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Abstract
Background and aims

The ability of plants to cope with environmental pressure and the interaction between rhizosphere
microorganisms and host trees play an important role in the stability and function of forest ecosystems.
Bene�cial microbes recruited to the plant rhizosphere and stably association with tree roots can
potentially reduce biotic stress, but the biochemical processes involved in coping with pathogen attack
are not fully understood. Here, we aimed to investigate the ecology process of rhizosphere microbiota
from four broad-leaved and three coniferous tree varieties involving in the suppression of soil-borne
fungal pathogens.

Methods

We used separation cultivation and in vitro antagonistic experiments to investigate the inhibitory effects
of rhizosphere microbiome on pathogenic fungi. Rhizosphere microbiome was then sequenced using the
Illumina MiSeq platform, and root exudates of trees were measured by gas chromatography-mass
spectrometry (GC-MS).

Results

Rhizosphere microbes from seven tree varieties had strong inhibitory effects on fungal pathogens,
nevertheless, there were signi�cant differences in their capacity. The dissimilarities in rhizosphere
bacterial communities that were signi�cantly correlated with phylogenetic distance of trees had a greater
in�uence on suppression of pathogens compared with microbial abundance and diversity. Combined
analysis of a random forest model and co-occurrence networks, revealed a cooperative relationship
between key groups that were positively associated with inhibition of fungal pathogens in the tree
rhizosphere. This process was further strengthened by speci�c metabolites secreted by tree roots.

Conclusions

In general, the rhizosphere microbiota of seven tree species had different inhibitory effects on fungal
pathogens, and the cooperative relationship within the rhizosphere microbial community plays an
important role in maintaining trees resistance to soil pathogens stress.

1. Introduction
Forests are primary, dynamic ecosystems with vital roles in maintaining ecological and economic
functions, such as sequestering carbon (Moomaw et al. 2020), environmental conditioning (Rudel et al.
2020), and supplying wood and bioenergy (Nepal et al. 2019). Due to their long lifespan, trees are
susceptible to external abiotic and biotic stresses such as drought, salinity, herbivore and pathogen
attack (Rodriguez et al. 2019; Zamora Ballesteros et al. 2019; Oliva et al. 2020; Pagán et al. 2022), which
seriously compromise tree health and the stability and function of forest ecosystems on a global scale
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(Reddy et al. 2013). Soil-borne pathogens are especially harmful as they infect tree roots, limiting growth
and increasing susceptibility to other disease occurrences. As described by Ben Amira et al. (2017) and
Chliyeh et al. (2017), Fusarium oxysporum is known to be responsible for olive root rot, causing
premature death of the infected plants and large economic losses. Accordingly, understanding the
mechanisms linking tree host resistance to stress from soil-borne pathogens is needed to gain insight
into forest ecosystem homeostasis, as well as the relationship between rhizosphere interactions and the
establishment of a sustainable forest ecosystem.

Soil microbes present in the rhizosphere, the narrow zone around the plant roots, bridge the interactions
between the plant and the soil (Raaijmakers et al. 2009), and have close-knit a�liations with plant growth
and health via nutrient transformation, disease resistance and substrate metabolism (Mendes et al. 2013;
Bakker et al. 2020a; Kong et al. 2020; Wei et al. 2020). Studies on lettuce (Simko et al. 2013), barley
(Schmalenbach et al. 2008), wheat (Yin et al. 2021), strawberry (Cha et al. 2015) and Arabidopsis
thaliana (Berendsen et al. 2018a) showed that rhizosphere microbiota regulated by breeding and
domestication play vital roles in plant resistance to soil pathogens. Meanwhile, growth-promoting and
antifungal microbes in the plant rhizosphere produce antifungal compounds and metabolites that can
alter the synthesis of root exudates to improve plant resistance to pathogen invasion. However, for most
of the agricultural crops employed in previous studies, their short growth cycle imposed restrictions on
the stabilization of the rhizosphere microbiota, and thus their roles in plant resistance were readily
disturbed by environmental conditions (Ryan et al. 2009; Kokalis-Burelle et al. 2017). This made it di�cult
for an in-depth understanding of how the rhizosphere microbiota in�uenced plant resistance, as little was
known about the importance of intrinsic selection of plants and the in�uence of environmental �ltering
on the composition of the rhizosphere microbiota during the limited growth cycle. On the contrary, trees
have established the characteristics of the rhizosphere microbiome and plant traits as a consequence of
the periodic interactions between trees and soil microbes (Hu et al. 2018; Mercado-Blanco et al. 2018), in
supporting resistance to biotic stress from soil-borne pathogens.

Optimization of the microbial community in the tree rhizosphere could be an effective approach for
enhancing forest resistance and health (Rahman et al. 2018; Hu et al. 2020; Trivedi et al. 2020b). There is
a functional redundancy in the microbial community of an ecosystem, but key microbial species can
determine the resistance of a community to pathogen stress through interaction with different species
and their anti-pathogen capability (Jousset et al. 2017). Cooperation or competition between microbes
signi�cantly affects community stability and function. For instance, the synergistic effects of microbial
interaction can increase the production of fungistatic compounds, while other microbes compete with
them for nutrients and living space (Veras et al. 2012; Li et al. 2019). Determining the mechanism of how
key microbes affect interaction is necessary to understand the rhizosphere microbiota involvement in
trees’ resistance to pathogens. This process is regulated by substances secreted by tree roots in the
rhizosphere (Baetz and Martinoia, 2014; Corral Lugo et al. 2016), and the relationship between the
composition of the rhizosphere microbial communities and root exudates re�ects the ability of the tree
rhizosphere to respond to soil biotic stress.
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We hypothesized that the composition of the rhizosphere microbiota recruited by tree roots would
determine plant resistance to soil-borne pathogens. In the current study, we aimed to test this hypothesis
and to unravel the mechanisms involved. Accordingly, we selected seven major afforestation tree
varieties in China, and performed co-culture experiments that challenged soil-borne pathogens with
rhizosphere microbiota to assess trees resistance on soil bio-stress. The study found that under pathogen
stress, some key microbes that had cooperative relationships with the residual taxa in the tree
rhizosphere strengthened resistance to pathogen invasion. Simultaneously, speci�c compounds in tree
root exudates stimulated key rhizosphere bacteria to cooperate in suppressing undesirable microbes.

2. Materials And Methods

2.1. Site descriptions and soil sampling
The sampling site was located on the tree plantations of Nanjing Forestry University campus (32°05′N,
118°80′E). The tree plantations were established 40 years ago, with the characteristics of bulk
distribution. Across the plantations we chose four broadleaf trees, pterocarya (Pterocarya stenoptera),
Italian poplar (Populus euramericana cv.‘I-214’), camphor tree (Cinnamomum camphora) and liriodendron
(Liriodendron chinense × tulipifera), and three conifers, cypress (Sabina chinensis L., Ant. cv. Kaizuca),
metasequoia (Metasequoia glyptostroboides), and cedar (Cedrus deodara). These varieties include an
evergreen broadleaf tree, an evergreen conifer, a deciduous conifer and a deciduous broadleaf tree. The
site has a subtropical monsoon climate with an annual average temperature of 15.4°C and precipitation
of 1106.5 mm. The soil type was classi�ed as yellow-brown and the main physicochemical properties
were: total nitrogen (TN) 1.24 g·kg−1, total phosphorus (TP) 0.78 g·kg−1, total potassium (TK) 14.5 g·kg−1

and available potassium (AK) 157.9 mg·kg−1.

For sampling, trees more than 20 years old and with a density of ≥ 3 were employed to avoid the effects
of other varieties and vegetation. After removing the surface litter, the roots of each tree were identi�ed by
digging down about up to 20 cm around the trees for a radius of 1 m. Rhizosphere soil particles adhering
to the roots were collected into sterile plastic bag with a sterile brush. For each plot of trees, four soil
samples were collected based on different direction of the trees, and mixed to yield a composite sample.
Three plots across the campus separated by a distance of > 100 m were sampled for each tree variety, for
a total of 21 rhizosphere soil samples collected. After sieved (2 mm), the rhizosphere soils of each plot
were divided into two portions. One portion was stored at 4°C for cultivation experiments and
determination of rhizosphere exudates, and the other was stored at -20°C for DNA extraction.

2.2. In vitro suppression of fungal pathogens by rhizosphere
soil
Fusarium oxysporum, Rhizoctonia solani and Alternaria alternata were obtained from the Forest
Pathology Laboratory of Nanjing Forestry University. These are typical fungi causing tree diseases. The
suppression of fungal pathogens by rhizosphere soils was determined by in vitro microcosm tests for
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separation and antagonism (Fig. S1). Rhizosphere soil bacterial suspensions were prepared according to
the method of Hol et al. (2015). Brie�y, 5 g (dry weight equivalent) of fresh rhizosphere soil and 45 ml of
phosphate buffer (KH2PO4, 1 g·L−1, pH = 6.5) were agitated on a rotary shaker at 4°C and 150 rpm for 1.5
h. The suspensions were then sonicated for 1 min at 47 kHz twice and shaking for 0.5 h. The
suspensions were �ltered through a 5-µm �lter to remove a large proportion of fungal propagules before
testing in the separation and in vitro antagonism experiment.

For the separation cultivation experiments, the bioassays were performed in sterile Petri dishes (9 cm
diameter) containing top and bottom areas (Fig. S1a). Before the cultivation experiments, a fungal agar
plug (8 mm diameter) was transferred to potato dextrose agar (PDA) (Table S1) and placed in an
incubator at 28°C for three days in the dark. An inverted assay as described in Garbeva et al. (2013b) was
used. Brie�y, a plug containing pathogenic fungal hyphae was inoculated in the bottom of a Petri dish
with PDA, and incubated at 28°C for 24 h. A layer of nutrient agar (beef extract peptone medium, NA) was
poured into the lid of the Petri dish, and after hardening, 200 µl aliquots of bacterial suspension were
evenly spread on the NA (Table S1). The top of the plate was placed on the bottom, sealed with Para�lm
and incubated at 28°C until the control PDA plates were �lled with mycelia. In this way, the fungi to be
tested were exposed to any antifungal substances produced by bacteria in the upper compartment. After
incubation, the extension of fungal hyphae was determined and compared with that in control plates
(fungi on PDA without bacteria).

For the in vitro antagonistic experiment, 60 µl of suspension was inoculated evenly on a piece of sterile
�lter paper (1.8 cm × 4.8 cm) on one side of NA medium. After three days, a PDA plug (8 mm diameter)
containing fungal hyphae was placed on the NA, 2 cm away from the �lter paper (Fig. S1b). The plate
was sealed with Para�lm and incubated at 28°C. The extension of fungal hyphae was measured after 72
h and compared with control plates (sterile water instead of bacterial suspension). Each treatment was
repeated three times. The fungal pathogens were exposed to the secretions produced by the bacterial
communities on the �lter paper.

2.3. Suppression of Fusarium oxysporum spore germination
by rhizosphere soil
A spore suspension was prepared as follows. Fungal hyphae were picked from F. oxysporum cultures on
PDA, and put into potato dextrose medium and agitated at 180 rpm for 3-5 days at 25°C. Following Chen
et al. (2020), spore suspensions were diluted in sterile deionized water to a concentration of 1×104

conidia/ml. Next, 270 µl of rhizosphere bacterial suspension (prepared as previously described) were
mixed with 30 µl of spore suspension in sterile 0.5 ml centrifuge tubes and incubated at 28°C in the dark.
After 12 h, spore germination was determined microscopically by counting spores in 10 �elds per well
(400×). A spore was considered germinated if the germ tube length was as long as the length of the
spore. Addition of an equal volume of sterile deionized water to the fungal spores instead of the bacterial
suspension was used as control. Each treatment was repeated three times.
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2.4. Soil DNA extraction and high-throughput sequencing of
16S rRNA
Total DNA was extracted from 0.3 g samples of rhizosphere soil (21 samples) using the Fast DNA spin kit
for soil (MP Biomedicals, Santa Ana, CA, USA). The �nal concentration and quality of DNA were
con�rmed using a NanoDrop5000 spectrophotometer (Thermo Scienti�c, Wilmington, USA). The V3-V4
region of the 16S rRNA gene was ampli�ed using the universal primer pairs 338F/518R(5′-
ACTCCTACGGGAGGCAGCAG-3′)/(5′-ATTACCGCGGCTGCTGG-3′) (Fierer et al. 2005b). Sample-speci�c 7-
bp barcodes were incorporated into the primers for multiplex sequencing. All PCR reactions were
performed in 24 µl reactions containing 5 µl of 5x reaction buffer (Takara Bio, Otsu, Japan), 2 µl of each
dNTP (2.5 mM), 1 µl of each primer (10 µM), 1 µl of DNA template, 0.25 µl DNA polymerase (Q5), and
14.75 µl of ddH2O. After puri�cation using Vazyme VAHTSTM DNA clean beads (Vazyme, Nanjing,
China), the pooled 16S rRNA gene samples were sequenced using the Illumina MiSeq platform at
Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). A resampled ASV table was formed for
subsequent bacterial diversity analysis.

After sequencing, the raw data were analyzed using the QIIME2 (Bokulich et al. 2018) pipeline
(https://docs.qiime2.org/2019.7/tutorials/overview/). Low-quality sequences (< 200 bp in length or those
not matching the primer and barcode) were removed, and the remaining sequences were aligned against
the database release 13.8 (http://greengenes.secondgenome.com/). Sequences were quality-�ltered, de-
noised, merged and chimeras removed using the DADA2 plugin (DeSantis et al. 2006). ASVs (amplicon
sequence variants) were identi�ed by each de-duplicated sequence produced after quality control with
DADA2. Lastly, the ASV tables for each sample were summarized at various levels of taxonomic
hierarchical structure.

2.5. Quantitative real-time PCR Assays (qPCR)
Total bacterial abundance in plant rhizosphere was determined by quantitative real-time PCR (qPCR). The
reactions were performed in a 20 µL volume containing 2 µl of template DNA, 10 µl of 2x SYBR® Green
master-mix, 0.2 µl each of positive and reverse primer, and 7.6 µL of double distilled water (ddH2O).The
PCR procedure was as follows: pre-denaturation at 95°C for 15 min, denaturation at 95°C for 1 min,
annealing at 57°C for 30 s, elongation at 72°C for 1 min, 40 cycles. Dissolution curves and agarose gel
electrophoresis were used to verify the speci�city of ampli�cation. The abundance of the target microbial
groups was expressed as target gene copies per gram of soil. Each plate included triplicate reactions per
DNA sample and the appropriate set of standards. Melting curve analysis of the PCR products was
conducted following each assay to con�rm that the �uorescence signal originated from speci�c PCR
products and not from primer-dimers or other artifacts.

2.6. Analysis of root exudates by gas chromatography-mass
spectrometry (GC-MS)
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Root exudates were obtained by the method of Duan (2014). Rhizosphere soil was added to 85% ethanol
at a soil-to-ethanol ratio of 1:3 (w/v) in a centrifuge tube, and mixed on a rotary shaker at 20°C, 2600 rpm
for 24 h. The suspension was then centrifuged at 3500 rpm for 15 min at 20°C, and concentrated in a
rotary evaporator to remove the ethanol. The suspension was extracted twice with ethyl acetate (1:1) as a
neutral component. After adjusting the pH of the aqueous phase to 3.0 with l M HCI, it was extracted
twice with the same amount of ethyl acetate as an acidic component. Afterwards, the pH of the water
phase was adjusted to 8.0 with 1 M NaOH, and then extracted twice with the same amount of ethyl
acetate as an alkaline component. Finally, the acidic, neutral and alkaline ethyl acetate phases were
combined as the extract of tree root exudates for GC-MS.

The derivatives were analyzed using a Trace ISQ 1300 gas chromatograph (Thermo-Fisher Scienti�c,
USA) on a DB-5MS capillary column (30 m × 0.25 mm i.d.; 0.25 µm �lm thickness). High purity helium (>
99.999%) was utilized as the carrier gas under a constant �ow rate of 1.0 mL/min. The inlet temperature
was set at 250°C. The initial temperature of the oven was 50°C for 1 min and it was increased to 250°C at
a rate of 10°C/min for 5 min. The injection mode was splitless. The mass spectrometer was operated in
electron ionization mode, and the electron energy was set at 70 eV. The mass spectra were obtained
using the full scan mode with a mass scan range of 33-450 amu. The solvent delay time was 0.5 minute.
The operating system was Xcalibur (v. 2.2, Thermo-Fisher Scienti�c).

2.7. Statistical analysis
Statistical signi�cance for comparisons among the seven trees was determined using ANOVA followed
by Duncan’s post-hoc multiple comparison test at P < 0.05. The rhizosphere bacterial community
distances were calculated using Bray-Curtis by the function vegdist in the Vegan package in R (Oksanen
et al. 2020). Principal coordinate analysis (PCoA) based on Bray-Curtis (permutation = 999) was
performed to compare the differences in rhizosphere microbial community among the seven tree
varieties. In order to analyze microbial community diversity, Shannon indices and richness were analyzed
by using the Vegan package in R (Dixon, 2003). Following Zanne et al. (2014), we used Phylomatic v3
(http://phylodiversity.net/phylomatic/) to obtain a phylogeny for our sampled trees, and the phylogenetic
distances between each tree variety was calculated by the function cophenetic in the R package Picante
(Kembel et al. 2010). The correlation between the dissimilarity matrix (Bray-Curtis distance) of the
bacterial community and the plants’ phylogenetic distance matrix were tested by Mantel tests, and their
relationships were tested by linear regressions.

We used RandomForest and other packages to analyze the importance of microbial taxa in relation to the
suspension of fungal pathogens by calculating the important value and cross-test. The correlation
between the relative abundance of different microbial taxa and the inhibition rate of fungal pathogens
was analyzed by linear regression. The network of co-occurrence of ASVs (from random forest indicator
microbes) based on the Spearman correlation coe�cient |r| ≥ 0.6 and P < 0.05 analysis to explore
potential strong interaction among indicator microbes. Network visualization and topological parameters
were obtained using Cytoscape v.3.8.2.
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2.8. Accession numbers
All 16S rRNA gene sequencing data were deposited in Sequence Read Archive (SRA) database under the
accession number of PRJNA788786.

3. Results

3.1. Suppression of fungal pathogens by rhizosphere
bacterial communities from different tree varieties
Rhizosphere bacterial communities from seven tree varieties showed signi�cant suppression of three
fungal pathogens compared to CK without rhizosphere bacteria, and this effect signi�cantly differed
among the tree varieties (Fig. 1a-d). For the antagonism experiment, the rhizosphere bacterial community
associated with camphor trees showed the strongest pathogen suppression with a rate of 43.7%, �ve
times higher than that of cedar (Fig. 1a; Figs. S2a). In the binary separation experiment where fungal
pathogens had no direct contact with bacterial, the camphor rhizosphere still showed the strongest
pathogen suppression: in order of camphor > cypress > pterocarya > metasequoia > cedar (Fig. 1b and
Fig. S2a). Lastly, we integrated the pathogen suppression of both binary separation and antagonism
experiments, and found that the camphor rhizosphere had the strongest suppressive effect on fungal
pathogens, followed by cypress, pterocarya, metasequoia, liriodendron, Italian poplar, and cedar was the
weakest. Interestingly, Alternaria alternata had the highest susceptibility to rhizosphere suppression over
the seven tree varieties, and Fusarium oxysporum had the lowest (Fig. 1c). The immediate inhibitory
effect of rhizosphere bacterial suspensions on germination of F. oxysporum spores was tested, and this
suppression was still signi�cantly different among the seven tree varieties (Fig. S2b).

3.2. Rhizosphere microbial communities from the different
tree varieties
Across all the samples, we obtained a total of 1,149,769 high-quality bacterial sequencing reads (45,949
to 68,852 sequences for each sample) that were classi�ed to 132,324 ASVs. The alpha-diversity level of
the bacterial community in Italian poplar rhizospheres was higher than that of other tree varieties (P <
0.05), and that from the cedar rhizosphere was the lowest (Fig. 2a). We further measured the absolute
abundance of rhizosphere bacterial communities using �uorogenic qPCR. Through comparative analyses
across tree varieties, the highest bacterial copy numbers were detected in the liriodendron rhizosphere,
followed by pterocarya, Italian poplars, camphor, and cedar. The signi�cance of this trend was con�rmed
by one-way AVOVA analysis on rhizosphere bacterial abundances, showing signi�cant effect of tree
varieties as well (Fig. 2b).

The phylogenetic distance between each tree variety was calculated by the cophenetic function. Linear
regression analysis of rhizosphere microbial community dissimilarities and the plant phylogenetic
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distance, showed that an increase in plant phylogenetic distance led to higher dissimilarities of
rhizosphere bacterial community (Fig. 2c, Mantel r = 0.468, P < 0.05). Moreover, the dissimilarities in
rhizosphere bacterial community of different tree varieties had signi�cant correlation with pathogen
suppression, indicating that the differences in pathogen suppression by different tree varieties could be
attributed to dissimilarities in rhizosphere bacterial communities (Fig. 2d, P < 0.001).

3.3. Changes in rhizosphere microbial composition of
different tree varieties
Multiple comparisons analysis revealed that tree varieties had signi�cant difference in rhizosphere
bacterial composition at the phylum level. Among the �ve most abundant phyla (total abundance >
87.3%). Proteobacteria had the highest relative abundance at 32.6%, followed by Acidobacteria (23.4%),
Actinobacteria (19.1%), Chloro�exi (7.40%), and Rokubacteria (4.61%). The relative abundance of
Proteobacteria was highest in the cedar rhizosphere, but there was no difference among the other six tree
varieties. For Acidobacteria, there was higher abundance in camphor and cypress rhizospheres. The
relative abundance of Actinobacteria was highest in the cedar rhizosphere, and Chloro�exi was highest in
Italian poplars. For Rokubacteria, the relative abundance was highest in the metasequoia rhizosphere, but
lowest in the cedar rhizosphere (Fig. 3a).

3.4. Tree rhizosphere microbes associated with fungal
pathogen suppression
The ‘Random Forests’ machine learning algorithm was employed to determine the importance of
rhizosphere bacterial composition across the seven tree varieties with respect to fungal suppression. The
model analysis explained 60.6% of bacterial community variance with the inhibition of fungal pathogens,
and 25 important bacterial families were identi�ed using 10-fold cross-validation based on the
percentage growth rate of mean square error (%IncMSE) (Liaw and Wiener, 2002) (Fig. S3 and Table S2).
The heatmap further revealed enrichment of Propionibacteriaceae, Phycisphaeraceae, Rokubacteriales,
Candidatus Kaiserbacteria, Blastocatellaceae, while uncultured in Acidimicrobiia, uncultured in
Acidobacteriales and Saccharimonadales, unclassi�ed in Acidimicrobiia, and uncultured in Frankiales
became less in cypress, camphor and pterocarya rhizospheres with strong fungal pathogen suppression.
The relative abundance of Dongiaceae, Geodermatophilaceae, Pyrinomonadaceae and mle1-27 was
extremely high in the camphor rhizosphere, while that in cedar soil was lower or even absent. However,
the relative abundance of Bacillaceae, Micropepsaceae and Acidothermaceae showed great enrichment
in the cedar rhizosphere (Fig. 3b).

Linear regression analysis veri�ed that the relative abundances of Propionibacitraceae (P < 0.001),
Phycisphaeraceae (P < 0.01), Rokubacteriales (P < 0.05), Candidatus Kaiserbacteria (P < 0.01),
Blastocatellaceae (P < 0.01), Dongiaceae (P < 0.001), Geodermatophilaceae (P < 0.01),
Pyrinomonadaceae (P < 0.001), and mle1-27 (P < 0.01) were positively correlated with fungus
suppression, but uncultured in Acidimicrobiia (P < 0.05), uncultured in Acidobacteriales (P < 0.01),
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unclassi�ed in Acidimicrobiia (P < 0.05), Saccharimonadales (P < 0.05), uncultured in Frankiales (P <
0.01), and unknown in Gammaproteobacteria Incertae Sedis (P < 0.05) had negative correlation (Fig. S4).

3.5. The network of indicated microbes
Network analysis explored the patterns of co-occurrence of indicative bacterial groups at ASV level and
their in�uence on the inhibition of fungal pathogens. Six modules were clustered based on correlations of
bacterial groups with suppression of fungal pathogens. Module 3 was negatively correlated with fungal
suppression but the others presented the opposite trends (|Spearman coe�cient| > 0.6, P < 0.05) (Fig. 4a).
The key microbial taxa (K) were de�ned as those with high values of degree (> 60) and closeness
centrality (> 0.3) in the network (Xiong et al. 2020), and were divided into �ve taxa according to
modularity. All other microbes were de�ned as non-key taxa (NK). The ASVs included in each group of
taxa are detailed in Table S4. Further analysis showed that among the key taxa that were positively
correlated with the inhibition of fungal pathogens, compared with the K1 and K5 taxa, the K0 and K4
showed stronger inhibition of fungal pathogens. However, both K1 and K5 enhanced the inhibition of
fungal pathogens by affecting K0. Interestingly, K3 was negatively correlated with fungal inhibition, and
could be competed out by other key taxa. The non-key taxa had less impact on the inhibition of fungal
pathogens. In summary, the cooperation and competition between key taxa had a decisive in�uence on
the inhibition of fungal pathogens (Fig. 4b).

3.6. Effects of tree root exudates on rhizosphere microbial
communities
In total, 34 components were detected in the root exudates. Cypress contained the most diverse
components (15), followed by liriodendron and pterocarya, while Italian poplar had the fewest
components (Fig. S5). The main components in root exudates were n-hexadecanoic acid, octadecanoic
acid, 2,4-di-tert-butylphenol and 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione (total abundance
> 48.6%). There were signi�cant differences in abundances among the different tree varieties. These three
components had the lowest abundance in root exudates of cedar, while the abundance of octadecanoic
acid was highest in root exudates of metasequoia and camphor.

Correlation heatmap analysis found that cis-13-octadecenoic acid,1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-
hexadecamethyl octasiloxane, and octadecamethyl cyclononasiloxane were positively correlated with
microbes that had negative correlation with fungal pathogen suppression, in families such as
Acidothermaceae, and the unclassi�ed families, Acidimicrobiia and Micropepsaceae. However, these
components were signi�cantly negatively correlated with alpha diversity and gene copy number. Some of
the indicated microbes were positively correlated with fungal pathogen suppression. The compounds
9,12,15-octadecatrienoic acid ethyl ester (Z,Z,Z), 1-(1,5-dimethyl-4-hexenyl)-4-methyl-benzene, 14-
isopropylpodocarpa-8,11,13-triene-7,13-diol, aR-turmerone, linoleic acid ethyl ester, 3-(1,5-dimethyl-4-
hexenyl)-6-methylene-cyclohexene, turmerone and 5-(1,5-dimethyl-4-hexenyl)-2-methyl-1,3-cyclohexadiene
were signi�cantly negatively correlated with Micropepsaceae, an unclassi�ed family in Acidimicrobiia
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and Saccharimonadales, but positively correlated with Solibacteraceae_(Subgroup_3) and
Blastocatellaceae. octadecanoic acid and n-hexadecanoic acid were obviously positively correlated with
Rokubacteriales, KF-JG30-B3, Dongiaceae and Pyrinomonadaceae, Thus, the differences in acid and
hydrocarbon content in tree root exudates was an important factor in the dissimilarities between bacterial
communities in the tree rhizospheres (Fig. 5).

4. Discussion
Fungal pathogens living in soil could infect plant roots for pathopoiesis, but rhizosphere microorganisms
were found to produce antifungal substances, volatile organics and soluble compounds near the roots to
protect plants against invading fungal pathogens (Garbeva et al. 2011a; Liu and Brettell, 2019). The
extended lifespan of most trees, compared to crop plants results in long-term stress from soil fungal
pathogens on tree roots (Bennett et al. 2011). In the present study, we found that rhizosphere microbes
associated with various tree varieties had strong inhibitory effects on fungal pathogens, suggesting a
protective role in host tree health. Three fungal pathogens, Fusarium oxysporum, Rhizoctonia solani and
Alternaria alternata, were tested by separation and in vitro antagonism assays and results showed that
rhizosphere microbes from different tree varieties were signi�cantly different in their capacity to suppress
fungal growth, suggesting that differences in rhizosphere composition were responsible for the variations
in resistances of tree varieties to stress from soil-borne pathogens. Camphor and cypress rhizospheres
had the strongest inhibitory effect on the fungi, while Italian poplars and cedar rhizosphere had the least.
Our study highlighted discrepancies in rhizosphere resistances of mingled afforestation to maintain
sustainability of forest health, and provided new insights into the mechanism of rhizosphere defense of
trees to bio-stress (Massart et al. 2015; Solís-García et al. 2021).

The sequencing data presented here revealed that the tree varieties had a greater in�uence on the
microbial composition of the rhizospheres than their microbial diversity and abundance. The
phylogenetic distances between the trees were signi�cantly correlated with the dissimilarities in
rhizosphere bacterial composition. This result implied that different trees were equipped with individual
rhizosphere strategies for recruiting speci�c microbes, thus resulting in a unique functional assemblage
of microbial communities in the rhizosphere (Berendsen et al. 2012b). Detailed analyses of rhizosphere
microbial composition showed that Proteobacteria, Acidobacteria and Actinobacteria were the most
abundant families in the rhizospheres of the seven tree varieties, which corresponded with previous
studies on pine and Chinese �r (Lladó et al. 2018; Wang et al. 2018). Still, there were signi�cant
differences in the relative abundances among tree varieties. For example, compared with broad-leaved
trees, within the �ve most abundant phyla (total abundance > 83.8%), the relative abundance of
Proteobacteria, Acidobacteria and Actinobacteria in conifers was higher, but the abundance of Chloro�exi
and Rokubacteria was lower, resulting in signi�cant dissimilarities in microbial communities between
both tree types. Modifying the rhizosphere microbiota for different tree varieties opens up new avenues to
recruit the help of bene�cial microbes in maintaining forest health.
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Increasing evidence shows how a potential pathogen attack can induce plants to produce substance that
promote the growth and activity of speci�c rhizosphere microbes to reinforce resistance to fungal
pathogens (Gómez Expósito et al. 2017; Schulz-Bohm et al. 2018). These microbes function by the
production of antifungal substances, competition for space and resources, and systemic metabolic
regulation of plant immunity (Chapelle et al. 2016; Niu et al. 2017). Random forest model analysis of our
results showed that bacterial families like Propionibacteriaceae, Phycisphaeraceae and Rokubacteria
were positively correlated with rhizosphere suppression of fungal pathogens. Research revealed that soil
bacteria from Rokubacteria encoded pathways for production of secondary metabolites with antifungal
potentiality that may also activate other microbes for pathogen suppression (Crits-Christoph et al. 2018;
Sharrar et al. 2020).

The co-occurrence of networks demonstrates the dominance of positive correlations among interaction in
the rhizosphere microbial community. Some key taxa, such as K0 and K4 (ASVs mainly belonging to
Blastocatellaceae, Pyrinomonadaceae and Rokubacteria), were positively related to rhizosphere
suppression of fungal pathogens, and they showed cooperative relationships with other taxa. This
interactive process can strengthen the cooperation between members of the soil microbiota,
consequently triggering the production of a wider range of antifungal metabolites (Niu et al. 2017).
Bacterial strains that lack inhibitory activity against pathogens are likely to interact synergistically as part
of an extra functional microbiome to boost suppression of pathogen growth (De Boer et al. 2005).
However, the uncultured group in Acidobacteriales, and Saccharimonadales showed a negative
correlation with pathogens suppression. For example, in the cedar rhizosphere, their high relative
abundance in the microbial community may occupy an important niche, consequently reducing
colonization by the above key microbes with cooperative ability. Therefore, some key microbes in the
rhizosphere may have synergistic effects in reducing pathogen activity, and this cooperative relationship
may be reinforced in the rhizosphere for broader disease control (Bakker et al. 2018b; Bibi et al. 2018; Liu
et al. 2020).

Root exudates can induce the enrichment of bene�cial taxa in the rhizosphere community, which is
essential for achieving tolerance to biotic and abiotic stresses (Doornbos et al. 2012; Stringlis et al.
2018). For example, benzoxazinoids can attract bene�cial microorganisms and change the composition
and structure of the rhizosphere microbial communities to respond to stress (Neal et al. 2012; Cotton et
al. 2019). In the present study, we found that the content of some root exudate compounds such as
octadecanoic acid, 2,6,11-trimethyl dodecane and hexadecanoic acid ethyl ester were higher in the
camphor rhizosphere. Notably, these components positively correlated with microbes that had key roles in
pathogen suppression. However, in the cedar rhizosphere, the content of cis-13-octadecenoic acid,
octadecamethyl-cyclononasiloxane, 2,5-dimethyl-benzaldehyde, and octasiloxane were higher, which
induced the enrichment of Saccharimonadales, uncultured family in Acidimicrobiia, uncultured family in
Acidobacteriales, and Micropepsaceae with negative effects on pathogen suppression. This suggested
that the bacterial composition of the tree rhizospheres induced by root exudates plays a mediating role in
rhizosphere resistance (Trivedi et al. 2017a; Abbasi et al. 2021). The signi�cant correlations between
rhizosphere microbial diversity and tree root exudates further supported this bioactive effect on the
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rhizosphere microbiota for responding to pathogen stress (Yang et al. 2014; Li et al. 2019). However, in
the laboratory culture experiment, it is di�cult to clearly separate the bidirectional effects of rhizosphere
microbe-plant interactions under soil-borne pathogen stress (Fierer, 2017a; Kerdraon et al. 2019).
Consequently, the mechanism of how root exudate components alter rhizosphere microbial composition
to target biostressors should be further examined with more targeted experimental designs.

5. Conclusions
In the current study, we determined the characteristics of rhizosphere microbiomes from four broad-
leaved and three coniferous tree varieties in response to soil-borne fungal pathogens. The results showed
that rhizosphere microbiota of various tree varieties had strong inhibitory effects on fungal pathogens,
but there were signi�cant differences among the tree varieties. Some bacterial families, such as
Propionibacteriaceae, Phycisphaeraceae and Rokubacteria were enriched in the rhizospheres of trees with
high suppression on fungal pathogens. Furthermore, speci�c components in tree root exudates induced
the recruitment of key rhizosphere microbes to strengthen the cooperation within microbial community to
suppress fungal pathogens. Thus, our study advances the understanding of microbial mechanism behind
the advantages of diverse trees planting to maintain forest ecosystem health.
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Figures

Figure 1

Suppression of fungal pathogens by rhizosphere bacterial communities from different tree varieties.
Mycelial diameters of fungal pathogens exposed to suspensions of rhizosphere microbiota from seven
tree varieties (water control, CK) in antagonism (a) and separation experiments (b). The total average
inhibition rates of soil bacterial suspension among seven tree varieties on three fungal pathogens
(c). Different letters above the bars indicate signi�cant differences in the means among the treatments (P
< 0.05). Responses of fungal pathogens growth to soil bacterium suspension (d). CK (control, no
bacterium suspension), Cy (cypress), Ca (camphor), Lir (liriodendron), Pt (pterocarya), Itp (Italian poplar),
Ce (cedar), Me (metasequoia). 

Figure 2

Richness indices of rhizosphere bacterial community in different tree varieties (a). Total abundance of
bacterial communities in tree rhizospheres by qPCR (b). Correlation between plant phylogenetic distances
and microbial community dissimilarities (c). Correlation between microbial community dissimilarities and
inhibition rate of fungi (d). Different letters above the bars indicate statistically signi�cant differences (P
< 0.05, n = 3), according to Duncan’s multiple comparison test.

Figure 3
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Relative abundances of bacterial phyla in rhizospheres of different tree varieties. ‘Others’ = phyla with
relative abundance < 1% (a). The top 25 microbes related to inhibition of fungal pathogens were identi�ed
by applying random forest regressions. Selected microbes are ranked in descending order of importance
to the accuracy of the model, ‘+’ = positive correlation, ‘-’= negative correlation. Heatmap shows the
relative abundance of the top 25 indicated microbes (b). *P < 0.05, **P < 0.01, ***P < 0.001, by Duncan’s
multiple comparison test (n = 3).

Figure 4

Network co-occurrence analysis of the relationship between selected microbes and fungal inhibition.
(|Spearman coe�cient| > 0.6, P < 0.05). Modular network analysis of indicated microbes. Different
colored dots represent different modules (a). Network co-occurrence analysis of the in�uence of key taxa
on the inhibition rate of fungal pathogens (b). Red shows positive correlation, green shows negative
correlation and the line weight represents degree of correlation (the thicker the line, the stronger the
correlation). Circles represent key taxa (K), squares represent non-key taxa (NK) and triangles represent
inhibition rate of fungi (IRF).

Figure 5

Heatmap of the relationship between root exudates and important microbes, alpha diversity and gene
copy number. *P < 0.05, **P < 0.01, ***P < 0.001 by Spearman.
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