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Abstract

Background and aim Phosphorus (P) addition is
a common practice to alleviate P limitation in agri-
cultural ecosystems. However, information regard-
ing microbial communities’ response to P addition
in grasslands remains limited. The present study
aimed to investigate the response of bacterial com-
munities from rhizosphere and root endosphere of
Achnatherum inebrians to P addition, and assess
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the potential roles played by mutualistic endophyte
Epichloé gansuensis in these processes.

Methods The response of bacterial communities
to P addition was investigated based on 16S rRNA
sequencing. Soil properties were determined and
Mantel test was employed to evaluate the main factors
contributing to bacterial community alteration. Addi-
tionally, the root exudates were assessed by GC-MS.
Results P addition influenced the bacterial com-
munity composition in both the rhizosphere and
root endosphere of A. inebrians with (E+) or with-
out (E-) E. gansuensis, while not affecting commu-
nity diversity. Moreover, P addition increased the soil
available P, total P, and pH levels, which exhibited
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significant correlation with the bacterial communities
in both rhizosphere and root endosphere of A. inebri-
ans. Additionally, P addition increased the exudation
of xylose, glycine, alanine, mandelic acid, and lactic
acid from E+ plant roots.

Conclusions P addition shapes the bacterial com-
munities in rhizosphere and root endosphere of A.
inebrians by altering soil total P, available P, pH lev-
els. Meanwhile, P addition modulates the root exu-
date profiles that mediated by E. gansuensis. This
study provides new insights into the response of
plant-soil-microbe ecosystem to P addition, which is
helpful for the fertilization management during grass-
land sustainability.

Keywords Phosphorus addition - Grass - Epichloé
gansuensis - Bacterial community - Soil properties -
Root exudates

Introduction

Phosphorus (P) is an essential macronutrient and
plays a pivotal role in almost all major physiological
processes in plants, including photosynthesis, respira-
tion, signal transduction, as well as the biosynthesis
of ATP, nucleic acids, proteins, and phospholipids
(Plaxton and Tran 2011; Tiziani et al. 2020). Inor-
ganic orthophosphate (Pi), the primary form of P
assimilated by plants, is one of the limiting factors
that greatly affect plant growth and crop yields due
to its poor mobility and low concentration in soil
(Aslam et al. 2022). Meanwhile, limitation on bio-
mass production caused by soil P deficiency would
be aggravated because of the continuous increase
in atmospheric nitrogen (N) deposition and N ferti-
lizer utilization in the future (Li et al. 2016; Penuelas
et al. 2013). Addition of Pi-containing fertilizers is
a common practice to alleviate P limitation in farm-
land and grassland ecosystems (Bennett and Adams
2001; Cheng et al. 2022; Sarathchandra et al. 2001).
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Furthermore, improving P availability may be an
effective management option for the restoration of
degraded grasslands (Armitage et al. 2012; Reed et al.
2007). However, a large proportion of Pi that used as
fertilizer is rapidly fixed by soil particle adsorption
and chemical precipitation, leading to a decrease in Pi
assimilation by plants and increasing the risk of envi-
ronmental pollution (Richardson et al. 2001).

P addition also has a crucial impact on the soil
microbial communities which play vital roles in regu-
lating nutrient cycling by accelerating the decompo-
sition of soil organic matter in terrestrial ecosystems
(Ling et al. 2017). However, previous studies have
shown that the responses of soil microbial commu-
nities to P addition are inconsistent, which may be
related to multiple factors including soil conditions,
plant species, P fertilizer types, and fertilizer applica-
tion period (Huang et al. 2016; Lagos et al. 2016; Shi
et al. 2020). It has been reported that P addition exerts
positive, neutral, and even negative influence on the
soil microbes in the temperate forests (Groffman
and Fisk 2011; Thirukkumaran and Parkinson 2000,
2002). Similar results have also been observed in soil
microbial communities of grasslands when exposed
to P fertilizer application. Chen et al. (2014) reported
that P input led to a shift from fungal-dominated to
bacterial-dominated decomposition pathways in the
P-limited and grazed grassland. While, Yan et al.
(2021) found that P addition significantly altered the
composition of soil fungal and bacterial communities
in the temperate meadow, with decreasing the bacte-
rial operational taxonomic unit (OTU) richness and
increasing the fungal OTU richness. Additionally,
other studies suggested that P fertilization did not
significantly affect the soil microbial biomass or com-
munity structure in grasslands (Massey et al. 2016;
Sarathchandra et al. 2001; Shi et al. 2020). These
inconsistent results suggest that more trials should
be carried out to determine the effects of P addition
on soil microbial communities in different grassland
types.

Plant-associated microbial communities play vital
roles in plant growth and fitness via several mecha-
nisms, such as stimulating growth, facilitating nutri-
ent uptake, and conferring resistance to abiotic and
biotic stress (Trivedi et al. 2020). In particular, some
rhizosphere microorganisms are involved in enhanc-
ing the availability of essential nutrients (e.g., phos-
phorus, nitrogen, and sulfur) for plants. In turn,
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rhizosphere microorganisms acquire their primary
carbon source from the exudates and deposits of plant
roots (Brisson et al. 2022; Mimmo et al. 2018). The
root exudates could drive the recruitment of benefi-
cial microorganisms to the rhizosphere, which pro-
vides a crucial basis for the maintenance of distinct
microbial community patterns required by host plants
under specific environmental conditions (Trivedi
et al. 2020; Zhalnina et al. 2018). Plants growing
in the nutrient-deficient soils employ root exudates
in multiple ways, for instance, serving as symbiotic
signals and growth promoters of some soil microor-
ganisms that involved in nutrient acquisition (Dakora
and Phillips 2002). Chen et al. (2019a) reported that
some bacterial genera, such as Arthrobacter, Bacillus,
and Devosia, in the rhizosphere of wheat varied in
response to the increased N input, which was signifi-
cantly correlated with the organic acid levels secreted
by roots. However, the effect of elevated P concen-
trations on the root exudate profiles of plants is still
obscure.

Achnatherum inebrians is a perennial, cool-season
grass species that can be found throughout the semi-
arid grasslands in Northwest China (Li et al. 2004;
Wang et al. 2020). In natural conditions, nearly all of
A. inebrians are infected with the mutualistic seed-
borne Epichlo¢ endophytes which colonize all plant
tissues with exception of the roots (Hou et al. 2021).
Extensive research has suggested that the infection of
Epichloé sp. enhances the resistance of host A. ine-
brians to various abiotic and biotic stresses, thereby
facilitating the adaptation of this fungal symbiont
to degraded grasslands (Chen et al. 2015; Hou et al.
2020b; Wang et al. 2020, 2022). In our previous
study, it was demonstrated that Epichloé gansuensis
improved A. inebrians growth under low-P condition
by modulating the organic acid contents and increas-
ing the phosphorus utilization efficiency (Liu et al.
2021). Additionally, the presence of E. gansuensis
also could affect the rhizosphere microbial commu-
nities of A. inebrians with increasing the Shannon
diversity of bacteria and the spore diversity of arbus-
cular mycorrhizal fungi (Hou et al. 2020b; Ju et al.
2020). Recently, Jin et al. (2022) suggested that E.
gansuensis increased the secretion of organic acids
and amino acids from host roots when exposed to Cd
stress, and these exudates might recruit distinct rhizo-
sphere bacterial communities to improve the resist-
ance of hosts against Cd toxicity.

In the present study, we investigated the influence
of P addition on soil properties, root exudates, and
rhizosphere and root endosphere bacterial communi-
ties in E. gansuensis-infected (E+) and E. gansuensis-
free (E—) A. inebrians. The objectives of this study
were to address the following questions: (i) How
does P addition influence the bacterial communities
in rhizosphere and root endosphere of E+and E—A.
inebrians? (i) How does P addition affect soil prop-
erties and root exudates of A. inebrians, and among
these soil property indices, which would be the major
factors that are strongly correlated with the bacterial
communities of rhizosphere and root endosphere? and
(iii) what potential roles might E. gansuensis play in
these processes described above. We hypothesize that
P addition could shape the bacterial communities in
both rhizosphere and root endosphere of A. inebrians
by affecting soil properties. Additionally, P addition
could modulate the exudate profiles of A. inebrians
roots, which may potentially be associated with E.
gansuensis-mediated regulation. This study attempts
to provide novel insights into the E. gansuensis-medi-
ated adaptation of A. inebrians to P addition at the
microbial level. These new findings may contribute to
providing scientific management and guidance for the
sustainable development of grasslands.

Materials and methods
Plant growth and P addition treatment

Seeds of Achnatherum inebrians with (E+) or without
Epichloé gansuensis (E—) were obtained as described
by Hou et al. (2020b). First, E+and E—seeds were
cleansed with 75% ethanol (5 min) followed by 1%
NaClO (10 min) for surface sterilization, then washed
with sterile distilled water for 6 times. After disinfec-
tion, E+ and E— A. inebrians seeds were planted in 12
pots with 6 seeds per pot, respectively. The size of the
pot is 10 cm in the bottom diameter, 18.5 cm in the
upper diameter, and 19.5 cm in height. Each pot was
filled with sifted soil (2400 g, sampled from 10 to
30 cm of the profile and sieved through a 2 mm mesh)
that collected from a fallow field located in Yuzhong
campus, Lanzhou university (Yuzhong county, Gansu
province, China). A week after germination, only
three well-grown A. inebrians seedlings with same
size were kept in each pot to avoid competition for
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space during growth, and plants were irrigated with
200 mL of distilled water once a week before P addi-
tion treatment. After one month of growth, six pots
with E+seedlings were treated with 200 mL of
KH,PO, solution (30 mM), and another six E+4 pots
were treated with 200 mL of distilled water as the
control groups. The same procedure was repeated for
E—pots. All samples were treated once a week for an
8-week period. After phosphate input, all A. inebrians
plants continued to grow in the greenhouse for ten
months, and during this period, each pot was watered
with 200 mL distilled water once a week. Next, rhizo-
sphere soil samples and roots of E+and E—A. inebri-
ans were collected for bacterial community analysis.

Rhizosphere soil collection and root sample
preparation

First, the roots of three individual A. inebrians from
one pot were mixed into a composite, and the bulk
soils from roots were shaken off as much as possible.
Then methods described by Tang et al. (2022) and
McPherson et al. (2018) with a minor modification
were used to collect rhizosphere soil samples and to
sterilize the root surfaces for bacterial DNA extrac-
tion from the root endosphere. Briefly, roots without
bulk soils were trimmed into 7-8 cm in length with a
sterile scissor, and then transferred to a 50 mL sterile
centrifuge tube containing 35 mL of autoclaved phos-
phate-buffered saline (PBS; NaCl 137 mM, KC1 2.7
mM, Na,HPO, 4.3 mM, KH,PO, 1.4 mM, pH 7.4).
The rhizosphere soil samples were released by shak-
ing the PBS solution for 2 min. Then the roots were
transferred to a new centrifuge tube and placed on
ice. The rhizosphere soil samples were resuspended
by shaking, followed by centrifugation with 3000 g
for 5 min at room temperature. The supernatant was
discarded, and 1.5 mL of PBS solution was added
to the pellet then vortexed. Immediately, the resus-
pended solution was transferred into a new 2 mL
sterile Eppendorf tube and centrifuged at 12,000 g
for 2 min at room temperature, followed by moving
out the supernatant as much as possible. The rhizos-
phere soil samples were stored at —80 °C before DNA
extraction.

Before the extraction of bacterial genome DNA
from the root endosphere, the root surface was
sterilized. In brief, the roots were first submerged
in 35 mL disinfectant solution containing 50%
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bleach (available C1O™: 10%) with 0.01% Tween
20 in a 50 mL tube, and the tubes were shaken for
60 s. Then the disinfectant solution was replaced
by 35 mL of 75% ethanol, and the tubes were
shaken for another one minute, followed by rinsing
the roots for five times with autoclaved ddH,O.
The sterilized root samples were cut into 5 mm
pieces and stored at —80 °C before DNA extrac-
tion. In addition, the rinsed water of the last wash
was used to test the availability of root surface dis-
infection via plate incubation experiment and PCR
analysis, and no bacterial growth or PCR products
were detected.

DNA extraction, 16S rRNA sequencing and data
analysis

Genomic DNA was extracted from 0.35 g rhizos-
phere soil sample and 0.5 g root sample using the
MP BIO FASTDNA SPIN KIT (MP Bio, CA, USA)
according to the manufacturer’s instructions. The
purified DNA was quantified using NanoDrop 2000
(ThermoFisher scientific, MA, USA). The V5V7
region of the bacterial 16S rRNA gene was ampli-
fied using the 799F/1193R primer pairs (Zgadzaj
et al. 2016), then PCR products were assessed by aga-
rose gel electrophoresis before library construction.
After the construction of sequencing library using
the TruSeq DNA PCR-Free Sample Preparation Kit
(Illumina, CA, USA), the libraries were sequenced
with the Illumina NovaSeq 6000 SP PE250 plat-
form at Genesky Biotechnologies Co, Ltd. (Shang-
hai, China). After Illumina sequencing, the adaptor
and primer sequences were removed using cutadapt
plug-in of QIIME2 software (Bolyen et al. 2019),
then we obtained the clean reads. The dada2 plug-in
of QIIME2 software was used to denoise, splice the
double-ended sequences, and remove the chimeric
sequence (Callahan et al. 2016), eventually obtaining
the valid data (Non-chimeric Reads).

Analyses of soil properties

Soil pH in moist samples (1:2.5 ratio of soil to
ddH,0) was measured using a Sartorius PB-10 pH
meter. The soil organic carbon (SOC) and available
phosphorus were analyzed using method of Da and
Sommers (1983). The total phosphorus (TP), total
nitrogen (TN), ammonium N (NH,*-N; AN), and
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nitrate N (NO5;7-N; NN) in soils were estimated by
the method of Zhao et al. (2014). The activities of soil
invertase, soil urease, and alkaline phosphatase were
determined using the method of Hou et al. (2020a).
The soil catalase activity was measured with the
method of Guwy et al. (1999).

Root exudate extraction and determination

The extraction and determination of root exudates
were performed mainly according to the method
described by Jin et al. (2022) with a minor modifica-
tion. In brief, the surface-sterilized seeds of E+and
E—A. inebrians were sown in a tray containing steri-
lized vermiculite with enough distilled water. After
seed germination, seedlings were watered once a
week with 400 mL of 1/2 Hoagland solution and 400
mL distilled water. After 35 days of growth under
controlled conditions in an artificial light incuba-
tor (16 h light/8 h dark; 60% humidity; 25 °C; 90
uE-m~2s71), the plants were carefully pulled out, and
then the vermiculite was washed off from the roots
using tap water. Next, A. inebrians plants were trans-
ferred to a 50 mL sterile centrifuge tube, and plant
roots were immersed in 30 mL of 1/2 Hoagland solu-
tion for 24 h to enhance the adaptation of plants to the
hydroponic condition. Then, E+and E—plants were
treated with autoclaved 1/2 Hoagland solution with
or without 30 mM KH,PO, for four days, and the
nutrient solution was renewed every day. The roots of
E+and E—plants were washed with sterile water, and
transferred into the opaque conical bottles contain-
ing 20 mL of sterile water for the collection of root
exudates. The roots were allowed to grow for another
three days to release the root exudates into the water,
and bottles were kept on shaking at 50 rpm for 2 h
every day to increase dissolved oxygen levels in the
water. Finally, root exudate solution was collected
and freeze-dried, followed by analysis with GC-MS at
BioTree Biomedical Technology Co, Ltd. (Shanghai,
China). And the detailed procedure for GC-MS analy-
sis was described by Bao et al. (2021).

Statistical analysis

The one-way analysis of variance (ANOVA) was
employed to evaluate the effect of P addition and
endophytic fungi on the soil nutrients and soil enzyme
activities, and the level of statistically significant

difference is P<0.05. R (4.1.3 version) was used to
determine the Shannon index, Principal coordinate
analysis (PCoA), relative abundance of bacterial taxa
at phylum and genus levels, co-network of soil bacte-
rial communities at phylum level, redundancy analy-
sis, heatmap, Spearman’s rank correlation coeffi-
cients, and Mantel’s test. Linear discriminant analysis
(LDA) effect size (LEfSe) is an efficient algorithm for
high-dimensional data comparisons and often used
to detect the feature taxa with significantly different
abundances as well as to evaluate the effect sizes by
the LDA scores (Yang et al. 2019). LEfSe analysis
was performed using the OmicStudio tools (http:/
www.omicstudio.cn/tool). Additionally, SIMCA-P
14.0 software was used to perform the principal com-
ponent analysis (PCA) of root exudates. The criterion
for significantly differential root exudates is VIP>1
and P<0.05. And metabolic pathways enriched by
differential exudates were performed by MetaboAna-
lyst5.0 (https://www.metaboanalyst.ca/).

Results

The effect of E. gansuensis and P addition on the
bacterial community diversity in rhizosphere and root
endosphere

In this study, the 16S rRNA gene amplicon was firstly
characterized with Illumina sequencing and then used
to analyze the diversity and composition of bacte-
rial communities in both roots and rhizosphere of
A. inebrians after P addition. As shown in Fig. 1A,
the infection of E. gansuensis significantly increased
the Shannon index of the bacterial communities in
the rhizosphere soil without P addition in A. inebri-
ans. However, P addition eliminated this marked
difference that identified in rhizosphere between
E+and E—plants, indicating that bacterial composi-
tion was influenced by the fertilization of phosphorus
(Fig. 1A). In contrast, neither P addition nor E. gan-
suensis exhibited a significant effect on the Shannon
index of bacterial communities in the root endosphere
of A. inebrians (Fig. 1B). Principal coordinate analy-
sis (PCoA) based on Bray-Curtis dissimilarity met-
rics showed a clear distance in the rhizosphere bac-
terial communities between E+and E—A. inebrians
under different P-input conditions (Fig. 1C). In con-
trast, no distinct separation was found in the bacterial
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Fig. 1 Response of bacte-
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Table 1 Results of the Adonis test assessing the differences in
the bacterial communities in rhizosphere and root endosphere
of A. inebrians with different treatments

Rhizosphere Endophyte

R? P R? P
E+-E—- (E+-) 0.077 0.003 0.086 0.003
P+-P— (P+-) 0.126 0.001 0.108 0.001
E+— X P+— 0.071 0.006 0.055 0.18

P+and P —represented A. inebrians treated with and without P
addition, respectively

communities of roots (Fig. 1D), and these results
were further confirmed by the Adonis test as shown
in Table 1. These data suggest that, instead of the root
endophyte, the diversity of rhizosphere bacteria in A.
inebrians was mainly influenced by P addition.

Bacterial community composition revealed by the
16S rRNA sequencing

All of the identified amplicon sequence variants
(ASVs) were classified into 18 phyla and 45 genera
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within the rhizosphere and endophyte bacterial
communities. Among these groups, the majority
of ASVs belonged to phyla Proteobacteria, Bac-
teroidetes, and Actinobacteria (Fig. 2A), which
accounted for more than 79.1% of the total bacterial
sequences in rhizosphere as well as 97.1% in root
endophytes. We noticed that P addition increased
the relative abundance of Firmicutes in rhizosphere
of both E+ (from 2.85 to 5.16%) and E— (from 3.38
to 9.04%) A. inebrians (Fig. 2A) and decreased
the relative abundance of Acidobacteria in rhizos-
phere of E+plants (from 3.27 to 2.27%; Fig. 2A).
In the root endosphere of A. inebrians, the Act-
inobacteria relative abundance was increased by P
addition, but it was decreased by the infection of
E. gansuensis under both 0 (from 17.96 to 9.21%)
and 30 mM (from 28.98 to 15.09%) P-input condi-
tions (Fig. 2A). Additionally, comparative analysis
suggested that rhizosphere bacteria showed a higher
abundance of the genera Arthrobacter, Gemmati-
monas, and Sphingomonas (Fig. 2B). In contrast,
Niastella, Ohtaekwangia, and Ralstonia were the
dominant genera that found in endophytic bacteria
(Fig. 2B).
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Fig. 2 The composition of bacterial communities and LEfSe
analysis. The relative abundance of bacterial communities at
phylum level (A) and genus level (B) in rhizosphere and root
endosphere of E+and E—A. inebrians with different P addi-
tions. LEfSe analysis exhibiting the significant difference
in rhizosphere bacteria of E+plants under different P-input

conditions (C), in rhizosphere bacteria under P addition in
response to E. gansuensis (D), in root endophyte bacteria of
E+ plants under different P addition (E), and in root endophyte
bacteria with P addition in response to E. gansuensis (F). The
threshold for taxa with significant difference is logarithmic dis-
criminant analysis (LDA) score >3 and P <0.05
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Next, the LEfSe analysis was used to exhibit the
phyla and genera with significantly different abun-
dance caused by P addition and infection of E. gan-
suensis. As shown in Fig. 2C, P addition signifi-
cantly increased the abundance of Bacteroidetes and
Firmicutes phyla, and Chryseobacterium, Bacillus
genera, but significantly decreased the Chloroflexi
and Acidobacteria phyla, along with Phenylobacte-
rium and Sphingomonas genera in the rhizosphere
of E+A. inebrians. Under the P-input condition, the
infection of E. gansuensis significantly increased the
abundance of genera Pseudomonas, Arenimonas,
and depressed phylum Firmicutes as well as genera
Streptomyces, Ensifer in the rhizosphere (Fig. 2D).
Additionally, P input increased the abundance of the
genera Streptomyces and Flavitalea but decreased the
Neorhizobium genus in E+root endosphere (Fig. 2E).
Meanwhile, the infection of E. gansuensis markedly
induced the abundance of genera Pseudomonas and
Fluviicola, but decreased the phylum Actinobacteria
as well as the genera Lentzea and Rhodomicrobium in
the root endosphere that treated with 30 mM P addi-
tion (Fig. 2F). Furthermore, the interspecific associa-
tions within bacterial communities were investigated
by the co-occurrence network analysis. P addition
decreased the number of total nodes, total edges,
average degree, and density in rhizosphere networks
of both E+and E—A. inebrians plants, indicating the

increased P fertilizer might low the complexity of
rhizosphere bacterial community structure (Fig. S1
and Table S1). For the endophyte network, the infec-
tion of E. gansuensis increased the number of total
edges, average degree, and density and centralization
under different P-input conditions, suggesting E. gan-
suensis enhanced the connectedness of the bacterial
community structure in root endosphere (Fig. S2 and
Table S1).

Response of soil properties to P addition

Compared to the control, P addition significantly
increased total P (TP), available P (AP), and pH lev-
els (Fig. 3B, E, and G), but depressed the activity of
catalase (Fig. 3K) in soils with both E+and E—A.
inebrians. In contrast, soil total N (TN), and activities
of invertase, urease, and phosphatase were not sig-
nificantly altered by P addition (Fig. 3A, H, I, and J).
Intriguingly, E. gansuensis played opposite effects on
the content of NO;™-N (NN) and NH,*-N (AN) after
P fertilizer application, with significantly increasing
NN while decreasing AN (Fig. 3C and D). Addition-
ally, P input significantly induced the SOC in soil
with E+A. inebrians, and meanwhile, the infection
of E. gansuensis markedly promoted the increase of
SOC under P-input condition (Fig. 3F).

A TN(mglg) B P (mg/g) C N(mg/lg) D AN (mglg) E AP (mg/g)
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Fig. 3 Soil properties regulated by P addition and E. gansuen-
sis. The content of total N (TN, A), total P (TP, B), NO;~-N
(NN, C), NH,*-N (AN, D), available P (AP, E), Soil Organic
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Carbon (SOC, F), pH (G), invertase (H), urease (I), phos-
phatase (J), and catalase (K) in soil with E4+and E—plants at 0
and 30 mM P additions
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Relationship between bacterial community
composition and soil properties

Pearson’s test suggested that AP was positively corre-
lated with TP (P <0.001) and pH (P <0.001) (Fig. 4).
Meanwhile, pH was positively correlated with TP
(P<0.001). It should be noted that catalase was nega-
tively correlated with TP (P <0.001), AP (P <0.001),
and pH (P<0.001). The Mantel test indicated that
TP, AP, and pH were strongly related to bacterial
community composition in both rhizosphere and root
endosphere, thus confirming our hypothesis. Addi-
tionally, AN was specifically related to the composi-
tion of rhizosphere bacteria with P <0.01 (Fig. 4).
Furthermore, Spearman’s Rank correlation coef-
ficient indicated that Acidobacteria and Chloroflexi
were negatively correlated to SOC; Acidobacteria and
Proteobacteria were positively correlated to AN and
catalase in rhizosphere soil, respectively (Fig. 5A).
The AP and pH exhibited similar correlation to the
main bacterial phyla, showing significantly nega-
tive correlation with the Acidobacteria and Proteo-
bacteria, and positive correlation with Actinobacte-
ria, Firmicutes, and Nitrospirae in rhizosphere soil
(Fig. 5A). Additionally, at the level of endophytic
bacteria, Acidobacteria was negatively correlated

to TN; Chlamydiae was positively correlated to the
pH; Candidatus_Saccharibacteria and Planctomy-
cetes were positively correlated to invertase (Fig. 5B).
Meanwhile, Actinobacteria within endophytes was
negatively correlated to NN, urease, and catalase
(Fig. 5B).

Redundancy analysis (RDA) was used to fur-
ther assess the correlation between soil properties
and bacterial community composition. The results
revealed that AP, TP, and pH exhibited positive cor-
relations with phyla Verrucomicrobia, Actinobacte-
ria, Firmicutes, and Nitrospirae in rhizosphere, and
with phyla Candidatus_Saccharibacteria, Actinobac-
teria, Chlamydiae, Gemmatimonadetes, and Spiro-
chaetes in root endosphere, respectively (Fig. S3A
and S3C). Particularly, AP content (P=0.011) and
pH (P=0.007) were the two major factors that influ-
enced the bacterial community composition, explain-
ing 24.22% and 25.26% of the variation, respectively
(Table S2). The NN and AN were mainly correlated
with phyla Planctomycetes, Proteobacteria, Acido-
bacteria, and Gemmatimonadetes in rhizosphere
(Fig. S3A, Table S2). Moreover, catalase (P=0.047)
was identified as another factor that significantly cor-
related with the differences in the composition of
rhizosphere bacterial communities, accounting for
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42.04% of the variation (Fig. S3B, Table S2). The
activity of urease was positively correlated with phyla
Proteobacteria and Acidobacteria in root endosphere,
explaining 35.91% of the variation with P=0.026
(Fig. S3D, Table S2).

Response of root exudate profiles to the infection of
E. gansuensis under P input condition

Root exudates of A. inebrians in response to the infec-

tion of E. gansuensis and P addition were investigated.
Principal component analysis (PCA) suggested that
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Endophyte

P addition separated the root exudates of A. inebri-
ans along the PC1 axis (Fig. 6A). Furthermore, root
exudates of E+and E—A. inebrians showed a distinct
separation under P addition, indicating that E. gans-
uensis played important roles in regulating host root
exudation (Fig. 6A). 30 mM P significantly altered
8 exudate metabolites in E+roots with increasing
xylose, lactic acid, glycine, 24,25-dihydrolanosterol,
mandelic acid, and alanine but decreasing 3-hydrox-
ynorvaline and sucrose (Fig. 6B). Meanwhile, path-
way enrichment analysis indicated that these differen-
tially expressed metabolites were mainly involved in
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glycine, serine and threonine metabolism, glyoxylate
and dicarboxylate metabolism, as well as starch and
sucrose metabolism (Fig. 6E). Additionally, after the
infection of E. gansuensis, 8 differentially expressed
exudates involved in vitamin B6 metabolism, sulfur
metabolism, and TCA cycle were identified in roots
under P-input condition (Fig. 6C and 6F). Intrigu-
ingly, we found that lactic acid, one of the up-regu-
lated metabolites, was overlapped among these signif-
icantly altered exudates identified in both “30RE+ vs.
ORE+” and “30RE+vs. 30RE—" comparisons, sug-
gesting that E. gansuensis might play a pivotal role
in promoting the P-induced secretion of lactic acid in
roots of A. inebrians (Fig. 6D).

Discussion

In this study, new insights were presented to evalu-
ate the effects of short-term P addition on rhizosphere

0.0 0.1 0.2 0.3 04 0.5
Pathway Impact

and endophyte bacterial communities, soil properties,
and root exudates of A. inebrians with or without E.
gansuensis. P deficiency promotes the establishment
of a symbiotic relationship between plant roots and
mycorrhizal fungi (Alzate Zuluaga et al. 2021). It
has been suggested that Neotyphodium coenophialum
ARS542E+and N. coenophialum ARS84E+ exhibited
positive effects on general fungi in the tall fescue
rhizosphere under conditions of lesser P availability
(Ding et al. 2021). In contrast, it was found that P
addition had a limited effect on the rhizosphere bacte-
rial diversity (Fig. 1A), which was in agreement with
the previous investigation showing that bacterial com-
munity a-diversity (Simpson and Shannon index) and
richness (ACE and Chaol index) in rhizosphere of
the P-efficient soybean cultivars were not altered by
the P fertilization (Tian et al. 2020). Furthermore, Shi
et al. (2020) revealed that short-term P addition did
not significantly affect the structure of soil microbial
communities in timothy swards. On the other hand,
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some studies suggested the P availability is the key
limiting factor for the soil bacterial communities in
the grassland ecosystems, and these varied responses
to P input might be attributed to soil types, fertiliza-
tion frequencies, and land-use categories (Dong et al.
2020; Rooney and Clipson 2009; Wu et al. 2022; Yan
et al. 2021). In the present study, the presence of E.
gansuensis increased the Shannon index of rhizos-
phere bacteria in soil without P addition, which was
consistent with the previous findings described by
Hou et al. (2020b). The increased diversity of rhizo-
sphere microbial communities could enhance plant
nutrient acquisition, growth, and root health, thus
improving the competitiveness of Epichloé fungus-
host grass symbiont in natural habitats (Wang et al.
2020; Zhao et al. 2021).

The dominance of Actinobacteria, Proteobacteria,
Bacteroidetes, and Firmicutes phyla is consistent with
the distribution patterns of major bacterial taxa that
found across a wide range of bulk and rhizosphere
soils (Lauber et al. 2009; Widdig et al. 2019). As one
of the most general phyla observed in the terrestrial
ecosystems, Proteobacteria is a copiotrophic taxon
and is mainly characterized by a rapid growth rate,
response to labile C and P sources, and adapting to
diverse rhizosphere conditions (Lagos et al. 2016).
The negative correlation between Proteobacteria and
pH has also been reported (Kim et al. 2016). Soil P
status influences the incidence and diversity of soil
bacteria that involved in P cycling (Ikoyi et al. 2018;
Mander et al. 2012; Tan et al. 2012; Widdig et al.
2019). Our results showed that the relative abun-
dance of Firmicutes was increased in response to
the P addition in rhizosphere of A. inebrians with or
without E. gansuensis, which was in accordance with
the finding described in a long-term P input trial in
the pasture soils (Tan et al. 2012). Firmicutes has a
higher carbon mineralization rate and is regarded as
the copiotrophic microbe with higher C availability
in soil management (Fierer et al. 2007; Hegyi et al.
2021). The abundance of Acidobacteria in E+rhizo-
sphere was decreased due to P addition (Fig. 2A).
This shift might be attributed to the higher soil pH in
E+A. inebrians since the abundance of Acidobacteria
showed a strong negative correlation with pH value
(Jones et al. 2009), and the similar conclusion was
also observed in our RDA analysis (Fig. S3A) and
Spearman’s rank correlation (Fig. 5A). It has been
suggested that Acidobacteria is associated with the
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rhizosphere and helpful to increase the root nodula-
tion and improve N mineralization in soil (Bulgarelli
et al. 2013).

P addition increases the soil available P contents,
which may decrease the number of phosphate solubi-
lizing bacteria (PSB) in the soil (Tan et al. 2012; Yan
et al. 2021). Bacillus and Pseudomonas are consid-
ered as the primary and efficient P-solubilizing bac-
teria in the terrestrial ecosystems (Chen et al. 2019b;
Hu et al. 2018; Tian et al. 2020). However, P addition
increased the relative abundance of Bacillus in E+A.
inebrians rhizosphere (Fig. 2C). A possible reason
for the above divergence might be that Bacillus also
plays important roles in the mobilization of other
minerals (e.g., Fe and Ca), which drives the compe-
tition of this PSB in a high P-availability conditions
(Ollinger et al. 2006; Tahir et al. 2019; Widdig et al.
2019). Interestingly, the soil with P addition showed
a higher relative abundance of Pseudomonas in
E+rhizosphere, while a higher relative abundance of
Bacillus was detected in E—A. inebrians rhizosphere
(Fig. 2D), indicating that E. gansuensis might act as a
factor in the selection of the rhizosphere PSB under P
input condition.

Soil pH is widely considered as a major factor in
shaping the structure of soil microbial communities
(Aciego Pietri and Brookes 2009). In this study, P
addition significantly increased the soil pH (Fig. 3G),
and consistent results have been reported in other P
addition experiments (Rooney and Clipson 2009; Shi
et al. 2020). Additionally, our results also suggested
that pH exhibited marked relationship not only with
rhizosphere bacteria but also with endophytic bacte-
ria in A. inebrians. The endophytic bacteria are con-
sidered to mainly originate from the rhizosphere, and
soil pH is expected to play important roles in influ-
encing the structure of endophytic bacterial com-
munities by altering the rhizosphere bacterial com-
munities as the intracellular pH is relatively stable
in plants (Papik et al. 2020). In addition to the soil
pH, N and P fertilization also altered the soil bacte-
rial communities by influencing the nutrient avail-
ability (e.g., SOC, AP) (Ling et al. 2017; Ramirez
et al. 2010). As expected, P addition increased the
total P and available P content, which was in line with
the previous findings (Huang et al. 2016; Ling et al.
2017). Increase in P availability could stimulate plant
growth, shift the C allocation between aboveground
and belowground tissues, and increase the litter inputs
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into soil, which consequently influence the microbial
communities (Li et al. 2016; Wu et al. 2022). SOC
supports a variety of soil functions, such as enhancing
nutrient availability and retainment, promoting soil
biological diversities and activities (Hoffland et al.
2020). It has been studied that the infection of N. coe-
nophialum leads to a positive ecological consequence
with increasing the total SOC due to the greater dry
matter production of host tall fescue or the altered soil
microbial dynamics that are responsible for the lower
potential C mineralization (Buyer et al. 2010). Our
results showed that SOC was specifically increased
in E4+A. inebrians plots after P input (Fig. 3F), indi-
cating the vital roles of E. gansuensis in improving
soil properties. Furthermore, consistent with the pre-
vious studies, the oligotrophic phylum Chloroflexi
exhibited a negative correlation with SOC (Fig. 5A),
suggesting a potential balance of soil carbon dynam-
ics mediated by this bacterial taxon (Goldfarb et al.
2011; Ren et al. 2018).

As much as 80% of organic P can be transformed
to biological availability of P by the soil phosphatases
(Sinsabaugh and Follstad Shah 2012). It was sug-
gested that P addition could inhibit soil phosphatase
activities in diverse terrestrial ecosystems, including
forests, grasslands, and wetlands, based on the eco-
nomic principle (Marklein and Houlton 2012). How-
ever, in this study, phosphatase showed non-response
to P addition (Fig. 3J), probably because the presence
of soil colloids might stabilize the activity of extra-
cellular enzymes (Tian et al. 2016). As an indicator
of aerobic microorganisms, catalase can protect the
organisms from toxicity of peroxide that produced
during degradation processes (Shen et al. 2018). The
Pearson correlation coefficient suggested that cata-
lase activity was negatively correlated with TP, AP,
and pH (Fig. 4), which was in line with the report
described by Wang et al. (2017).

Urease, a crucial enzyme involved in N-cycling,
showed no response to P addition in our investigation,
which was in accordance with the finding from two
N-limited forests after 6 years of P addition (Chen
et al. 2017). The potential reason for this phenom-
enon might be the sampling time after P addition,
as the difference in urease activity between P-input
soil and the control group gradually decreased over
time (Chen et al. 2016). Invertase could promote the
microbial enzymatic activities by degrading organic
compounds into smaller size carbohydrates that are

easy to be assimilated by microorganisms (Gao et al.
2019). In our study, P addition showed limited effects
on the soil invertase activity, and consistent results
were observed in an alpine meadow after P addition
(Gao et al. 2016). Additionally, P addition did not sig-
nificantly influence the contents of TN, AN and NN,
indicating that P addition had a limited impact on soil
N availability (Gao et al. 2016). The presence of E.
gansuensis significantly altered the contents of AN
and NN in soils with P addition, which might ascribe
to alterations in the abundance of soil nitrogen
cycling genes (e.g., nifH, AOB-amoA, nirK and nosZ)
mediated by Epichloé endophytes in rhizosphere soil
(Chen et al. 2022).

The root exudates serve as substrates as well as
signaling molecules for microorganisms, provid-
ing a key bridge between plants and rhizosphere
microbes. Numerous reports have indicated that
plants can shape the composition and structure of
microbial communities in the rhizosphere by regu-
lating the secretion of root exudates (Huang et al.
2014; Ma et al. 2021). It has been suggested that
the Epichloé endophyte is involved in regulating the
root exudates of its host grass (Guo et al. 2015; Lee
et al. 2021; Patchett and Newman 2021). Further-
more, Malinowski and Belesky (1999) revealed that
the greater phosphorus assimilation in E+tall fescue
could lead to higher contents of phenolic metabolites
in the root exudates of E+ plants than those of E—tall
fescue. Additionally, in the pond-ditch circulation
system, root exudates (e.g., lactic acid, amino acids,
and proteins) are involved in the alteration of the rela-
tive abundance and diversity of rhizosphere microor-
ganisms (Ma et al. 2021). In the present results, we
observed a clear separation between E+4and E— sam-
ples in terms of exudate profiles under P-input condi-
tion (Fig. 6A), which supports our initial hypothesis.
Additionally, we found that the contents of amino
acids (glycine and alanine) and organic acids (lactic
and succinic acid) were increased due to the presence
of E. gansuensis under P-input condition (Fig. 6C).
The foliar E. gansuensis may regulate root exudation
in response to P addition by inducing transcriptional
and metabolic changes in A. inebrians roots (Liu et al.
2021). Although the E. gansuensis-mediated exudate
profiles in response to P addition have been investi-
gated by hydroponic experiments, it is fascinating to
further explore the potential correlation between root
exudates and rhizosphere microbes in undisturbed
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soils to better understand the response of root-rhizos-
phere-microorganism ecosystems to P addition.

Conclusions

The present study investigated the response of bacte-
rial communities in rhizosphere and root endosphere
of E+and E—A. inebrians to the short-term P addi-
tion and provided the potential regulatory factors
from soil properties for these processes. We found
that P addition showed limited effect on the bacterial
community diversity, however, the composition and
structure of bacterial communities were influenced
in both rhizosphere and root endosphere of E+and
E—A. inebrians. P addition increased the soil pH
and the contents of soil TP and AP and decreased the
activity of catalase. But the activities of phosphatase,
urease and invertase showed limited response to
either P addition or E. gansuensis infection. Mean-
while, the higher contents of NO;™-N and SOC in
soil were found due to the infection of E. gansuensis
under P-input condition. Mantel test suggested that
changes in soil AP, TP and pH mediated by P input
were significantly associated with the bacterial com-
munities of rhizosphere as well as root endosphere of
A. inebrians. P addition also could reprogram the root
exudates in E4+A. inebrians to enhance plant adapta-
tion. Additionally, E. gansuensis increased the exuda-
tion of succinic acid and lactic acid from host roots
compared to the E—roots under P-input condition.
However, further investigations are necessary to elu-
cidate the potential molecular mechanism for the E.
gansuensis-regulated root secretion in response to P
addition and to determine the functional alteration of
microbial communities based on different gene mark-
ers under different P supply.
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