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Forests are composed of various plant species, and rhizosphere soil microbes are driven by root exudates. However, the interplay
between root exudates, microbial communities in the rhizosphere soil of canopy trees, understory shrubs, grasses, and their
responses to nitrogen (N) deposition remains unclear. Pinus tabulaeformis, Rosa xanthina, and Carex lancifolia were used to
investigate root exudates, rhizosphere soil microbial communities, and their responses to N application in forest ecosystem. Root
exudate abundances of P. tabulaeformis were significantly higher than that of R. xanthina and C. lancifolia, with carbohydrates
dominating P. tabulaeformis and R. xanthina root exudates, fatty acids prevailing in C. lancifolia root exudates. Following N
application, root exudate abundances of P. tabulaeformis and R. xanthina initially increased before decreasing, whereas those of C.
lancifolia decreased. Microbial number of rhizosphere soil of C. lancifolia was higher than that of P. tabulaeformis and R. xanthina,
but there was insignificant variation of rhizosphere soil microbial diversity among plant species. N application exerted promotional
and inhibitory impacts on bacterial and fungal numbers, respectively, while bacterial and fungal diversities were increased by N
application. Overall, N application had negative effects on root exudates of P. tabulaeformis, inhibiting rhizosphere soil microbial
populations. N application suppressed rhizosphere soil microbial populations by increasing root exudates of R. xanthina.
Conversely, N application elevated nutrient content in the rhizosphere soil of C. lancifolia, reducing root exudates and minimally

promoting microbial populations. This study highlights the importance of understory vegetation in shaping soil microbial

communities within forests under N deposition.

ISME Communications; https://doi.org/10.1038/s43705-023-00322-9

INTRODUCTION

Trees, shrubs, and grasses constitute the primary vegetation in
forests, with different ecological niches but contributing equally
importantly to the ecosystem. Yuan et al. [1] demonstrated that the
priming effect in the rhizosphere soil of understory grasses was
similar to that of canopy trees in subtropical forests. Although
understory vegetation plays a critical role in forest soil material
cycling [2], further verification is needed to understand the patterns
of rhizosphere soil microbial communities between canopy trees
and understory vegetations. Compared to trees, grasses and shrubs
allocate a higher proportion of photosynthates underground to
produce root exudates, which helps increase soil organic carbon
content and microbial activity [3]. Therefore, soil respiration of
grassland is 20% faster than that of forestland on the global scale [4].
Root exudates play a pivotal role in influencing rhizosphere soil
microbes; their production directly impacts microbial activity, and
their metabolites regulate microbial composition [5]. For example,
legume roots secrete strigolactone to promote arbuscular mycor-
rhizal fungi, which fix more soil N and alleviate plant nutrient
limitations [6]. It is evident that plants secrete specific root exudates
to create a favorable rhizosphere environment, leading to apparent

species-specific traits in rhizosphere soil microbial communities [7].
Grasses allocate a higher proportion of photosynthates to root
exudates compared to trees, resulting in different root exudate
compositions. These lead to faster soil biochemical reactions in
grasslands than in forestlands and contribute to a species-specific
microbial community. However, despite sharing the same forest
ecosystem, it remains to be determined whether canopy trees,
understory shrubs, and grasses exhibit species-specific traits in their
root exudates and rhizosphere soil microbial communities.

In larch forests, N deposition altered the soil microbial
communities and increased microbial biomass [8], whereas N
deposition reduced soil biomass by 19.5% in red pine forests [9].
The responses of soil microbes to N deposition vary greatly among
plant ecosystems, likely due to their different survival strategies
and root exudates. Plants increase root exudates to enhance soil
microbial activity and expedite material cycling when soil nutrient
supply is insufficient, thus alleviating plant nutrient limitations
[10]. However, N deposition directly alleviates plant nutrient
limitations, leading to reduced carbon input of root exudates, and
decreased soil microbial quantity and activity [11, 12]. Never-
theless, other studies have found that although N deposition
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alleviates plant nutrient limitations, root exudates and microbial
activity were enhanced [13, 14]. This outcome may be attributed
to the accelerated passive transport of exudates, due to increased
nutrient content in plant roots. It is evident that diverse exudate
yield strategies play an important role in the responses of soil
microbes to N deposition, and different metabolites contribute to
the specific soil microbial characteristics. Microbial community of
rhizosphere soil of maize was apparently changed by N
application through increasing the yield of phenols in root
exudates [15]. Meanwhile, N application significantly altered the
bacterial communities and increased the abundance of ammoxic
bacteria in the rhizosphere soil of Kandelia obovata. This change is
associated with the enhanced yield of amino acids and
carbohydrates in root exudates [16]. N deposition influences
rhizosphere soil microbial communities by changing the yield and
composition of root exudates, and the specific mechanisms vary
among plant species. Soil microbial communities of forestland and
grassland respond differently to N deposition. Zhai et al. [17]
demonstrated that soil respiration of Metasequoia forestland
linearly increased with N additions in eastern China, while soil
respiration of field grassland parabolically increased, with the
fastest rate at medium N addition. Soil microbial community of
grassland may be more susceptive to N application than that of
forestland, and numerous studies exist regarding these ecosys-
tems [18]. However, the responses of rhizosphere soil microbial
communities of canopy trees, understory shrubs, and grasses to N
deposition, and the driving mechanism of root exudates require
clarification in forest ecosystems.

This study aims to test the following hypotheses: (1) Microbial
quantity in the rhizosphere soil of understory grasses and shrubs is
higher than that of canopy trees in forest ecosystems, and their
microbial communities differ significantly, linked to species-specific
root exudates. (2) N deposition affects rhizosphere soil microbial
communities by changing root exudates, and the response of
microbial communities in the rhizosphere soil of understory grasses
is more susceptible than that of understory shrubs and canopy trees.

METHODS

Study area description and experimental design

The study area is located at the Yichuan Field Experimental Station, Chinese
Academy of Sciences, Shaanxi Province China, with geographical coordinates
of 109°41'36"-110°32'44" E longitude and 35°42'39"-36°23'39" N latitude. The
soil belongs to the gray forest soil (FAO soil classification). Pine trees are
crucial species in forest ecosystems worldwide, and P. tabulaeformis is the
most widely planted species in the study area. Its recent stand characteristics
are as follows, average stand density, canopy density, diameter at breast
height, tree height, forest volume, and leaf area index were 1400-1800 ha™’,
0.7, 10.0cm, 11.2m, 755 m®> hm 2, and 6.34, respectively. The understory
vegetation of P. tabulaeformis forest mainly includes R. xanthina, C. lancifolia,
Lonicera japonica, Spiraea salicifolia, Ostryopsis davidiana, Elaeagnus pungens,
Viburnum dilatatum, and Armeniaca sibirica.

An N application experiment was conducted in the sampling field of P.
tabulaeformis forest since 2014, with four N application treatments (0, 3, 6,
9gN m~2 y~ ! corresponding to NO, N3, N6, N9) based on the recent N
deposition rate on the Loess Plateau of northwest China and the
experimental designs from previous studies [18, 19]. Each N application
treatment consisted of four replicate plots (each plot 10 m x 10 m) with
similar terrain conditions. NH;NO3 was used as the N source, dissolved, and
evenly sprayed on the soil surface before rainfall in April, June, August, and
October annually. Based on the community composition, we selected P.
tabulaeformis (canopy tree), R. xanthina (understory shrub), and C. lancifolia
(understory grass) as the study subjects. Rhizosphere soils and exudates
were sampled around fine roots with a diameter of < 0.5 mm, due to the
fibrous root system of C. lancifolia and the consistent requirement among
the three plant species.

Soil sampling
Soil was sampled in October 2019 after 6 years of simulated N deposition.
The in situ sampling method was employed to obtain rhizosphere soil
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samples, which is briefly explained as follows, a 30 cm depth of the soil
profile (0-20cm for sampling, 20-30cm for standing) was excavated
around specific plant species, and the root cut surfaces were exposed. A
small spoon was used to collect rhizosphere soil from the 0-1cm region
around the fine roots of specific diameter classes. Non-rhizosphere soil was
sampled from 0 to 20 cm depth in canopy gaps with no trees and sparse
understory vegetation. A soil drill (5cm in diameter, 20 cm in length) was
used for the operation after removing litter and debris from the soil
surface. After collection, soil samples were divided into two parts after
removing foreign matter and passing through a 2 mm sieve. One part was
stored at —80 °C for microbial diversity and quantity analyses, while the
other part was used for chemical analysis after air-drying for several days to
achieve a constant weight.

Root exudate collection

Root exudates were collected using the modified static collection method
proposed by Phillips et al. [20], which has been applied in many previous
studies [21, 22]. Fine roots were carefully dug up, washed with distilled
water, and wrapped in moist fabric tissue for 48 h to minimize damage.
Exudates were collected from 3 to 5 fine roots with minimal damage, and
fabric tissues were covered with litter to prevent light and water loss. After
being washed and drained, the fine roots were incubated in a 50 mL
centrifuge tube filled with carbon-free nutrient solution (0.5 mM NH4NO3,
0.1 mM KH,PO,, 0.2 mM K;SO,, 0.2 mM MgSO,, 0.3 mM CaCly) and 750 pm
diameter glass beads for 3 days. Carbon-free nutrient solution and glass
beads were used to replicate the chemical and physical environment of
rhizosphere soil. During the incubation, the centrifuge tube was covered
with aluminum foil and gently capped to prevent environmental
disturbances. After 3 days, the solution in the centrifuge tube was
aspirated using a syringe, and the centrifuge tube and glass beads were
rinsed twice more with carbon-free trap solution. After collection, these
solutions were immediately transported back to the laboratory and passed
through filter membranes at 4°C as soon as possible. These exudate
samples were frozen at —20 °C in the laboratory for metabolomics analysis,
with six replicates per treatment.

Microbial quantity and community analysis

Real-time PCR was used to evaluate the microbial quantity of bacteria and
fungi. The detailed methods, procedures, and instrument settings can be
found in the Supplementary method. Soil microbial communities were
evaluated using 16S, ITS rRNA genes, with operations including DNA
extraction, lllumina HiSeq2500 sequencing, and data processing. DNA
samples were extracted from fresh soil samples (0.4 g) using a Soil DNA Kit
(Omega Bio-tech, USA) following the manufacturer’s instructions. These
samples were then stored at —80°C in the laboratory before high-
throughput sequencing on the lllumina MiSeq PE300 platform. The specific
procedures and instrument parameters of sequencing were detailed in the
Supplementary method. After sequencing, the sequences were quality-
filtered, denoised, merged, and chimeras were removed, following the
Quantitative Insights into Microbial Ecology (QIIME) workflow. Meanwhile,
sequences with lengths < 50 bp and unresolved nucleotides were eliminated
[23]. Thus, the remaining sequences were clustered into operational
taxonomic units (OTUs) using USEARCH at a 98% similarity and 97% identity
rate [24]. The bacterial 16S rRNA genes were annotated according to the
SILVA database (https://www.arb-silva.de/) [25], while the fungal ITS genes
were annotated according to the UNITE database (https://unite.ut.ee/). A
phylogenetic tree was performed according to the “giime phylogeny align-
to-tree-mafft-fasttree” operation, aligning operational taxonomic units (OTUs)
with mafft [26], and annotating sections lacking phylogenetic information.
The tree file was then generated by the Fast Tree algorithm [27]. The OTU
table was flattened using a sparse method before further data analysis.

Non-targeted metabolomics analysis of root exudates

The composition and relative abundance of root exudates of the three
plant species were analyzed through non-targeted metabolomics using
gas chromatography-time-of-flight mass spectrometry (GC-MS). Key
procedures included exudate extraction, machine detection and off-line
data processing. Detailed operating procedures and instrument para-
meters are described in the Supplementary method.

Soil chemical properties analysis
The content of soil organic carbon (SOC) was determined using the
external heating of potassium dichromate method [28]; the content of soil
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N was determined through the Kjeldahl determination method [29]; the
content of soil phosphorus (P) was determined using molybdenum
fluorescence colorimetric method and the content of available phosphorus
(AP) was determined through sodium bicarbonate extraction molybdenum
antimony anti-colorimetric method [30]. The contents of ammonium
(NH,™) and nitrate (NO3~) were determined using the continuous flow
analyzer method. The pH value was measured using an automatic titrator
method.

Data analysis and mapping

The shannon-wiener, chao1, observed species, and simpson indices were
calculated at the OTU level to evaluate the a diversity of soil microbial
communities. Besides, the effects of N application and plant species on the
a diversity of these communities were identified using two-way ANOVA.
Microbial quantities were visualized using bar charts, and differences
among N applications and plant species were evaluated using the least
significant difference (LSD) multiple comparison analysis. The normal
distributions of a diversities and quantities of soil microbial communities
were confirmed before two-way ANOVA and LSD analyses. The differences
of soil microbial community structure were identified through non-metric
multidimensional scaling (NMDS) using Bray-Curtis distance, and compar-
isons between any two treatments were evaluated using pairwise
permutational analysis of variance (PERMANOVA). The aforementioned
statistical analyses and visualizations were performed using R software (R
Development Core Team 2018). Linear discriminant analysis effect size
(LEfSe) was conducted on the Galaxy/Huttenhower platform (http://
huttenhower.org/galaxy/) to identify differentially abundant microbial
populations across treatments. This was done using a threshold of
LDA > 2.0, and the results were visualized in a heatmap format. Principal
coordinates analysis (PCoA) with Bray-Curtis distance was used to examine
the effects of experimental treatments on root exudate compositions and
for quality control of the operation process. The relative abundance of root
primary metabolites was obtained by calculating the summation of the
peak area of each metabolite by the summation of the peak area of all
metabolites, and visualized using bar charts. NMDS and bar charts were
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generated using R software and its built-in functions. Partial least squares
discriminant analysis (PLS-DA) was conducted using SIMCA 14.1 software
(Umetrics, Umea, Sweden) to identify differential exudates across
treatments, applying a threshold of variable influence on projection (VIP)
values>2.0 and p<0.05. In addition, the differences root exudate
composition were illustrated in a score scatter plot based on PLS-DA.
The fit of the PLS-DA model was then verified through a permutation test.

SparCC co-occurrence network analysis is a method to propose
relationships between differential microbial populations and functional
metabolites. It involves calculating correlation coefficients and performing
permutation tests to determine p values. The iteration parameter was set
to the default-i 20, and 1000 bootstrap permutations were carried out. This
analysis was conducted using the M2IA platform (http://m2ia.met-
bioinformatics.cn/). Partial least squares path model (PLS-PM) was used
to analyze the mechanism of N application on soil microbial communities
by affecting soil chemical properties and root exudates among plant
species. N application rates were reported as 0, 3, 6, 9gN m 2y, while
soil chemical properties included those that exhibited significant changes
under N application (ANOVA, p <0.05). Microbial community and root
exudate were in modules that implied the first principal coordinates (PCo1)
of differential microbial populations and metabolites among treatments
generated by Bray-Curtis distance matrices. Path coefficients were present
in the modules and calculated after 1000 bootstraps. The model’s fit was
assessed using the index of Goodness of Fit (GOF). The analysis was
conducted using the “plspm” package of R software.

RESULTS

Microbial quantity, richness, and composition of

rhizosphere soils

There was a significant difference in microbial copy numbers of
rhizosphere soils among plant species (p < 0.05, Fig. 1). Specifically,
the highest total microbial and bacterial copy numbers were
obtained in the rhizosphere soil of C. lancifolia, followed by the
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Table 2.
Global tests Fungi
Pseudo-F

N application 1.62
Plant species 3.21

N application x Plant species 0.99
Pairwise tests Fungi

t-statistic

NO vs. N3 0.97

NO vs. N6 1.42

NO vs. N9 1.61

N3 vs. N6 1.53

N3 vs. N9 1.75

N6 vs. N9 1.47

P. tabulaeformis vs. R. xanthina 1.47

P. tabulaeformis vs. C. lancifolia 1.92

P. tabulaeformis vs. Non-rhizosphere soil 5.47

R. xanthina vs. C. lancifolia 1.47

R. xanthina vs. Non-rhizosphere soil 4.68

C. lancifolia vs. Non-rhizosphere soil 4.67

NO, N3, N6, N9 are 0, 3, 6, and 9gN m™2 y'1, respectively.

R?
0.07
0.13
0.13

R?
0.03
0.05
0.05
0.05
0.06
0.05
0.05
0.06
0.15
0.05
0.13
0.13

Results of PERMANOVA of Bray-Curtis distances testing the effect of N application and plant species on soil microbial communities.

Bacteria
p value Pseudo-F R? p value
0.001** 1.53 0.06 0.003**
0.001** 4.98 0.19 0.001**
0.526 1.12 0.13 0.064

Bacteria
p value t-statistic R? p value
0.443 1.01 0.03 0.365
0.055 1.15 0.04 0.194
0.022* 1.41 0.04 0.058
0.022* 1.30 0.04 0.089
0.007** 1.41 0.04 0.041*
0.01* 1.28 0.04 0.108
0.041* 1.33 0.04 0.02*
0.009%* 3.27 0.10 0.001**
0.001** 6.79 0.18 0.001**
0.025* 3.14 0.09 0.001**
0.001** 6.84 0.19 0.001**
0.001** 7.77 0.21 0.001**

**(p < 0.01) and *(p <0.05) indicate significant differences among the treatments.

rhizosphere soils of R. xanthina and P. tabulaeformis. In contrast,
the highest fungal copy numbers were observed in the rhizo-
sphere soils of C. lancifolia and R. xanthina, whereas the lowest
fungal copy number was found in the rhizosphere soil of P.
tabulaeformis. Moreover, the impact of N application on microbial
copy numbers of rhizosphere soil varied among plant species. In
detail, the fungal copy number of C. lancifolia rhizosphere soil was
inhibited by N application, whereas the bacterial and total
microbial copy numbers exhibited a parabolic response, with
the largest value obtained in the N6 treatment. In P. tabulaeformis
rhizosphere soil, microbial total copy number showed a parabolic
response to N application, with the bacterial copy number
peaking in the N6 treatment and the fungal copy number peaking
in the N3 treatment. The bacterial and fungal copy numbers in the
rhizosphere soil of R. xanthina initially added and then decreased
with N applications, with the largest value obtained in the N3
treatment.

Microbial diversity indices of non-rhizosphere soil, including
chao1, simpson, shannon, and observed species were significantly
higher than those of rhizosphere soils (p < 0.05, Table 1). However,
the microbial diversity indices of rhizosphere soils showed no
significant differences among plant species. N application
significantly increased bacterial diversity indices, with the largest
values obtained in the N6 or N9 treatments. Fungal diversity
indices showed a nonlinear response to N application, with the
largest values obtained in the N6 treatment.

Significant differences were found in microbial communities
among non-rhizosphere and rhizosphere soils (p < 0.05, Table 2
and Supplementary Fig. S1). LDA revealed that 9 microbial
populations were dominant in non-rhizosphere soil (Fig. 2a); 5
microbial populations were dominant in the rhizosphere soil of C.
lancifolia; 9 microbial populations were dominant in the rhizo-
sphere soil of R. xanthina; 5 microbial populations were dominant
in the rhizosphere soil of P. tabulaeformis. N application
significantly changed the soil microbial community (p < 0.05,
Table 2), with the greatest changes observed between N3 and N9
treatments. Moreover, there was an insignificant interaction effect
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between N application and plant species, indicating that soil
microbial community structure of non-rhizosphere and rhizo-
sphere soils had similar responses to N application. However, the
differential microbial populations responding to N application
varied among non-rhizosphere soil and rhizosphere soils. LDA
showed that 11, 27, 20, and 21 differential microbial populations
were generated in non-rhizosphere soil and rhizosphere soils of P.
tabulaeformis, R. xanthina, and C. lancifolia after N application,
respectively (Fig. 2b-e).

Root exudates of different plant species

C. lancifolia root exudates exhibited a relatively high abundance of
fatty acids, whereas root exudates of P. tabulaeformis and R.
xanthina showed relatively high abundances of carbohydrates
(Fig. 3). The patterns of root exudates among plant species were
significantly different (Figs. 4, 5). In general, the relative
abundance of root exudates of P. tabulaeformis was the highest,
followed by R. xanthina and C. lancifolia (Fig. 6). A total of 46
differential metabolites were identified among plant species, with
34 metabolites having the highest relative abundances in the root
exudate of P. tabulaeformis, 5 metabolites having higher relative
abundances in the root exudate of R. xanthina, and 7 metabolites
having higher relative abundances in the root exudate of C
lancifolia.

Root exudates of P. tabulaeformis showed the largest difference
among N application treatments, while root exudates of R.
xanthina and C. lancifolia were similar in the N6 and N9
treatments, but significantly different in other N application
treatments (Fig. 5). Specifically, N application significantly altered
the relative abundances of 87 metabolites of P. tabulaeformis
(Fig. S2a), with most metabolites being dominant in the NO and N6
treatments. A total of 101 metabolites of R. xanthina showed
significant responses to N application, with most metabolites
having the higher relative abundances in the N3 treatment
(Fig. S2b). Furthermore, after N application, the relative abun-
dances of 105 metabolites of C. lancifolia significantly changed,
and the relative abundances of dominant metabolites gradually
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Fig. 2 Heatmap of LEfSe of rhizosphere soil microbial populations across the different plant species at NO treatment and across the N
application treatments at different plant species (n = 4). Relative abundance of microbial populations are shown in boxes, red indicates the
greater relative abundance after normalization among treatments, blue indicates the lower relative abundance after normalization among
treatments. Black indicates the larger LDA value than 2. a Microbial populations across the plant species at NO treatment; b Microbial
populations across the N application treatments in the rhizosphere soil of P. tabulaeformis; ¢ Microbial populations across the N application
treatments in the rhizosphere soil of R. xanthina; d Microbial populations across the N application treatments in the rhizosphere soil of C.
Ian16ifolia; e Microbial populations across the N application treatments at non-rhizosphere soil. NO, N3, N6, N9 are 0, 3, 6, and 9gN m~2
y ', respectively.

decreased with N applications (Fig. S2c). Across all kinds of and 14 negative correlations (p < 0.05, Fig. 8b). In the rhizosphere

primary metabolites, organic acids, amino acids, fatty acids, soil of C. lancifolia, root-produced Palmitic acid, 2-Hydroxypyr-
carbohydrates, and nucleotides were the main metabolites in idine, and Stearic acid were significantly correlated with the
response to N application. populations of Actinobacteria and Proteobacteria, with 16 positive

correlations and 16 negative correlations (p <0.05, Fig. 8c).
N application altered the microbial community by changing Furthermore, there were significant positive correlations between
root exudates and chemical properties of rhizosphere soil Glucose 1, Fructose 1, and Stearic acid produced by P.
In general, N application inhibited the root exudate abundances of tabulaeformis and the fungal populations of Ascomycota, Basidio-
P. tabulaeformis, which had a negative effect on the microbial mycota, and Mortierellomycota (p < 0.05, Fig. S3a). Root-produced

community of rhizosphere soil (Fig. 7). In the rhizosphere soil of R. 2-Hydroxypyridine and Conduritol b epoxide 2 by R. xanthina were
xanthina, N application inhibited the microbial populations by significantly positively correlated with populations of Basidiomy-

increasing the abundance of root exudates. Moreover, N applica- cota (p<0.05, Fig. S3b). Palmitic acid, Stearic acid, and
tion also affected the microbial community of rhizosphere soil of 2-Hydroxypyridine produced by the roots of C. lancifolia showed
R. xanthina by changing the root exudate abundances and sail significant positive correlations with the populations of Ascomy-

properties. Besides, N application reduced the root exudate cota (p < 0.05, Fig. S3c).

abundances by increasing the soil nutrient contents, which is

not conducive to increasing the microbial populations of rhizo-

sphere soil of C. lancifolia. In addition, N application directly DISCUSSION

promoted the microbial community of non-rhizosphere soil. Root exudates among plant species and N application effects
In the rhizosphere soil of P. tabulaeformis, root-produced The relative abundance of root exudates of P. tabulaeformis was

Conduritol b epoxide 2, Cytidine 5° monophosphate, and higher than that of R. xanthina and C. lancifolia, which contra-

2-Hydroxypyridine were significantly correlated with the popula- dicted our hypothesis. In wetland ecosystems, root exudate yield
tions of Proteobacteria, Actinobacteria, and Acidobacteria, with 16 of Lythrum salicari was the highest, followed by the Zizania
positive correlations and 16 negative correlations (p < 0.05, Fig. 8a). caduciflora and Canna indica [31]. These consequences were
Fructose 1 and Glucose 1 produced by the roots of R. xanthina relevant to vegetation biomass, Lythrum salicari has an actively
were significantly correlated with the populations of Actinobac- growing root system with rich nutrient content, leading to a high

teria, Proteobacteria, and Chloroflexi, with 8 positive correlations yield of root exudates. In the present study, the high abundance of
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QC quality control samples.

root exudates of P. tabulaeformis (tree) may be related to its rich
root biomass and developed root system. There were 46
differential metabolites among plant species, and most of them
were dominant in the root exudates of P. tabulaeformis,
supporting the difference in root exudate yield among plant
species in P. tabulaeformis forest. Carbohydrates were relatively
abundant in the root exudates of P. tabulaeformis and R. xanthina,
while fatty acids had a relatively high abundance in the root
exudates of C. lancifolia. Different kinds of metabolites have varied
functions. Fatty acids have the ability to strengthen plant
resistance and inhibit pathogenic bacteria [32, 33]. Carbohydrates
provide energy for microbes mainly through passive transport,
and the yield rate is proportional to the carbohydrate content of
roots. The relatively high abundance of fatty acids indicates that
roots can resist more soil diseases and foster a beneficial
rhizosphere microbial community of C. lancifolia. The relatively
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high abundance of carbohydrates in the root exudates of P.
tabulaeformis and R. xanthina may be related to the high nutrient
contents of their root systems, which could promote the quantity
and diversity of rhizosphere soil microbes.

P. tabulaeformis root exudates were more susceptible to N
application than R. xanthina and C. lancifolia (Fig. 5). These results
are inconsistent with our hypothesis. The responses of root
exudates to environmental changes varied among plant species,
driven by their homeostasis and survival strategies [10-14]. For
instance, Balanites aegyptiaca and Acacia raddiana were drought-
toletant species that promoted Azospirillum brasilense reproduc-
tion by increasing galactan protein yield in root exudates [34]. This
case was beneficial for root growth, thus alleviating drought
stress. In contrast, Tamarindus indica root exudates did not change
with soil moisture, providing no advantage for Azospirillum
brasilense populations or drought resistance. In this study, the
different responses of root exudates to N application may be
related to their diverse homeostasis and survival strategies. Low N
application alleviated the limitations of P. tabulaeformis and R.
xanthina, and promoted root nutrient contents and exudate
abundances. However, when nutrient requirements are met
through high N application [35], root physiological activity and
exudate yield may decrease. Following N application, C. lancifolia
root exudates were significantly inhibited due to its low nutrient
requirement, indicating marked differences in its homeostasis
compared to P. tabulaeformis and R. xanthina. Furthermore, non-
targeted metabolomics analysis demonstrated that metabolites
responding to N application in P. tabulaeformis forests mainly
belonged to organic acids and amino acids, which was consistent
with studies on Alfalfa and Arabidopsis root exudates using similar
methods [36, 37]. Organic acids alter soil pH, increase soil nutrient
content, and play a crucial role in establishing beneficial microbial
communities, providing substrates for biochemical reactions
[38, 39]. Amino acids not only supply available N for soil microbes,
but can also be reabsorbed by plant roots [40, 41].

Rhizosphere soil microbial communities among plant species
and N application effects

The microbial copy number of rhizosphere soil was apparently
higher than that of non-rhizosphere soil, which is similar to other
studies [42]. The microbial diversity of rhizosphere soil was lower
compared to that of non-rhizosphere soil, indicating that rhizo-
sphere environment is favorable for some microbes while being
unfavorable for others, resulting in microbial diversity reduction. In
this study, the microbial copy number of rhizosphere soil of C.

SPRINGER NATURE
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lancifolia was apparently higher compared to that of R. xanthina
and P. tabulaeformis, supporting our hypothesis. The microbial
biomass of rhizosphere soil of Artemisia ordosica was found to be
higher than that of rhizosphere soil of Caragana intermedia in a
grassland ecosystem [43]. This result was attributed to the high
content of total N, available potassium, AP, and neutral pH in the
rhizosphere soil of Artemisia ordosica. The turnover of roots,
quantity, and quality of litters were found to be the main factors
affecting microbial biomass in the rhizosphere soils of Secale
cereale, Agropyron repens, and Cirsium arvense [44]. In this study,
the rapid decomposition of root litter and the rich soil nutrient
might be the reasons for the higher microbial quantity in the
rhizosphere soil of C. lancifolia.

Interestingly, the changes in root exudate abundance and
microbial quantity among plant species were found to be
inversely related, which deviated from previous studies [15, 16].
Root exudates are generally considered a crucial factor in
promoting microbial reproduction, leading to a positive correla-
tion between root exudate abundance and rhizosphere soil
microbial quantity. However, some researches have suggested
that the role of root exudates may be overestimated due to their
low yield rate, while the high yield of rhizodeposits (litters and
dead tissues) is a key factor in determining rhizosphere microbial
reproduction [45, 46]. Consequently, rhizosphere microbial quan-
tity is influenced by various factors such as root exudates,
rhizodeposits, and soil chemical properties, resulting in significant
differences among plant species. In this study, no significant
difference in rhizosphere soil microbial diversity was observed
among plant species. Soil (rhizosphere) microbial quantity is more
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sensitive to environmental changes compared to diversity, which
is related to the fact that microbial reproduction is more
influenced by nutrient content, while microbial species are less
affected [47, 48]. Furthermore, the microbial compositions of
rhizosphere soil varied among plant species [49]. Bacteroidetes and
Sphingomonas were predominant in non-rhizosphere soil, as they
were common soil microbial populations [50, 51]. The relatively
high abundances of Actinobacteria and Lechevalieria in the
rhizosphere soil of C. lancifolia may be attributed to their low
nutrient requirements and slow vyield of root exudates [52].
Firmicutes, Bacillus, etc., were dominant in the rhizosphere soil of R.
xanthina, while Patulibacter, Paenibacillus, etc., were dominant in
the rhizosphere soil of P. tabulaeformis. These microbial popula-
tions possess the ability to use polysaccharide and macromole-
cular substrate, with their high abundances being linked to the
rapid yield of root exudates [53, 54].

Following N application, the fungal copy number of rhizosphere
soil of C. lancifolia experienced a greater decrease than that of R.
xanthina and P. tabulaeformis, aligning with our hypothesis. A
global-scale meta-analysis revealed that N application reduced
microbial respiration and biomass by 8% and 20%, respectively,
and these inhibitory effects were associated with soil acidification
and nutrient imbalance [55]. However, a study on Larix principis-
rupprechtii plantations demonstrated that soil acidification was
insignificant after N application, while nutrient limitations for
plants and soil microbes were alleviated, thereby accelerating
microbial reproduction [8]. The responses of microbial populations
to N application varied greatly due to different plant nutrient
requirements and soil conditions. Fungal reproduction was

ISME Communications
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Fig. 6 Clustered heatmap of the differential root exudates and their associated primary metabolites among plant species (VIP > 2.0 and p < 0.05).

inhibited due to changes in soil nutrient imbalance [56], with
fungal reproduction of rhizosphere soil of C. lancifolia being more
responsive to N application than that of R. xanthina and P.
tabulaeformis. This result might be attributed to grasses being
more susceptible to environmental changes (e.g., litter decom-
position and root exudate secrete) and having lower demands for
soil nutrients. Similarly, after N application, bacterial reproduction
of rhizosphere soil of C. lancifolia changed more noticeably than
that of R. xanthina and P. tabulaeformis. The differences showed
that N application significantly promoted bacterial reproduction,
with the largest copy numbers obtained in the N6 or N9
treatments. Bacterial and fungal reproductions respond differently
to environmental changes, as confirmed in previous studies

ISME Communications

[57, 58]. Our results corroborated these distinct changes in fungal
and bacterial populations and found that N requirements of
bacterial reproduction were higher than those of fungal
reproduction.

Regarding soil microbial diversity, N application enhanced both
bacteria and fungi, with the rhizosphere soil of different plant
species experiencing similar changes. Diversity represents the
richness of soil microbial populations, and increased diversity
indicates that N application benefits the environment for most
microbes, primarily bacteria [59]. The similar changes of microbial
diversity of rhizosphere soils among plant species after N
application may be related to the different sensitivities of
microbial diversity and quantity to environmental changes [60].

SPRINGER NATURE
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Besides, the dominant microbial populations of rhizosphere of C.
lancifolia and R. xanthina changed more significantly than those of
rhizosphere of P. tabulaeformis following N application. These
findings are supported by the results of soil microbial quantity,
further confirming that the microbial community of rhizosphere
soils of C. lancifolia and R. xanthina is more susceptible to N
application than that of P. tabulaeformis.

The mechanisms of N application affect microbial community
by altering root exudate and chemical property of
rhizosphere soil

Microbial communities of rhizosphere soil of different plant
species exhibited varied mechanisms in response to N application,
which was consistent with our hypothesis and other studies
[16, 17]. Root exudates played a crucial role when N application
substantially increased fungal diversity and dominant populations
of rhizosphere soil of Bothriochloa ischaemum [61]. This mechan-
ism was related to the high yield of long-chain organic acids in
root exudates. In contrast, rhizosphere soil chemical properties
were the main driving factors in the process of N application
affecting fungal community of wheat rhizosphere soil, with SOC
being the most important factor [62]. In the present study, N
application inhibited the microbial populations of rhizosphere soil
by reducing the abundance of root exudates of P. tabulaeformis.
This result was related to the negative response of root exudates
to N application and the positive correlation between root
exudates and microbial populations (Fig. 8). However, in the
rhizosphere soil of R. xanthina, N application promoted root
exudate abundances and inhibited the microbial community. This
outcome was due to the relatively high content of carbohydrates
in root exudates, and some secondary metabolites of carbohy-
drates were negatively correlated with microbial populations
(Fig. 7). In the rhizosphere soil of C. lancifolia, the increase of soil
nutrient contents caused by N application reduced root exudate
abundance, so the microbial community was not promoted. This
result reflects the mechanism that alleviating plant nutrient
limitations would decrease carbon input from root exudates, a
survival strategy that has been confirmed in studies on Sibiraea
angustata and Cunninghamia [11, 12]. C. lancifolia exhibits this
survival strategy, which is different from P. tabulaeformis and R.
xanthina.

P. tabulaeformis roots yielded the most functional metabolites,
including fatty acids, carbohydrates, nucleotides, and alcohols, C.
lancifolia produced the fewest functional metabolites, which
belong to fatty acids and alcohols. Different functional metabolites
produced by plants had diverse effects on rhizosphere soil
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microbes [6, 63]. Our results confirmed that canopy trees possess
the most functional metabolites in their root exudates, which alter
the largest number of microbial populations of rhizosphere soil,
followed by understory shrubs and grasses in forest ecosystems.
Functional metabolites of root exudates exhibit species-specific
traits, but the affected microbial populations are essentially the
same among rhizosphere soils of different plant species. The
affected bacterial genera mainly belong to Proteobacteria,
Actinobacteria, and Acidobacteria, while fungal genera mainly
belong to Ascomycota and Basidiomycota. This result may be
related to the fact that P. tabulaeformis, R. xanthina, and C.
lancifolia grow in the same type of soil. In addition, our study
found that root exudates only have promotive effects on fungal
populations but exhibited both promotive and inhibitory effects
on bacterial populations. Wang et al. [64] revealed that there were
generally positive relationships between fungal populations and
soil properties, but multiple relationships between bacterial
populations and soil properties in subalpine forests. Soil fungal
populations exhibit a mostly consistent response to environmen-
tal changes due to the low diversity, whereas bacterial popula-
tions have varied responses to environmental changes due to the
high diversity. This may be the reason that relationships between
bacterial and fungal populations and functional metabolites in this
study were quite different. By using untargeted metabolomics
methods, we determined that 2-Hydroxypyridine (alcohol),
Palmitic acid (fatty acid), and Stearic acid (stearic acid) were the
main functional metabolites affecting rhizosphere soil microbes in
P. tabulaeformis forests, thus these metabolites will be the focus of
our subsequent research.

CONCLUSION

Canopy trees had higher relative abundance of root exudates and
a quiet different composition compared to understory shrubs and
grasses in forest ecosystem. After N application, the relative
abundances of root exudates of P. tabulaeformis and R. xanthina
exhibited parabolic changes, while that of C. lancifolia showed a
decreasing trend. Microbial quantity in the rhizosphere soil of
C. lancifolia was higher than those of P. tabulaeformis and
R. xanthina, while microbial diversity remained relatively
unchanged. Soil bacterial and fungal quantities were enhanced
and inhibited by N application, respectively, while microbial
diversity was promoted. Through the PLS-PM model, we identified
different mechanisms by which trees, shrubs, and grasses affect
the microbial community of rhizosphere soil in response to N
application. Root exudates and soil chemical properties played
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different roles in these mechanisms, indicating varied survival
strategies of plant species. The carbon-free nutrient solution used
for exudate collection would augment additional stress for plant
root, which is inconsistent with the natural environment. There-
fore, further studies should design the carbon-free nutrient
solution based on the soil chemical properties, and reduce
operational disturbances by taking multiple measurements as
long as methods and materials allow.

DATA AVAILABILITY
High-throughput sequencing data are provided at the NCBI (SRA) database under the
study accession code PRINA1007781. All other datasets are available upon request.
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