria were the keystone taxa in the rhizosphere microbial communities, and are
thus important for maintaining a stable Populus microbial rhizosphere. The differential
root exudates had strong impact on key bacteria than dominant bacteria, key fungi,
and dominant fungi. Moreover, strigol had positively effects with bacteria, whereas
phenolic compounds and chrysin were negatively correlated with rhizosphere
microorganisms. The assembly process of the community structure (keystone taxa
and bacterial dominant taxa) was mostly determined by stochastic processes.

Discussion: This study showed the association of rhizosphere microorganisms
(dominant and keystone taxa) with differential root exudates in the rhizosphere
of Populus plants, and revealed the assembly process of the dominant and
keystone taxa. It provides a theoretical basis for the identification and utilization
of beneficial microorganisms in Populus rhizosphere.

KEYWORDS

dominant taxa, keystone taxa, differential root exudates, phenolic compounds,
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Introduction

Soil microorganisms play an important role in plant growth.
Beneficial microbial population can effectively promote the
nutrient utilization, growth, and development of plants, and
improve plant stress resistance (Song et al., 2020; Gupta et al.,
2021). Early studies revealed more abundant microbial density,
species richness, and metabolic activity in the rhizosphere than in
the bulk soil, which has been regarded as “rhizosphere effect” (Ma
et al, 2021). Various rhizosphere microorganisms, such as
Pseudomonas, Streptomyces, and Fusarium, are common in the
plant habitat (Wu N. et al., 2021). Microbe-microbe interactions
sustain ecological balance. Network comprises the various
interactions, including complex positive (e.g., commensalism and
mutualism) and negative (e.g., predation and competition)
interactions (Jiang Y. et al., 2017). For example, reconstructing a
consortium of Chitinophaga and Flavobacterium consistently
suppresses root disease caused by Rhizoctonia solani (Carrion
etal, 2019). Pseudomonas interacts with Lysobacter and Bacillus
to colonize the plant rhizosphere, where they supply nutrients for
plant growth (Jiang Y. et al, 2017). In-depth research of
co-occurrence networks is essential to understand the underlying
interactive effect of the microbial communities, and to identify
possible keystone populations in the communities.

Microbial groups (dominant and key microorganisms) play
essential roles in promoting the utilization of nutrient elements by
plant. Rhizosphere microorganisms are affected by soil nutrients
and pH, electrical conductivity (EC), and soil moisture (Jiang
J. et al., 2017; Bahram et al., 2018; Bai et al., 2020; Zhou et al.,
2020). The composition, diversity, and dominance of bacteria vary
among soils with different pH and soil organic carbon content (Sui
etal., 2021). Basal microbial respiration depends strongly on soil
moisture because of the water’s crucial role in substrate diffusion
(Kundel et al., 2020); in turn, this directly affects the cycling of
nutrients to microbes in forest ecosystems, including carbon
cycling and nitrogen transformation (Wagg et al., 2014).

In addition to soil physicochemical properties, root exudates
also affect the composition of the rhizosphere microbial
communities. Root exudates account for 5-21% of the total
photosynthetically fixed carbon, including organic acids, fatty
acids, phenolics, amino acids, polysaccharides, and other
secondary metabolites. The microbes make use of root exudates
as nitrogen and carbon sources, and as signal stimuli (Ma et al.,
2021). Phenolics are the most abundant plant metabolites and
have been used as a slow carbon pool in soil dynamics models
(Min et al., 2015). In Populus, the phenol salicylic acid acts as an
inducible defense chemical that varies with tree genotype (Veach
etal., 2019). Several microbial groups interact with salicylic acid,
the
Hymenogastraceae (Veach et al., 2019). Strigol stimulates spore

including Chloroflexi and Basidiomycete  family
germination and hyphal growth of arbuscular mycorrhizal fungi
(AMF). A positive correlation was detected between the capacity
of a microbe to utilize compounds exuded by roots and its relative

abundance therein (Rozpadek et al., 2018). During plant
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evolution, rhizosphere microorganisms affected root exudation.
Beneficial microorganisms promote the accumulation of organic
and amino acids, or produce peroxidase, which improves Populus
plant growth under stress (Veach et al., 2020). Auxin produced by
plant rhizosphere microbiota modulates flowering time and
further stimulates exudation via a positive feedback mechanism
(Lu et al., 2018). Therefore, root exudates affect the microbial
community structure and microbial interactions. However,
the well-studied effect
microorganisms, the role of the interaction between root

compared to of nutrients on
metabolites and rhizosphere microorganisms in maintaining the
stability of the ecosystem is not understood.

Populus is a genus of the Northern Hemisphere willow family
(Salicaceae), and is the model organism for the study of woody
perennials that may serve as an ideal model for understanding
plant-microbe interactions (Feng et al., 2013). The growth and
development of Populus are partially dependent on the functional
microbial communities in the rhizosphere, which is the critical
root-soil interface for plant growth (Song et al., 2020). Research
on Populus has focused on plant aboveground traits, such as
photosynthetic characteristics, carbon and nitrogen storage, and
circulation, or focused on single factor on the belowground traits
(Hogan et al., 2021; Wu X. et al., 2021; Wang et al., 2022). While
research on the belowground traits, including dominant combined
keystone taxa in the rhizosphere of Populus and the regulatory
effects of differential root exudates on dominant and keystone taxa
is lacking. Thus, this study used multi-omics technique (genomic-
metabolomics) to explore microbial communities (dominant and
key microorganisms) and differential root exudates in rhizosphere
microecology of Populus in this ecological niche. The objectives of
this study were to (i) identify the major factors influencing
microbial communities; (ii) identify the key rhizosphere
microorganisms in Populus; and (iii) examine the relationships
between the exudates and rhizosphere microorganisms in the
Populus microecosystem. The findings will lay a theoretical
foundation for the screening and identification of key rhizosphere
growth promoting microorganisms and the development and
application of growth promoting agents for Populus.

Materials and methods
Study site and sample collection

The soil was sampled at the Research Base of Beijing Forestry
University in  Guanxian, China
(115°22’10.5”E, 36°30’56”N). The main cultivars of the
experimental forests are Populus tomentosa (LM), Populus nigra
(HY), Populus alba var. pyramidalis Bge. (X]), and Populus simonii

Shandong  Province,

Carr (XY). Therefore, four Populus species (14 years old) were
selected for study. They are widely distributed and cultivated in
China and has been widely used in the numerous labs for diverse
studies (Song et al., 2016, 2021; Ma et al., 2018; Sun et al., 2021).
In this study, soil samples were randomly collected using the
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five-point sampling method with three replicates, five-point
sampling (1 m x 1 m) was carried out using the diagonal principle.
Plant fine roots (< 2mm) were collected from each point within
the root zone at a depth of 10-30cm. The root samples were
divided into two parts. For one part, the root-attached soil was
shake off as bulk soils, and the soils tightly adhering to the roots
were collected with a hairbrush as rhizosphere soil (Edwards et al.,
2015; Zhu et al., 2022). Then, the soil sample was stored at 4°C
until the physicochemical parameters were measured. For the
other part, the samples were washed in 10mM PBS buffer for
10min on a shaking platform (120rpm) and then transferred to
clean 50ml plastic tubes. Sterile tweezers were used to remove
roots from the 50ml plastic tubes, the soil particles directly
centrifuged (6,000x g, 4°C, 20min) from the remaining
suspension represented the rhizosphere samples (Beckers et al.,
2016,2017; Qin et al.,, 2018). And then the samples were stored at
—20°C for later DNA extraction.

Soil physicochemical parameters

The soil pH and the electric conductivity (EC) value were
tested using a glass electrode meter in a suspension of 1 g of soil in
5ml of distilled water by pH meter and conductivity meter.
Moisture content was determined by the oven dry-weight method.
Available phosphorus (AP), available potassium (AK), available
nitrogen (AN), and organic matter (OM) were separately
measured by the molybdenum blue, flame photometry, potassium
persulfate oxidation, and dichromate oxidation method,
respectively (Lu, 1999). Each measurement had three replicates.
Furthermore, Tukey’s test was performed to evaluate the
distribution of the soil physicochemical parameters. A p-value
<0.05 was considered significant.

Liquid chromatography with tandem
mass spectrometry untargeted
metabolomic analysis

After homogenization, a 1g soil sample was put in a 5ml
Eppendorf tube, to which 3 ml of methanol was then added. The
mixture was sonicated for 30min in an ultrasonic bath. The
supernatant was collected by centrifugation. These steps were
repeated twice. Freeze-dried samples from exudates were
resuspended in 150 pl methanol and then sonicated for 5min in
an ultrasonic bath. An aliquot of the supernatant was passed
through a 0.22-pm (micropore) organic filter membrane and
transferred to vials for subsequent analysis. The supernatant
underwent high-performance liquid chromatography/triple time-
of-flight
Framingham, MA, United States) analysis; an electron spray

mass spectrometry (Sciex TripleTOF 5600+,

ionization (ESI) source was equipped. Separation was achieved on

an HSS T3 column (100 mm x 2.1 mm, 1.7 pm; Waters, Milford,
MA, United States). A gradient elution conditions were presented
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in Supplementary Table S1. The mass spectrometer was operated
in both negative and positive ionization modes, and full scan mass
spectra were recorded across the range of m/z 50-1,200. The
curtain gas, gas 1, and gas 2 of the mass spectrometer were set to
35, 60, and 60 psi, respectively. The ESI temperature and spray
voltage were 550°C and 4,500V (negative)/5,500V (positive),
respectively. The differential metabolites with significant
differences between any two of the four Populus samples were
screened and identified by plant exudates databases (KEGG,
PlantCyc, GMD; Wanichthanarak et al., 2020; Hawkins et al.,
2021; Duan et al., 2022).

DNA extraction and high-throughput
sequencing

Total microbial genomic DNA was extracted from 0.1 g of soil
sample using the DNeasy PowerSoil DNA Isolation kit (Qiagen,
Hilden, Germany). The V3-V4 regions of the bacterial 16S rRNA
genes for the entire bacterial communities were amplified using
the 338F/806R primers and the following temperature cycling
conditions described by literature (Song et al., 2020). Fungal
internal transcribed spacer (ITS1) genes were amplified using the
ITSIF and ITS2R barcode primers, with the amplification
program according to the reference description (Zhou et al.,, 2021).

The purified PCR amplified products were paired-end
sequenced (2x300) on the Illumina MiSeq platform (Illumina,
San Diego, CA, United States). The raw data were first screened
and sequences were removed from consideration if they were
shorter than 120bp, had a low quality score (<20), contained
ambiguous bases or did not exactly match to primer sequences
and barcode tags, and separated using the sample-specific barcode
sequences. Qualified reads were clustered into operational
taxonomic units (OTUs) at a similarity level of 97% use Uparse
algorithm of Vsearch (v2.7.1) software. The Ribosomal Database
Project (RDP) Classifier tool was used to classify all sequences
(16S rRNA genes) into different taxonomic groups against
SILVA128 database. The BLAST tool was used to classify all
sequences (ITS1 genes) into different taxonomic groups against
Unite database. Sequences belonging to archaea, mitochondria,
and chloroplasts were also removed. To avoid potential bias
caused by differences in sequencing depth, the number of
sequences in each sample was rarefied to 56,232 (16S rRNA genes)
and 29,376 (ITS1 genes) sequences per sample (Zhou et al., 2022).
The raw sequencing data were deposited in the Sequence Read
Archive at NCBI with the accession number PRINA888251.

Statistical analysis

SPSS software (var. 17.0) was used for the data analysis.
One-way ANOVA was used to detect differences among samples.
Tukey’s test was performed to evaluate the distribution of the data.
A value of p<0.05 was considered significant. Metabolites with
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value of p <0.05 and fold change >1.20 were considered as
differential root exudates by SIMCA software (14.1), the fold
change was compared with any two of four Populus species in
pairs. Redundancy analysis (RDA) was performed using Canoco
(v.5.0). A variation partitioning analysis (VPA) was applied to
quantify the contributions of the environmental variables to the
microbial communities, and the correlations between the
microbes and metabolites, using R software 3.6.3. Interactions
between microbial composition were studied through network
analysis. The Gephi software 9.2 was used to visualize the network.
The high values of topological features (degree, betweenness, and
closeness centrality) suggest a core position of a node in the
network (Jiao et al., 2017, 2020), and the high values of the above
three parameters can jointly reflect the importance of key
microbial flora (nodes in the network; Xing et al., 2021). Therefore,
we choose high values of the topological parameters (degree,
betweenness, and closeness centrality) as keystone taxa in
this study.

The normalized stochasticity ratio (NST) was quantitated with
the “NST” R package, which is assembly with 50% as the boundary
point between more deterministic (NST<50%) and more
stochastic (NST >50%) assembly (Ning et al., 2019). Levin’s niche
breadth values of the dominant and keystone taxa were performed
to illustrate community sensitivity to the environment, using the
beta diversity “niche width” function within the R package “spaa”
(Levins, 1968).

Results

Soil physicochemical characteristics and
composition of root exudates

Most soil properties, including pH, moisture, OM, AN, AP,
and AK, differed among the four Populus species (Table 1). The
pH and EC values among HY, LM, XJ, and XY were 8.03-8.13
and 117.10-124.57 ps/cm, respectively. The moisture values of
HY, LM, XJ, and XY were 2.00, 4.00, 4.00, and 3.00%, respectively.
The average OM content was in the following order: LM (11.19 g/

TABLE 1 Soil properties in the rhizosphere of four Populus species.

Soil LM X) HY XY
properties

pH 8.12+0.04*°  8.03+0.03 8.13+0.02° 8.06+0.03"
Moisture 4.00%+0.00°  4.00%+0.00°  2.00%+0.00"  3.00%=0.00°
EC(ps/cm) 121.80+0.70°  124.57+0.74° 119.93+0.32°  117.10+6.90°
OM(g/kg) 11.1940.40°  7.74+0.17°  9.98+0.08" 7.43+0.34°
AP(mg/kg) 32.83+0.02°  11.50+0.03°  4.34+0.00° 2.90+0.01°¢
AK(mg/kg) 10.50+£0.16¢  26.48+0.06°  9.67+0.15 10.87+0.12°
AN(mg/kg) 3893+0.20° 35334091  33.92+138  28.09+1.07

Different lower letters mean significant differences (p <0.05) between the properties of
different samples. Populus species: LM (P. tomentosa), X] (P. alba var. pyramidalis Bge.),
HY (P, nigra), and XY (P. simonii Carr).

Frontiers in Microbiology

10.3389/fmicb.2022.1042944

kg)>HY (9.98g/kg)>X] (7.74g/kg)>XY (7.43g/kg). The
average AP contents of HY, LM, X]J, and XY were 4.34, 32.83,
11.50, and 2.90 mg/kg, respectively. The mean AN value were LM
(38.93mg/kg)>X]J (35.33mg/kg)>HY (33.92mg/kg) >XY
(28.09 mg/kg). The AK values among HY, LM, X]J, and XY were
9.67, 10.50, 26.48, and 10.87 mg/kg, respectively. OM and AN
content were significantly higher in LM than in the others. XJ
had the highest AK content among the four Populus cultivars.

Thirty-nine differential metabolites with significant
differences between any two of the four samples (LM, HY, XY, and
XJ) were obtained (p <0.05, fold change > 1.20). These metabolites
predominantly consisted of fatty acyls, prenol lipids, carboxylic
acids and derivatives, benzene and substituted derivatives,
organooxygen compounds, and flavonoids. Seven plant root
exudates were then identified from them, including coumarins
(luvangetin), phenolic compounds (salicylic acid, gentisic acid,
and oleuropein), a phytohormone (strigol), a flavonoid compound
(chrysin), and fatty acids (linoleic acid; Table 2).

XY had higher contents of chrysin, luvangetin, and gentisic
acid compared to the other Populus cultivars, and the contents of
luvangetin and gentisic acid in XY were 5.67 and 11.88 times
higher than in X]J. Relatively high oleuropein content was detected
in XJ. The salicylic acid content in HY was 1.37-2.15 times higher
than that in LM, XJ, and XY. In this study, LM had the highest
strigol content (approximately 168-fold change).

Microbial diversity analysis

The Chaol and Shannon diversity indices were used to measure
the microbial alpha-diversity of each soil sample; the highest
bacterial Chaol and Shannon indices were observed in the LM
sample, followed by the HY and X]J samples; the XY sample had the
lowest index values (Figure 1A), showing that the sum of bacterial
species was the highest in the LM rhizosphere sample. Among the
rhizosphere fungal community samples (Figure 1B), the HY
cultivar harbored more diverse communities than the LM, XJ, and
XY cultivars. Bray-Curtis analysis showed that bacterial and fungal
diversity differed among the four Populus cultivars (Figures 1C,D).

Microbial community composition

At the bacterial level, the communities were composed of the
top 15 phyla and genera (dominant taxa) in each sample
(Figure 2). Proteobacteria was the dominant phylum (25-28%),
followed by Actinobacteria (18-21%), Acidobacteria (14-21%),
Gemmatimonadetes (7-11%), Bacteroidetes (4-7%), and
Chloroflexi (6-8%). At the genus level, soil beneficial bacteria
included RB41 and H16, with mean relative abundances of 2.9-4.9
and 1.3-1.9%, respectively, followed by Sphingomonas, Gaiella,
Haliangium, and Bacillus.

At the fungal level, the communities were composed of the
top 15 phyla and 10 genera (dominant taxa) in each sample
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TABLE 2 The peak area of differential root exudates in the rhizosphere of four Populus species.

Differential Mean value in each type of Populus Pair-wise test (P-value)
root
exudates LM XJ HY XY LMvs. LMvs. LMvs. XJvs. XJvs. HYwvs.
XJ HY XY HY XY XY
Chrysin 0.000+0.000 1.250£0.170 29.348 £20.686 362.294+176.755 0.041 0.028 0.001 0.045 0 0.001
Luvangetin 8463.262+791.139  4171.554+161.516 11513.344+750.233 23666.135+£1231.016 0 0.001 0 0 0 0
Oleuropein 17.356 £5.709 435.355+22.632 79.344+5.573 104.369+£9.892 0 0 0 0 0 0.011
Salicylic acid 213.105+11.562 275.985+40.937 458.952+38.372 336.125+1.119 0.006 0 0 0 0.013 0.004
Strigol 261.810+26.201 1.558 +0.404 7.565+0.481 3.890+0.782 0 0 0 0 0.01 0
Gentisic acid 59.848 +2.256 23.370£3.041 155.988 +24.740 277.597 £77.996 0 0.001 0 0 0 0.02
Linoleic acid 77.894+10.874 29.017£0.545 21.263+2.651 14.891£2.451 0 0 0 0.004 0 0.019
p <0.05, fold change > 1.20; Populus species: LM (P. tomentosa), X] (P. alba var. pyramidalis Bge.), HY (P. nigra), and XY (P. simonii Carr).
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FIGURE 1

Chaol index, Shannon index, and principal-coordinate analysis (PCoA) of bacteria and fungi from four Populus species. (A) The bacterial alpha
diversity. (B) The fungal alpha diversity. (C) The bacterial principal component analysis. (D) The fungal principal component analysis. Different lower
letters mean significant differences (p < 0.05). The same lowercase letters mean that the difference is not significant in four Populus species (p > 0.05).

(Figure 2). Ascomycota, Basidiomycota, and Mortierellomycota Co-occurrence network of rhizosphere
were the dominant fungal phyla, accounting for 50-63, 16-34, and microo rgan isms
4-16%, respectively. At the genus level, the fungal communities

were primarily composed of Geopora, Chrysosporium, Mortierella, The bacterial co-occurrence network composed of 132 nodes
and Tomentella. Coprinopsis was the most abundant fungal genus (genus) and 103 edges (links) was shown in Figure 3, which
in LM. Mortierella dominated, with an abundance of 30-40% in included 82 (79.61%) positive and 21 (20.39%) negative
HY and XY. interactions. Positive relationships between microbial populations
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show the occurrence of a mutualistic interaction, while negative
relationships indicate competition for hosts or a predacious
relationship between microorganisms (Chow et al., 2014; Jiang
J. et al., 2017). These interactions are strongly associated with
important soil processes. The network had a modularity index of
0.94, the modularity index exceeded 0.4, suggesting a modular
structure of the micro-network (Liu et al., 2020; Ye et al., 2020).
Keystone taxa are the taxa which have major influence on
microbiome composition and function at a particular space or
time (Banerjee et al,, 2018). The high values of the topological
parameters (degree, betweenness, and closeness centrality) in the
network were considered the keystone taxa (Jiao et al., 2017, 2020;
Xing et al, 2021). The key bacteria were Flavihumibacter,
Adhaeribacter,
Nitrosospira. Flavihumibacter was positively correlated with

Blastocatella, Microvirga, Agromyces, and

Microvirga, indicating commensalism or a mutualistic
relationship. The changes directly linked with the nodes
(Nitrosospira) were all positive interactions.

The fungal co-occurrence network composed of 182 genera
and 232 links was shown in Figure 3, which included 215 (92.67%)
positive and 17 (7.33%) negative interactions. The network had a
diameter of 13, average clustering coefficient of 0.33, average path
length of 4.32, and modularity index of 0.88. The key

microorganisms were mainly Myrmecridium, Trichomerium,
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Absidia, Neopaxillus, Trichoderma, Pluteus, Periconia, Cortinarius,
Beauveria, Talaromyces, and Arnium. All of these taxa positively
interacted with the Beauveria nodes. Eight genera, including
Apodus, Erysiphe,
Dentiscutata, Colacogloea, and Papiliotrema, were positively

Laetisaria, Racocetra, Funneliformis,
correlated with the keystone taxa Cortinarius, indicating their
similarity or cooperation in ecological functions. There were two
positive edges and one negative edge directly associated with
Trichoderma hubs, including Lophiotrema, Hebeloma, and
Phakopsora. Trichoderma was negatively correlated with Fusarium
indirectly. Furthermore, key microorganisms generally have lower
than
(Supplementary Table S1).

relative  abundances dominant  microorganisms

Relationship between the microbial
communities, soil properties, and
differential root exudates

Redundancy analysis and VPA were performed to study the
relationships between the environmental factors and abundance
of microbes (dominant taxa and keystone taxa). The RDA results
shown in Figure 4A (dominant bacteria) indicated that OM, AN,
AP, and moisture were positively correlated with the abundance
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of Sphingomonas, Streptomyces, Bacillus, and Pseudomonas, community composition. AP and AK had contrasting effects on
suggesting that bacteria were favored in rich nutritional conditions the rhizosphere microbial population, indicating that they play a
where they play important roles in soil C-, N- and P-cycling. AK crucial role in the distribution of the microbial communities. The
and the differential root exudates negatively affected bacterial contribution of environmental factors was further quantified by
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VPA, which showed that differential root exudates explained
48.40%, soil nutrients explained 1.15%, pH and EC explained
1.00%, and moisture explained 16.61% of the dominant bacterial
variance. The RDA results for dominant fungi (Figure 4B) showed
that Hebeloma and Mortierella were positively correlated with AK,
while the most dominant fungi had a negative association with
soil nutrients (AP, AN, and OM) and differential root exudates,
suggesting that fungi may be more suitable for oligotrophic
environments. Differential root exudates had negatively
correlation with most of the fungi (Figure 4B). VPA revealed that
the differential root exudates explained 48.73% of the variance,
soil nutrients explained 0.49%, pH and EC explained 1.15%, and
moisture explained 0.66%.

The RDA results shown in Figures 4C,D indicated that OM
and pH were positively correlated with the great majority of key
microorganisms mainly include Microvirga, Agromyces,
Blastocatella, Apodus, Pluteus, and Trichomerium, while the
most key microorganisms had a negative association with AK
and differential root exudates. VPA revealed that the differential
root exudates explained 82.80% of the variance for key bacteria
and 59.64% of the variance for key fungi, soil nutrients
explained 0.54% (key bacteria) and 1.88% (key fungi), pH and
EC explained 0.72% (key bacteria) and 0.66% (key fungi), and
moisture explained 1.84% (key bacteria) and 3.67% (key fungi).
Differential root exudates explained more of the variance in the
bacterial and fungal communities than environmental factors,
such as pH, EC, moisture, and soil nutrients. This finding
indicates that the differential root exudates played the dominant
role in shaping the Populus rhizosphere microbial communities
and the differential root exudates had more effect on keystone

taxa than dominant taxa.

Correlations between the differential
root exudates and microbial
communities and microbial community
assembly processes

Variation partitioning analysis showed that differential root
exudates had largest contributions to the changes in the
rhizosphere microbial communities (Figure 4), we further
focused on analyzing the relationships between differential root
exudates and microbes (dominant and key microorganisms) in
the rhizosphere by Spearman’s correlation analysis. The
correlation analysis revealed that strigol was positively
correlated with the dominant bacteria Bacillus (Figure 5).
Phenolic compounds (oleuropein, gentisic acid, and salicylic
acid) were negatively correlated with two dominant taxa
(Bacillus and Hebeloma) and positively associated with two
genera (Ossicaulis and Ramicandelaber). Luvangetin showed
negatively relationship with Hebeloma. The abundances of
dominant fungi (Pachyphloeus and Coprinopsis) had negatively
relationship with chrysin and positively relationship with
linoleic acid.
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The correlation analysis indicated that strigol positively
correlated with the abundances of the key bacteria Microviga,
Pseudenhygromyxa,  Flavihumibacter, and  Actinocorallia.
Oleuropein and other phenolic compounds had significantly
negative correlation with the key microorganisms. Negative
correlations were detected between the phenolics and abundances
of bacteria (Flavihumibacter, Pseudenhygromyxa, Actinocorallia,
Microviga, Kallotenue, and Thermomonas) and fungi
(Trichoderma). Gentisic acid (a phenolic compound) was
negatively correlated with Trichoderma. Chrysin (flavonoid
compounds) was negatively correlated with three keystone taxa
(Kallotenue, Thermomonas, and Rhizophlyctis). Kallotenue was
positively associated with linoleic acid. In general, strigol was
positively correlated with key bacteria, whereas phenolic
compounds showed a negative correlation, which indicated the
response of keystone taxa and dominant taxa were different to the
same variables.

To study more in depth the differences in community
structure, we further calculated the community-level habitat niche
breadths (Bcom). Bacterial keystone taxa exhibited higher Bcom
value than dominant taxa, fungal dominant taxa showed higher
Bcom value than keystone taxa. Subsequently, we further
employed NST to elucidate the assembly processes. The NST value
was above the 50% boundary point accounted for both dominant
taxa and keystone taxa (for 90.91%), suggesting that stochastic
process played a more important role than deterministic process
during the bacterial assembly. Additionally, NST value was
observed in bacterial keystone communities with an average of
81.69% than that in bacterial dominant communities with an
average of 79.43%. The dominant fungi accounted for 42.43% and
key fungi accounted for 68.18% in the NST values above 50%,
implying that fungal dominant taxa were dominated by

deterministic process.

Discussion
Rhizosphere characteristics of Populus

Many studies have suggested that soil properties are the basic
factors affecting the soil microbial communities (Li X. et al., 2021).
The basic metabolism of microorganisms depends strongly on soil
moisture (Kundel et al., 2020; Su et al., 2020). Soil OM is the main
substrate and energy source for soil microbes (Wang J. et al.,
2021). A previous report showed that AK alters the microbial
communities and improves soil metabolic activities and functional
diversity (Li H. et al., 2021). In the present study, we found that
LM and XJ had high trophic level soils (Table 1).

Moreover, root exudates also affect the formation and
structure of rhizosphere microbiome (Czarnota et al., 2003; Vives-
Peris et al., 2020). Here we found seven differential root exudates.
Oleuropein and gentisic acid are phenolic compounds, and
gentisic acid is one of the most common aromatic acids in plants
(Zhang et al., 2017; Catinella et al., 2022). Salicylic acid content
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Diagram of microbial assembly process. Significance of each exudate: *p<0.05. **p<0.01.

can vary with genotype and the developmental stage of the plants
(Veach et al., 2019). Salicylic acid regulates plant growth and
development that as a common plant phenolic compound in
Salicaceae, and acts as an inducible defense chemical expressed in
response to a pathogen. However, some researches have showed
that salicylic acid reduces soil microbial diversity and significantly
affects the carbon metabolism capacity and genetic structure of
microbial communities. Strigol is a carotenoid-derived signaling
molecule that communicates with parasites in the rhizosphere,
and regulates plant growth and development by crosstalk with
other hormones (Wakabayashi et al., 2021). Strigol is chemically
unstable and decomposes rapidly in the soil, but exudates can
protect strigol from rapid degradation (Yoneyama, 2020). The
linoleic acid level was higher in LM than in the others significantly.
Linoleic acid is a major component of biomembranes; it functions
as a signaling molecule and directly participates in development
(Huang et al., 2021). The changes of some specific compounds in
root exudates can affect the dynamics of soil microbial
communities (Zhao et al., 2021).

Dominant and keystone taxa on Populus
rhizosphere

We revealed that the dominant phyla such as Proteobacteria,
Actinobacteria, Acidobacteria, Ascomycota, and Basidiomycota.
The ratio of Proteobacteria to Acidobacteria can be used to
measure the level of soil nutrition, favoring Proteobacteria in rich
soils and Acidobacteria in poor soils (Castro et al., 2010; Gottel
etal., 2011). In our research, LM and XJ had higher ratios than HY
and XY. Bacteroidetes is usually not a dominant bacterial phylum
in soil (Song et al, 2020), but was highly abundant in the
rhizosphere. Sphingomonas, a Gram-negative bacterium and
rhizosphere biomarker that grows under aerobic conditions. The
biomarker results indicated that the Populus rhizosphere

Frontiers in Microbiology

09

environment can provide sufficient air and organic nutrient
conditions for these bacteria (Li J. et al., 2020). Mortierella is a
plant growth-promoting fungi that enhances plant phosphate
nutrition (Li E et al., 2020). Geopora species are common and
important ectomycorrhizal fungi that often seen in woody plants
rhizosphere, where they can increase the utilization of water and
nutrients by hosts. These taxa constituted a high proportion of the
microbial communities in the different Populus cultivars, and play
a notable role in promoting plant growth and degrading refractory
pollutants, and protect plants from harmful pathogens (Patterson
etal., 2019).

Dominant and key populations affect the composition and
structure of the entire microbial communities (Berry and Widder,
2014). The entire communities will crumble without key species
(FlocH et al.,, 2020); thus, apart from those dominant taxa,
identifying the keystone taxa of the plant rhizosphere is essential
to optimize plant growth. Modularity, which represents microbial
interactions, is vital for microbial community stability and
resilience due to the resource allocation, habitat heterogeneity,
phylogeny, or niche overlap (Tya et al., 2021). In this research, the
modularity index exceeded 0.4, suggesting a modular structure of
the real-world network (Liu et al., 2020; Ye et al., 2020). The
co-occurrence network composed of 22 bacterial keystone taxa
and 26 fungal keystone taxa. The genus Microvirga is very
common in nature. Microvirga sp. participates in the soil nitrogen
cycle and provides nitrogen for plants and other microorganisms
(Amin et al., 2016; Veyisoglu et al., 2016; Longa et al., 2017). The
Adhaeribacter exhibits
phosphomonoesterase activities, which help maintain available N

key genus urease and alkaline
and P content in the soil and regulate growth in environments
polluted with heavy metals (Lin et al., 2020). Nitrosospira are
ammonia- and nitrite-oxidizing bacteria, related to the nitrogen
metabolic processes that make nutrients available to other
community members. Numerous studies have revealed that

nitrogen cycling taxa play a key role in a variety of ecosystems
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(Radecker et al., 2015; Che et al., 2018; Dai et al., 2020; Ramond
et al,, 2022). Therefore, the ecological role and mechanism of
nitrogen cycling-related microorganisms in plant growth merit
further systematic study.

Beauveria bassiana is widely used as an effective strain for
biological control of plant diseases. The BbAFP1 chitinase secreted
by B. bassiana has good antifungal activity in plants, and its gene
expression in Chinese white poplar can well reduce the incidence
of diseases caused by Cytospora chrysosperma (Tong et al., 2021).
Members of the ectomycorrhizal genus Cortinarius are often
dominant in fungal communities from boreal soils. Some
members of this genus may be directly involved in the degradation
of soil OM in the humus layers of northern forest ecosystems. This
is an active mycorrhizal community with high mycelial turnover
rates that successively depletes N humus and minimizes the long-
term accumulation of humus layers, which were very important
in maintaining the balance of the ecosystem (Bodeker et al., 2014;
Clemmensen et al,, 2015). The genus Trichoderma, a well-known
plant growth-promoting microorganism and biological control
agent (Fernandez-Gonzalez et al., 2020), activates the plant
immune system through induced systemic resistance, which is a
priming defense mechanism against pathogens (Gupta et al,
2021). Xylanase secreted by Trichoderma promotes systemic
resistance of host plants against pathogens, suggesting that
Trichoderma may have biocontrol abilities in the Populus
rhizosphere (Guo et al., 2021). Furthermore, key microorganisms
generally have lower relative abundances than dominant
microorganisms, indicating that species interactions may played
a more important role in Populus growth than that of
species abundance.

Effects of differential root exudates on
rhizosphere microbial communities

As shown in RDA, environmental factors such as AN, OM, and
pH influence microbial communities. Here, we found by VPA that
the differential root exudates explained more of the variability in
shaping the Populus rhizosphere microbiome than other
environmental factors. This result was in agreement with previous
reports that root exudates significantly regulate the soil microbial
community structure (Gu et al., 2020). We further revealed that the
correlations of the differential root exudates and microbiome
(dominant taxa and keystone taxa). Our results showed that strigol
and phenolic compounds were key factors for rhizosphere
microbial communities. Strigol was reported to regulate root
architecture and hyphal branching of AMF (Liu et al., 2018).
Bacillus plays an important mediating role in mycorrhizal
symbiosis, which improves the growth and nutrient uptake of
plants (Wang Y. et al., 2021; Zhang et al., 2021). Therefore, the
positive correlation between strigol and Bacillus may have
combined action on the development of mycorrhiza, which could
promote the growth of Populus. Phenolic compounds showed a
negative correlation with microbiome, probably because these
chemicals are

relatively resistant to decomposition by
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microorganisms and inhibit microbial activity (Gu et al., 2020).
Furthermore, phenolic compounds can impair membrane
structure and function, or increase the permeability of cell
membrane to cause the leakage of cell contents (Mattos et al., 2017).
It is reported that salicylic acid modulates root colonization by
Trichoderma, as exogenous inoculation decreases the multiplication
of the fungus on roots. Phenolic compounds extracted from rice
straw were also reported to have significant inhibition on the
growth of T. reesei (Zheng et al., 2017; Macias-Rodriguez et al.,
2020). Moreover, the differential root exudates affected the key
bacteria more than fungi and the dominant bacteria, and that the
keystone taxa maintained the microbial ecology critically.
Therefore, the further study on the relationship between specific
microorganisms and rhizosphere exudates will provide a theoretical
basis for reducing the adverse effects and promoting plant growth.

Differences in community assembly
between keystone and dominant taxa

In the present study, we demonstrated that the niche-based
stochastic processes determine the assembly of bacterial
communities and fungal keystone taxa. Keystone taxa showed higher
stochasticity comared dominant taxa, thus demonstrating keystone
taxa make more contributions to the stable of community structure
under environmental disturbances. In addition, a finding is that the
NST value of bacteria was higher than that of fungi, suggesting that
stochastic processes contribute more to bacterial communities than
to fungal communities. This observation could be due to the size-
plasticity hypothesis that smaller organisms (bacteria) are less
environment filtered than larger organisms (Liu et al, 2015).
Subsequently, we quantified the Bcom value. Bacterial keystone taxa
had a higher Bcom value than dominant, which was consistent with
previous studies, a previous study reported that organisms with
Bcom value might have greater metabolic plasticity and be less
influenced by deterministic processes (Pandit et al., 2009). The Bcom
value of fungal keystone taxa was lower than that of dominant.

In a word, VPA indicated that the differential root exudates
explained a larger proportion of keystone taxa (82.8 and 59.64%)
than dominant taxa (48.4 and 48.73%), while NST demonstrated
keystone taxa showed higher stochasticity compared dominant
taxa. These contrasting results may be due to the unmeasured
environmental variables as mentioned above. Thus, more
comprehensive data (taxonomic, phylogenetic, environmental,
and spatial) and more dimensions should be considered when
relating the relative influence of ecological processes to microbial
community assembly.

Conclusion

In this study, differential root exudates from four Populus
cultivars, including luvangetin, salicylic acid, gentisic acid,
oleuropein, strigol, chrysin, and linoleic acid, were the major

interfering factor of microbial communities’ variation. Network
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analysis revealed that keystone taxa interactions were very
important in maintaining the stability of the Populus rhizosphere
microorganisms than species abundance. Furthermore, correlation
analysis revealed that strigol had positively effects with bacteria, the
phenolic compounds and chrysin were negatively correlated with
the rhizosphere microorganisms. In general, differential root
exudates showed significant relationship with the key bacterial
taxa. Community structure (keystone taxa and bacterial dominant
taxa) was mostly determined by stochastic processes, keystone taxa
showed higher stochasticity compared dominant taxa, thus
demonstrating keystone taxa make more contributions to the
stable of community structure under environmental disturbances.
The results provided a basis for further identification and utilization
of important microbes in Populus rhizosphere.
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