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Editorial on the Research Topic

New insights into the influences of soil nutrients on plant-fungal

symbiosis in agro- and forest ecosystems

Symbiotic fungi are widely distributed and form associations with over 90% of terrestrial

plant species, playing an essential role in global agro- and forest ecosystems (Behie

and Bidochka, 2014). These symbionts provide various benefits to host plants, including

increased biomass accumulation (Hiruma et al., 2016), enhanced nutrient uptake (Guether

et al., 2009; Fochi et al., 2017), and improved environmental adaptation (Sui et al., 2019). In

return, host plants offer suitable habitats and accessible photosynthate for fungal survival and

reproduction (Siegel et al., 1987; Jiang et al., 2017). However, in natural ecosystems, plant-

fungal symbioses often face changing soil conditions, particularly variations in nutrient

status (Sun et al., 2020, 2022). Different nutrient availabilities, forms, and compositions

can significantly affect plant metabolism, growth, and immunity, which are crucial for

maintaining the interplay between plants and fungi (Saikkonen et al., 2004; Sánchez-Bel

et al., 2018). Conversely, soil nutrient status can influence the community composition of

soil fungi, thereby impacting the establishment of symbionts.

The goal of this Research Topic is to showcase the latest studies focusing on the global

effects of soil nutrients on plant-fungi interactions, enhancing our understanding of the

mechanisms underlying the colonization and community dynamics of symbiotic fungi

during their interaction with host plants across various species/genotypes, soil types, and

nutrient levels and forms. The Research Topic covers studies on arbuscular mycorrhizal

fungi (AMF), fungal endophytes and the plant-associated fungal community.
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Insights into the impact of soil
nutrients on AMF symbiosis

Ancient AMF symbioses can be seen as the bridge between

plants and soils (Saia and Jansa, 2022; Kuyper and Jansa, 2023).

The AMF symbionts are influenced by the forms and levels of

nutrients in the soil, including nitrogen (N), phosphorus (P),

and potassium (K). Yu et al. pointed out that AMF are sensitive

to N addition over short timescales (1 year). Beneficial AMF

associations are promoted under N-deficient conditions (Bonfante

and Genre, 2010; Sanchez-Bel et al., 2016; Sánchez-Bel et al.,

2018). Additionally, ammonium reduced AMF colonization levels

in numerous plant species compared to nitrate (Pattinson et al.,

2000).

Two noteworthy perspectives highlight the important roles

of AMF symbiosis in plant invasion in agro-ecosystems based

on greenhouse experiments. Du et al. revealed that the AMF

Septoglomus constrictum provides host plants with higher N and P

accumulation, conferring invasive plants with greater advantages

over native congeners. Chen et al., through the analysis of

AMF community associated with the invasive species Solidago

canadensis and its native congener S. decurrens, clarified that AMF

could confer invasive plants with greater advantages over native

congeners, dependent on the forms of P in the soil.

Inorganic orthophosphate (Pi) is the available form of P that

plants can acquire and utilize. However, Pi is often insufficient

in the field due to its low solubility and relative immobilization

(Nagy et al., 2009). Under P starvation, AMF can efficiently

promote Pi uptake and homeostasis in host plants (Dierks et al.,

2021). In this Research Topic, Zhang et al. identify a HLH

domain containing transcription factor, RiPho4, from Rhizophagus

irregularis. Through subcellular localization, yeast one-hybrid

experiments, and using virus-induced gene silencing approaches,

the authors demonstrated that RiPho4 acts as a transcriptional

activator in AMF to maintain arbuscule development and regulate

Pi uptake in host plants during Pi starvation. This study provides

new insights into the mechanisms underlying how AMF regulates

Pi uptake in host plants under Pi deficiency.

Apart fromN and Pi, the AMF-plant interaction is also sensitive

to changes in soil K nutrient (Han et al., 2023). In a greenhouse

experiment, Yuan et al. investigated sweet potato (Ipomoea batatas

(L.) Lam.]), a versatile crop with high K requirements for enhanced

yield. Their study showed that K application and the presence

of AMF Claroideoglomus etunicatum exhibited a synergistic effect

on the root development and K acquisition of the “Xu28” variety

of sweet potato, which has high K use efficiency, resulting in

significant yield promotion. These results, combined with previous

studies, expand our knowledge of the influences of soil nutrients on

plant-AMF symbiosis.

Impact of heavy metal contamination
on plant-fungal interactions

Heavy metal contamination in soil is a pressing global

issue (Marrugo-Negrete et al., 2017) that affects plant-fungal

interactions (Motaharpoor et al., 2019). Dark septate endophytes

(DSEs) are ubiquitous colonizers of plant roots in various

terrestrial ecosystems, often found in stressful environments,

especially heavy metal-polluted soils (Su et al., 2021). Wang et al.

highlighted the ability of Exophiala pisciphila H93, a beneficial

dark septate endophyte which colonizes maize roots, to withstand

cadmium exposure without compromising its growth-promotion

effect on maize. They found that H93 colonization enhances

plant resistance to heavy metal by influencing the expression of

genes involved in signal transduction, hormonal pathway, and

glutathione metabolism.

Influence of soil nutrients on
plant-associated fungal communities

The response of the plant-associated fungal community to

global changes plays a crucial role in understanding carbon and

N cycling processes in agro- and forest ecosystems (Falkowski

et al., 2008). In this Research Topic, Yu et al. demonstrated

that the interaction between N addition and rainfall patterns

has significant effects on soil fungal diversity in a grassland

ecosystem. Similarly, Zhao et al. showed in a forest ecosystem

that climate factors, such as temperature and precipitation,

significantly influence dominant fungal genera and functional

guilds in soil, particularly ectomycorrhizal fungi. Furthermore,

fungal diversity and composition are strongly influenced by

seasonal variation in soil nutrients, including total N and

available P. The effect of vegetation type on rhizosphere

microbes is also of great interest across different ecosystems.

Liu et al. compared fungal communities in the rhizosphere

of three typical vegetation types (herb, shrubs, and arbors).

They discovered that the fungal community structure in the

rhizosphere can vary across vegetation types and is primarily

governed by deterministic processes. Additionally, plant

metabolism has a significant impact on the plant-associated

microbiome (Trivedi et al., 2020). Zhu et al. demonstrated that

by applying exogenous salicylic acid, beneficial rhizosphere

microorganisms were selectively enriched to enhance watermelon

resistance to Fusarium wilt. These community analyses

provide insights into the potential of plant-associated fungi

in sustainable agriculture.

In this Research Topic, the majority of the studies

aimed to elucidate the influences of changing environmental

conditions, particularly soil nutrients, on plant-fungal

symbiosis. However, more efforts are needed to clarify the

molecular mechanisms underlying how nutrient factors drive

the maintenance and breakdown of plant-fungi symbionts.

Additionally, limited studies have been conducted under

field conditions, which could provide better guidance for

agricultural production. We anticipate further novel discoveries in

the future.
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The response of soil microorganisms to altered nitrogen (N) and rainfall patterns plays
an important role in understanding ecosystem carbon and nitrogen cycling processes
under global change. Previous studies have separately focused on the effects of N
addition and rainfall on soil microbial diversity and community composition. However,
the combined and interactive impact of N addition and rainfall on soil microbial diversity
and function mediated by plant and soil processes have been poorly investigated
for grassland ecosystems. Here, we conducted a field experiment with simulated N
addition (N addition: 10 g N m−2 yr−1) and altered rainfall pattern [control, rainfall
reduction (compared to control –50%); rainfall addition (compared to control + 50%)]
to study their interactive effects on soil microbial diversity and function in a temperate
steppe of Inner Mongolia. Our results showed that N addition and rainfall addition
significantly increased soil bacterial diversity, and the bacterial diversity was positively
correlated with soil microbial biomass nitrogen, inorganic nitrogen, and Stipa krylovii
root exudate C:N ratio, Allium polyrhizum root exudate C and N, and A. polyrhizum
root exudate C:N ratio. N addition and rainfall reduction significantly reduced fungal
diversity, which correlated closely with soil microbial biomass carbon and the C:N
ratio of A. polyrhizum root exudates. Bacteria were mainly eutrophic r-strategists,
and the responses of bacterial function guilds to the interaction between N addition
and rainfall pattern were not significant. However, the arbuscular mycorrhizal fungi
(AMF), in the functional classification of fungi, were significantly reduced under the
condition of N addition and rainfall reduction, and the absolute abundance of the phylum
Glomeromycota increased under rainfall addition, suggesting that AMFs are sensitive to
altered N and rainfall patterns over short timescales (1 year). Collectively, our results have
important implications for understanding the plant–soil–microbe system of grasslands
under climate change.

Keywords: nitrogen addition, rainfall addition, rainfall reduction, bacterial diversity, fungal diversity, functional
prediction, temperate steppe
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INTRODUCTION

Due to the unreasonable use of resources and the burning of
fossil fuels, atmospheric nitrogen (N) deposition has increased by
2–7 fold compared to pre-industrial revolution levels (Galloway
et al., 2004). N deposition increased soil nitrogen content, which
can affect the growth of plants, quality of grassland forage, and
nutrient cycling within ecosystems (Waldrop et al., 2004; Turner
and Henry, 2010). Meanwhile, due to natural factors and human
activities, global rainfall patterns have also changed at different
latitudes (Allen et al., 2018). Previous studies have shown water
availability is an important factor limiting the productivity of
arid and semi-arid grasslands (Füzy et al., 2008); furthermore,
the grassland of Inner Mongolia is an area that is more sensitive
to rainfall. Therefore, a better understanding of the impact of
climate change on the grassland ecosystem could be gained from
studying the interaction between N addition and rainfall.

As decomposers, the diversity, composition, and function of
soil microorganisms correlate closely with the biogeochemical
cycles and homeostasis of ecosystems (Bardgett and Putten,
2014; Fierer, 2017; Tian et al., 2021). N deposition enhanced the
photosynthetic capacity of plants (Wang et al., 2012), leading
to an increase in plant biomass and the quantity of plant
litter, and then acting as a sufficient nutrient source for soil
microorganisms and affecting microbial diversity, community
structure, and function. Previous studies have shown that
N deposition increased the competition among plant species
and decreased plant species diversity, thus affecting the food
source and living microenvironments of soil microorganisms
and resulting in the variation of soil microbial diversity (Fierer
and Jackson, 2006; Fierer et al., 2007; Rousk et al., 2010).
The variation of rainfall is an important factor affecting global
climate change (Liu et al., 2013; Marvel and Bonfils, 2013).
Rainfall addition increases soil moisture and affects the relative
abundance of soil fungi and Gram-negative bacteria, resulting
in altered bacteria: fungi ratios, which further impact the
bacteria and fungi that participate in soil carbon and nitrogen
cycling (Williams and Rice, 2007). Also, Jie et al. (2011) have
documented that changes in rainfall patterns influence soil N
availability. In brief, N and water are two important factors
that limit soil microbial activity in the grasslands of northern
China (Zhang et al., 2015). A previous study showed that
precipitation was an important environmental factor affecting
soil microbial carbon utilization profiles based on BIOLOG
carbon substrate utilization under N addition (Sun et al.,
2015). However, the functional classification of microorganisms
involved in carbon cycling is still insufficient. Plants secrete
a variety of root exudates during the process of growth,
and these exudates act as the interaction medium between
plants and microorganisms. The composition of root exudates
is known to affect the soil microbial diversity and function
(Baudoin et al., 2003). However, the mechanism by which
the C:N ratio of root exudates affects soil microbe is still
unclear. Understanding the C:N ratio of root exudates lays a
foundation for explaining how plant–soil–microbial interactions
play significant roles in ecosystem processes, such as carbon and
nitrogen nutrient cycling.

Liang et al. (2020) have reported long-term fertilization
significantly changed the composition of soil microbial
community, which in turn affects the functional characteristics
of the community (Fukami, 2015). It was reported that
Proteobacteria, Acidobacteria, and Actinobacteria dominated
the bacterial communities in the typical steppe of northern
China, and that the fungal community was mainly composed
of Ascomycota, Basidiomycota, and Glomeromycota (Yu et al.,
2021a). Actinobacteria, Proteobacteria, and Bacteroidetes are
classified as r-strategists, mainly decomposing labile C, while
most Acidobacteria are classified as K-strategists and decompose
recalcitrant C (Sun et al., 2021). However, it is not clear whether
N addition, rainfall, and their interaction are dominated by
r-strategist bacteria and accelerated soil carbon and nitrogen
cycling. At present, the effects of fertilization on fungal functional
groups mainly focused on arbuscular mycorrhizal fungi (AMF).
AMF play important roles in plant growth, by providing
multiple nutrients and assisting the host plants to resist pathogen
invasion. Chen et al. (2017) have found that fertilization has
decreased AMF α-diversity and altered community composition
and phylogenetic patterns, suggesting that environmental factors
are important driving forces of AMF community assembly.
Nevertheless, the effect of interaction between N addition and
rainfall on fungal functional classification is still unknown.

In order to understand how microbial diversity and function
are affected by altering N and rainfall patterns, we conducted
a short-term (1 year) field N addition and rainfall interaction
experiment in a temperate steppe of Inner Mongolia. The main
objectives of this study were (1) to assess the effects of N addition,
rainfall, and their interaction on soil microbial diversity and
community composition, and to confirm whether the community
composition mainly belongs to r-strategists, and (2) to examine
the functions of soil microorganisms in response to N addition,
rainfall, and their interaction. Since bacteria are more sensitive
to changes in soil moisture than fungi (Gordon et al., 2008), we
hypothesized that N and rainfall interaction would (i) increase
soil bacterial diversity, while not affecting fungal diversity;
(ii) may increase the soil inorganic nitrogen content and soil
water content and create sufficient food sources that, in turn,
will increase bacterial diversity and affect bacterial community
composition, mainly belonging to r-strategies; and (iii) the
increased soil nutrient input will accelerate soil bacterial cycling
of soil carbon and nitrogen, and enhance the functional classes
of microorganisms involved in soil carbon and nitrogen cycling.
Thus, the interaction between N and rainfall may increase the
relative abundance of the AMF.

MATERIALS AND METHODS

Site Description
We conducted a field experiment in a temperate steppe at the
Hulun Lake Reserve in Inner Mongolia (113.21◦E, 48.75◦N),
China. This site is located in a temperate zone with a mean
annual temperature of –0.4◦C and mean annual precipitation
of 283 mm, respectively. The mean temperature was 1.8◦C, and
the precipitation during the growing season was 169 mm in
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2018. The soil is classified as Calcic Luvisols (FAO, 1957). The
vegetation is dominated by perennial species, primarily Stipa
krylovii and Allium polyrhizum.

Experimental Design
The experimental design has been described in detail by Li C.
et al. (2021). In brief, the experiment used a factorial, nested
design with rainfall treatment [control, reduction (–50%), and
addition ( + 50%)] and nitrogen (N) treatments (control and
addition). Each treatment had five replicate blocks, for a total
of thirty 2 m × 2 m plots that were set up on 1 June 2018. The
rainfall treatments were covered by transparent rainfall shelters
supported on an iron frame roof, the rainfall reduction was
collected through a PVC pipe into a barrel, and rainfall addition
was applied by respraying the collected rainwater from the bucket
onto the treatment area. The N addition rate (in the form of
NH4NO3) was 10 g N m−2 yr−1, which was applied in June,
July, and August.

Field Sampling
Soil samples were collected on 10 August 2018. Five soil cores
(10 cm in diameter) were randomly collected from 0 to 10 cm
topsoil and then mixed to create a composite sample for each plot.
The composite soil samples were sieved through a 2.0-mm sieve
to remove plant debris and roots. The sieved soil samples were
then separated into two parts, with one stored at 4◦C for testing
of physical and chemical properties and one at –80◦C for high-
throughput sequencing of microorganisms. The aboveground
biomass was measured by cutting living plants at ground level
within 0.5 m × 0.5 m quadrat. The belowground biomass was
estimated by using the soil cores method (Vogt and Persson,
1991). The root exudation of S. krylovii and A. polyrhizum
was collected by using a modified method in August 2018
(Phillips et al., 2008). The methods of collecting root exudates
and measuring the carbon and nitrogen of root exudates were
described in detail by Li C. et al. (2021).

Lab Analysis
Soil samples were oven-dried for 48 h at 105◦C to obtain
soil moisture content. Ten grams of air-dried soil was used to
calculate the soil ammonia nitrogen and nitrate nitrogen with
50 ml of 2 M KCl, shaken for 30 min, and the filtered solution was
measured by using a continuous flow analyzer (Futura, Alliance
Instruments, Frépillon, France). Soil microbial biomass carbon
and nitrogen contents (SMBC and SMBN, respectively) were
measured using the fumigation extraction method (Vance et al.,
1987). Twenty-five grams of fresh soil was extracted with 100 ml
of 0.5 M K2SO4, and the extracted solutions were analyzed by
a TOC analyzer (Analytik, Jena, Germany). Aboveground and
belowground biomass samples were oven-dried at 65◦C to a
constant weight.

DNA Extraction and Polymerase Chain
Reaction Amplification and Sequencing
Soil DNA was extracted from 0.5 g of fresh soil using
the PowerSoil expand DNA Isolation Kit (MO BIO)

according to the manufacturer’s instructions. Nanodrop
Spectrophotometer (Nano-100, Aosheng Instrument Co Ltd.)
assays qualified genomic DNA concentration and polymerase
chain reaction (PCR) amplification products. The primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) were used to amplify the
V4 region of bacteria 16S rRNA gene (Caporaso et al., 2012). In
order to distinguish the different samples, a barcode sequence
was added to the 5′ – end of the reverse primer. The PCR was
performed in a 50-µl reaction mixture containing 20 µl of
nuclease-free water, 25 µl of 2× Primer Taq (Takara, RR902A), 1
µl of forward primer (10 mM), 1 µl of reverse primer (10 mM),
and 3 µl of g-DNA. PCR cycling conditions were set for 95◦C
for 5 min, followed by 40 cycles of denaturation at 94◦C for
30 s, annealing at 53◦C for 30 s, extension at 72◦C for 40 s,
with a final extension of 72◦C for 8 min. For fungi, the primers
ITS3 (5′-GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′) (Ihrmark et al., 2012) were
used to amplify the ITS2 region (Gardes and Bruns, 2010). The
PCR reaction mixture was the same as that used for the bacterial
16S rRNA gene. PCR cycling conditions were set at 95◦C for
5 min, followed by 40 cycles of denaturation at 94◦C for 30 s,
annealing at 58◦C for 30 s, extension at 72◦C for 40 s, with a final
extension of 72◦C for 8 min. The PCR products were purified
using the Omega kit following the manufacturer’s protocol.
The purified PCR products were paired-end sequenced using
Illumina HiSeq 2500 platform. We also quantified the absolute
abundance of 16S rRNA and ITS genes. The reaction mixture for
qPCR included 10 µl of 2 × qPCR mix, 2 µl of g-DNA, 2 µl of
2.5 µM (515F/806R and ITS3/ITS4) primers, and 6 µl of ddH2O.
PCR cycling conditions were set at 95◦C for 5 min, followed by
31 cycles of denaturation at 95◦C for 30 s, annealing at 53◦C for
15 s (16s rRNA) and 58◦C for 15 s (ITS RNA), and extension at
72◦C for 30 s. The melt curve was set for temperature from 60 to
95◦C, and the curve was checked for every increase of 0.3◦C.

Sequence Data Processing
Raw sequencing data were processed using an in-house Galaxy
Pipeline1 (Feng et al., 2017). We detected barcodes used
Trimmomatic-0.33 to discard the low-quality sequences and
obtain high-quality sequences. We use Flash to combine the
forward sequences and reverse sequences. Reads were assigned
to the same OTU by using the UPARSE method according to the
97% identity threshold. All the analysis is based on the generated
OTU table. 16S and ITS OTU representative sequences were
taxonomically assigned by using RDP Classifier against the 16S
ref. Silva database and ITS Refs database (Zhou et al., 2011).
On average, we obtained high-quality sequences with 48,783 16S
rRNA sequences and 42,487 ITS sequences per sample across all
soil samples. We then resampled 33,371 16S rRNA sequences and
27,731 ITS sequences per sample for further microbial analyses.

Data Analysis
Based on the resampled OTU table, we calculated the bacterial
and fungal α-diversity (Shannon index and Inv-Simpson Index).

1http://mem.rcees.ac.cn:8080/
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We measured the influences of N and rainfall patterns on the
α-diversity index of bacteria and fungi by using one-way ANOVA
analysis. The relative abundance of species was estimated
through the data analysis platform (see text footnote 1) (Louca
et al., 2016). Pearson correlation analysis was used to evaluate
the relationship between soil physicochemical properties, plant
root exudation, and bacteria α-diversity by using ggcorplot
and ggthemes packages in RStudio (3.6.2). LefSe analysis was
used to test the bacterial and fungal biomarker groups for N
addition and altered rainfall patterns. LDA (linear discriminant
analysis) measured the relative abundance of bacterial and
fungal species (Yu et al., 2021a). We used the FAPROTAX
database and FUNGuild pipeline to predict the bacterial and
fungal functions by data process platform (see text footnote
1) (Yu et al., 2021b). Mantel and partial Mantel tests were
used to examine the relationships between the Glomeromycota
community composition and environmental variables.

RESULTS

Plant Biomass and Soil Chemo-Physical
Properties
The results of aboveground biomass, belowground biomass, and
root C and N exudation rates and C:N ratios of root exudates,
soil moisture, soil nitrate, and ammonium were previously
published in Li C. et al. (2021). The SMBC significantly increased
under nitrogen (N) addition and N addition and rainfall
addition interaction (RA+N), and significantly decreased under
rainfall reduction (RR) (Supplementary Table 1). The SMBN
significantly increased under N addition, N addition and rainfall
reduction interaction (RR + N), and RA + N (Supplementary
Table 1). The SMBC:SMBN ratio significantly decreased in
response to RR (Supplementary Table 1).

Factors Influencing Bacterial and Fungal
Diversity
By themselves, N and rainfall did not significantly affect
bacterial and fungal Shannon diversity and Inv-Simpson indices
(Figure 1). Bacterial Shannon diversity and Inv-Simpson
diversity indices significantly increased under the condition of
RA + N (Figures 1A,B), while the fungal Shannon diversity
index significantly decreased under rainfall reduction and N
addition (RR+N) (Figures 1C,D). Pearson’s correlation analysis
indicated that SMBN, inorganic nitrogen (NO3

− and NH4
+),

S. krylovii root exudate C:N ratio, and A. polyrhizum root
exudate C, N, and C:N ratio all significantly affected bacterial
Shannon diversity index (Figure 2A). SMBC and A. polyrhizum
root exudate C:N ratio significantly affected the fungal Shannon
diversity index (Figure 2B).

Bacterial and Fungi Community
Composition and Biomarkers
At the phylum level, the bacterial community was dominated
by Actinobacteria (mean·20%), Acidobacteria (mean 16%),
and Proteobacteria (mean 13%) (Figure 3A). The fungal

community was mainly constituted of Ascomycota (mean 78%),
Basidiomycota (mean 10%), and Glomeromycota (mean 0.70%)
(Figure 3B). LefSe showed that the bacterial biomarkers of
RR mainly belonged to the phylum Proteobacteria (genus
Ensifer, family Rhizobiaceae). The biomarkers of RA included
the phyla Gemmatimonadetes (class Longimicrobia), Firmicutes
(class Clostridia and order Bacillales), Bacteroidetes (order
Cytophagales), and class Deltaproteobacteria. The biomarkers
of N addition mainly belonged to the phylum Proteobacteria
(order Neisseriales). The biomarker bacteria of RR + N mainly
belonged to the phylum Proteobacteria, while the biomarkers
of RA + N belonged to the phylum Proteobacteria (genus
Inquilinus, family Rhodospirillaceae, and order Rhodospirillales)
(LDA = 2, Figure 4A). The biomarker fungi of RR mainly
belonged to the phyla Ascomycota (class Dothideomycetes) and
Basidiomycota (genus Clavulinopsis, family Clavariaceae, and
order Sebacinales). The fungal biomarkers of N treatment mainly
belonged to the phylum Basidiomycota (genus Bovista and family
Lycoperdaceae). The indicator fungi of RR + N treatment
mainly belonged to the phylum Ascomycota (genus Nigrospora,
family Trichosphaeriaceae, and order Trichosphaeriales). The
indicator fungi of RA + N treatment belonged to the phylum
Ascomycota (class Pezizomycetes, order Botryosphaeriales,
genus Aureobasidium, family Aureobasidiaceae, and order
Dothideales) (LDA = 4, Figure 4B).

Functional Prediction of Soil Bacteria
and Fungi
There was no significant response by soil bacterial function
prediction to N addition and rainfall patterns (Figure 5A).
For fungal function prediction, only arbuscular mycorrhizal
significantly decreased under the RR+N treatment (Figure 5B).
As the arbuscular mycorrhizal (AM) fungi are dominated by the
members of the phylum Glomeromycota, within belowground
plant–microbe systems (Johnson et al., 2013), by calculating
the absolute abundance of this phylum, it was shown that
RA treatment significantly increased the absolute abundance
of Glomeromycota as compared to RR + N treatment
(Figure 6). Mantel test showed that the root C exudation
rates of A. polyrhizum significantly affected the abundance of
Glomeromycota (Table 1).

DISCUSSION

Effects of Nitrogen Addition and Rainfall
Interaction on Soil Bacterial and Fungal
Diversity
Our results showed that nitrogen (N) addition did not affect the
diversity of bacteria and fungi, which was consistent with the
non-linear response of bacterial diversity to N addition found by
Liu et al. (2021a), and supports our first hypothesis. A previous
study showed that the diversity of bacteria decreased with N
addition when the level of N input was between 16 and 32 g N
m−2 yr−1 (Liu et al., 2021a), while Zhang et al. (2018) found that
fungal diversity did not significantly change under N addition
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FIGURE 1 | The effects of altered nitrogen addition and rainfall, and their interaction, on bacterial Shannon index (A) and Inv-Simpson index (B), fungal Shannon
index (C) and Inv-Simpson index (D) in August 2018. Different treatments: Con: Control; RR: Rainfall reduction; RA: Rainfall addition; N: Nitrogen addition; RR + N:
Rainfall reduction and Nitrogen addition; RA + N: Rainfall addition and Nitrogen addition. Values are mean ± SE (n = 5). Different lowercase letters indicate significant
differences (p < 0.05) according to Duncan’s post hoc test.

FIGURE 2 | Pearson correlations among bacterial Shannon index (A), fungi Shannon index (B), aboveground biomass, belowground biomass, soil moisture, soil
microbial biomass carbon (SMBC), soil microbial biomass nitrogen (SMBN), SMBC:SMBN, NO3

–, NH4
+, root C exudates of Stipa krylovii, root N exudates of

S. krylovii, root C: N exudates of S. krylovii, root C exudates of Allium polyrhizum, root N exudates of A. polyrhizum, and root C: N exudates of A. polyrhizum. The
number represents the correlation coefficient. Coefficients that are not correlated have been hidden. Different treatments: Con: Control; RR: Rainfall reduction; RA:
Rainfall addition; N: Nitrogen addition; RR + N: Rainfall reduction and Nitrogen addition; RA + N: Rainfall addition and Nitrogen addition.
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FIGURE 3 | The effects of altered nitrogen addition and rainfall, and their interaction, on the relative abundance of dominant members of the bacterial (A) and fungal
(B) communities in August 2018. Different treatments: Con: Control; RR: Rainfall reduction; RA: Rainfall addition; N: Nitrogen addition; RR + N: Rainfall reduction and
Nitrogen addition; RA + N: Rainfall addition and Nitrogen addition.

FIGURE 4 | Cladogram indicates the phylogenetic distribution of bacterial lineages (P = 0.05, LDA = 2.0) (A) and fungal lineages (P = 0.05, LDA = 4.0) (B) under the
treatment of altered nitrogen addition and rainfall patterns. Each circle’s diameter is proportional to the given taxon’s relative abundance (n = 5). Different treatments:
Con: Control; RR: Rainfall reduction; RA: Rainfall addition; N: Nitrogen addition; RR + N: Rainfall reduction and Nitrogen addition; RA + N: Rainfall addition and
Nitrogen addition.

alone (< 100 kg N·ha−1
·yr−1). In our study, N addition was

10 g N m−2 yr−1, which was below the threshold level required
to affect bacteria and fungi, and therefore the α-diversities of
bacteria and fungi were not significantly increased by N addition.
However, the treatment of RA + N significantly increased the
bacterial Shannon diversity index. The interaction between N
and rainfall may provide better conditions for bacterial survival,
which may be the main reason for the increased bacterial
α-diversity under RA + N (Shade et al., 2012). When water is
sufficient, N addition has a positive effect on bacterial diversity
(Zhang et al., 2015). Intriguingly, our results revealed that N
addition alone did not affect fungal diversity and that RR + N
decreased fungal diversity, therefore ignoring the factor that
rainfall may influence judgment of the effect of N addition on
soil fungal diversity. Consistent with our research, Wang H.
et al. (2020). showed that rainfall played a key role in influencing

the composition of the fungal community under N addition.
Therefore, rainfall can alleviate the effects of N deposition
on fungal diversity. Previous research found that N addition
increased fungal α-diversity, and that the interaction between N
and irrigation did not affect fungal diversity (Zhang et al., 2018).
In total, soil fungal diversity might be overestimated if variations
in moisture under N deposition are ignored (Zhang et al.,
2018). Also, previous research, using PLFA technology, provided
evidence that N deposition decreased the relative abundance
and biomass of bacteria and fungi (Ma et al., 2016; Tian et al.,
2017), and that under a high level of N addition (200 kg N
ha−1 yr−1) in the absence of water leaching, the growth of fungi
was significantly inhibited (Sun et al., 2015). Therefore, under the
interaction of RR + N, the α-diversity of fungi was significantly
reduced. Moreover, some studies have indicated that the fungal
community was more sensitive than bacteria under N deposition
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FIGURE 5 | The effects of altered nitrogen addition and rainfall, and their interaction, on the relative abundance of bacterial (A) and fungal (B) functional groups
based on the FAPROTAX tool and FUNGuild pipeline, respectively. Different treatments: Con: Control; RR: Rainfall reduction; RA: Rainfall addition; N: Nitrogen
addition; RR + N: Rainfall reduction and Nitrogen addition; RA + N: Rainfall addition and Nitrogen addition. Values are mean ± SE (n = 5). Different lowercase letters
indicate the significant differences (p < 0.05) according to Duncan’s post hoc test. Different lowercase letters indicate significant differences (p < 0.05) according to
Duncan’s post hoc test.
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FIGURE 6 | The effects of nitrogen addition and rainfall and their interaction
on the absolute abundance of Glomeromycota. Different treatments: Con:
Control; RR: Rainfall reduction; RA: Rainfall addition; N: Nitrogen addition;
RR + N: Rainfall reduction and Nitrogen addition; RA + N: Rainfall addition and
Nitrogen addition. Values are mean ± SE (n = 5). Different lowercase letters
indicate significant differences (p < 0.05) according to Duncan’s post hoc test.

(Herold et al., 2012; Wang J. et al., 2020; Liu et al., 2021b).
The long-term response of bacterial and fungal diversity
to N addition and rainfall interaction requires further
experimental verification.

In grassland ecosystems, soil microbial diversity was
influenced by biological and abiotic factors, including soil
nutrients, aboveground biomass, and litter quality (Contosta
et al., 2015). Using meta-analysis, Wang et al. (2018) showed
that decreased soil microbial diversity was associated with the
decreased microbial biomass under N deposition. Our results
showed that there was a significant correlation between the
bacterial diversity and SMBN, ammonia nitrogen, and nitrate
nitrogen. A possible explanation for the correlation may be that
N addition increases ammonia nitrogen and nitrate nitrogen,
stimulating the soil bacteria to uptake inorganic nitrogen and
increase bacterial biomass and diversity. Due to the carbon–
nitrogen coupling mechanism of bacteria, N input accelerates
bacterial carbon uptake and increases bacterial activity, which
stimulates the ability of bacteria to degrade litter (Schleuss et al.,
2019). This may be a possible explanation for the increase in
bacterial diversity under RR + N and RA + N conditions.
Our results indicated that the main factors affecting fungal
diversity were SMBC and the A. polyrhizum root exudate C:N
ratio. In general, fungal communities are less affected by the
external environment in the short term when they are mycelium
rich. However, our study results indicated that soil abiotic and
biological factors had significant effects on bacterial and fungal
diversity under N, rainfall, and their interaction. It also highlights
the impact of climate change on plant–soil–microbe interactions.

Effects of Nitrogen Addition and Rainfall
Interaction on Biomarker Organisms and
the Survival Strategies of Soil Bacteria
and Fungi
Actinobacteria and Acidobacteria dominated all of the bacterial
communities in our study. Based on Pianka’s r/K-selection

theory, both Actinobacteria (20%) and Proteobacteria (13%)
grow faster and are eutrophic r-strategists (Fierer et al., 2007;
Schleuss et al., 2019; Sun et al., 2021), while Acidobacteria
(16%) are oligotrophic K-strategists (Sun et al., 2021). The
majority of soil bacteria are r-strategists, with a few being
K-strategists (Sun et al., 2021). Through Lefse analysis across
treatments, we found nitrogen (N) addition mainly increased the
relative abundance of the Proteobacteria, which are r-strategists,
and therefore, N addition increased the bacterial r-strategist
community. A potential explanation for this might be that N
addition increased inorganic nitrogen content and stimulated
microbial input of nitrogen and labile C (Fontaine et al., 2003;
Fierer et al., 2012), resulting in faster microbial growth rates.
This is in agreement with Sun et al. (2015) and is consistent
with our second hypothesis that copiotrophic groups of bacteria
will be mainly observed in a nutrient-rich environment under
N addition treatment. Rainfall addition mainly increased
the relative abundance of the phyla Gemmatimonadetes,
Firmicutes, Bacteroidetes. Gemmatimonadetes, Firmicutes, and
Bacteroidetes, all of which are copiotrophic r-strategists (Li H.
et al., 2021; Sun et al., 2021). The effect of N and rainfall
interaction also increased the relative abundance of the eutrophic
bacterial community, which is in agreement with previous
research that N and rainfall interaction promoted plant growth,
plant litter quantity, dissolved carbon and nitrogen, and root
exudate components, therefore accelerated bacterial growth,
especially that of copiotrophic r-strategists (Meier and Bowman,
2008; Millard and Singh, 2010). As for fungal community
structure, N addition mainly increased the relative abundance
of the phylum Basidiomycota, while the effects of N and rainfall
interaction increased the relative abundance of Ascomycota and
Basidiomycota. These two phyla mainly represent copiotrophic
r-strategists and oligotrophic k-strategists, respectively (Yao et al.,
2017). The fungal communities in the control soil were also
dominated by Ascomycota and Basidiomycota, and N addition
and rainfall had little effect on fungi over the short term of our
study. In fact, due to the rich mycelium of fungal communities,

TABLE 1 | The phylum Glomermycota relative to OTUs and environmental factors
based on Mantel tests.

R p

Aboveground biomass 0.0109 0.442

Belowground biomass –0.0685 0.832

Soil moisture (%) –0.0035 0.489

SMBC –0.0643 0.779

SMBN 0.0112 0.407

NO3
− 0.0181 0.278

NH4
+ 0.0373 0.251

C exudation rates of Stipa krylovii –0.0459 0.679

N exudation rates of Stipa krylovii –0.0765 0.818

C: N exudation rates of Stipa krylovii –0.0997 0.927

C exudation rates of Allium polyrhizum 0.142 0.014*

N exudation rates of Allium polyrhizum –0.057 0.772

C: N exudation rates of Allium polyrhizum 0.0095 0.431

* Represent significant differences at p < 0.05.
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they are not very sensitive to external environmental stimuli
(Berlemont, 2017; Schleuss et al., 2019).

Effects of Nitrogen and Rainfall
Interaction on the Functions of Soil
Bacteria and Fungi
In this study, the interaction between N addition and rainfall
had no significant effect on the bacteria participating in soil
carbon and nitrogen cycling. This was inconsistent with our
third hypothesis. Our results suggested that although the bacterial
community saw an increased copiotrophic r-strategy groups,
there was no obvious effect on the degradation of soil organic
matter. The reason for this inconsistency may be that the short
timescale (only 1 year) of the treatment did not significantly
affect soil physical and chemical properties in our study, and
bacteria had functional redundancy that they did not affect
the soil carbon and nitrogen cycle. Moreover, soil bacteria can
flexibly adapt to environmental changes, leading to bacterial
functions not being significantly affected (Shade et al., 2012).
Previous studies found that long-term fertilization significantly
decreased microbial functional guilds involved in carbon fixation,
degradation, N fixation, and mineralization. Because changes
in soil functional community structure lead to a decrease
in stochastic processes in the community assembly, microbial
community structure tends to develop in a deterministic manner
(Liang et al., 2020). Based on the functions of fungi predicted
by using the FUNGuild database, we found that the AMF fungi
community functional classification was significantly reduced
under RR + N. AMF play an important role in ecosystem
functions and regulate ecosystem stability by providing plants
with N and P nutrients through symbiotic association with
plant roots (Cotton et al., 2015; Yang et al., 2018). Previous
studies found that N enrichment negatively affected AMF
spore abundance, species richness, and biodiversity (Egerton-
Warburton and Allen, 2000; Liu et al., 2013; Chen et al.,
2017). A possible explanation for the significant decrease of
AMF under RR + N treatment observed in the current study
may be that N addition increased the inorganic nitrogen
content (ammonia and nitrate nitrogen) of the soil. Plants
prefer to utilize inorganic nitrogen in the soil for their
own growth, and fertilization would reduce the demand for
inorganic nitrogen produced by microbial decomposition and
mineralization. Moreover, the AMF are a significant fungal
community that participates in soil nitrogen mineralization
(Cavagnaro et al., 2012; Bender et al., 2015). The reduction of
soil water content also reduces the leaching of soil nutrient
elements. Plants would require fewer nutrient elements from
AMF community decomposition. Correspondently, the relative
abundance of AMF was significantly reduced under RR + N
conditions in our study.

The AMF of belowground ecosystem communities is mainly
dominated by the phylum Glomeromycota (Johnson et al., 2013).
We calculated the absolute abundance of the Glomeromycota
through the absolute quantification of the ITS gene, and our
results found that the absolute abundance of Glomeromycota did
not significantly change between control and RR + N. However,

it still exhibited a decreasing tendency, which was somewhat
consistent with our fungal function prediction results. Our results
further indicated that rainfall addition had positive effects on the
phylum Glomeromycota. Rainfall addition increased the leaching
of soil nutrients, especially NO3

−. This would greatly increase
plant demand for nitrogen, phosphorus, and other nutrients, and
may cause AMF to symbiotically interact with plant roots to
provide more of these nutrients to the host plants. Therefore, the
absolute abundance of AMF significantly increased under rainfall
addition. Mantel test showed that the rates of root exudate C
from A. polyrhizum significantly affected the relative abundance
of Glomeromycota. Because the Glomeromycota may have a
symbiotic relationship with A. polyrhizum roots, the relative
abundance of these fungi may be affected to a greater degree
by plant root exudates. In addition, regarding the functional
microbial groups involved in the soil carbon and nitrogen cycles,
the response of AMF under the interaction of N and rainfall
is more sensitive than that of other groups, suggesting that the
interaction between these two factors has a significant impact on
AMF over short timescales.

CONCLUSION

In this study, we studied how the diversity and function of
soil bacteria and fungi responded to the interaction between N
addition and rainfall patterns in a temperate steppe of Inner
Mongolia. The interaction between N addition and altered
rainfall patterns had obvious effects on the diversity of these
microbial communities. Additionally, the C:N ratios of root
exudates from A. polyrhizum affected not only the diversity of
soil bacteria, but also the diversity of fungi. The functions of
bacteria did not significantly change, while the AMF in fungal
function classification was obviously reduced under RR + N,
suggesting that plants will first use the inorganic nitrogen in the
soil for their growth, reducing the demand for inorganic nitrogen
produced by AMF decomposition and mineralization. The
absolute abundance of the phylum Glomeromycota significantly
increased under the treatment of rainfall addition, potentially
illustrating that AMF were more sensitive to changes in nitrogen
and rainfall patterns. Our findings suggest that this may provide
novel and important insights for understanding and predicting
microbial-mediated ecological processes under global climate
change. Lastly, our experiment examined the short-term response
of bacterial and fungal diversity and functions to changes in soil
nitrogen and moisture. However, there is still a need for further
research about the long-term response mechanism of bacterial
and fungal functions and plant–soil–microbe interactions.
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Salicylic acid remodeling of the 
rhizosphere microbiome induces 
watermelon root resistance 
against Fusarium oxysporum  
f. sp. niveum infection
Feiying Zhu 1,2, Yong Fang 1, Zhiwei Wang 1, Pei Wang 1, 
Kankan Yang 1, Langtao Xiao 2 and Ruozhong Wang 2*
1 Hunan Academy of Agricultural Sciences, Changsha, China, 2 Hunan Provincial Key Laboratory of 
Phytohormones, College of Bioscience and Biotechnology, Hunan Agricultural University, 
Changsha, China

Fusarium wilt disease poses a severe threat to watermelon cultivation by affecting 

the yield and quality of the fruit. We had previously found that the rhizosphere 

microbiome has a significant impact on the ability of watermelon plants to resist 

Fusarium wilt development and that salicylic acid (SA) is closely related to this 

phenomenon. Therefore, in this study, the role of SA as a mediator between 

plants and microbes in activating resistance against Fusarium oxysporum  

f. sp. niveum (FON) infection was explored through physiological, biochemical, 

and metagenomic sequencing experiments. We demonstrated that exogenous 

SA treatment could specifically increase some beneficial rhizosphere species 

that can confer resistance against FON inoculation, such as Rhodanobacter, 

Sphingomonas, and Micromonospora. Functional annotation analysis indicated 

that SA application significantly increased the relative abundance of glycoside 

hydrolase and polysaccharide lyase genes in the microbiome, which may play 

an essential role in increasing plant lipids. Moreover, network interaction analysis 

suggested that the highly expressed AAC6_IIC gene may be  manipulated 

through SA signal transduction pathways. In conclusion, these results provide a 

novel strategy for controlling Fusarium wilt in watermelons from the perspective 

of environmental ecology, that is, by manipulating the rhizosphere microbiome 

through SA to control Fusarium wilt.

KEYWORDS

salicylic acid, rhizosphere, microbiome, watermelon, Fusarium wilt

Introduction

Watermelon (Citrullus lanatus) is an important horticultural crop worldwide (Everts 
and Himmelstein, 2015). However, the commercial cultivation of this fruit is severely 
threatened by the soil-borne fungus Fusarium oxysporum f. sp. niveum (FON), which causes 
Fusarium wilt, a disease that leads to a significant decline in crop quality and yield (Xu et al., 
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2015; Ren et  al., 2016; Li et  al., 2019). Salicylic acid (SA), a 
phytohormone present in plants and some microbes, is reported to 
be an important signaling molecule that induces plant resistance 
to diseases (Yang et  al., 2015; Zhang and Li, 2019). With the 
deciphering of the watermelon genome, Lü et al. found via gene 
ChIP transcription analysis that the phenylalanine ammonia lyase 
(PAL) gene plays an important role in the lignin metabolic pathway 
of resistance to Fusarium wilt (Lü et al., 2011). Lv reported that the 
intercropping of wheat and watermelon with FON induced SA 
synthesis in the watermelon plant to enhance its resistance to 
Fusarium wilt (Lv et  al., 2018). Furthermore, our research 
demonstrated the important role of SA in regulating watermelon 
resistance against Fusarium wilt, with results indicating that the 
significantly expressed C. lanatus PAL (ClPAL) and non-pathogen-
related (NPR) genes play key roles in SA synthesis and signal 
transduction in this plant species (Zhu et al., 2022a,b).

Recently, increasing evidence has suggested that the 
rhizosphere microbiome plays critical roles in promoting plant 
growth and health, such as enhancing nutrient uptake by the host 
plant and increasing its resistance against pathogen attack (Levy 
et al., 2017; Berendsen et al., 2018). The establishment of plant–
rhizosphere microbiome interaction is a highly coordinated event 
influenced by the host plant and soil. For instance, the plant 
immune system shapes the microbiome, which, in turn, can 
increase the plant’s immune capacity (Heintz and Mair, 2014; Levy 
et al., 2017; Aleklett et al., 2018). Notably, our previous studies 
have demonstrated the important role of the soil microbial 
community structure in controlling the occurrence of Fusarium 
wilt in watermelons (Zhu et al., 2018, 2019). For instance, our 
results indicated that the presence of beneficial microbes, such as 
Rhodanobacter, Pseudomonas, Sphingomonas, and Herbaspirillum, 
is important for the prevention of watermelon disease (Zhu 
et al., 2020).

Consistently, more researchers have begun to notice that 
rhizosphere microbiome composition is influenced by an array of 
plant-derived metabolic substances (Trivedi et al., 2020; Liu et al., 
2021). Additionally, the essential role of SA in recruiting specific 
rhizosphere microbiomes has been previously reported. For 
instance, Trivedi et al. showed that SA affected the abundance of 
specific bacterial groups in the roots via a combination of direct 
and indirect effects (Trivedi et al., 2020). However, the mechanism 
by which watermelon plants affect microbiome assembly and the 
impact of this interconnectedness on plant and microbiota 
functions remains unclear. Chen et  al. found that systemic 
accumulation of SA could affect microbiome assembly in the 
rhizosphere of Arabidopsis plants after foliar infection by 
pathogens (Chen et al., 2020). Therefore, through metagenomic 
sequencing and relevant physiological and biochemical analyses, 

we aimed to explore the effect of exogenous SA in remodeling the 
watermelon rhizosphere microbiome to induce resistance against 
FON infection. Our research findings provide a new strategy for 
controlling watermelon Fusarium wilt from the perspective of 
environmental ecology and have significant value for promoting 
sustainable agricultural development.

Materials and methods

Experimental process and sampling

The experiment was conducted in the city of Changsha 
(112°58′42″E, 28°11′49″N), Hunan Province, China. The soil used 
for planting was sandy loam, collected from our field experiment 
at the Gaoqiao Scientific Research Base of the Hunan Academy of 
Agricultural Sciences in Changsha ( Zhu et al., 2020). Our previous 
studies found that the high content of pathogens in the soil under 
a continuous cropping system leads to SA accumulation in the 
plant (Zhu et al., 2022a,b). Therefore, we sterilized the soil to make 
them as same background before use (LDZM-80KCS-3 vertical 
pressure steam sterilizer, ZHONGAN, Shanghai, China) to avoid 
errors and study how SA can improve watermelon immune 
resistance at the early stage after FON infection. The watermelon 
variety used was Zaojia 8,424 (Xinjiang Farmer Seed Technology 
Co., Ltd., Urumqi, China), which is the main cultivar on the 
Chinese market. The watermelon seedlings were cultivated in 
seedling pots containing peat, perlite, and vermiculite (6:3:1) and 
grown in a biochemical incubator (LRH-300, ZHUJIANG, 
Taihong, Shaoguan, China) that was set at 25°C during 16 h of light 
and 18°C during 8 h of darkness. After 30 days, each plant was 
transplanted into separate pots. When the seedlings were at the 
two-leaf stage, 5 ml of 100 μM exogenous SA (Sigma-Aldrich LLC., 
Merck KGaA, Darmstadt, Germany) was incorporated into the 
root zone of each plant, and another 5 ml was added 24 h later. The 
Fusarium strain FON was firstly incubated in the dark for 7 days 
on a PDA plate at 28°C. Then, a bam plug was selected from the 
PDA plate and placed into 300 ml of potato dextrose broth in a 
flask, before propagation on a rotary shaker at 200 rpm at 
26–30°C. Two days later, 5 ml FON (1 × 106 conidia/mL) was 
added to the root zone of each plant (Li et al., 2019).

The plants were divided into the following three groups: S, 
mock-inoculation control (H2O); SA, 100 μM exogenous 
SA + FON; and SF, FON only. We set six different sampling times 
before and after the different treatments: 0 days post-inoculation 
(dpi) (before treatment), 12 h post-inoculation (hpi), 1 dpi, 3 dpi, 
5 dpi, and 7 dpi. Sampling was stopped at 7 dpi when the disease 
symptoms (yellowing and wilting) started to appear. We selected 
10 watermelon plants as one replicate and set three independent 
replicates (30 plants) for each sample group, at six different 
sampling times with every three treatments (16 groups). Therefore, 
480 plant samples were collected from 480 pots.

The soil samples were designated S0 (mock-inoculation control, 
before treatment), S3 (mock-inoculation control, 3 dpi), SF3 (FON 

Abbreviations: ARO, antibiotic resistance ontology; dpi, days post-inoculation; 

FON, Fusarium oxysporum f. sp. niveum; hpi, hours post-inoculation; MDA, 

malondialdehyde; PAL, phenylalanine ammonia lyase; POD, peroxidase; SA, 

salicylic acid.
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treatment, 3 dpi), SA3 (SA + FON treatment, 3 dpi), S7 (mock-
inoculation control, 7 dpi), SF7 (FON treatment, 7 dpi), and SA7 
(SA + FON treatment, 7 dpi). For each treatment group, the 
rhizosphere soil sample was pooled from 10 plant roots in one 
repetition, with three independent replicates, at each sampling time. 
After removing the plant roots and stones, the rhizosphere soil 
samples were placed in 5 ml sterile centrifuge tubes and then 
divided into three parts. In total, 21 samples were collected at the 
three different sampling times (i.e., 0 dpi, 3 dpi, and 7 dpi) and 
stored at −80°C for sequencing analysis.

Determination of the watermelon plant 
root morphology and physiological and 
biochemical indexes

First, the root morphology of each plant was captured using a 
digital camera. The roots were then cut with sterilized scissors, and 
their fresh weights were measured using an electronic balance. 
Thereafter, the roots were placed in sterilized 5 ml centrifuge tubes 
to test their peroxidase (POD) and phenylalanine ammonia lyase 
(PAL) activities and malondialdehyde (MDA) content. The POD and 
PAL activities were analyzed using a BC0095 peroxidase assay kit 
and BC0215 PAL test kit (Beijing Solarbio Science & Technology 
Co., Ltd., Beijing, China), respectively, whereas the MDA content 
was determined using the thiobarbituric acid method using a 
BC0025 MDA assay kit (Beijing Solar-bio Science & Technology Co., 
Ltd.), according to the manufacturer’s protocols. A Tecan-SPARK 
microplate reader (Tecan Trading AG, Männedorf, Switzerland) and 
Eppendorf 5415R refrigerated centrifuge (Eppendorf AG, Hamburg, 
Germany) were used for the assays. Three biological replicates per 
sample were performed, with three technical replicates.

The disease incidence was calculated as follows:

 

( )Diseaseincidence % (no.of infected plants
/ totalnumberof plantssurveyed) 100.

=
´

Soil DNA library preparation

A total of 1 μg DNA per sample was used for sequencing. In 
brief, DNA sequences 350 bp in size were fragmented by 
sonication, and the fragments were then end-polished, A-tailed, 
and ligated with the full-length adaptor for Illumina sequencing 
followed by PCR amplification. The PCR products were purified 
(AMPure XP system), and libraries were prepared and analyzed 
for size distribution using the Agilent2100 Bioanalyzer. Three 
biological replicates per sample were analyzed. Raw data were 
obtained using the Illumina NovaSeq 6000 sequencing platform.

Metagenomic sequencing

Readfq V8 was used to acquire the clean data for subsequent 
analysis against the host database using the Basic Local 

Alignment Search Tool (BLAST), which uses Bowtie 2.2.4 as 
default software to filter the reads that are of host origin. After all 
the reads that were not used in the forward step were combined, 
SOAPdenovo was used to generate the mixed assembly using the 
same parameters as those applied for the single assembly. The 
Scaftigs (≥500 bp) assembled from both the single and mixed 
assemblies were used to predict the open reading frames (ORFs) 
using MetaGeneMark software, and sequences shorter than 
100 nt were filtered from the predicted result with default 
parameters. For ORF prediction, sequence redundancy was 
reduced using the Cluster Database at High Identity with 
Tolerance software, and a unique initial gene catalog was 
obtained. The clean data of each sample were mapped to the 
initial gene catalog using Bowtie 2.2.4 with the following 
parameter settings: --end-to-end, −-sensitive, -I 200, and -X 400. 
Genes with two or fewer reads in each sample were filtered, and 
the gene catalog (UniGene database) obtained was used for 
subsequent analysis.

The abundance of each gene in each sample was statistically 
analyzed based on the number of mapped reads and their lengths. 
The basic information statistics, core- and pan-genomic analyses, 
correlation analysis of the samples, and Venn diagram analysis of 
the number of genes were all based on the abundance of each gene 
in each sample in the gene catalog. DIAMOND software was used 
to blast the UniGene database to the sequences of bacteria, fungi, 
archaea, and viruses, which were all extracted from the 
non-redundant database of the National Center for Biotechnology 
Information (NCBI). Finally, the clean reads were deposited in the 
NCBI Sequence Read Archive database (Accession number: 
PRJNA707127).

Assembly of the Core rhizosphere 
communities, common functional 
databases used, and resistance gene 
annotation

To determine the dynamic changes in the dominant soil 
microbial communities during all three sampling times in the 
different treatment groups, we used community bar-plot analysis 
to identify the 10 most abundant soil microbial communities at 
both the phylum and genus levels. Moreover, we used multiple 
t-tests to compare significant differences in soil microbial 
communities at 3 and 7 dpi, both at the phylum and genus levels, 
after SA application. To elucidate the molecular mechanism by 
which the rhizosphere microbial community cooperates to induce 
plant resistance against Fusarium wilt, we blasted the unique genes 
against various functional annotation databases such as the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Evolutionary 
Genealogy of Genes: Non-supervised Orthologous Groups 
(eggNOG), Carbohydrate-Active Enzymes (CAZy), and the 
Comprehensive Antibiotic Resistance Database (CARD) to 
determine their abundance and analyzed them statistically with a 
visual display.
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FIGURE 1

Comparison of watermelon root phenotypes in different treatment groups S, Mock-inoculation control; SA, SA + FON treatment; SF, FON 
treatment; FON, Fusarium oxysporum f. sp. niveum; SA, salicylic acid; hpi, hours post-inoculation; dpi, days post-inoculation.

KEGG, eggNOG, and CAZy databases were used for functional 
annotation of the resistance genes. The Unigenes were aligned to 
the CARD database using Resistance Gene Identifier software with 
default parameter settings. The relative abundance of the antibiotic 
resistance ontology (ARO) cluster, abundance bar charts, 
abundance cluster heatmaps, and differences in the number of 
resistance genes between soil groups were displayed according to 
the alignment results. Similarly, the distribution of resistance genes 

in each sample and analyses of the species attribution of those 
genes and their resistance mechanisms were also investigated.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 
(GraphPad Software, San Diego, CA, United States). All values are 
expressed as mean ± standard error (n = 3). The differences 
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between the groups were tested using an analysis of similarities. 
Figures were constructed using Microsoft Office 2010 (Microsoft 
Corporation, Redmond, WA, United States).

Results

Effectiveness of salicylic acid treatment 
in controlling fusarium wilt of 
watermelon

To clarify whether exogenous SA treatment can control 
Fusarium wilt disease in watermelon, we first compared the root 
phenotypes after exposure to exogenous SA + FON or FON 
alone at five different sampling times. The SA group had more 
fibrous roots than the SF group did. The roots in the SF group 
began to turn yellow at 3 dpi, and obvious plant yellowing and 
wilting symptoms were observed at 7 dpi (Figure  1). 
Furthermore, there was a significant difference in the fresh 
weight of the roots between the samples at 1, 3, and 7 dpi. For 
instance, the root fresh weight of the SA group was 2.5 times 
heavier than that of the SF group at 7 dpi (Figure  2A). The 
incidence of Fusarium wilt after SA application was significantly 
lower (by –20%) than that in plants not treated with 
phytohormones (Figure 2B). Moreover, the MDA content in the 

SF group first increased from 12 hpi onward, then declined at 3 
dpi and finally increased significantly again at 7 dpi. However, 
we noticed an increase in MDA content at 3 dpi in both SA and 
S groups (Figure 2C). Similarly, POD activity was significantly 
increased at 3 dpi in the SA and S groups, which indicated that 
this sampling time might be  a key time point for activating 
resistance defenses in watermelon plants (Figure 2D). Moreover, 
there were significant enhancements in PAL activity in the SA 
group at 3 dpi and 7 dpi, whereas the enzyme activity was 
significantly lower in the SF group at 7 dpi (Figure 2E), which 
confirmed the symptoms and disease incidence results. 
Therefore, the results from plant root physiological and 
biochemical studies indicate that exogenous SA treatment can 
effectively reduce the incidence of Fusarium wilt in watermelon.

Sequencing and metagenome assembly

We selected three sampling times to compare the dynamic 
changes in the dominant soil microbial communities between the 
different treatments. Gene sequencing analysis revealed that the ORFs 
were approximately 200–600 nt in length (Supplementary  
Figure S1A). According to the results of the quality control analysis, 
the evenness of the number of ORFs observed in the samples tended 
to be consistent (Supplementary Figure S1B). The Venn diagram 
showed that there were 624,730 overlapping genes among all groups 

A B

C D E

FIGURE 2

Comparison of physiological changes, disease incidence, and biochemical indexes of watermelon plants after exogenous salicylic acid application. 
(A) Comparison of the root fresh weight of different samples. (B) Comparison of the disease incidence in different samples. (C) Comparison of the 
malondialdehyde (MDA) content in different samples. (D) Comparison of the peroxidase (POD) activity in different samples. (E) Comparison of the 
phenylalanine ammonia lyase (PAL) activity in different samples. S, Mock-inoculation control; SA, SA + FON treatment; SF, FON treatment; FON, 
Fusarium oxysporum f. sp. niveum; SA, salicylic acid; hpi, hours post-inoculation; dpi, days post-inoculation; 0 dpi: before treatment. Three 
biological replicates per sample were analyzed. Data are expressed as mean ± SE (n = 3). Multiple t-tests of ANOSIM (*p ≤ 0.0001).
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A

B

FIGURE 3

Assembly of core rhizosphere microbial communities. 
(A) Community bar-plot analysis of the relative abundance of 
rhizosphere microbial communities in the different soil groups at 
the phylum level. (B) Community bar-plot analysis of the relative 
abundance of rhizosphere microbial communities in the different 
soil groups at the genus level. S0, Mock-inoculation control 
(before treatment); S3, mock-inoculation control, 3 dpi; S7, 
mock-inoculation control, 7 dpi; SA3, SA + FON treatment, 3 dpi; 
SA7, SA + FON treatment, 7 dpi; SF3, FON treatment, 3 dpi; SF7, 
FON treatment, 7 dpi. FON, Fusarium oxysporum f. sp. niveum; 
SA, salicylic acid; dpi, days post inoculation. Three biological 
replicates per sample were analyzed. Data are expressed as 
mean ± SE (n = 3).

of samples, and there were unique genes in each group 
(Supplementary Figure S1C).

Dynamic changes in the soil microbial 
community structure

The top  10 phyla in all samples were Proteobacteria, 
Actinobacteria, Bacteroidetes, Gemmatimonadetes, Firmicutes, 
Acidobacteria, Verrucomicrobia, Deinococcus-Thermus, 
Elusimicrobiota, and Chloroflexi (Figure 3A). The top 10 genera 
were Rhodanobacter, Micromonospora, Massilia, Flavobacterium, 
Cellvibrio, Frateuria, Stenotrophomonas, Streptomyces, 
Pseudomonas, and Solimonas (Figure  3B). Additionally, the 
heatmap showed dynamic changes in the rhizosphere 
communities among the groups at different sampling times; that 
is, there was an obvious enrichment of Proteobacteria and 
Firmicutes in the SA3 sample but a higher accumulation of 
Actinobacteria, Candidatus Saccharibacteria, Candidatus 
Woesebacteria, Chlamydiae, and Mucoromycota in the SF3 
sample (Figure 4A). In agreement with previous research, our 
results indicated that Proteobacteria is the second largest phylum 

of hydrogenogenic CO oxidizers, which may play a significant 
role in helping plants against FON infection (Badger and Bek, 
2008; Wang and Sugiyama, 2020). Overall, our results indicated 
that the application of SA changed the watermelon rhizosphere 
soil microbial communities.

For instance, at the phylum level, the abundances of 
Actinobacteria, Chlamydiae, Chloroflexi, Cyanobacteria, 
Dictyoglomi, Proteobacteria, Thermotogae, and Thaumarchaeota 
differed significantly between the SA3 and SF3 samples (Figure 4B). 
Moreover, the SA3 sample showed a significant abundance of 
Proteobacteria, whereas the SF3 sample was significantly enriched 
with Actinobacteria. In contrast, the SA7 sample had a significantly 
higher abundance of Blastocladiomycota, Dictyoglomi, and 
Elusimicrobiota, whereas the SF7 sample had a high abundance of 
Actinobacteria, Dictyoglomi, Gemmatimonadetes, Deinococcus-
Thermus, Ascomycota, and Planctomycetes (Figure  4B). At the 
genus level, the abundance of Rhodanobacter increased significantly 
in the SA3 sample, whereas that of Actinoplanes, Burkholderia, 
Chryseolinea, Luteimonas, Micromonospora, Nitrolancea, 
Ohtaekwangia, Sorangium, Sphingomonas, and Xanthomonas 
decreased significantly compared to the levels in the SF3 sample 
(Figure  4C). However, the abundances of Stenotrophomonas, 
Sphingomonas, Ramlibacter, Herbaspirillum, Polaromonas, and 
Azospirillum were significantly higher, whereas those of Dokdonella, 
Gemmatirosa, Castellaniella, Gemmatimonas, Chitinophaga, 
Myxococcus, Mizugakiibacter, Trichoderma, and Moritella were 
significantly lower in the SA7 soil than in the SF7 sample (Figure 4C). 
Collectively, these results suggest that although the structure of the 
main soil microbial community did not change, the abundance of 
specific species was significantly altered at different time points after 
pathogen injection.

Functional annotations and gene 
taxonomy predictions for the different 
rhizosphere microbiomes

For the SA3 sample, KEGG analysis of the cluster at level 1 
revealed the significant activation of four major pathways: 
environmental information processing, cellular processes, 
metabolism, and human diseases (Figure  5A). Detailed 
information on the 43 pathways at cluster level 2 is displayed in 
Figure 5B. The heatmap of the KEGG ortholog groups (Figure 5C) 
showed that K06042 (precorrin-8X/cobalt-precorrin-8 methyl 
mutase), K02055 (putative spermidine/putrescine transport 
system substrate-binding protein), K16164 (acyl pyruvate 
hydrolase), and K18930 (D-lactate dehydrogenase) were more 
highly enriched in the SF3 sample than in the SA3 soil. 
Furthermore, the distribution of linear discriminant analysis 
scores between the SA3 and SF3 KEGG ortholog groups indicated 
that K02014 (iron complex outer membrane receptor protein) was 
increased in SA3, whereas K03088 (RNA polymerase sigma-70 
factor, ECF subfamily) was increased in SF3 (Figure 5C).

The heatmap of the eggNOG classification, where the 
significantly expressed genes were merged into 12 groups, is shown 
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in Figure 6A. Histograms of the distribution of linear discriminant 
analysis scores for resistance genes with statistically significant 
differences between the groups are shown in Figure  6B. For 
instance, there was a significantly higher expression level of genes 
related to transcription, carbohydrate transport, and metabolism 
in SF3 than in S3 plants. The genes significantly expressed in SA3 
belonged mainly to post-translational; intracellular trafficking, 
secretion; cell motility; and cell wall: membrane envelope 
biogenesis. In contrast, those in SF3 belonged primarily to 
transcription and secondary metabolite biosynthesis. However, SF7 
had a significantly higher number of genes related to translation, 
ribosomal structure, and biogenesis; cell cycle control and cell 
division; carbohydrate transport and metabolism; intracellular 
trafficking, secretion; energy production and conversion; defense 
mechanisms; and replication, recombination, and repair.

A Venn diagram of the distribution of resistance genes among 
the five selected samples is shown in Figure 7A. Heatmap analysis 
of the six CAZy classes indicated that the highly enriched genes in 
SA3 were in the classes GH: glycoside hydrolases and PL: 

polysaccharide lyases (Figure 7B). Analysis of the relative abundance 
of Unigenes showed that the major facilitator superfamily antibiotic 
efflux pump (bcr_1), drug class of aminoglycoside antibiotics, 
resistance mechanism of antibiotic inactivation (AAC6_IIC), and 
Serratia metallo-beta-lactamase (SMB_1) genes were highly 
expressed in SA3, whereas the ATP-binding cassette antibiotic efflux 
pump (msrC), drug class of aminoglycoside antibiotic, resistance 
mechanism of antibiotic inactivation (AAC6_IIC), ATP-binding 
cassette antibiotic efflux pump, major facilitator superfamily 
antibiotic efflux pump, resistance-nodulation-cell division antibiotic 
efflux pump (Pseudomonas_aeruginosa_soxR), and defensin-
resistant mprF (Listeria_monocytogenes_mprF) genes were increased 
in SA7 (Figure 7C). Finally, two-circle graphs (Figure 8) of the main 
phyla associated with the resistance genes expressed in the soil 
samples indicated that Proteobacteria were the predominant source 
in SA3, whereas Chloroflexi, Acidobacteria, and Cyanobacteria 
expressed most of the resistance genes in SA7. Interestingly, some 
resistance genes from Ascomycota were observed only in the SF 
groups and those from Firmicutes only in the SF7 group.

A B

C

FIGURE 4

Dynamic changes in the significantly abundant rhizosphere microbial communities. (A) Heatmap of the dynamic changes in different phyla among 
the various soil groups. (B) Bar plots showing the significant differences in relative abundance of the main phyla. (C) Bar plots showing the 
significant differences in relative abundance of the main genera. Three biological replicates per samples were analyzed. Data are expressed as 
mean ± SE (n = 3). Multiple t-tests (*p ≤ 0.01). S0, Mock-inoculation control, before treatment; S3, mock-inoculation control, 3 dpi; S7, mock-
inoculation control, 7 dpi; SA3, SA + FON treatment, 3 dpi; SA7, SA + FON treatment, 7 dpi; SF3, FON treatment, 3 dpi; SF7, FON treatment, 7 dpi; 
FON, Fusarium oxysporum f. sp. niveum; SA, salicylic acid; dpi, days post-inoculation.
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A

B

C

FIGURE 5

Functional diversity of the microbiomes among different soil samples based on KEGG pathways analysis (A) Heatmap of enrichment differences in 
six major metabolic pathways on level 1 among the samples. (B) Heatmap of enrichment differences in metabolic pathways on level 2 among the 
samples. The X-axis represents the sample group names; the Y-axis represents the KEGG metabolic pathway annotation information. 
(C) Distribution of linear discriminant analysis (LDA) scores between the SA3 and SF3 KEGG ortholog groups. S0, Mock-inoculation control, before 
treatment; S3, mock-inoculation control, 3 dpi; S7, mock-inoculation control, 7 dpi; SA3, SA + FON treatment, 3 dpi; SA7, SA + FON treatment, 7 dpi; 
SF3, FON treatment, 3 dpi; SF7, FON treatment, 7 dpi; FON, Fusarium oxysporum f. sp. niveum; SA, salicylic acid; dpi, days post-inoculation.
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Discussion

Exogenous salicylic acid application 
leads to the enrichment of beneficial 
microbes in the watermelon rhizosphere

The rhizosphere plays a fundamental role in microbe–microbe 
and plant–soil–microbe interactions. Microbes and their 
interactions can extend the capacity of plants for disease resistance 
and improve their nutrient use efficiency (Berendsen et al., 2018). 
Emerging evidence indicates that some microbial symbionts 
communicate with the plant immune system through multiple 
feedback mechanisms, giving the plant the ability to resist 
pathogens and to maintain growth and development (Liu et al., 
2021). Many studies have emphasized the role of soil microbial 
communities in enhancing plant growth and health (Aleklett et al., 
2018; Toju et al., 2018). For example, Xin et al. found that the plant 
immune system is required to maintain the normal growth of 
commensal bacteria in Arabidopsis (Xin et al., 2016). Other studies 
have reported that assemblages of host-specific microbiomes in the 
rhizosphere are vital for disease resistance. For instance, some 

disease-resistant crop varieties are enriched in specific sets of 
bacterial species in the rhizosphere, which contribute to the 
suppression of pathogens (Delgado-Baquerizo et  al., 2018). 
Another study showed that SA causes changes in the microbiome 
through allelopathy in wheat (Kong et al., 2020). It is not known 
how plant roots normally select and maintain a healthy rhizosphere 
microbiota. SA plays an important role in regulating plant 
immunity, which is necessary for systemically acquired resistance 
(Trivedi et al., 2020). In agreement with this theory, our results 
indicated that although the structure of the main soil microbial 
community did not change, specific microbes were significantly 
altered at different time points after pathogen injection. Likewise, 
we observed that Proteobacteria, the second largest phylum of 
hydrogenogenic CO oxidizers (Badger and Bek, 2008; Wang and 
Sugiyama, 2020), accumulated significantly in SA3. Lebeis et al. 
found that SA could modulate the root microbiome of A. thaliana. 
Specifically, plants with altered SA signaling had root microbiomes 
that differed from each other in their relative abundance of 
Proteobacteria as one of the core microbiomes when compared 
with those of wild-type plants (Lebeis et al., 2015). Furthermore, at 
the genus level, SA3 had a significantly higher abundance of 

A

B

FIGURE 6

Functional diversity of the microbiomes among different soil samples based on eggNOG metabolic pathway analysis (A) Heatmap of enrichment 
differences in metabolic pathways among the samples. The X-axis represents the sample group name; the Y-axis represents the eggNOG 
metabolic pathway annotation information. (B) Distribution of LDA scores of functional differences between samples. The X-axis represents the 
LDA score; the Y-axis represents the eggNOG metabolic pathway annotation information. Three biological replicates per sample were analyzed. 
Data are expressed as mean ± SE (n = 3). S0, Mock-inoculation control, before treatment; S3, mock-inoculation control, 3 dpi; S7, mock-inoculation 
control, 7 dpi; SA3, SA + FON treatment, 3 dpi; SA7, SA + FON treatment, 7dpi; SF3, FON treatment, 3 dpi; SF7, FON treatment, 7 dpi. FON, Fusarium 
oxysporum f. sp. niveum; SA, salicylic acid; dpi, days post-inoculation.
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Rhodanobacter than SF3 and SA7 had a higher abundance of 
Azospirillum, Herbaspirillum, Stenotrophomonas, and 
Sphingomonas than SF7. Rhodanobacter is capable of oxidizing 
ammonia and of denitrification (De Cercq et al., 2006; Huo et al., 
2018). Some members of the genus Azospirillum exhibit biocontrol 
activity against phytopathogens and have been used as biofertilizers 
because of their plant growth-promoting activities, such as 
biological nitrogen fixation, hormone production, phosphate 
solubilization, and siderophore production (Mendez-Gomez et al., 
2020). Sphingomonas is considered an abundant microbial resource 
for the biodegradation of aromatic compounds, thus showing great 
potential for environmental protection and industrial production 
applications because of its high metabolic capacity and 
multifunctional physiological characteristics (Vorholt et al., 2017). 
Stenotrophomonas maltophilia, which exists widely in water, soil, 
and animals, is a multidrug-resistant opportunistic pathogen that 
causes life-threatening infections in immunocompromised 
individuals (Messiha et al., 2007; Mendes et al., 2013; Hassan and 
Bano, 2016). Herbaspirillum species have been described as closely 
associated with plants, both endophytically and epiphytically, 
because their nitrogenase activity promotes plant growth (Wang 
et  al., 2014). For instance, using histochemical analysis, 
Herbaspirillum seropedicae has been shown to colonize the root 

surfaces and inner tissues of maize, sorghum, wheat, and rice 
seedlings grown in vermiculite (Ramos et al., 2020).

Therefore, these significantly altered microbial communities 
confirmed our hypothesis that SA can recruit beneficial 
microorganisms (such as Rhodanobacter, Sphingomonas, and 
Micromonospora) in the watermelon rhizosphere. The next 
question that needs to be answered is whether SA-influenced 
changes in rhizosphere microflora are beneficial to the 
antagonism of plants against pathogens, that is, is the increased 
resistance of plants to pathogens induced directly by SA alone, or 
by the rhizosphere microbiota, or by both?

Significantly expressed microbiome 
genes may interact with salicylic acid 
signaling to regulate watermelon 
resistance to disease

Many researchers have found that SA and plant-associated 
beneficial microorganisms are key candidates for systemic acquired 
resistance (SAR) and induced systemic resistance (ISR), respectively 
(Berendsen et al., 2018; Teixeira et al., 2019). Therefore, to elucidate 
the molecular mechanism through which the rhizosphere microbial 
community cooperates with the watermelon plant to induce 

A

B
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FIGURE 7

Differential abundance of functional resistance genes among different soil samples (A) Venn diagram showing the distribution of 
functional resistance genes among the five selected sample groups. (B) Heatmap of the differences in relative abundance of six CAZy 
classes among the samples. (C) Heatmap of the differences in relative abundance of the antibiotic resistance ontology (ARO) cluster 
among the samples. S0, Mock-inoculation control, before treatment; S3, mock-inoculation control, 3 dpi; S7, mock-inoculation 
control, 7 dpi; SA3, SA + FON treatment, 3 dpi; SA7, SA + FON treatment, 7 dpi; SF3, FON treatment, 3 dpi; SF7, FON treatment, 7 dpi. 
FON, Fusarium oxysporum f. sp. niveum; SA, salicylic acid; dpi, days post-inoculation.
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FIGURE 8

Comparison of the relationship between resistance genes and main phyla in the different soil samples S0, Mock-inoculation control, before 
treatment; S3, mock-inoculation control, 3 dpi; S7, mock-inoculation control, 7 dpi; SA3, SA + FON treatment, 3 dpi; SA7, SA + FON treatment, 7 dpi; 
SF3: FON treatment, 3 dpi; SF7, FON treatment, 7 dpi. The inner circle is the phylum distribution for the antibiotic resistance ontology (ARO) 
cluster, and the outer circle is the phylum distribution for all sample genes in the group. FON, Fusarium oxysporum f. sp. niveum; SA, salicylic acid; 
dpi, days post inoculation.

resistance against Fusarium wilt, we blasted unique genes to annotate 
their functions. Surprisingly, genes enriched in environmental 
information processing, cellular processes, and metabolism pathways 
were significantly more highly expressed in SA3 than in SF3. 
Furthermore, K02014 (iron complex outer membrane receptor 
protein) was expressed at significantly higher levels in SA3 than in 
SF3. Simultaneously, the genes enriched in the process groups of cell 
motility and cell wall: membrane envelope biogenesis were expressed 
more significantly in SA3 than in SF3. These results confirm our 
hypothesis that the rhizosphere microbiome assemblage is affected 
by SA signal transduction pathways (Mendes et al., 2011; Chaparro 
et al., 2014; Vorholt et al., 2017; Delgado-Baquerizo et al., 2018). 
Notably, the resistance genes from GHs and PLs were highly 
accumulated in SA3 compared with those in the other soil groups. 
In particular, AAC6_IIC was consistently more significantly 
accumulated in the SA groups, indicating that it may play an 
important role in interplay with plant lipid membranes. Furthermore, 
we  noticed that the relative abundance of Proteobacteria 
corresponding to resistance genes was the highest post-inoculation, 
which means that more of such genes may come from species in this 

phylum. Our results confirm the conclusions of other studies that 
plant genetics and agricultural practices can potentially impose 
selective pressures on specific microbes and microbial communities. 
Thus, our findings not only show that SA treatment is beneficial to 
the antagonism of plants against pathogens but also suggest that, 
during pathogen infection, the rhizosphere microbiome may play a 
key role in activating a series of defensive feedback mechanisms in 
the plant through SA signal transduction pathways.

Conclusion

In conclusion, our results indicate that exogenous SA treatment 
can specifically increase some beneficial rhizosphere species that can 
confer resistance against FON inoculation. The glycoside hydrolase 
and polysaccharide lyase genes in the microbiome, specifically from 
a group of beneficial microbes (such as Rhodanobacter, 
Sphingomonas, and Micromonospora), may potentially induce 
activation of the plant immune system against Fusarium wilt disease 
and promote plant growth. Our results provide a novel strategy for 
controlling Fusarium wilt in watermelon by manipulating the 
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rhizosphere microbiome through phytohormones, such as 
exogenous SA treatment. Furthermore, we  aim to elucidate the 
mechanisms underlying the interplay between lipid membrane 
signaling and SA signal transduction pathways in future studies.
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Sweet potato is a typical “potassium (K)-favoring” food crop and strongly

dependent on arbuscular mycorrhizal fungi (AMF). Recent studies show the

importance of K and AMF to morphology optimization and nutrient uptake

regulation of sweet potato; meanwhile, the interaction exists between K and K

use efficiency (KIUE) in sweet potato. To date, only a few studies have shown

that AMF can improve plant K nutrition, and whether the benefits conferred

by AMF on plant are related to K remains unclear. In this study, low-KIUE

genotype “N1” and high-KIUE genotype “Xu28” were used as experimental

sweet potato; Funneliformis mosseae (FM) and Claroideoglomus etunicatum

(CE) were used as experimental AMF. In a pot experiment, plants “N1” and

“Xu28” were inoculated with FM or CE, and applied with or without K

fertilizer to uncover the effects of K application and AMF inoculation on

the root morphology and nutrient absorption of sweet potato during their

growing period. Results demonstrated that AMF inoculation-improved root

morphology of sweet potato highly relied on K application. With K application,

AMF inoculation significantly increased root tip number of “N1” in the swelling

stage and optimized multiple root morphological indexes (total root length,

root surface area, root volume, root diameter, root branch number, and root

tip number) of “Xu28” and CE had the best optimization effect on the root

morphology of “Xu28”. In addition, CE inoculation significantly promoted root

dry matter accumulation of “Xu28” in the swelling and harvesting stages,

coordinated aerial part and root growth of “Xu28”, reduced the dry matter to

leaf and petiole, and was beneficial to dry matter allocation to the root under

conditions of K supply. Another promising finding was that CE inoculation

could limit K allocation to the aboveground and promote root K accumulation

of “Xu28” under the condition with K application. The above results lead to the
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conclusion that K and CE displayed a synergistic effect on root development

and K acquisition of high-KIUE “Xu28”. This study could provide a theoretical

basis for more scientific application of AMF in sweet potato cultivation and will

help further clarify the outcomes of plant-K–AMF interactions.

KEYWORDS

sweet potato, arbuscular mycorrhizal fungi, potassium, nutrient uptake, root
morphology, tuberous root yield

Introduction

Many tuber and storage root crops owing to their high
nutritional values offer high potential to overcome food security
issues (Kondhare et al., 2021). Sweet potato [Ipomoea batatas
(L.) Lam.], belongs to the Convolvulaceae family, is widely
grown in tropical and subtropical climates worldwide (Minemba
et al., 2019), and it is an essential root crop and a high-
yield food, which guarantees food security and improves the
nutritional status of people (Liu et al., 2019; Wang et al., 2022a).
It is worth noting that the root system of sweet potato is
involved not only in uptake of water and mineral nutrient but
also in storage of photosynthate, and hence root growth and
differentiation are closely related to tuberous root yield (Gao
et al., 2021). Less root differentiation and low nutrient uptake
efficiency are currently the main obstacles limiting the further
improvement of sweet potato yield production. As documented,
the average root diameter and root volume of sweet potato
reflect the root differentiation, and the total root length, root
surface area, and root tip number determine the water and
nutrient absorption efficiency (Liu et al., 2017). Therefore, it is
imperative to seek effective methods for root morphology and
nutrient uptake optimization. Previous studies have reported
that soil and rhizosphere microbial activities are the major
factors that determine the availability of nutrients to plants and
consequently have significant influences on root growth and
plant productivity (Wang et al., 2017). Recent evidence suggests
that fertilization optimization and microbial inoculation were
effective tools for sweet potato cultivation (Minemba et al., 2019;
Alhadidi et al., 2021).

Sweet potato is a typical versatile crop with higher
requirements for K for optimum production throughout the
growth period than cereals, oilseeds, and commercial crops
(Tang et al., 2015). Over the past few years, studies have proven

Abbreviations: K, potassium; AMF, Arbuscular Mycorrhizal Fungi;
KIUE, K use efficiency; F. mosseae, Funneliformis mosseae; FM,
Funneliformis mosseae; C. etunicatum, Claroideoglomus etunicatum;
CE, Claroideoglomus etunicatum; N, nitrogen; P, phosphorus; −FM,
inoculated with sterilized FM; −CE, inoculated with sterilized CE; +FM,
inoculated with FM; +CE, inoculated with CE; DPI, days post inoculation;
DM, dry matter; FM, fresh matter; ANOVA, analysis of variance; G,
genotype.

that K was quite important for root system development and
the final tuberous root yield of sweet potato (Gao et al., 2021).
As estimated, about 10 kg K was required to produce 1,000 kg
(on dry matter [DM] basis) tuberous root of sweet potato
(George et al., 2002). The K utilization efficiency (KIUE) was
interlinked with K uptake (Wang et al., 2017). Using K-efficient
genotypes in combination with appropriate soil fertilization
worked as an optimal K nutrient management strategy for
sustainable and environmentally protective crop production
(Romheld and Kirkby, 2010). In 1993, a study reported the
significant interaction between environment and K supply on
sweet potato biomass production and KIUE (Woodend and
Glass, 1993). Our previous studies have selected 5 out of 108
sweet potato genotypes based on the significant differences in
KIUE among the field experiment (Wang et al., 2015). Then,
we investigated the interactions between environmental factors
and KIUE genotype of sweet potato and found that high-KIUE
genotype had a more optimal partitioning of K to economic
sink as well as higher K was associated with the resource–
sink relationship at different growth stages than did low-KIUE
genotype (Wang et al., 2017).

Arbuscular mycorrhizal fungi (AMF) could live in a
mutualistic symbiosis with plant roots of the majority ( > 80%)
of terrestrial plant species (Kalamulla et al., 2022; Seemakram
et al., 2022). Sweet potato was easily colonized by mycorrhizal
fungi (O’Keefe and Sylvia, 1993; Minemba et al., 2019). AMF
varied in their ability to establish after inoculation, and in
their effect on the yield and quality of sweet potato tubers
(Farmer et al., 2007). Recently, some beneficial effects of AMF
on the performance of sweet potato were reported (Tong et al.,
2013; Yooyongwech et al., 2016; Alhadidi et al., 2021), such as
water-deficit tolerance improvement, β-carotene concentration
increase, root morphology regulation, and nutrient acquisition
alternation. Therefore, the beneficial interaction of AMF with
sweet potato is considered suitable for the cultivation of
sweet potato. Typically, AMF develop extraradical mycelia
that extend the depletion zone that develops around roots,
and facilitate the acquisition of nutrients of low mobility
(Seemakram et al., 2022). Consistent with this phenomenon,
a meta-analysis about the effects of AMF on plant growth
and nutrient uptake reflected that AMF could increase plant
nitrogen (N), phosphorus (P), and K uptake by 22.1, 36.3, and
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18.5%, respectively (Chandrasekaran, 2020). It is important to
note that the enhanced nutrient uptake by AMF is ascribed
to regulation in root elongation, lateral root and root hair
formation, and root surface area and root volume expansion
(Chandrasekaran, 2020). However, only a few studies have
shown that AMF can improve plant K nutrition (Garcia and
Zimmermann, 2014). To date, there is still no report on the
effects of AMF inoculation on K uptake of sweet potato, and
whether the benefits conferred by AMF on plants are related
to K remains unknown. Given the importance of K and AMF
to morphology optimization and nutrient uptake regulation
of sweet potato (Minemba et al., 2019; Alhadidi et al., 2021),
the interaction exists between K and KIUE in sweet potato
(Wang et al., 2017); hence, a global understanding of the
interactive impact of K and AMF on the tuberous root yield, root
morphology, and nutrient uptake of different KIUE genotypes of
sweet potato should be considered.

In this study, low KIUE genotype “N1” and high KIUE
genotype “Xu28” were used as the experimental varieties of
sweet potato based on our previous results (Wang et al.,
2015, 2017); Funneliformis mosseae (FM) and Claroideoglomus
etunicatum (CE) were used as the experimental AMF mainly
considering the existing studies (Gai et al., 2006; Alhadidi et al.,
2021). In a pot experiment, the plants “N1” and “Xu28” were
inoculated with FM or CE, and applied with or without K
fertilizer to uncover the effects of K application and AMF
inoculation on the root morphology and nutrient absorption of
sweet potato during their growing period. The following three
essential questions were addressed throughout this article: (1)
How K application and AMF inoculation differentially affect
root morphology and nutrient uptake of low-KIUE and high-
KIUE sweet potato? (2) Whether there are interactive effects on
the root morphology and nutrient uptake between K application
and AMF inoculation? and (3) Which is the best combination
of K (with or without K application) and AMF (FM or CE
inoculation)?

Materials and methods

Soil, plant, and AMF materials

The soil was sandy loam fluvo-aqic (Eutyic Cambisol)
collected from Jiangyan City, Jiangsu Province (Wang et al.,
2017). Before the experiment began, plant debris and rocks
were removed from the soil. The soil sample used in this study
contained (on a DM basis) 52.01 g kg−1 alkali-hydrolyzable N;
12.15 mg kg−1 Olsen-P; 53 mg kg−1 available K (with NH4OAC
extraction); and 15.1 mg kg−1 organic matter. The pH of the soil
was 7.13 in a 1:2.5 (w/v) soil–water suspension ratio.

The two sweet potato genotypes “N1” and “Xu28” were
selected based on K uptake and K-use efficiency in the previous
studies (Wang et al., 2015, 2017, 2018), with “N1” bred by

the Institute of Food Crops, Jiangsu Academy of Agricultural
Sciences, exhibiting low K uptake and K-use efficiency, while
“Xu28” bred by the Jiangsu Xuzhou Sweet Potato Research
Central, exhibiting high K uptake and K-use efficiency.

The original AMF inoculum FM (BGC XJ02) and CE (BGC
XJ03C) were purchased from the Bank of Glomales in China
(BGC), Institute of Plant Nutrition and Resources, Beijing
Academy of Agriculture and Forestry Sciences (Beijing, China).
AMF spores were germinated withTrifolium repens as host plant
in sterilized fine sand and vermiculite culture in a greenhouse of
the Jiangsu Academy of Agricultural Sciences (Nanjing, China,
119◦32′21′′E, 31◦44′ 03′′N) over 3 months (Xu et al., 2021). The
AMF inoculum for both FM and CE consisted of spores (∼42
spores g−1), external hyphae, infected root in addition to fine
sand and vermiculite.

Experimental procedure

A greenhouse experiment was conducted in the greenhouse
of the Jiangsu Academy of Agricultural Sciences (Nanjing,
China, 119◦32’21′′E, 31◦44’ 03′′N) over 4 months from
August to November 2021. Two different K treatment (0
or 160 mg K2SO4 per kg air-dried soil) were applied in the
presence or absence of AMF (FM or CE) for two sweet potato
genotypes (“N1” or “Xu28”). Each plastic pot (height = 30 cm,
diameter = 30 cm) was filled with 7 kg air-dried soil; the
soil contained 0.82 g urea, 1.55 g superphosphate, and either
without K2SO4 (K0) or with 1.12 g K2SO4 (K1). In total,
16 (cultivar × K treatment × AMF inoculation) treatments
include (1) N1/−K/−FM, (2) N1/−K/+FM, (3) N1/−K/−CE,
(4) N1/−K/+CE, (5) N1/+K/−FM, (6) N1/+K/+FM, (7)
N1/+K/−CE, (8) N1/+K/+CE, (9) Xu28/−K/−FM, (10)
Xu28/−K/+FM, (11) Xu28/−K/−CE, (12) Xu28/−K/+CE, (13)
Xu28/+K/−FM, (14) Xu28/+K/+FM, (15) Xu28/+K/−CE, and
(16) Xu28/+K/+CE. For +FM or +CE, the AMF inoculum (70 g)
of FM or CE was inoculated into each pot at the depth of 10 cm,
respectively. For −FM or −CE, the same amount of AMF
inoculum (70 g) of FM or CE was sterilized three times (121◦C,
20 min) and filtered through a 25-µm membrane, respectively.
The obtained microbial filtrate (50 ml) of FM or CE inoculum
was inoculated into the pot of −FM or −CE, respectively. Each
pot contained one plant, and there were 12 pots of each of the 16
(genotype× K treatment× AMF inoculation) combinations.

Plant sampling and analysis

Three pots for 16 treatments were randomly selected at
plantlet stage [S1, 30 days post inoculation (DPI)], swelling
stage (S2, 60 DPI), maturing stage (S3, 85 DPI), and harvesting
stage (S4, 120 DPI). Three sweet potato plants from three
individual pots were destructively sampled and regarded as three
independent biological replicates.
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Plant samples were separated into leaves, stems, stalks,
and roots for fresh matter (FM) measurement, and fresh root
samples were used for the evaluation of root morphological
characteristics and the analysis of mycorrhizal colonization.
Additionally, the root parts were divided into fibrous roots and
tuberous roots at harvesting stage. Then, leaves, stem, petiole,
and root were oven-dried at 105◦C for 1 h and then at 75◦C to
constant weight for DM measurement, then ground and passed
through a 0.5-mm sieve for K concentration analysis.

Root morphology of sweet potato was characterized using
an Epson Perfection V850 Pro scanner (Epson, Nagano, Japan)
at 300 dpi. Root morphological characteristics, including the
root length (RL), total root length (RL), root surface area (RA),
average root diameter (RD), root volume (RV), root tip number
(RT), root branch number (RB), and root cross number (RC),
were estimated using WinRHIZO Pro 2017a Root Analysis
System (Regent Instruments Inc., Canada) (Huang et al., 2019).

Mycorrhizal root colonization intensity was assessed. The
fresh fine roots (0.5 g) were cleared with 10% KOH for 60 min
at 90◦C, acidified in 2% HCl for 30 min, and then stained with
ink (Sheaffer Pen, Shelton, CT, USA) and the vinegar method at
90◦C for 15 min. Then, about 90 root segments were randomly
selected from each sample and mounted on the microscope
slides. Mycorrhizal colonization of root was determined using
a microscope at 40× magnification (SMZ745T Nikon, Japan)
(Phillips and Hayman, 1970).

Dried plant samples passed through 0.5-mm sieve (0.5 g)
were digested with a mixture of H2SO4 and H2O2, then the
K concentration was determined by flame photometry (Wang
et al., 2017). The plant K uptake was calculated as follows:

K uptake = DM × K concentration (1)

Statistical analysis

Means and standard errors (SE) were calculated using
SPSS Statistics 20.0 software (SPSS Inc., Chicago, IL, USA)
(Wang et al., 2017; Yuan et al., 2019). Values are the means of
three independent experiments. Bars represent standard errors.
Before the analysis of variance (ANOVA), the normality and
homogeneity of variance were checked. For the normality test
of variance, Shapiro–Wilk test was conducted when the date
is less than 50. When the P value is >0.05, the data have the
characteristic of normal distribution. If the absolute value of
kurtosis is <10 and the absolute value of skewness is <3, the data
can be accepted as normal distribution basically. The normal
distribution histogram and regression analysis was observed
intuitively to check whether this set of data roughly conforms to
the normal distribution. For the homogeneity test of variance,
when the P value is >0.05, the data conforms to homogeneity of
variance. The statistical evaluation between two treatments was
compared using the independent-samples t-test, and asterisks
denote significant differences between two treatments (t-test;

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The statistical evaluation
of more than two treatments was compared using one-
way ANOVA, followed by Tukey’s multiple-comparison test
(P < 0.05), and different lowercase letters denote significant
differences. Two-way ANOVA was used to test the statistical
significance of K application (K), FM inoculation (FM), CE
inoculation (CE), K application × FM inoculation interaction
(K × FM), and K application × CE inoculation interaction
(K × CE) using the general linear model (GLM). Three-way
ANOVA was used to test the statistical significance of Genotype
(G), K application (K), AMF inoculation (AMF), Genotype× K
application interaction (G × K), Genotype × AMF inoculation
interaction (G × AMF), K application × AMF inoculation
interaction (K× AMF), and Genotype× K application× AMF
inoculation interaction (G × K × AMF) using the GLM.
Pearson’s correlation relationship was analyzed using Origin
2021 and displayed as heatmap format.

Results

AMF colonized in the root of sweet
potato

Funneliformis mosseae and Claroideoglomus etunicatum
could establish symbiotic relationship with sweet potato
for both “N1” and “Xu28” (Figure 1 and Supplementary
Figure 1). ANOVA revealed that genotype significantly affects
the colonization rate of FM and CE at harvesting stage and
seeding stage, respectively. K application significantly affects
AMF colonization rate in root of “N1” at harvesting stage, and
K × AMF significantly affects AMF colonization rate in root
of “Xu28” at swelling stage. No significant differences were
observed in FM and CE colonization rate in the root of “N1” and
“Xu28” from seeding stage to harvesting stage, except that FM
exhibited significant higher colonization rate in the root of “N1”
than that of “Xu28” at the harvesting stage (Supplementary
Figure 1). K application had no significant effects on FM or CE
colonization rate in the root of “N1” or “Xu28”, except that K
application significantly increased FM colonization rate in the
root of “N1” at the harvesting stage. Therefore, FM preferred
to colonize in the root of “N1” rather than of “Xu28” at the
harvesting stage, and K application contributed to colonization
of FM in the root of “N1” at the harvesting stage.

K and AMF improved the tuberous root
yield of sweet potato

Potassium application had no significant effects on the
tuberous root yield of “N1”, while K application significantly
increased the tuberous root yield of “Xu28” (Figure 2). No
significant differences were observed in the tuberous root
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FIGURE 1

Microscopic visualization of arbuscular mycorrhizal fungi structures in root of sweet potato at seeding stage. “N1” and “Xu28” indicate “sweet
potato “N1”” and “sweet potato “Xu28””, respectively. “FM” and “CE” indicate “Funneliformis mosseae” and “Claroideoglomus etunicatum”,
respectively. Red arrows indicate different arbuscular mycorrhizal fungi (AMF) structures. Ih, intraradical hyphae; V, vesicle.

FIGURE 2

The effects of arbuscular mycorrhizal fungi inoculation on tuberous root yield of sweet potato. Different lowercase letters indicate significant
differences between different groups (P < 0.05). Asterisks denote significant differences after arbuscular mycorrhizal fungi (AMF) inoculation
(t-test; *P < 0.05), while “ns” indicates nonsignificant difference.

yield of “N1” after FM or CE inoculation, and no significant
differences were observed in the tuberous root yield of
“Xu28” after FM inoculation, while CE inoculation significantly
increased the tuberous root yield of “Xu28” under K application
condition. Therefore, FM or CE inoculation did not have a
significant effect on improving the tuberous root yield of “N1”,
while CE inoculation could effectively improve the tuberous
root yield of “Xu28” under the condition with K application,
and K application and CE inoculation exhibited a synergistic
effect on the tuberous root yield of “Xu28”. K application and

CE inoculation combination increased tuberous root yield of
“Xu28” by 37.66% compared with the condition without K
application and uninoculated with CE.

K and AMF optimized root morphology
of sweet potato

Analysis of variance revealed that K application significantly
affects total root length and root branch number of “N1” in
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the swelling stage (Figure 3). For “Xu28”, K significantly affects
root surface area and root volume in the seeding stage, root
tip number in the swelling stage, and root diameter in the
harvesting stage. Thus, K application differentially regulated the
root architecture of “N1” and “Xu28”, and K application showed
greater effects on root architecture optimization of “Xu28”.
ANOVA showed that FM significantly regulated the root tip
number of “N1” in the seeding and maturing stages, while CE
had no significant effects on the root morphology of “N1”. For
“Xu28”, FM had no significant effects on the root morphology,
while CE significantly affects root surface area, root diameter,
root volume in the seeding stage, and root total root length,
root diameter, root tip number, root branch number and root
cross number in the swelling stage, and root tip number in
the maturing stage. Therefore, FM and CE inoculation were
more inclined to optimize root morphology of “N1” and “Xu28”,
respectively. In particular, FM inoculation only affected “N1”
root tip number, while CE inoculation affected several indexes
of “Xu28” root morphology.

As shown in Figure 4 and Supplementary Figure 2, FM
and K × FM significantly affected root tip number at seeding
stage of “N1”, and K, CE, and K × CE significantly affected
root volume at seeding stage and root tip number at maturing
stage of “Xu28”. Meanwhile, we analyze the effects of FM and
CE inoculation on the root morphology of “N1” and “Xu28”
without K application (Figure 4). For “N1”, FM inoculation
had no significant effects on the root morphology, while CE
inoculation significantly decreased root diameter in the seeding
stage and root tip number in the maturing stage, and increased
root tip number in the harvesting stage. For “Xu28”, FM
inoculation had no significant effects on the root morphology,

and CE inoculation significantly decreased root tip number
in the maturing stage. Subsequently, we further analyze the
effects of FM and CE inoculation on the root morphology of
“N1” and “Xu28” with K application (Figure 4). For “N1”,
FM inoculation significantly decreased root tip number in the
seeding stage and increased root tip number in the swelling
stage, CE inoculation significantly increased root tip number
in the swelling stage. For “Xu28”, FM inoculation significantly
increased total root length in the seeding stage and root diameter
in the harvesting stage, CE inoculation significantly increased
root surface area, root volume, root diameter, and root branch
number in the seeding stage, and increased total root length,
root surface area, root tip number, and root branch number
in the swelling stage. As a result, FM or CE inoculation had
little effect on the root morphology of sweet potato and tended
to have a negative effect without K application, while FM and
CE inoculation significantly increased root tip number of “N1”
in the swelling stage and optimized multiple indexes of root
morphology of “Xu28” during the whole growth stage under the
condition with K application, indicating that K application and
AMF inoculation exhibited a considerable synergistic effect on
the root morphology of “Xu28”.

In addition, CE had the best optimization effect on the
root morphology of “Xu28” among the whole growth period
under the condition with K application. The longer the total
root length and the larger the root surface area, the more
effective the plant roots to absorb water and nutrients. The
more the root branch number, the more the root tip number.
Root tip was the main organ of root nutrient absorption, and
root branch number was positively correlated with nutrient
absorption capacity. Accordingly, CE inoculation under the

FIGURE 3

Two-way ANOVA for the effects potassium (K) and F. mosseae (FM) or C. etunicatum (CE) inoculation on root morphological traits of sweet
potato. Asterisks denote significant differences (t-test; *P < 0.05; **P < 0.01).
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FIGURE 4

The effects of potassium application and arbuscular mycorrhizal fungi (AMF) inoculation on the root morphology of N1 (A) and Xu28 (B). For
different groups, asterisks denote significant differences after AMF inoculation (t-test; *P < 0.05; **P < 0.01).

condition with K application has the potential to promote root
nutrient absorption of “Xu28” at seedling and swelling stages.

K and AMF regulated plant growth
parameters of sweet potato

Potassium application had no significant effect on total DM
of “N1” from seeding stage to harvesting stage (Supplementary
Figure 3). For “Xu28”, K application had no significant effect
on total DM from swelling stage to harvesting stage, while
significantly increased total DM at the seeding stage. In addition,
no significant differences were observed in total DM of “N1”
or “Xu28” after FM or CE inoculation. ANOVA revealed that
FM, CE, K × FM, and K × CE had no significant effect on
total DM of “N1” or “Xu28” (Supplementary Figure 4). Thus,
K application favored total DM accumulation of “Xu28” at the
seeding stage, while FM and CE had no inspiration effect on total
DM of “N1” and “Xu28” with or without K application.

Dry matter accumulation of different organs of sweet potato
were analyzed. ANOVA revealed that K, FM, CE, K × FM,
and K × CE had no significant effect on root, stem, petiole,
or leaf DM of “N1” from seeding stage to harvesting stage,

except that K significantly affected leaf DM at swelling stage
(Supplementary Figure 4). For “Xu28”, K, CE, and K × CE
significantly affected root DM of “Xu28” at seeding stage, and K
significantly affected stem, petiole, leaf DM of “Xu28” at seeding
and harvesting stage (Supplementary Figure 4). As shown in
Figure 5, no significant differences were observed in root, stem,
petiole, or leaf DM of “N1” or “Xu28” after FM inoculation with
or without K application, and no significant differences were
observed in root, stem, petiole, or leaf DM of “N1” or “Xu28”
after CE inoculation without K application. With K application,
CE significantly decreased petiole DM of “N1” in the seeding
stage, and significantly promoted root DM accumulation of
“Xu28” in the swelling and harvesting stages (Figure 5). As a
result, K application and CE inoculation exerted a synergistic
effect on root DM of “Xu28” at seeding stage.

Furthermore, we further analyze DM proportion of different
organs. For “N1”, CE inoculation resulted in significantly higher
DM proportion of leaf in the seeding and maturing stages
without K application, FM inoculation resulted in significantly
higher DM proportion of stem in the swelling stage without
K application (Figure 6). For “Xu28”, FM inoculation resulted
in significantly lower DM proportion of leaf in the seeding
stage with K application, CE inoculation resulted in significantly
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FIGURE 5

The effects of potassium application and arbuscular mycorrhizal fungi (AMF) inoculation on dry matter accumulation of root (A), stem (B),
petiole (C), and leaf (D) of sweet potato. For different groups, asterisks denote significant differences after AMF inoculation (t-test; *P < 0.05;
**P < 0.01).

higher DM proportion of root and lower DM proportion of
stem in the harvesting stage with K application (Figure 6).
ANOVA revealed that K × CE significantly affected root and
aboveground DM proportion (Supplementary Figure 5). The
above results indicated that CE inoculation under the condition
of K application significantly coordinated the aerial part and
root growth of “Xu28” at seeding stage, reduced the DM to
leaf and petiole at harvesting stage, and be beneficial to DM
allocation to the root at seeding and swelling stages.

K and AMF coordinated plant K uptake
and allocation

As shown in Figure 7, K application significantly increased
K concentration and K accumulation of “N1” and “Xu28”
at seeding stage, swelling stage, and harvesting stage. No
significant differences were observed in K concentration and
K accumulation of “N1” or “Xu28” after AMF inoculation
with or without K application, except that FM significantly
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FIGURE 6

The effects of potassium application and arbuscular mycorrhizal fungi inoculation on dry matter proportion of different organs of sweet potato.
For each growth stage, different lowercase letters indicate significant differences between different groups (P < 0.05). For different groups,
asterisks denote significant differences after arbuscular mycorrhizal fungi (AMF) inoculation (t-test; *P < 0.05).

reduced K concentration at maturing stage of “Xu28” under the
condition with K application and FM significantly increased K
accumulation at maturing stage of “Xu28” under the condition
without K application.

Potassium accumulation in different organs of sweet potato
was analyzed (Table 1). For “N1”, FM inoculation significantly
increased petiole K accumulation at swelling and maturing
stages and leaf K accumulation at maturing stage under the
condition without K application, while significantly decreased
leaf K accumulation at maturing stage under the condition

with K application. While CE inoculation had no significant
effect on K accumulation in different organs of “N1” under the
condition with or without K application. Thus, compared with
K application, FM inoculation was more conducive to aerial
part K accumulation of “N1” under the condition without K
application. For “Xu28”, FM and CE had no significant effect on
K accumulation in different organs under the condition without
K application, while FM inoculation significantly increased
leaf K accumulation at maturing stage and CE inoculation
significantly increased root K accumulation at seeding stage
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FIGURE 7

The effects of potassium application and arbuscular mycorrhizal fungi inoculation on K concentration (A) and K accumulation (B) of sweet
potato. For each growth stage, different lowercase letters indicate significant differences between different groups (P < 0.05). For different
groups, asterisks denote significant differences after arbuscular mycorrhizal fungi (AMF) inoculation (t-test; *P < 0.05; **P < 0.01), while “ns”
indicates nonsignificant difference.

under the condition with K application, showing that CE-
increased root K accumulation at seeding stage and FM-
increased leaf K accumulation at maturing stage of “Xu28” were
both dependent on K application.

Furthermore, we analyzed the proportion of K accumulation
in different organs (Table 2). Either FM or CE inoculation had
no significant effect on K proportion in different organs of
“N1” and “Xu28” under the condition without K application.

With K application, FM inoculation significantly decreased
petiole K proportion at seeding stage of “N1” and stem K
proportion at swelling of “Xu28”. ANOVA revealed that K,
CE, and K × CE significantly affected petiole K proportion at
seeding stage of “Xu28”, and the opposite effects on petiole
K proportion of CE inoculation under the condition with
and without K application, and CE inoculation significantly
decreased petiole K proportion, showing that CE-decreased
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petiole K proportion of “Xu28” at seeding stage was highly
dependent on K application. In addition, with K application,
CE inoculation significantly decreased K proportion in leaf
and stem at harvesting stage, and meanwhile significantly
increased root K proportion at harvesting stage, indicating that
K application and CE inoculation displayed a synergistic effect
on K allocation in different organs of “Xu28”, and in particular:
CE inoculation could limit K allocation to the arial part and be
beneficial to K allocation to the root of “Xu28” at harvesting
stage under the condition with K application.

Correlation analysis with root
morphological index and the K uptake
of sweet potato

The above results showed that K and CE displayed a
synergistic effect on root development and K acquisition
especially for “Xu28”. Pearson’s correlations revealed that
root morphological index showed positive correlations with
root DM and root K accumulation of “N1” only at seeding
stage (Figure 8A), while root morphological index showed
positive correlations with root DM and K accumulation of
“Xu28” from seeding stage to harvesting stage (Figure 8B).
No significant positive correlations were observed between root
morphological index and K concentration of “N1” or “Xu28”
from seeding to harvesting stage, except that root diameter
showed significant positive correlation relationships with root K
concentration at harvesting stage of “N1” and at maturing stage
of “Xu28” (Figures 8A, B). In addition, root K accumulation
showed significant positive correlation relationship with root
DM rather than root K concentration for both “N1” and
“Xu28” (Figures 8C, D). Therefore, the increased root DM
was explained by the optimized morphology of sweet potato
for N1 (particularly at seeding stage) and Xu28 (from seeding
to harvesting stage), and the increased root K accumulation
was attributed to the increased root DM rather than root K
concentration of sweet potato.

Discussion

Sweet potato has higher requirements for K for optimum
production (Tang et al., 2015), and is easily colonized by AMF
(O’Keefe and Sylvia, 1993; Minemba et al., 2019). Meanwhile,
optimal K nutrient management strategy for sustainable and
environmentally protective crop production was using KIUE
genotypes in combination with appropriate soil fertilization
(Romheld and Kirkby, 2010). It is acknowledged that root
architecture plays a fundamental role for water and nutrients
uptake from soil and in turn, yield production (Alhadidi
et al., 2021; Caruso et al., 2021). Optimizing root morphology

of sweet potato are effective methods guaranteeing yield
production of sweet potato. Previously, K application and
AMF inoculation have been proven to exert great effects
on the root morphology regulation and nutrient acquisition
alternation of sweet potato (Alhadidi et al., 2021; Gao et al.,
2021), and the interaction exists between K and KIUE in
sweet potato (Wang et al., 2017). In the present study, K
application differentially regulated the root architecture of
“N1” and “Xu28”, and K application showed greater effect
on root architecture optimization of high-KIUE genotype
“Xu28” (Figure 3). The defined impact of AMF on plant
growth is not stable considering the interaction with AMF
and the environmental conditions. It is worth noting that
either FM or CE inoculation had little effect on the root
morphology of sweet potato and tended to have negative
effect without K application, while FM and CE inoculation
significantly optimized root morphology under the condition
with K application (Figure 4), indicating that AMF inoculation-
improved root morphology of sweet potato highly relied on K
application. Similarly, both K application and AMF inoculation
promote root growth and K accumulation of wolfberry, and
a synergistic interaction existed between K and AMF (Wang,
2020). Likewise, plant K concentration modified the effects of
AMF on root hydraulic properties in maize roots (El-Mesbahi
et al., 2012). Therefore, we deduced K application and AMF
inoculation exhibited a considerable synergistic effect on the
root morphology of sweet potato both low- and high-KIUE
genotypes.

Genetic and environmental factors collectively determine
plant growth and yield (Wang et al., 2022b). Similarly, sweet
sorghum genotypes were selectively associated with AMF
inoculations species (FM, Claroideoglomus claroideum and CE)
for plant root parameters and nutrient uptake (Ortas and Bilgili,
2022). The interaction amongst AMF species may differ between
sweet potato varieties (Yooyongwech et al., 2016). On the one
hand, plant genotypes were considered in this study. Root
morphological indexes (root DM, total root length, root surface
area, root volume, root diameter, root branch number, and root
tip number) should be analyzed when checking root growth
state (Alhadidi et al., 2021; Caruso et al., 2021). As shown in
the recent study, Glomus intraradices induced different root
architecture models (length, surface area, average diameter, and
biomass) in relation to the cultivars of Ficus carica, suggesting
diverse root strategies for exploiting the soil resources (Caruso
et al., 2021). In this study, FM and CE inoculation increased
root tip number of “N1” in the swelling stage and optimized
multiple indexes of root morphology of “Xu28” during the
whole growth stage under the condition with K application
(Figure 4), indicating that AMF differentially regulated root
morphology of low-KIUE and high-KIUE sweet potato. On
the other hand, AMF species were considered in this study.
Three different AMF species (i.e., C. claroideum, Rhizoglomus
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TABLE 1 The effects of K application and arbuscular mycorrhizal fungi (AMF) inoculation on K accumulation in different organs of sweet potato.

G K AMF Root K accumulation (mg) Stem K accumulation (mg) Petiole K accumulation (mg) Leaf K accumulation (mg)

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

N1 −K −FM 10.03a 47.68a 60.52a 16.99a 47.57a 39.70a 61.17b 40.17a 12.02a 16.52a 14.23b 13.77a 48.49a 59.13a 38.84a 19.87a

+FM 11.11a 28.39a 44.23a 57.52a 50.05a 81.76a 68.26ab 31.38a 19.58a 33.90a** 23.66ab* 6.75a 87.25a 78.58a 53.68a* 18.53a

−CE 14.66a 56.21a 73.12a 39.51a 53.79a 49.06a 136.35a 46.20a 19.55a 16.67a 35.46ab 6.50a 60.07a 64.32a 59.93a 29.79a

+CE 9.51a 45.54a 22.34a 11.58a 61.46a 67.99a 126.05ab 36.52a 26.27a 22.46a 43.66a 18.90a 80.22a 85.81a 67.68a 28.01a

+K −FM 5.80a 65.86a 47.01a 42.16a 34.48a 127.06a 65.70ab 58.67a 12.30a 34.68a 13.59b 10.76a 29.49a 78.19a 59.64a 32.18a

+FM 5.92a 57.87a 24.91a 120.55a 29.68a 104.35a 65.86ab 91.64a 5.81a 30.05a 16.14ab 21.88a 35.32a 93.82a 47.35a* 28.97a

−CE 16.49a 20.55a 95.19a 47.16a 36.24a 87.73a 132.06ab 84.62a 16.63a 52.13a 31.16ab 19.32a 57.86a 77.84a 55.77a 32.62a

+CE 16.13a 35.78a 77.7a 61.18a 43.84a 129.33a 125.92ab 67.66a 17.27a 66.10a 36.79ab 11.54a 52.64a 88.43a 66.85a 25.69a

Xu28 −K −FM 8.64B 114.99B 119.86A 125.78B 20.75B 22.16B 28.30B 11.22B 13.72B 11.53B 13.80B 7.27A 56.27A 74.34B 69.34A 26.49A

+FM 8.70B 110.35B 210.00A 95.89B 15.63B 24.67B 26.66B 12.35B 7.61B 16.50B 17.88B 11.06A 44.21A 96.64AB 60.81A 25.98A

−CE 11.26AB 132.37B 164.76A 153.03B 24.18B 34.39B 68.24A 13.91B 11.75B 20.18B 45.14A 8.96A 81.24A 85.68B 85.78A 26.55A

+CE 9.94B 127.42B 108.35A 117.65B 20.82B 27.19B 78.87A 11.33B 14.57B 36.83AB 56.12A 8.61A 58.32A 92.04AB 85.15A 29.30A

+K −FM 16.77AB 154.81AB 282.72A 190.73AB 60.92A 98.10A 15.48B 33.24AB 41.77B 84.76A 9.11B 12.98A 102.59A 207.08A 46.03A 37.35A

+FM 35.71A 243.49A 181.20A 181.81AB 59.01A 51.57AB 24.41B 47.16A 34.62B 66.41AB 14.11B 6.19A 92.72A 153.41AB 60.24A* 18.82A

−CE 19.64AB 140.41B 117.80A 203.75AB 52.55A 47.82AB 65.11A 34.22AB 88.15A 34.68AB 49.59A 6.68A 95.64A 124.79AB 80.56A 25.19A

+CE 28.75AB* 168.98AB 105.00A 295.62A 59.10A 45.51B 76.75A 27.13AB 40.54B 35.69AB 47.67A 5.23A 108.16A 136.61AB 109.83A 19.53A

N1 K Ns Ns Ns Ns * *** Ns *** Ns ** Ns Ns ** Ns Ns Ns

FM Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns

CE Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

K× FM Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns ** Ns

K× CE Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

Xu28 K *** ** Ns *** *** *** Ns *** *** ** Ns Ns ** ** Ns Ns

FM Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns

CE Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

K× FM Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

K× CE * Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

Different lowercase letters in the same column indicate significant differences between different groups (P < 0.05) for “N1” or “Xu28”. Asterisks denote significant differences after AMF inoculation (t-test; *P < 0.05; **P < 0.01; ***P < 0.001). Ns denotes
not significant using Tukey’s test.
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TABLE 2 The effects of K application and arbuscular mycorrhizal fungi (AMF) inoculation on the proportion of K accumulation in different organs of sweet potato.

G K AMF Root K proportion (%) Stem K proportion (%) Petiole K proportion (%) Leaf K proportion (%)

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

N1 −K −FM 8.59a 27.25a 31.75a 18.58a 41.71a 25.06a 35.42a 44.53a 10.02a 10.39a 9.23a 15.44a 39.67a 37.30a 23.60ab 21.44a

+FM 6.66a 10.28a 21.83a 46.99a 29.49a 35.11a 36.89a 29.67a 11.61a 17.53a 12.52a 6.02a 52.24a 37.08a 28.76ab 17.32a

−CE 12.40a 26.15a 23.94a 28.05a 33.19a 29.24a 45.18a 39.74a 11.85a 9.72a 11.42a 6.07a 42.57a 34.88a 19.46ab 26.14a

+CE 5.24a 20.11a 8.12a 12.03a 34.67a 30.30a 49.53a 39.95a 14.97a 11.27a 16.32a 19.27a 45.12a 38.32a 26.03ab 28.75a

+K −FM 7.32a 21.41a 25.09a 22.39a 42.26a 41.65a 35.15a 42.14a 14.81a 11.29a 7.47a 8.17a 35.61a 25.65a 32.29a 27.31a

+FM 6.26a 17.04a 13.83a 37.07a 43.70a 37.85a 43.70a 41.26a 5.99a* 10.26a 10.97a 6.88a 44.05a 34.85a 31.50ab 14.79a

−CE 13.15a 7.63a 25.25a 28.80a 28.09a 36.57a 44.96a 44.57a 13.05a 18.76a 11.17a 9.65a 45.71a 37.03a 18.61b 16.99a

+CE 12.83a 10.96a 25.11a 35.16a 33.69a 40.70a 41.10a 41.95a 13.36a 20.66a 12.22a 6.82a 40.12a 27.68a 21.58ab 16.07a

Xu28 −K −FM 8.99A 52.21A 50.18ABC 73.43A 21.41A 9.87A 12.74AB 6.66A 13.52B 5.06A 6.15BC 4.41A 56.09A 32.86A 30.94A 15.50A

+FM 10.86A 43.50A 66.45AB 60.92A 20.30A 10.21A 8.53B 9.72A 10.13B 6.75A 5.70BC 8.82A 58.70A 39.54A 19.31A 20.53A

−CE 9.09A 49.35A 43.75ABC 73.22A 19.47A 12.64A 19.43AB 7.47A 9.54B 7.34A 12.94ABC 4.96A 61.89A 30.66A 23.88A 14.35A

+CE 9.43A 45.79A 30.59C 66.58A 20.08A 9.49A 27.02A 7.42A 13.91B 12.45A 19.57A 6.53A 56.57A 32.27A 22.81A 19.46A

+K −FM 7.67A 28.80A 74.64A 69.48A 27.85A 17.80A 5.91B 12.15A 18.41B 15.58A 3.17C 4.74A 46.07AB 37.82A 16.27A 13.63A

+FM 15.63A 50.76A 64.47AB 72.01A 26.64A 9.32A* 8.74B 18.28A 15.54B 11.60A 5.15BC 2.44A 42.19AB 28.33A 21.64A 7.27A

−CE 8.27A 40.40A 37.59BC 75.70A 22.97A 13.69A 21.00AB 12.67A 34.62A 9.95A 16.03AB 2.41A 34.14B 35.97A 25.37A 9.22A

+CE 12.59A 44.02A 31.13C 85.03A* 24.79A 11.80A 22.50AB 7.90A* 16.86B* 9.46A 13.98ABC 1.48A 45.76AB 34.73A 32.39A 5.58A*

N1 K Ns Ns Ns Ns Ns ** Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

FM Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns * Ns Ns Ns

CE Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns * Ns

K× FM Ns Ns Ns Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns Ns Ns

K× CE Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

Xu28 K Ns Ns Ns Ns * Ns Ns * ** * Ns * *** Ns Ns **

FM Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

CE Ns Ns Ns Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns Ns Ns

K× FM Ns Ns Ns Ns Ns * Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns

K× CE Ns Ns Ns Ns Ns Ns Ns Ns ** Ns Ns Ns Ns Ns Ns Ns

Different lowercase letters in the same column indicate significant differences between different groups (P < 0.05) for “N1” or “Xu28”. Asterisks denote significant differences after AMF inoculation (t-test; *P < 0.05; **P < 0.01; ***P < 0.001). Ns denotes
not significant using Tukey’s test.
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FIGURE 8

Pearson’s correlation coefficients between root morphological index, root dry matter, root K concentration, and root K accumulation of N1 (A)
and Xu28 (B). Relationship between root K concentration or root dry matter and root K accumulation of N1 (C) and Xu28 (D). Asterisks denote
significant differences (*P < 0.05). The value of R and P given in each figure to exhibit the significant level (P < 0.05, significant; P ≥ 0.05,
nonsignificant).

irregulare, and FM) varied in their effects on plant biomass
and nutrient acquisition of different host plant (Köhl and van
der Heijden, 2016). In this study, FM and CE were more
favorable to optimize root morphology of “N1” and “Xu28”,
respectively (Figure 4), CE rather than FM had the best
optimization effect on the root morphology of “Xu28” under
the condition with K application (Figure 4 and Supplementary
Figure 2), indicating that AMF species greatly affected root
morphology of sweet potato. Therefore, we speculated that both
sweet potato genotypes and AMF species affected the outcome
of benefits that AMF conferred to sweet potato to a great
extent.

Consistent with the optimized root morphology of “Xu28”
(Figure 4 and Supplementary Figure 2), CE inoculation
significantly promoted root DM accumulation of “Xu28” in
the swelling and harvesting stages (Figure 5), and coordinated
of aerial part and root growth of “Xu28”, reduced the DM
to leaf and petiole, be beneficial to DM allocation to the
root under conditions of K supply (Figure 6). Likewise, CE
inoculation could limit K allocation to the aboveground and
promote root K accumulation of “Xu28” under the condition
with K application (Tables 1, 2). The above results lead to the
interesting finding that K and CE displayed a synergistic effect
on root development and K acquisition of high-KIUE genotype

“Xu28”. Moreover, CE inoculation, and K application and CE
inoculation interaction significantly increased tuberous root
yield of “Xu28” rather than “N1” (Figure 2), indicating that K
application and CE inoculation exhibited a synergistic effect on
tuberous root yield of “Xu28”. Therefore, CE inoculation under
the condition of K application is an effective strategy to improve
the yield production of high-KIUE genotype “Xu28”. Thus, we
proposed that K application and CE inoculation synergistically
optimized root morphology, improved root DM and root K
accumulation, coordinated the aerial part and root growth and
K allocation, and increased tuberous root production of high-
KIUE genotype “Xu28” (Figure 9). In this study, −FM or −CE
was set as the control of +FM or +CE, respectively, to replenish
the interference from other factors such as mineral and non-
mycorrhizal microbial components in the living inoculums. It’s
worth noting that there are some differences between −FM
and −CE in the same genotype and same K level (Table 1).
For −FM or −CE, AMF inoculum (70 g) of FM or CE was
sterilized and filtered through a 25-µm membrane, respectively.
And, to replenish the mineral and non-mycorrhizal microbial
components in the living inoculums, the obtained microbial
filtrate of unsterilized FM or CE inoculum was inoculated into
the pot of−FM or−CE, respectively. Thus, the−FM treatment
and −CE treatment were not the same treatment, and some
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FIGURE 9

Conceptual diagram depicting the synergistic effect of K and arbuscular mycorrhizal fungi (AMF) on root development and K acquisition of high
K use efficiency genotype “Xu28”.

metabolite may also mediate these differences. Considering
more complex and uncertain environmental factor existing
in field, and environmental factor (soil types, soil acidity,
carbon: nitrogen: phosphorus ratio in soil, climate, etc.) could
affect the functional effect of AMF in the agricultural field
(Kalamulla et al., 2022), further studies will be conducted to
investigate whether K application and CE inoculation improve
root morphology and yield production in field experiments,
which will contribute to more scientific application of AMF in
sweet potato cultivation.

Conclusion

This study showed that K application differentially regulated
the root architecture of low-KIUE genotype “N1” and high-
KIUE genotype “Xu28”, FM and CE inoculation were more
inclined to optimize root morphology of “N1” and “Xu28”,
respectively. AMF inoculation-improved root morphology of
sweet potato highly relied on K application. Particularly, K
application and CE inoculation displayed a synergistic effect on
root development and K acquisition of high-KIUE genotype
“Xu28”. This study provides a theoretical basis for more
scientific application of AMF in sweet potato cultivation and
helps to further clarify plant–nutrient–AMF interactions.
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A transcriptional activator from 
Rhizophagus irregularis regulates 
phosphate uptake and 
homeostasis in AM symbiosis 
during phosphorous starvation
Shuyuan Zhang , Yuying Nie , Xiaoning Fan , Wei Wei , Hui Chen , 
Xianan Xie * and Ming Tang *

State Key Laboratory of Conservation and Utilization of Subtropical Agro-Bioresources, Guangdong 
Laboratory for Lingnan Modern Agriculture, Guangdong Key Laboratory for Innovative 
Development and Utilization of Forest Plant Germplasm, College of Forestry and Landscape 
Architecture, South China Agricultural University, Guangzhou, China

Introduction: Phosphorus (P) is one of the most important nutrient elements 

for plant growth and development. Under P starvation, arbuscular mycorrhizal 

(AM) fungi can promote phosphate (Pi) uptake and homeostasis within host 

plants. However, the underlying mechanisms by which AM fungal symbiont 

regulates the AM symbiotic Pi acquisition from soil under P starvation are 

largely unknown. Here, we identify a HLH domain containing transcription 

factor RiPho4 from Rhizophagus irregularis.

Methods: To investigate the biological functions of the RiPho4, we combined 

the subcellular localization and Yeast One-Hybrid (Y1H) experiments in yeasts 

with gene expression and virus-induced gene silencing approach during AM 

symbiosis.

Results: The approach during AM symbiosis. The results indicated that RiPho4 

encodes a conserved transcription factor among different fungi and is induced 

during the in planta phase. The transcription of RiPho4 is significantly up-

regulated by P starvation. The subcellular localization analysis revealed that 

RiPho4 is located in the nuclei of yeast cells during P starvation. Moreover, 

knock-down of RiPho4 inhibits the arbuscule development and mycorrhizal Pi 

uptake under low Pi conditions. Importantly, RiPho4 can positively regulate the 

downstream components of the phosphate (PHO) pathway in R. irregularis.

Discussion: In summary, these new findings reveal that RiPho4 acts as a 

transcriptional activator in AM fungus to maintain arbuscule development and 

regulate Pi uptake and homeostasis in the AM symbiosis during Pi starvation.

KEYWORDS

arbuscular mycorrhizal fungi, P starvation, P uptake, RiPho4, transcription factor, 
yeast one-hybrid, virus-induced gene silencing
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Introduction

Arbuscular mycorrhizal fungi (AMF) belong to the 
Glomeromycotina in the Mucoromycota, and are a kind of the 
obligate soilborne fungi which can form the AM symbioses with 
more than 70% of land plants (Brundrett and Tedersoo, 2019; 
Bonfante and Venice, 2020; Genre et al., 2020; Rich et al., 2021). 
AMF have been shown to benefit plant productivity and they can 
absorb water and mineral nutrients such as phosphorus (P), 
nitrogen (N), iron, sulfur and zinc from soils, then transfer them 
to the host plants via the symbiotic interfaces (Watts-Williams and 
Cavagnaro, 2018; Kobae, 2019; Rahman et al., 2020; Ma et al., 
2022). In return, host plants can transport fatty acids and sugars 
to AMF as the carbon and energy sources (Campos-Soriano and 
Segundo, 2011; Jiang et al., 2017; Luginbuehl and Oldroyd, 2017; 
An et al., 2019). These bidirectional processes effectively regulate 
the nutrient balance between the host plants and their AM fungal 
symbionts, and thus these associations are capable of promoting 
plant development and fitness (Pozo and Azcón-Aguilar, 2007; 
Hajong et al., 2013; Fellbaum et al., 2014).

Soil available P can be acquired at the root periphery and 
utilized by plants in the form of inorganic orthophosphate (Pi), 
however, Pi is always insufficient in the fields due to its low 
solubility and relative immobilization in soils (Vance et al., 2003; 
Hirsch et  al., 2006; Nagy et  al., 2009). The formation of 
AM symbiosis is an effective strategy for land plants to cope with 
low Pi availability (Cibichakravarthy et al., 2015; Dierks et al., 
2021). During colonization, the branch hyphae of spores produce 
swellings called appressoria on the surface of the root epidermal 
cells after the perception of host plant-derived strigolactones 
(Giovannetti et al., 1993; Akiyama et al., 2005). Subsequently, the 
appressoria penetrate the epidermal cells to grow the intraradical 
hyphae assembled within the prepenetration apparatus (Genre 
et  al., 2005, 2008, 2012; Russo et  al., 2019); the developing 
intraradical mycelium (IRM) then run across the root cortical 
cells and form the tree-like structures called arbuscules in these 
cortical cells, where the nutrient transport and unloading (such as 
Pi and N) occurs (Parniske, 2008; Gutjahr and Parniske, 2013; 
Luginbuehl and Oldroyd, 2017; Hui et  al., 2022). Meanwhile, 
arbuscules are surrounded by the extension of plant plasma 
membrane called the periarbuscular membrane (PAM) (Harrison 
et al., 2002; Pumplin et al., 2012). It is also considered to be the 
main nutrient exchange site of AM  symbiosis (Balestrini and 
Bonfante, 2014; Ivanov and Harrison, 2014; Roth et al., 2019). 
During AM symbiosis, the extraradical mycelium (ERM) of AMF 
can reach up to 100 times length of root hairs (Javot et al., 2007) 
and form the large external hyphal networks to expand more area 
for Pi absorption beyond the rhizospheres, and also increase the 
phosphatase activities at the rhizospheres (Wang et al., 2016; Hu 
et al., 2019). Therefore, the AM symbioses can enhance plant Pi 
uptake and utilization during P starvation (Smith, 2009; 
Cibichakravarthy et al., 2015; Dierks et al., 2021).

Earlier radiotracer studies have demonstrated that Pi travels 
from soils through the AM  fungal hyphae to the host plants 

(Pearson and Jakobsen, 1993; Smith et  al., 2003). In past two 
decades, the high-affinity transporter genes belonging to the 
PHT1 (PHOSPHATE TRANSPORTER 1) family that are 
expressed in the ERM and IRM have been identified and 
characterized from some AMF species, for example, GmosPT, 
GigmPT, GvPT, and RiPT from Glomus mosseae, Gigaspora 
margarita, Glomus versiforme (currently Diversispora epigaea), 
and Rhizophagus irregularis (Harrison and van Buuren, 1995; 
Maldonado-Mendoza et al., 2001; Benedetto et al., 2005; Fiorilli 
et al., 2013; Xie et al., 2016; Sun et al., 2019; Venice et al., 2020). 
AMF can absorb Pi from soil by ERM, and polymerize Pi into 
polyphosphate (Poly-P) by vacuolar transporter chaperone (VTC) 
complex; the Poly-P was accumulated in the vacuoles, and then 
transferred to the IRM associating with water transport process 
(Kikuchi et al., 2016). The Poly-P phosphatases Ppn1 and Ppx1 in 
IRM can hydrolyze the Poly-P into Pi, and export it from vacuoles 
to the cytoplasm through the unknown P transporters located in 
the vacuole membrane (Solaiman et al., 1999; Ezawa and Saito, 
2018; Xie et al., 2022).

It has been shown that there is a specialized Pi export system 
in the arbuscules, where free Pi is transported and unloaded into 
the periarbuscular space (PAS) (Ezawa and Saito, 2018; Zhou 
et al., 2021; Xie et al., 2022). After the Poly-P hydrolyzation in the 
IRM and arbuscules, the Pi transporters containing SPX 
(SYG1/Pho81/XPR1) domains participate in the Pi export process 
at the symbiotic interface, releasing Pi into the PAS (Ezawa and 
Saito, 2018; Plassard et al., 2019; Xie et al., 2022). Pi in the PAS 
cross the PAM to root cortical cells relies on the mycorrhiza-
induced phosphate transporters belonging to the plant PHT1 gene 
family (Javot et al., 2007; Yang et al., 2012; Xie et al., 2013; Volpe 
et al., 2016). On the other hand, it has been found that AMF also 
possesses the low-affinity Pi transport system (such as 
Pho87/90/91) and phosphatases (Tisserant et al., 2012; Lin et al., 
2014; Venice et al., 2020). The Pi transport systems in AMF is very 
similar to that of Saccharomyces cerevisiae, which is well-known 
to contain the high-affinity system Pho84p and Pho89p and the 
low-affinity system Pho87p, Pho90p, and Pho91p (Auesukaree 
et  al., 2003). This suggests that there exists a conserved 
PHOSPHATE (PHO) signaling pathway between AMF and yeasts 
(Aono et al., 2004; Olsson et al., 2006; Kikuchi et al., 2014; Zhou 
et al., 2021).

Transcription factors (TFs) play crucial roles in the regulation 
of gene expression in fungal cells and determine the functions of 
eukaryotic cells (Shelest, 2008). Recent advances have been made 
in identifying several hub TFs in mycorrhizal plants functioning 
in the control of AM symbiosis nutrient uptake and exchange 
(Pimprikar and Gutjahr, 2018; Shi et al., 2021; Das et al., 2022; 
Ho-Plágaro and García-Garrido, 2022). By contrast, the studies on 
AM fungal TFs are very limited. In two previous studies, only a 
few TFs, such as RiMsn2 from R. irregularis and GintSTE from 
Glomus intraradices (currently R. irregularis) are preliminarily 
investigated (Tollot et al., 2009; Sun et al., 2018), while the key 
transcriptional regulators engaged in Pi absorption and 
homeostasis have not been explored in AMF. Some recent studies 
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have shown that there exists the bHLH domain-containing 
transcription factors encoding genes involved in the PHO pathway 
in response to low Pi conditions in G. margarita, Gigaspora rosea 
and R. irregularis (Tang et al., 2016; Xie et al., 2016, 2022; Zhou 
et al., 2021). It is well-known that in S. cerevisiae, the AMF bHLH 
ortholog ScPho4 is the transcription factor regulating the PHO 
pathway to control Pi absorption and homeostasis (Lenburg and 
O’Shea, 1996; Auesukaree et  al., 2004; Wykoff et  al., 2007). 
Although several studies have revealed that some important genes 
are involved in the Pi signaling and metabolism pathways in 
AM  fungal symbionts (Balestrini et  al., 2007; Xie et  al., 2016, 
2022), the underlying molecular mechanisms on the regulation of 
Pi uptake and homeostasis in AMF during symbiosis 
remain elusive.

Eucalyptus species is the most valuable and widely planted 
hardwood in the world (Qin et al., 2021). It has many advantages 
such as fast growth and strong adaptability to drought, fire, insect 
pest, soil acidity and low fertility (Rockwood et  al., 2008). 
Eucalyptus wood can be used as an important raw material for 
industrial pulp and paper making, fuel and charcoal production 
because of its high-density property (Rockwood et al., 2008; Kato 
and Hibino, 2009). Because of its economic and ecological values, 
it is important to enhance the productivity of Eucalyptus limited 
by environmental factors such as P and N (Santos et al., 2016; Yao 
et al., 2021; Che et al., 2022). AM symbiosis is an environmentally 
friendly strategy to promote the Eucalyptus plants nutrient 
absorption when compared with fertilizer excessive use 
(Smethurst, 2010). Recently, there are many researches on 
physiological roles of AMF and ectomycorrhizal fungi on the 
Eucalyptus plants (Pagano and Scotti, 2008; Santos et al., 2021), 
but little studies focus on the regulatory mechanisms of Pi uptake 
and exchange processes in AM  fungal symbiont during 
AM fungus-Eucalyptus symbiosis.

After the investigation of Pi uptake and transport processes 
during AMF and plant interaction, to further understand the 
regulatory mechanisms of the Pi uptake and homeostasis at the 
symbiotic interface, we  start to search the regulators (TFs) in 
R. irregularis expressed during the in planta phase. Here, we show 
a new transcription factor from R. irregularis (RiPho4), which 
contains a C-terminal bHLH domain, and provide experimental 
evidence for roles in the regulation of Pi uptake and homeostasis 
during AMF-Eucalyptus symbiosis. Moreover, our findings offer 
new insights into the control of Pi uptake and metabolism in the 
AM fungal symbionts at the symbiotic interfaces.

Materials and methods

AM fungus and plant materials and 
growth conditions

AM fungus used in this study was R. irregularis DAOM 
197198, which was propagated in the pot cultures with maize (Zea 
mays). Spores of R. irregularis were collected from Z. mays root 

segments. The plant material used in this study was Eucalyptus 
grandis (The seeds was from the Research Institute of Tropical 
Forestry, Chinese Academy of Forestry). The surface-sterilization 
of E. grandis seeds was performed as the described previously 
(Plasencia et al., 2016). The seedlings germinated were transferred 
from solid medium to the pots, and then inoculated with 
R. irregularis (about 200 spores per plant). After inoculation, 
E. grandis plants are cultivated in a growth chamber under 16 h: 
8 h, 24°C: 19°C, light: dark conditions (light intensity, 100–200 
Wm−2; relative humidity, 55%).

Phosphate treatment

Eucalyptus grandis plants were cultivated in pots under AMF 
inoculation (AM) and uninoculated control (NM) treatments. 
Each treatment was carried out with three Pi concentrations 
including 30, 300 and 1,000 μM K2HPO4 (Sugimura and Saito, 
2017; Fan et al., 2020). The plants were fertilized once a week using 
the modified Long-Ashton (mLA) solutions (Hewitt, 1966) 
containing the indicated Pi concentrations. After 45 days 
treatments, NM and AM plants were collected and stored at-80°C 
for subsequent experiments. And plant roots colonized with AMF 
in the pot experiment were collected to extract DNA and RNA 
from R. irregularis.

For RiPho4 subcellular localization analysis, yeast cells were 
cultured in YNB medium without uracil (Ura) for 24 h. And the 
yeast cells were cultured in YNB/-Ura medium for 12 h, 
supplemented with different Pi concentrations (the final Pi 
concentrations in each were 600 μM, 1 mM, 10 mM KH2PO4, 
respectively) (O’Neill et al., 1996; Komeili and O’Shea, 1999; Zhou 
and O’Shea, 2011).

Genomic and RNA-seq data analysis

To identify the candidate genes of the PHO pathway in 
R. irregularis, the genes of PHO signaling pathway in S. cerevisiae 
was used as the queries to search for the homologues genes in the 
genome of R. irregularis DAOM 197198 (Supplementary Table S2). 
Through genome BLAST in NCBI and GEO databases, tBLASTn 
and BLASTp searches were carried out to search the target genes 
in R. irregularis, and the best matching sequence ranking first 
from BLASTp results is used for subsequent analysis. The 
homologous amino acid sequences were collected from the 
NCBI database.

To analyze the expression profiles of the target genes in 
different fungal tissues of R. irregularis, the original RNA-seq 
sequences of non-symbiotic tissues (germinating spores) and 
symbiotic tissues (mycorrhizal roots) of R. irregularis download 
from DDBJ database. The accession numbers of RNA-seq reads 
are as follows: germinating spores harvested at a week after 
inoculation (DRA002591), germinating spores collected at 7 days 
after induction (GSE67913), laser microdissected cells contain 
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IRM and arbuscules collected from Medicago truncatula 
mycorrhizal roots (GSE99655), mycorrhizal roots of M. truncatula 
(GSE99655, GSE67926), ERM collected from carrot root culture 
(GSE99655) (Zeng et al., 2018, 2020).

Gene expression analysis

The extraction of the genomic DNA from R. irregularis was 
referred to the method of Zézé et al. (1994) for amplification of 
gene fragments containing non-coding regions. Besides, total 
RNA was extracted by Trizol (Invitrogen) method, and the 
concentration and purity of total RNA were detected by 
NanoDrop 2000 (Thermo Scientific, United States). First-strand 
cDNA was produced from total RNA by a Hiscript III reverse 
transcriptase kit with gDNA wiper (Vazyme Biotech, Nanjing, 
China) following the manufacturer’s instructions. The qRT-PCR 
experiments were performed in a 96-well Real time PCR system 
instrument (BioRed, Hercules, CA, United  States) (Xie et  al., 
2022). RiEF1α gene from R. irregularis was used as an internal 
control for qRT-PCR analysis. Relative expression levels were 
calculated using 2−ΔΔCt method. The list of gene-specific primers 
used for qRT-PCR analysis is given in Supplementary Table S3.

Yeast manipulations

The full-length of RiPho4 was amplified by gene-specific 
primers containing the BamHI site (Primer sequences are listed in 
Supplementary Table S4). One step cloning Kit (Vazyme Biotech, 
Nanjing, China) was used to recombine the RiPho4 cDNA into the 
pUG36 vector, and the resulting plasmid pUG36-GFP-RiPho4 
was transformed into the yeast EY57 strain using the LiOAc/
PEG-based method described previously (Gietz and Schiestl, 
2007). Positive transformants were grown in YNB liquid medium 
lacking Ura for oscillation culture at 28°C for 24 h.

The ORF of RiPho4 was cloned from cDNA of R. irregularis 
using the primers ADRiPho4-F/R, and then cloned into the 
pGADT7 (Chien et al., 1991). To construct bait-specific pAbAi 
vector, cis-acting elements with their flanking nucleotides from 
the promoters of target genes (Tomar and Sinha, 2014) (listed 
in Supplementary Table S4) were synthesized and cloned into 
the SalI site of the pAbAi vector (Clontech Laboratories, 
United States). Then the constructed vectors were transformed 
into the Y1HGold yeast strain, and grown on YNB/-Ura solid 
medium with Aureobasidin A (AbA) concentration (100 mM) 
for testing the minimal inhibitory concentration of AbA for 
bait-specific pAbAi plasmids. We transformed the bait-specific 
pAbAi fragments and pGADT7-RiPho4 were co-transformed 
into yeast cells, and screened using the SD medium lacking 
Leucine. The yeast cells (OD600 = 0.2) containing both RiPho4-
pGADT7 and promoter fragments were inoculated on SD 
medium lacking Leucine with different AbA concentrations 
(100–800 ng/ml). The yeast cells carrying pAbAi-p53 and 

pGADT7-SV40 were used as the positive control, whereas the 
yeast cells containing pGADT7-RiPho4 and promoter 
fragments lacking the cis-element served as the negative control. 
In addition, the inhibitory effect was adjusted based on the 
growth of yeast (Zhan et  al., 2017; Sun et  al., 2018; Yang 
et al., 2019).

Virus-induced gene silencing

Tobacco (Nicotiana benthamiana) is used for this virus-
induced gene silencing (VIGS) experiment (Zhang and Liu, 2014; 
Kikuchi et al., 2016; Xie et al., 2022). Two specific cDNA fragments 
of RiPho4 from the-9 to +226 regions (RiPho4-RNAi-1) 
and + 1,200 to +1,429 regions (RiPho4-RNAi-2) relative to the start 
codon ATG (Supplementary Figure S5) were amplified by PCR 
following the method described by Senthil-Kumar and Mysore 
(2014). The cloned gene fragments (the primers VigsRiPho4-F1/
R1 and VigsRiPho4-F2/R2 were listed in Supplementary Table S4) 
were ligated to the pTRV2 vector. And the resulting plasmids 
pTRV2-RiPho4-1 and pTRV2-RiPho4-2 were separately 
transformed into Agrobacterium tumefaciens GV3101 (Grønlund 
et  al., 2013; Zhang and Liu, 2014). A. tumefaciens culture 
(OD600 = 1.0) with pTRV1 and that with pTRV2 or pTRV2-RiPho4 
were mixed together and activated by adding 10 mM 
Acetosyringone, then stood in darkness for 2 h. The inoculums 
were injected into the leaves of N. benthamiana, whose roots had 
been inoculated with R. irregularis for 4 weeks as described by 
Kikuchi et  al. (2016). Tobacco plants treated with three Pi 
concentrations (30 μM, 100 μM, 300 μM) were cultured in a small 
chamber for 2 weeks.

AM phenotypical analysis

The collected E. grandis roots were digested in 10% KOH 
solution at 90°C for 40 min for 3 times, and washed with distilled 
water, then neutralized in 2% HCI solution for 20 min. After 
washing with sterile water for 3 times, AM roots were stained with 
5 μg/ml wheat germ agglutinin 488 (WGA488, Invitrogen) at 37°C 
for 30 min (Phillips and Hayman, 1970; Ivashuta et al., 2005). The 
enzyme activities of succinate dehydrogenase (SDH), alkaline 
phosphatase (ALP) and acid phosphatase (ACP) were performed 
as described previously (Zhao et  al., 1997). Mycorrhizal 
colonization was estimated according to Trouvelot et al. (1986).

Microscopy

The fluorescent signals in yeast cells and AM  roots were 
observed by a fluorescence microscope (Y-TV55; Nikon, Tokyo, 
Japan). The colonization levels of SDH, ACP and ALP enzyme 
activity staining was calculated under the light microscope 
(Y-TV55; Nikon, Tokyo, Japan).
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Total P concentration analysis

Fresh samples of E. grandis were lyophilized for 6 h. To grind 
dried samples into powder, we added magnetic beads to them and 
grinded them with a grinder (35 Hz) for 2 min. 0.3 g of sample 
powders were digested by 6 M nitric acid under the water bath at 
90°C for 1 h (Fan et al., 2020). The digested samples were filtered 
with filter membranes and diluted with 5% nitric acid to 10 ml. 
Total P concentrations in the E. grandis digests were measured by 
the inductively coupled plasma optical emission spectrometry 
(ICP-OES; Varian, United  States). Total P concentrations of 
N. benthamiana were detected by the tissue total P content 
detection Kit (Cat. NO. BC2855, Solarbio, China) and measured 
with the Microplate Reader (Vaioskan, Thermo Scientific, 
United States).

Bioinformatics

The BLASTP1 was used to search homologs of RiPho4 protein 
in the fungi species. The characteristics of the secondary structure 
of RiPho4 were analyzed by the SMART program.2 The SWISS-
MODEL website3 was employed to build the three-dimensional 
model of RiPho4. The conserved regions of RiPho4 and its 
homologous proteins were analyzed by Meme.4 The heat diagram 
for PHO pathway gene expression levels in different fungal tissues 
was made by the TBtools (Chen et al., 2020). The existence of cis-
acting element by searching for 1.5 kb promoter sequences of the 
target gene coding regions through the NCBI database and 
PlantCARE software.5

Phylogenetic analysis

The unrooted phylogenetic tree of RiPho4 protein and other 
amino acid sequences in different fungi species were constructed 
with MEGA7.0 (Kumar et al., 2016) using the neighbor-joining 
method. Accession numbers of all the fungal proteins are shown 
in Supplementary Table S2.

Statistical analysis

Data are preliminarily accounted by Microsoft EXCEL 2016, 
and statistical significances between treatments were analyzed 
by analysis of variance (ANOVA) using SPSS software (Version 
26.0, SPSS Inc., United States). The Duncan’s multiple range test 

1 http://blast.ncbi.nlm.nih.gov/Blast.cgi

2 http://smart.embl.de/

3 https://swissmodel.expasy.org/

4 https://meme-suite.org/meme/tools/meme

5 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

were used for comparing more than two datasets. A value of 
p < 0.05 was considered to be  statistically significant. The 
different letters indicate significant differences among 
phenotypes or treatments. Huang and Freiser (1993, Origin Lab, 
United States) to plot and illustrate diagram for changing curves 
of different treatments.

Accession numbers

Sequence data from this article can be found in the AM fungal 
genome and GenBank libraries under the following accession 
numbers: RiPho4 (XP_025175129.1), RdPho4 (RGB28534.1), 
RcPho4 (GBB98521.1), GcPho4 (RIA86088.1), GmPho4 
(KAF0357978.1), GrPho4 (RIB17793.1), DePho4 (RHZ83467.1). 
Other accession numbers of fungal Pho4 proteins were provided 
in Supplementary Table S2.

Results

Effects of AMF on the growth and Pi 
uptake of Eucalyptus grandis in roots 
under Pi-deficient conditions

To study the effects of AMF inoculation on the growth 
and Pi uptake of E. grandis subjected to different Pi 
conditions, we  treated mycorrhizal (AM) E. grandis with 
three phosphate concentrations when compared with 
non-mycorrhizal (NM) E. grandis. After 7 weeks inoculation, 
the growth performance of AM E. grandis was better than NM 
plants under medium and low phosphate conditions (30 and 
300 μM) (Supplementary Figure S1). Overall growth (such as 
plant height, root length, and biomass) also showed such a 
trend (Figures 1A–D). Compared with NM plants, the total P 
concentrations of both roots and shoots showed significant 
increases in AM plants under low and medium phosphate 
concentrations (30 and 300 μM), while there were no 
significant differences between AM  and NM plants under 
high Pi conditions (Figure 1E). In addition, it was found that 
the colonization levels of E. grandis exposed to low Pi (30 μM) 
were significantly higher than those grown under the medium 
and high Pi treatments (300 and 1,000 μM) (Figure  1F). 
Moreover, we also detected the activities of ACP, ALP and 
SDH involved in AM  fungal function and mycorrhizal Pi 
utilization efficiency (Guillemin et  al., 1995; Vivas et  al., 
2003; Kouas et al., 2009; Li et al., 2017). Activities of these 
three enzymes in roots exposed to 30 μM Pi were significantly 
higher than that subjected to 300 μM and 1,000 μM Pi 
(Figures  1G–I; Supplementary Table S1). Taken together, 
these results revealed that, during AM symbiosis, AM fungus 
R. irregularis can promote the E. grandis Pi uptake and 
utilization efficiency to improve the plant growth under 
Pi-deficient conditions.
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Transcription levels of PHO pathway 
genes in Rhizophagus irregularis are 
dependent on Pi availability

To investigate the effect of external phosphate 
concentrations on the transcription levels of AM fungal genes 
involved in Pi uptake and metabolism, we  examined the 
expression profiles of 12 genes in the PHO pathway of 
R. irregularis in mycorrhizal E. grandis roots during different Pi 
conditions. As shown in Figure 2A, relative to medium and 
high P concentrations (300 and 1,000 μM) conditions, the 
transcript of RiPho2, which was predicted to be a cofactor for 
RiPho4 (Chen et al., 2018; Xie et al., 2022), was significantly 
higher in mycorrhizal roots under low Pi (30 μM) conditions. 

Similarly, the expression levels of RiPT1, RiPT2, RiPT3 and 
RiPT6, which encode the potential phosphate transporters 
responsible for Pi uptake, were much higher in mycorrhizal 
roots during low Pi concentration when compared with high Pi 
treatments (Figures 2B–E). Moreover, the RiACP1 and RiALP1 
involved in Pi and Poly-P metabolisms were expressed in 
response to the low Pi application (Figures 2F,G). Besides, the 
expressions of key genes in response to Pi starvation signaling, 
such as RiPho81 and RiPho85 were also detected in mycorrhizal 
roots under such conditions. RiPho81 was significantly induced 
at low Pi concentration, while transcripts of RiPho85 were 
slightly but not significantly reduced at high Pi treatments 
(Figures 2H,I). On the other hand, the expressions of Poly-P 
accumulation-related genes RiVTC1 and RiVTC4 were 

A B C

D E F

G H I

FIGURE 1

Impact of different Pi concentrations and AMF colonization on Eucalyptus grandis growth and enzyme activities within mycorrhizal roots. (A–D) 
The growth performances of NM and AM E. grandis plants under different phosphate concentrations. (E) Total P concentrations of shoots and 
roots of NM and AM E. grandis with R. irregularis grown at different Pi levels. (F) Mycorrhizal colonization levels among different phosphate 
concentrations were determined in roots after the WGA488 staining. (G–J) Impact of phosphate concentrations on three enzymes activities, 
including alkaline phosphatase (ALP), acid phosphatase (ACP) and succinate dehydrogenase (SDH), which are involved in AM fungal metabolism 
and Pi homeostasis during symbiosis. Data on the pictures are obtained by the ALP (G), ACP (H), and SDH (I) activities staining, respectively. (F–I) 
F%, the total colonization frequency; M%, the percentage of mycorrhizal intensity; A%, the percentage of arbuscule abundance. Error bars 
represent the mean of five biological replicates ± SD. Averages with the different letters on the top of the column mean significantly differences at 
p < 0.05 level, based on Duncan’s new multiple range test.
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significantly higher at 30 μM Pi than medium and high Pi 
concentrations (300 and 1,000 μM), whereas RiVTC2 
expression was not significantly enhanced in roots exposed to 
low Pi concentration (Figures  2J–L). Overall, these gene 
expression profiles revealed that the Pi sensing and transport/
metabolism genes are regulated in response to Pi starvation in 
R. irregularis during AM symbiosis.

Identification of RiPho4, which encodes 
a HLH domain-containing transcription 
factor

The above results (see Figure 2) indicate that the downstream 
genes of the PHO pathway in R. irregularis are transcriptionally 
dependent on the Pi availability. In order to identify the key 

A B C

D E F

G H I

J K L

FIGURE 2

Expression profiles of the genes involved in the phosphate (PHO) signaling pathway from R. irregularis in mycorrhizal E. grandis roots at different 
phosphate concentrations. (A–L) Expression levels of genes of PHO pathway under different phosphate concentrations, including (A) transcription 
cofactor, (B–E) Pi transporters, (F,G) phosphatase related genes, (H,I) cyclin-protein genes and (J–L) vacuolar transporters, suggesting that the 
expressions of PHO pathway genes are affected by phosphate concentrations. AM fungal RiEF1α is set as the reference gene. The data represent 
the means of three biological replicates with standard deviations. Different letters indicate the Duncan’s multiple comparison results. Significance, 
p < 0.05.
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transcription factor regulating the expression of downstream PHO 
genes in response to phosphate starvation, we searched for the 
sequences that correspond to the TFs in PHO pathway of 
S. cerevisiae using the genome sequencing projects of R. irregularis 
DAOM 197198 (Tisserant et al., 2013; Chen et al., 2018), and 
found a transcription factor called RiPho4. According to the 
GenBank annotation, RiPho4 contains 5 exons and 4 introns, a 
total length of 2052 bp with 1710 bp of ORF (Figure 3A). Using 
Smart program, it is predicted that RiPho4 encoding protein has 
6 domains, 5 of which are low complex domains (LCDs), while the 
region from +436 to +515 is a HLH (helix loop helix) domain 
(Figure 3B), which is one of the specific domains of TFs (Ferré-
D'Amaré et al., 1993; Kiribuchi et al., 2004; Carretero-Paulet et al., 
2010; Zhu and Huq, 2011). Further the three-dimensional 
conformation of RiPho4 (Figure 3C) showed that RiPho4 is a 
typical HLH domain containing protein. Therefore, it is predicted 
that RiPho4 may serve as a key transcription factor containing a 
HLH domain in R. irregularis.

RiPho4 is conserved across fungi species

To determine the evolutionary relationships of Pho4 proteins 
between R. irregularis and other different fungi species, 
we  performed the phylogenetic analysis and conserved motif 
identification. The result shows that RiPho4 is related to 
AM fungal TFs GmPho4, GcPho4, FgPho4 and FmPho4, and has 
closely relative to the RdPho4 and RcPho4 from Rhizophagus 
diaphanous and Rhizophagus clarus (Figure 3D). RiPho4 protein 
is >98% identical to Pho4 from R. diaphanous, 41% to LtPho4 
from the filamentous fungi Lobosporangium transversale and 38% 
to ScPho4 of S. cerevisiae which has been reported to be a typical 
HLH-type transcription factor (Oshima, 1997; Tomar and Sinha, 
2014). In addition, we identified RiPho4 functional orthologs with 
Pho4 from other AMF (Supplementary Figure S2). These in silico 
results suggest that R. irregularis RiPho4 is highly conserved 
across fungi species.

RiPho4 is induced in mycorrhizal roots

To determine the spatiotemporal expression patterns of 
RiPho4 from R. irregularis, the transcriptional analysis of 
RiPho4 and relevant PHO genes were performed in different 
tissues of R. irregularis using the RNA-sequencing data (Zeng 
et al., 2018, 2020). As shown in Figure 4A, the transcription 
of RiPho2, RiPT1, RiPho81, RiPho80, and RiPho91 (equally 
RiPT7, Xie et  al., 2022) were up-regulated in mycorrhizal 
roots when compared with other fungal tissues, while the 
transcriptional levels of RiPho4 were induced in both 
mycorrhizal roots and arbuscules of R. irregularis, and 
RiPho85 were constitutively expressed in these six different 
fungal tissues. To confirm the transcriptomic data, we further 
conducted the qRT-PCR experiments with roots of E. grandis 

colonized with R. irregularis. The time-course analysis 
indicated that RiPho4 expression was still high in the later 
stage of mycorrhizal symbiosis, and its transcript reached the 
highest level at 56 days post inoculation (Figure  4B), this 
pattern was correlated with the colonization and development 
processes of R. irregularis within E. grandis roots 
(Supplementary Figure S3). Additionally, transcriptional 
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FIGURE 3

Gene and protein structures of RiPho4 in R. irregularis and the 
evolutionary relationships with Pho4 proteins in various fungi 
species. (A) The RiPho4 gene contains five exons and four 
introns, corresponding to gene ID 36869193. The untranslated 
regions (UTRs) are shown in the figure, ATG and TAA represent 
the translation start site and translation termination site, 
respectively. (B) Inferred protein domain of RiPho4. RiPho4 
protein contains 570 amino acids and consists of one HLH 
domain and four low complex domains (LCDs) (http://smart.
embl.de/). (C) Predicted three-dimensional structure of RiPho4 
model by SWISS-MODEL. It was predicted that the 3D structure 
of RiPho4 is similar to that of OmoMYC (5i50.1), a protein 
encoded by MYC dominant-negative allele in Mus musculus 
(Jung et al., 2017). (D) The unrooted phylogenetic tree was 
constructed with the neighbor-joining method, based on 
multiple sequence alignments of RiPho4 (red color) and other 
Pho4 proteins from different fungi species using MEGA v7.0 
software. Bootstrap tests were performed using 1,000 replicates. 
The accession numbers of all Pho4 proteins are provided in the 
Supplementary Table S2.

55

https://doi.org/10.3389/fmicb.2022.1114089
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://smart.embl.de/
http://smart.embl.de/


Zhang et al. 10.3389/fmicb.2022.1114089

Frontiers in Microbiology 09 frontiersin.org

patterns of the monosaccharide transporter gene RiMst2 and 
Pi transporter gene EgPT4, which are thought to be  the 
AM marker genes (Helber et al., 2011; Che et al., 2022), were 

also similar to that of RiPho4 during symbiosis (Figures 4C,D). 
Therefore, these results indicated that RiPho4 is induced in 
the arbuscles of mycorrhizal roots.

A

B C

D E

FIGURE 4

Spatiotemporal expression patterns of RiPho4 from the AM fungus R. irregularis. (A) Analysis of the heat diagram for transcriptional levels of 
RiPho4 and some PHO pathway genes in different fungal tissues: mycorrhizal roots of Medicago truncatula (Myc), arbuscules from M. truncatula 
mycorrhizal roots (Arb), intraradical mycelium (IRM), extraradical mycelium (ERM), axenic germinating spores harvested at a week after inoculation 
(axenic_1w) and germinating spores at 7 days after GR24 induction (strigolactone_1w). The heatmap of identities was visualized by the TBtools 
(Chen et al., 2020). (B–D) Time-course assay of the expression of RiPho4, RiMst2 and EgPT4 in E. grandis mycorrhizal roots after 7, 14, 21, 28, 35, 
42, 49, 56 and 63 days (d) inoculation with R. irregularis. RiEF1α and EgUBI3 were used as the reference genes for R. irregularis and E. grandis gene 
normalization, respectively. (E) Expression analysis of RiPho4 in mycorrhizal roots of E. grandis grown under different phosphate concentrations. 
The error bars are the means with standard errors of three biological replications. Treatments with the same letters do not differ from others by the 
Duncan’s test at 5% probability.
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RiPho4 is expressed in response to Pi 
starvation

To further determine the effect of external Pi concentrations 
on the transcription of RiPho4 during the in planta phase, 
E. grandis plants inoculated with R. irregularis were cultured in the 
pots supplemented with different phosphate concentrations (30, 
300 or 1,000 μM). The qRT-PCR experiment was then performed 
on the mycorrhizal roots of E. grandis subjected to different Pi 
concentrations as mentioned above. As a result, the expression 
levels of RiPho4 were significantly inhibited in roots during high 
Pi concentrations (300, 1,000 μM) (Figure  4E). This result is 
consistent with the above findings on PHO gene expression 
profiles (see Figure 2), suggesting that RiPho4 is induced during 
mycorrhizal symbiosis in response to Pi starvation.

RiPho4 encodes a transcription factor 
and localizes in nucleus at low 
phosphate concentrations

Previous studies have found that ScPho4 protein in 
S. cerevisiae imports into the nucleus under low phosphorus 
supply, whereas the Pho4 exports into the cytoplasm nucleus of 
yeast cells exposed to high phosphorus conditions (Kaffman et al., 
1994; Byrne et  al., 2004; Urrialde et  al., 2015). To investigate 
whether RiPho4 has a similar function to ScPho4 from 
S. cerevisiae, we  carried out the subcellular localization 
experiments in yeast cells. As expected, GFP-RiPho4 fusion 
protein was localized in the nuclei of yeast strain EY57 cells during 
low Pi treatment (600 μM), while this fusion protein was found in 
the cytoplasm of yeast cells exposed to high P concentration 
(10 mM) (Figure 5A). To further verify the localization results as 
mentioned above, we used a labeling dye DAPI, which can bind 
to DNA to label the nuclei of yeast cells. The co-localization 
analysis indicated that the expression of GFP-RiPho4 fusion 
protein in yeast cells was confirmed to be correctly localized in the 
nuclei of yeast cells under Pi-limited (600 μM and 1 mM) 
conditions (Figure 5B). In conclusion, these results reveal that 
RiPho4 protein locates in the nucleus under low Pi conditions and 
may serve as a transcription factor in fungal cells.

RiPho4 is required for arbuscule 
development

In order to further study the roles of RiPho4 in AM symbiosis, 
we  knocked down RiPho4 expression by the VIGS method. 
We  designed two RNAi regions to target the corresponding 
specific regions of RiPho4 that was very divergent from the other 
genes containing bHLH domains in R. irregularis to avoid 
off-target silencing (see Supplementary Figure S5). First, 
we detected the transcriptional levels of RiPho4 in mycorrhizal 
roots of N. benthamiana under three different Pi concentrations 

(30, 100, or 300 μM). The results showed that the transcriptional 
levels of RiPho4 in the VIGS-RiPho4 roots were significantly 
reduced by more than 60%, when compared with the control 
roots, indicating that expression of RiPho4 was effectively knocked 
down (Figure 6A). Expressions of the monosaccharide transporter 

A

B

FIGURE 5

Subcellular localization of RiPho4 in Saccharomyces cerevisiae 
grown under different phosphate conditions. Fluorescence 
microscope images of S. cerevisiae EY57 cells expressing pUG36-
GFP or pUG36-GFP-RiPho4. (A) Localization of RiPho4 was 
captured by fluorescence microscopy, the pUG36 containing the 
GFP reporter gene was used as the control, showing the 
fluorescence signal in the cytoplasm. The yeast cells were grown 
in YNB liquid medium with different Pi (600 μM, 10 mM KH2PO4) 
treatments for 12 h. (B) The transformed cells were grown in YNB 
medium under different Pi (600 μM, 1 mM, 10 mM K2HPO4) 
conditions for 12 h. FITC showed the green fluorescence channel; 
DAPI presented transformed yeast cells stained with DAPI dye. 
Scale bars, 5 μm.
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FIGURE 6

Molecular and arbuscular mycorrhizal phenotypes of virus-induced gene silencing (VIGS) of RiPho4 in tobacco (Nicotiana benthamiana) roots 
colonized by R. irregularis grown under different Pi conditions. (A–D) Expression levels of RiPho4, NbPT4, RiEF1α and RiMst2 in mycorrhizal 
tobacco RiPho4-RNAi roots under different phosphate conditions, estimated by quantitative RT-PCR. R. irregularis RiEF1a and N. benthamiana 
NbTEF1a were used as the endogenous genes for normalization of RiPho4, RiMst2, NbPT4 and RiEF1α expression, respectively. The data 
represented the means of three biological replicates. Bars indicated the standard errors of means. Means designated with the same letters are not 
significantly different (p ≥ 0.05) according to Duncan’s multiple range test. (E–G) Mycorrhizal colonization levels between the control and RiPho4-
RNAi roots exposed to different Pi (30 μM, 100 μM and 300 μM K2HPO4) concentrations were determined after the WGA488 staining. F%, the total 
colonization frequency; M%, the percentage of mycorrhizal intensity; A%, the percentage of arbuscule abundance. (H) Fluorescence microscopic 
images of R. irregularis arbuscules in control and RiPho4-RNAi roots grown under different Pi conditions. The arrows and letters in the figure 
represent different structures of R. irregularis: ma, mature arbuscules; da, degraded arbuscules; de, dead arbuscules; ih, intraradical hyphae; sp., 
spores. Scale bars, 100 μm (1–3 columns), 25 μm (the 4th column).
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gene RiMst2, AM fungal reference gene RiEF1α and Pi transporter 
gene of N. benthamiana NbPT4, which are considered as symbiotic 
marker genes (Helber et al., 2011; Kikuchi et al., 2016; Xie et al., 
2022), were significantly decreased in RiPho4-RNAi roots under 
different Pi concentrations (Figures 6B–D).

Further observation of the mycorrhizal colonization 
uncovered the distinguishable AM  phenotype between the 
RiPho4-RNAi and control roots during AM  symbiosis under 
different Pi concentrations. Relative to the controls, the total AMF 
colonization in most of RiPho4-RNAi roots showed a slightly but 
not significantly decrease, while silencing of RiPho4 obviously 
decreased the mycorrhizal intensity and arbuscule abundance in 
roots (Figures 6E–G). Moreover, more arbuscules in the RiPho4-
RNAi roots were abnormal, or degenerating under different Pi 
conditions (Figure 6H). Collectively, these findings reveal that 
RiPho4 is essential for arbuscule development.

RiPho4 plays an important role in 
regulating the symbiotic Pi absorption 
during AM symbiosis

To determine whether RiPho4 regulates the symbiotic Pi 
transport in AM symbiosis of N. benthamiana, we examined the 
total P concentration of AM tobacco shoots of control and RiPho4-
RNAi plants grown under three different Pi (30, 100, or 300 μM) 
conditions. As a result, the P concentration in AM plants of RiPho4-
silenced lines were significantly reduced compared with control 
plants (Figure 7). This result indicated that RiPho4 may regulate Pi 
transport at the symbiotic interface of arbuscular mycorrhizas.

Knock-down of RiPho4 affects the 
expression of PHO pathway genes in 
Rhizophagus irregularis during 
AM symbiosis

To confirm the function of RiPho4 in the PHO pathway of 
R. irregularis, qRT-PCR was used to explore the effect of RiPho4 
knock-down on the PHO pathway genes in mycorrhizal 
N. benthamiana roots exposed to different Pi concentrations. The 
results showed that RiPho2, RiPT1, RiPT2 and RiPT3 were 
significantly decreased in RiPho4-silenced roots under low Pi 
conditions (30–100 μM) when compared with control roots 
(Figures  8A–D). Furthermore, the expression levels of genes 
involved in Pi and Poly-P metabolism in R. irregularis, such as 
RiALP1, RiACP1, RiPPX1 and RiPPN1 (Xie et al., 2022), were also 
inhibited in the RiPho4-RNAi roots when compared to the 
controls (Figures 8E–H), suggesting that loss of RiPho4 function 
results in a reduction of Pi and Poly-P metabolisms under 
Pi-limited conditions. Therefore, these results indicate that RiPho4 
may positively regulate the transcriptional levels of the 
downstream genes of PHO pathway in R. irregularis during 
AM symbiosis under Pi-deficient conditions.

RiPho4 directly regulates the Pi 
transporter genes of PHO pathway from 
Rhizophagus irregularis

To confirm that RiPho4 encodes a transcription factor to 
regulate PHO genes, we  tested its ability to interact with Pi 
transporters of R. irregularis by the yeast one-hybrid (Y1H) assay. 
It is known that the common binding motif of Pho4 transcription 
factor is CACGTG/T (Secco et al., 2012; Tomar and Sinha, 2014), 
we therefore selected the same CREs (cis-regulatory elements) in 
the promoters of three Pi transporter genes RiPT1, RiPT2, and 
RiPT3 for further studies (see Supplementary Table S5).

As a result, the Y1HGold yeast cells containing pAbAi 
vector with PRiPT1, PRiPT2, or PRiPT3 were significantly inhibited 
at 400, 600, and 800 ng/ml AbA, respectively (see 
Supplementary Figure S4). In the Y1H assay, the yeast cells 
containing AD-RiPho4 plasmid and wild-type promoter 
PRiPT1, PRiPT2, or PRiPT3 still grew well on medium supplemented 
with 700 ng/ml, 800 ng/ml, or 900 ng/ml AbA, while the 
yeasts containing mutant promoters without Pho4-binding 
sites (CACGTG/T) were strongly inhibited under such 
conditions (Figure  8I). These data showed that RiPho4 
protein interacts with the promoters of RiPT1, RiPT2, and 
RiPT3 through the Pho4-binding sites (CACGTG/T). 
Therefore, the transcription factor RiPho4 can directly 
regulate the Pi transporter genes RiPT1, RiPT2 and RiPT3 in 
PHO pathway. Collectively, the Y1H results implicate that 
RiPho4 may act as a transcriptional activator in the PHO 
pathway in R. irregularis.

FIGURE 7

Phosphate concentrations in the tobacco (N. benthamiana) 
shoots of the control and VIGS of RiPho4 treatments under 
different Pi conditions. The data represented the means with SE. 
Different letters indicated the significant differences which 
statistically analyzed by Duncan’s multiple range test at the 
alpha = 0.05 level.
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Discussion

Recent years, more researchers have reported the 
physiological responses of Eucalyptus species to low Pi stress 

(Wu et  al., 2014; Niu et  al., 2015; Bahar et  al., 2018), and 
focused on the effects of different P levels on plant biomass 
and P content (Xu et al., 2001; Standish et al., 2007; Bichara 
et al., 2021), but little study on the molecular mechanisms of 
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FIGURE 8

RiPho4 regulates the expression of downstream genes involved in Pi transport and metabolism processes in R. irregularis. (A–H) Expression 
analysis of R. irregularis genes engaged in PHO pathway between RiPho4-RNAi and control roots under different phosphate concentrations. 
Expression levels of RiPho2 (A), Pi transport genes RiPT1, RiPT2, RiPT3 (B–D), phosphatase related genes RiALP1, RiACP1 (E-F), RiPPX1 and RiPPN1 
related to Poly-P metabolism (G,H) in response to different phosphate concentrations were estimated by real-time qRT-PCR analysis. Different 
letters indicated significant differences between control and RNAi lines. The differences between samples were analyzed using Duncan’s new 
multi-range test at the alpha = 0.05 level. (I) Yeast one-hybrid analysis of the interaction between RiPho4 with promoters of RiPT1, RiPT2, and 
RiPT3. The promoter regions of RiPT1, RiPT2 and RiPT3 containing the cis-acting elements CACGTG/T named PRiPT1, PRiPT2, and PRiPT3. The 
identification of interaction between RiPho4 and the promoter of RiPT1, RiPT2, or RiPT3 under the screened even higher AbA inhibition 
concentration indicated in Fig. S4. Yeast cells carrying both pGBKT7-P53 and pGADT7-SV40 grown on SD/−Leu were used as the positive control, 
PRiPT1, PRiPT2, PRiPT3-ΔPho4-binding sites with pGADT7-RiPho4 were used as the negative controls. ΔPho4-binding site indicates the deletion of the 
Pho4 binding site (CACGTG/T) elements located in PRiPT1, PRiPT2, PRiPT3 promoters. 10-fold serial dilutions of yeast cells were spotted on plates, and 
the initial yeast concentration was OD600 = 0.2.
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the interaction between AMF and Eucalyptus plants. 
Although the PHO pathway responsible for Pi absorption, 
transport and metabolism has been described in several fungi 
species (Kerwin and Wykoff, 2009; Zheng et al., 2020; Ahmed 
et  al., 2022), the regulatory mechanisms of Pi nutrient 
exchange between AMF and host plants through PHO 
pathway is still partially understood so far (Xie et al., 2016, 
2022). In this study, we focus on the AM fungus R. irregularis 
mediating Pi uptake and homeostasis in AM  symbiosis of 
E. grandis by investigating the expression, localization and 
function of RiPho4, a transcription factor of the PHO pathway.

The PHO pathway of AM fungus plays a 
Key role in phosphate absorption during 
AM symbiosis

It has been reported that AMF can significantly promote 
Pi uptake and Pi stress adaptation abilities of host plants in 
both field and laboratory conditions (Abdel-Fattah, 2001; 
Kobae, 2019; Wang et al., 2019). Accordingly, a large number 
of studies have shown that the growth indices of AM plants, 
such as plant height, stem diameter, leaf area, root volume, 
shoot, root dry weight and P content, were significantly 
higher than those of NM plants under phosphorus limitation 
(Pumplin and Harrison, 2009; Frosi et al., 2016; Tian et al., 
2017; Carballar-Hernandez et al., 2018; Wang et al., 2019). 
Especially at low Pi concentration, the host plants have high 
dependence to AMF (Chu et al., 2013). The results and data 
of the overall growth and physiological status of 
R. irregularis-E. grandis interaction in this study 
(Supplementary Figure S1; Figures 1A–E) are consistent with 
the previous results. AMF are sensitive to P supply and a low 
to moderate supply is required (Ezawa et  al., 2002), the 
intensities of fungal ALP, ACP and SDH activities reflecting 
the metabolic activity and function of AMF also decreased 
with the increasing P input (Hamel et al., 1990; Saito, 1995; 
Vivas et al., 2003; Li et al., 2017; Wang et al., 2017). Similarly, 
high Pi supply strongly suppressed the AMF colonization and 
arbuscule formation (see Figure 1F) as well as the intensities 
of AM fungal ALP, ACP, and SDH activities (see Figures 1G–I; 
Supplementary Table S1) in this study. Because ACP and ALP 
are involved in the hydrolysis of Poly-P in the AMF (Ezawa 
et al., 2002), it can be considered that AMF greatly improved 
P nutrient of host plants by Poly-P hydrolysis in the IRM and 
apoplast when phosphate concentration was limited. The 
previous studies have found that the Pi uptake of mycorrhizal 
plants includes the direct uptake pathway and mycorrhizal 
uptake pathway (Smith and Smith, 2011). When Pi 
concentration was limited, Pi absorption of symbiotic plants 
is mainly through the mycorrhizal pathway (Zhang et  al., 
2021). However, when the phosphorus supply is sufficient, the 
direct pathway is activated within host plants to uptake from 
root surface, and the AMF has few Pi contribution (Chu et al., 

2020). This is consistent with the results that the AMF 
colonization decreased and the phosphatase activities were 
decreased in mycorrhizal roots when Pi concentration was 
high (see Figure 1). In conclusion, plants absorb Pi mainly via 
the mycorrhizal pathway under low P environments, and 
AMF plays an important role in the growth of E. grandis.

Until now, molecular mechanisms by which AMF regulate 
Pi efflux from the IRM to symbiotic interface are partially 
understood (Wang et al., 2017; Nguyen and Saito, 2021; Xie 
et  al., 2022). In yeast, several studies have implicated that 
transcription of PHO pathway genes are closely related to the 
Poly-P metabolism and cytosolic Pi transportation (Vardi 
et al., 2014; Desfougeres et al., 2016). The PHO pathway has 
been extensively characterized in yeast but less in AMF 
(Tisserant et al., 2012; Xie et al., 2016, 2022). In the case of 
yeasts and AMF, the homeobox transcription factor Pho2, Pi 
transporter genes, VTC complex VTC1/2/4, cyclin Pho80, 
CDK inhibitor Pho81, Cyclin-dependent kinase Pho85 are all 
controlled in the PHO pathway and in response to Pi 
deficiency (Lenburg and O’Shea, 1996; Ezawa et  al., 2002; 
Tomar and Sinha, 2014; Xie et al., 2022). Similar identification 
was conducted on these homologous genes in Neurospora 
crassa (Gras et al., 2013). Through qRT-PCR analysis, it was 
found that the PHO pathway genes in R. irregularis were 
generally more active at low Pi levels than at medium and 
high Pi levels (see Figure 2). Besides, the transcriptional levels 
of RiALP1 and RiACP1 were influenced by high Pi supply (see 
Figures 2F,G) were consistent with the ALP and ACP staining 
results (see Figures 1G–I; Supplementary Table S1). Therefore, 
it is predicted that the PHO pathway genes of R. irregularis 
may play important roles in promoting plant Pi absorption 
during AM  symbiosis under low Pi conditions, and the 
regulon which control the transcription of PHO pathway 
genes during Pi starvation is worthy to be further investigated.

RiPho4 acts as a key transcription factor 
of the PHO pathway in Rhizophagus 
irregularis

Very recently, it has been found that the core components of 
PHO pathway are evolutionarily conserved among AMF and yeast 
species (Zhou et al., 2021). In S. cerevisiae, Pho4 is known as a helical 
loop–helix (HLH) transcription factor to activate the expression of 
PHO downstream genes in response to Pi limitation (Vogel et al., 
1989; Komeili and O’Shea, 1999; Urrialde et al., 2015). ScPho4 is a 
Pi-sensitive core regulation factor (Tomar and Sinha, 2014). Here, 
RiPho4, the homologous protein of ScPho4 in R. irregularis, is highly 
conserved in fungi species containing the HLH domain to bind to 
DNA (see Figure 3; Supplementary Figure S2). Therefore, RiPho4 
can be considered as an important transcription factor of the PHO 
pathway in R. irregularis.

From expression patterns of RiPho4 (see Figure 4), it is 
more active in mycorrhizal roots and arbuscules during 
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symbiosis, indicating that RiPho4 may function in the Pi 
nutrient exchange at the symbiotic interface, especially in 
arbuscules (Smith and Smith, 1997; Karandashov et al., 2004; 
Harrison, 2012; Luginbuehl and Oldroyd, 2017). Moreover, 
the transcription of RiPho4 is dependent on the Pi availability, 
this is similar to Pho4 in filamentous fungi (Peleg et al., 1996; 
Gras et al., 2013; Tomar and Sinha, 2014). The RiPho4 protein 
location in the nuclei of yeast cells is also dependent on Pi 
availability. When facing to the high phosphate 
concentrations, RiPho4 can be moved to the cytoplasm (see 
Figure 5). This finding is similar to Pho4 location patterns of 
yeasts and filamentous fungi (Peleg et al., 1996; Byrne et al., 
2004; Urrialde et al., 2015). It is well-known that one of the 
mechanisms regulating the activation of TFs is cytoplasmic 
retention and subsequent translocation into the nucleus due 
to external stimuli (Reich and Liu, 2006; Hao and O’Shea, 
2012). And for RiPho4, the transcription factor in the 
cytoplasm subsequently translocates into the nucleus in 
response to low Pi stimulus, like ScPho4. Therefore, our 
findings reveal that the transcription factor RiPho4  in 
R. irregularis is induced during P starvation, and may play a 
key role in the regulation of Pi uptake and homeostasis during 
AM symbiosis.

RiPho4 regulates arbuscule development 
and Pi concentration of mycorrhizal 
plants through modulating the PHO 
genes in Rhizophagus irregularis

Up to date, few Pi transporter genes of PHO pathway in 
AMF, such as GigmPT and RiPT7, have been functionally 
described by gene silencing, and knock-down of GigmPT or 
RiPT7 leads to fungal growth arrest and impaired arbuscule 
development (Xie et al., 2016, 2022). Correspondingly, in our 
study, RiPho4 silencing also results in the obvious phenotype 
of arbuscule degradation (see Figure 6). The previous studies 
have shown that the process of AMF Pi delivery to plant cells 
serve as a signal to maintain the arbuscule development 
(Javot et al., 2007; Xie et al., 2016, 2022). However, Pi levels 
of mycorrhizal tobacco were significantly reduced in the 
RiPho4-RNAi lines when compared with the control lines (see 
Figure 7), suggesting that the loss of RiPho4 function results 
in the hinder of Pi transportation from the arbuscules to host 
plants. Therefore, RiPho4 functions in maintaining the 
arbuscule development, resulting from its role in promoting 
Pi exchange at the symbiotic interface of mycorrhizas. Indeed, 
this regulatory roles of fungal Pho4 proteins in Pi uptake and 
homeostasis have been demonstrated. Previous studies 
showed that NUC-1 (Pho4 homologous gene) from N. crassa 
is considered to be a factor to activate the transcription of Pi 
transporter genes (Kang and Metzenberg, 1990; Gras et al., 
2013), and in AMF, Pho4 is predicted to have a regulatory role 
on the PHO responsive genes (Xie et al., 2016; Zhou et al., 

2021). As expected, in R. irregularis, the knock-down of 
RiPho4 by VIGS resulted in the significant decrease in 
expression levels of Pi transporter genes, Pi and Poly-P 
metabolism genes under Pi limited conditions (see 
Figures 8A–H). From this result, it is suggested that RiPho4 
regulates Pi transport and homeostasis at the symbiotic 
interface through controlling the PHO gene expression.

Next, question is how RiPho4 regulates the transcription of 
PHO genes in R. irregularis. We  used the Y1H assay to 
preliminarily address this issue. As shown in Figure 8I, the RiPho4 
protein interacted with the promoters of Pi transporter genes 
RiPT1, RiPT2 and RiPT3 in R. irregularis through binding to the 
CACGTG/T sites. On the basis of the results, it is concluded that 
RiPho4 is able to directly regulate Pi transporter genes of PHO 
pathway. Since other downstream genes of PHO pathway, such as 
RiVTC1, RiVTC2 and RiALP1, also contain the Pho4-binding sites 
(CACGTG/T), it is predicted that RiPho4 may also have regulatory 
functions on these Pi and Poly-P metabolism genes (see 
Supplementary Table S5). In filamentous fungi, Pi responsive 
genes containing the Pho4-binding sites, including phosphate 
permeases and repressible alkaline phosphatase genes, help the 
cell to survive in the prevailing low Pi environment (Lenburg and 
O’Shea, 1996; Gras et al., 2007; Leal et al., 2007; Tomar and Sinha, 
2014). These evidences indicate that RiPho4 can directly regulate 
the downstream genes of PHO pathway to control Pi uptake and 
homeostasis during AM symbiosis. However, whether RiPho4 
binds to a large number of Pi responsive genes involved in the 
PHO pathway of R. irregularis need to be further identified in 
future. Taken together, it is proposed that RiPho4 as a transcription 
factor regulates arbuscule development and symbiotic Pi 
homeostasis through controlling the downstream genes in the 
PHO Pathway of R. irregularis.

A model of the key regulon RiPho4, 
which functions in the control of PHO 
genes in AM fungus during symbiosis

According to our results and previous studies (Oshima, 1997; 
Tomar and Sinha, 2014; Zhou et al., 2016; Ahmed et al., 2022), 
we  proposed a working model in which RiPho4 acts as a 
transcription factor controlling the PHO genes to regulate Pi 
transport and homeostasis at the symbiotic interface (Figure 9). 
In this model, under low Pi conditions (Figure 9A), in arbuscules, 
the level of inositol heptakisphosphate (IP7), an evolutionary 
conserved metabolite (Lee et  al., 2007), may increase. This 
induces the expression increasement of CDK inhibitor RiPho81 
function (Lee et  al., 2008; York and Lew, 2008), thereby 
preventing the formation of RiPho85 and RiPho80 complex 
(Schneider et al., 1994; Huang et al., 2007; Lee et al., 2008). The 
non-formation of the RiPho85 and RiPho80 complex results in 
hypo-phosphorylate of RiPho4, which is accumulated in the 
nucleus and activated with cofactor RiPho2 (Urrialde et  al., 
2015). Subsequently, RiPho4 binds to the CACGTG/T sites to 
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activate the transcriptions of PHO pathway genes in arbuscules, 
such as the Pi transporter genes RiPT1/2/3 and Pi metabolism 
genes RiALP1 and RiACP1. Moreover, RiPPN1 and RiPPX1 are 
also induced to function in the Poly-P metabolism in vacuoles 
(Xie et  al., 2016; Ezawa and Saito, 2018; Zhou et  al., 2021). 
Therefore, during Pi deficiency, RiPho4 regulates the PHO-related 
genes to enhance the hydrolyzation of Poly-P in arbuscules, and 
these free Pi are transported into the PAS via the Pi transporters 
(Xie et al., 2022), then the PAM-located PT4 carriers transport Pi 
to the plant cells (Harrison et al., 2002; Javot et al., 2007; Che 
et  al., 2022). Conversely, under Pi-sufficient conditions 
(Figure 9B), the IP7 may be lacking in arbuscules and prevent 
RiPho81 from inhibiting the kinase activity of RiPho85-RiPho80, 
thus enabling the phosphorylation of RiPho4 (Jeffery et al., 2001; 
Huang et  al., 2007). However, the phosphorylated RiPho4 is 
exported from the nucleus into the cytoplasm where it cannot 
activate the transcription of PHO pathway genes (Oshima, 1997; 
Kaffman et  al., 1998; Ghillebert et  al., 2011). Under such 
conditions, the SPX domain-containing transporter RiPT7 can 
export Pi into the PAS, and AM-specific PT4 can acquire Pi from 
PAS (Tomar and Sinha, 2014; Che et al., 2022; Xie et al., 2022).

Conclusion

In conclusion, this study presented the expression, localization 
and functions of RiPho4 from R. irregularis. RiPho4 is a 

transcription factor containing a HLH domain, and is located in 
the nucleus of yeast cells under low Pi conditions. Further studies 
revealed that RiPho4 is a key regulatory factor in AM fungus to 
maintain arbuscule development through regulating the 
expression levels of the PHO pathway downstream genes in order 
to handle Pi transport and homeostasis at the symbiotic interface. 
Our findings provide new insights into the underlying 
mechanisms by which AMF control phosphate uptake and 
homeostasis during symbiosis.
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A B

FIGURE 9

Schematic representation of the function of RiPho4 protein regulating phosphate transport and homeostasis in R. irregularis during AM symbiosis. 
(A) Under Pi limiting conditions, it is predicted that RiPho4 may be hypo-phosphorylated by RiPho80-RiPho85 complex (Jeffery et al., 2001), and 
Pho4 locates in nucleus to activate the transcription of downstream genes involved in the PHO pathway, such as PT1/2/3, ACP, ALP, PPN1 and 
PPX1. (B) Under high Pi conditions, the SPX domain-containing Pi transporter RiPT7 is responsible for Pi transport at the symbiotic interface (Xie 
et al., 2022), whereas the IP7 signal is predicted to be inhibited and the Pho85-Pho80 complex may phosphorylate Pho4 protein (Lee et al., 2008), 
which is exported from nucleus to cytoplasm, then switches off the PHO pathway. Negative and positive regulatory effects were indicated by 
green and red arrows, respectively. The relationships between the well-known genes and those not yet determined were shown by the solid and 
dashed heads, respectively. IP7, inositol heptakisphosphate; Poly-P, polyphosphate; Pi, inorganic phosphate. The green up and red down arrows 
next to genes indicated that transcript levels of genes were increased and decreased, respectively.
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Rhizosphere microbial community 
assembly and association 
networks strongly differ based on 
vegetation type at a local 
environment scale
Luxian Liu 1†, Liya Ma 1†, Mengmeng Zhu 1, Bo Liu 1, Xu Liu 2 and 
Yu Shi 1*
1 State Key Laboratory of Crop Stress Adaptation and Improvement, School of Life Sciences, Henan 
University, Kaifeng, Henan, China, 2 State Key Laboratory of Soil and Sustainable Agriculture, Institute of 
Soil Science, Chinese Academy of Sciences, Nanjing, China

Introduction: Rhizosphere microbes perform critical functions for their hosts, and 
their structure is strongly influenced by vegetation type. Although studies on the 
effects of vegetation on rhizosphere microbial community structure have been 
conducted at large and global environment scales, studies at local environment 
scales would eliminate numerous external factors such as climate and soil type, 
while highlighting the potential influence of local vegetation type.

Methods: Here, we  compared rhizosphere microbial communities using 
54 samples under three vegetation types (herb, shrubs, and arbors, with bulk soil 
as the control) at the campus of Henan University. 16S rRNA and ITS amplicons 
were sequenced using Illumina high throughput sequencing.

Results and Discussion: Rhizosphere bacterial and fungal community structures 
were influenced considerably by vegetation type. Bacterial alpha diversity under 
herbs was significantly different from that under arbors and shrubs. The abundance 
of phyla such as Actinobacteria was extremely higher in bulk soil than in the 
rhizosphere soils. Herb rhizosphere harbored more unique species than other 
vegetation type soils. Furthermore, bacterial community assembly in bulk soil 
was more dominated by deterministic process, whereas the rhizosphere bacterial 
community assembly was dominated by stochasticity and the construction of 
fungal communities was all dominated by deterministic processes. In addition, 
rhizosphere microbial networks were less complex than bulk soil networks, and their 
keystone species differed based on vegetation type. Notably, bacterial community 
dissimilarities were strongly correlated with plant phylogenetic distance. Exploring 
rhizosphere microbial community patterns under different vegetation types could 
enhance our understanding of the role of rhizosphere microbes in ecosystem 
function and service provision, as well as basic information that could facilitate 
plant and microbial diversity conservation at the local environment scale.
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vegetation type, rhizosphere microbes, microbial networks, local scale, bacteria and fungi

Highlights

− Rhizosphere microbial community structure influenced significantly by vegetation type.
− Contrasting bacterial and fungal assembly processes in bulk and rhizosphere soil.
− Rhizosphere communities harbor less complex networks than bulk soil.
− Rhizosphere bacterial communities significantly correlated with plant phylogeny.
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1. Introduction

The rhizosphere is a hotspot of interactions between plant root 
and soil (Lundberg et al., 2012; Korenblum et al., 2020) It is a complex 
ecosystem that can be influenced considerably by the composition of 
the aboveground plants (Liu et al., 2020). Recently, the influence of 
plants on rhizosphere microbes has been studied extensively (Schmid 
et  al., 2019; Escudero-Martinez et  al., 2022) across different 
ecosystems, including forest (Chen et al., 2018), grassland (Birgander 
et al., 2017), and cropland (Simonin et al., 2020). The rhizosphere 
ecosystem is highly complex, and under the influence of various plant 
species. Therefore, the influence of vegetation type on the rhizosphere 
microbial community structure should be taken into account.

Recently, researchers have begun focusing on the effect of 
vegetation type on rhizosphere. In addition, some researchers have 
explored the structure and function of the global rhizosphere 
microbiome (Davison et al., 2015; Xu et al., 2018; Ling et al., 2022); 
however, the researchers mainly focused on certain plant types, or 
plants in multiple ecosystems. Therefore, the effects of associated 
factors, such as climate and soil type, on the rhizosphere microbiome 
cannot be eliminated at large scales.

Rhizosphere microbes, which mainly include bacteria and fungi, 
are essential for plant growth and development (Huang et al., 2014). 
Some of the microbes enhance the capacity of plants to obtain 
nutrients from soil, and resistance to various biotic and abiotic stress 
factors, such as disease (Song et al., 2021), high salinity (Schmitz et al., 
2022), and drought (de Vries et al., 2020) and adaptation to changing 
environments (Berendsen et al., 2012; Trivedi et al., 2020). In return, 
the microbes get certain benefits from plants, including nutrients such 
as carbon (Bais et  al., 2006). Consequently, vegetation type can 
influence rhizosphere community diversity and composition. For 
example, arbuscular mycorrhizal fungal colonization is higher in forbs 
than in grass (Bunn et al., 2015). Furthermore, in natural mountain 
forests of eastern China, Yang et al. (2019) observed dissimilarities in 
rhizosphere microbial community structure under different vegetation 
types, which increased significantly with an increase in plant 
phylogenetic distance, highlighting the role of plant phylogeny in 
rhizosphere community structure.

In addition to exhibiting high diversity, rhizosphere microbes 
establish complex ecological networks, which can also be affected by 
vegetation type. For instance, the rhizosphere bacterial network 
structure in rubber forest soils is simpler than that in tropical 
rainforests, whereas the rhizosphere fungal network structure in 
rubber forest soils is more complex (Lan et  al., 2022). However, 
microbial community structure is the product of interactions among 
multiple factors, including plant factors and environmental factors 
(Jiang et al., 2020; Yang et al., 2021b). Consequently, large-scale studies 
involve too many abiotic and abiotic factors. Generally speaking, plant 
species is one of the key factors affecting the rhizosphere bacterial 
species, that is, different plant species should have different 
rhizosphere bacterial communities (Fitzpatrick et al., 2018). However, 
recent common garden experiments had found that species identity 
could only explain a small part of the difference in rhizosphere 
bacterial community (Leff et  al., 2018). And the differences in 
rhizosphere bacterial communities of the same plant species growing 
in different soils are generally greater than those observed between 
different plant species growing in the same soil (Vieira et al., 2020). 
Guajardo-Leiva et al. (2022) found that soil is the main source of 
microorganisms, which leads to the homogeneity of community 

composition of different plant species growing at the same sampling 
point. While it remains unclear whether the same plants can exert the 
effects on rhizosphere community structure in different localities with 
highly similar climate and soil conditions frequently affected by 
human activities. Besides, considering community complexity would 
affect community dynamics, in the present study, we have adopted a 
metric called “Cohesion” for quantifying the degree of connectivity in 
microbial communities (Herren and McMahon, 2017).

Understanding the microbial assembly process is a key issue in 
microbial ecology, and can enhance our understanding of the 
mechanisms of regulation of microbial community structure (Stegen 
et  al., 2013a; Dini-Andreote et  al., 2015). Microbial community 
assembly occurs via two key processes, including stochastic processes, 
which mainly includes dispersal limitation, shift, and other random 
community changes (Hubbell and Borda-De-Agua, 2004), and 
deterministic processes, which is largely selection by environmental 
factors (Stegen et al., 2012, 2013b, 2015). Recently, numerous studies 
have quantified the relative importance of the two processes in 
community structuring (Aad et al., 2014; Feng et al., 2018b; Yang et al., 
2021a; Liu et al., 2023). For example, Fan et al. (2018) investigated 
microbial community assembly processes in the rhizosphere soils of 
wheat fields. Furthermore, some researchers have explored the 
microbial community assembly processes in the vadose zone (Sheng 
et al., 2021).

The two dominant processes, stochasticity and determinism, have 
been further disentangled into five plausible scenarios (Shi et  al., 
2020a), including heterogeneous selection (HeS) and homogeneous 
selection (HoS), which belong to determinism (Dini-Andreote et al., 
2015), and homogeneous dispersal (HD; van der Plas et al., 2018), 
dispersal limitation (DL; Whitaker et al., 2003; Zhou et al., 2008), and 
undominated (UD) cases, which belong to stochastic processes (Jiao 
et al., 2020). Exploration of microbial community assembly based on 
the five key processes above could enhance the understanding of 
rhizosphere microbial community structure across different 
vegetation types.

City parks or university campuses, which exhibit high plant 
species diversity, are ideal platforms for investigating the influence of 
vegetation type on rhizosphere microbes at relatively small spatial 
scales. In the present study, we collected 54 samples from two locations 
at Henan University to analyze rhizosphere microbial community 
structure across three vegetation types.

We hypothesized that microbial community structure in bulk and 
rhizosphere soils is controlled by different assembly process, and the 
responses of bacteria and fungi vary based on vegetation type and 
phylogeny, with markedly different community assembly patterns. 
We constructed the microbial community networks under different 
vegetation types to determine whether their topological characteristics 
and core species, and the underlying factors. The results of the present 
study could provide novel insights on rhizosphere microbial community 
structure under different vegetation types at the local environment scale.

2. Materials and methods

2.1. Study site

This study was conducted using soil obtained from the park of 
Jinming campus of Henan University (longitude: 114.35°E, latitude: 
34.80°N) in Kaifeng, China. Kaifeng has a temperate monsoon 
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climate, with an annual average temperature of 14°C and an annual 
average precipitation of 650 mm. Rainfall mainly occurs in July and 
August every summer. The soil types mainly include fluvo-aquic soils, 
saline soil, aeolian sandy soil, and alluvial soils.

2.2. Soil sampling and testing

We selected two gardens to collect soil samples. One location is in 
the south of the campus and another is in the north 
(Supplementary Figure S1). In each garden, we collected samples of 9 
species of plants. Only four species (Ligustrum lucidum, Forsythia 
viridissima, Oxalis corniculate, Veronica persica) were collected in both 
sampling locations. Finally, they were grouped into four vegetation 
types (arbors, shrubs, herbs, and bulk soil. For the detail information, 
please see Supplementary Table S1). No specific permissions were 
required for sample collection and the filed study did not involve 
endangered or protected species. The distance between two sampling 
points was more than 3 m. At first, the top litter layer was removed. 
Before sampling, the sampling tools were wiped with the original soil 
in the area near the collection location to minimize external 
interference as much as possible. Subsequently, while wearing 
disposable gloves, the soil was gently dug with a shovel and the fresh 
soil sorted to remove stones and to find fine roots (diameter ≤ 2 mm). 
Taking ginkgo as an example, 0–1 m away from the trunk is the area 
where fine roots are predominantly distributed, and the range for 
arbors and shrubs is within 5–20 cm underground. When herbaceous 
plant samples were collected, the whole plant was taken out as 
completely as possible to look for fine roots. After shaking off the loose 
soil, the soil adhering to the fine roots over a 1-mm layer was brushed 
off and collected as the rhizosphere soil sample. All the soil samples 
were put in sterile bags (stored in dry ice boxes), transported back to 
the laboratory within 2 h, and then stored at −80°C until DNA 
extraction. Bulk soil with no plant roots collected in the adjacent area, 
at a distance more than 5 m from the nearest sampling point was 
collected as the control soil sample.

2.3. DNA extraction and PCR amplification

A Power Soil DNA kit (MO BIO, Carlsbad, CA, United States) was 
used to extract the total DNA from soil samples. Afterward, a 
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
Waltham, MA, United  States) was used to quantify the DNA 
concentrations of samples. The extracted DNA was diluted to 
approximately 25 ng/μL with distilled water and stored at −20°C 
until use.

Rhizosphere and bulk soil bacterial and fungal community were 
tested by high-throughput sequencing techniques at IlluminaNovaSeq 
platform of MAGIGENE Company, Guangdong, China.1 The V3–V4 
hypervariable regions of bacterial 16S rRNA genes were amplified 
with the 338F and 806R primer set (Xu et al., 2016). And the ITS2 
region of fungi was amplified using the ITS3F and ITS4R primer set 
(Toju et al., 2012; Supplementary Table S2). The Polymerase Chain 

1 http://www.magigene.com/

Reactions (PCR) were implemented as follows: 3 min of denaturation 
at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C for 
annealing, and 45 s at 72°C for elongation, with a final extension at 
72°C for 10 min. The reactions were carried out in 20-μL triplicate 
mixtures, each containing 4 μL of 5× FastPfu Buffer, 2 μL of 2.5 mM 
dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, 
and 10 ng of template DNA (Toju et al., 2012; Xu et al., 2016).

2.4. Statistical analysis

The raw data sequences were processed and analyzed using 
QIIME2 (Bolyen et al., 2019) based on the workflow at https://qiime2.
org. Briefly, to obtain the Amplicon Sequence Variant (ASV) table, 
quality control of the raw sequencing data was performed using the 
Deblur tool (Amir et al., 2017) and clustered based on 100% shared 
identity. The taxonomy of each bacterial phylotype was identified 
using the Greengenes release database (DeSantis et al., 2006) and the 
fungal taxonomy assignment was performed using the Sklearn-based 
taxonomy classifier with the dynamic Unite database from 10 October 
2017.2 Finally, we  obtained 12,730,609 bacterial sequences in and 
9,153,794 fungal sequences, with 98.5% classified into 104,824 distinct 
ASVs in bacteria and 13,233 in fungal distinct ASVs. To rarify all 
datasets for each sample to the same degree, 1,122,000 and 3,089,100 
bacterial and fungal sequences, respectively, were selected randomly.

2.5. Rhizosphere soil fungal and bacterial 
community structure analyses

In order to measure the difference between groups, the relative 
abundance of the top 10 microorganisms were logarithm transformed 
and then we used the LSD method of “agricolae” package for post-hoc 
test. To assess the abundance and diversity of microbial communities, 
the Shannon, Simpson, Chao1, and Observed species indices were 
calculated at the ASV level using QIIME2. The vegan package was 
used to calculate the β-diversity (Bray-Curtis and Jaccard distance) of 
bacterial and fungal communities in the arbor, shrub, and herbage 
rhizosphere soils, and bulk soil (Oksanen et al., 2020). Differences in 
diversity among the samples were analyzed using the Wilcoxon 
rank-sum test. Nonmetric multidimensional scaling (NMDS) 
ordinations was generated to distinguish the distribution of the 
samples based on Jensen-Shannon divergence (JSD), using the vegan 
package (Oksanen et al., 2020). Differences between communities 
were evaluated using Permutational Multivariate Analysis of Variance 
using the “Adonis” function in the vegan package.

2.6. Phylogenetic network construction 
and distance estimation

To construct the phylogenetic networks of the 14 plant species, 
plastome sequences were downloaded from the GenBank database 
(Supplementary Table S3). Maximum Likelihood (ML) analysis was 

2 https://unite.ut.ee/
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performed using CIPRES Science Gateway v3.3 (Miller et al., 2010) 
and RAxML v8.1.11(Stamatakis et al., 2008), with GTR + T + G as the 
optimal substitution model. The default parameter settings were used, 
except for the bootstrap iterations being set to 1,000. The phylogenetic 
distance between each species was calculated in the PAML program 
(Yang, 2007).

2.7. Analyzing the rhizosphere soil bacteria 
assembly processes

According to Stegen et al. (2013b, 2015), the ß-NTI and Bray-
Curtis-based Raup-Crick metrics (RC-Bray) methods were jointly 
used assess the community assembly processes. β-NTI measures the 
deviation of the β-mean nearest taxon distance (β-MNTD) and the 
β-MNTD of the null model, and both were calculated using Phylocom 
v42 (Webb et al., 2008).

Traits regulating community assembly processes should 
be  phylogenetically conserved (Stegen et  al., 2012). Therefore, a 
phylogenetic signal analysis is required before calculating β-NTI. The 
relationship between phylogenetic distances of pairwise ASVs and the 
corresponding environmental conditions was evaluated using 
“mantelcorrelog” (Stegen et  al., 2012), based on the phylogenetic 
distances calculated using the “cophenetic” function in the “picante” 
package in R v4.1.3 (R Foundation for Statistical Computing, Vienna, 
Austria). The Euclidean distance of each soil variable of pairwise ASVs 
was calculated and the abundance-weighted mean value obtained. 
Significant relationships within a short phylogenetic distance indicate 
that phylogenetic signals are also significant. | β-NTI | > 2 indicates a 
community that is dominated by deterministic processes (Stegen et al., 
2012). Conversely, | β- NTI | < 2 indicates that stochastic processes, 
including DL, HD, and UD, are dominant in the community (Stegen 
et al., 2015; Tripathi et al., 2018; Feng et al., 2018b).

In the present study, the bacterial ASVs with relatively high 
abundances (i.e., > 0001%) were selected (3,000 ASVs in our study) 
for use in calculating the β-NTI and RCbray values (Shi et al., 2018; 
Feng et al., 2018a).

2.8. Analyzing rhizosphere soil fungal and 
bacterial stability

Co-occurrence network analyses were conducted based on a 
SparCC correlation matrix using the SpiecEasi package in R (Friedman 
and Alm, 2012; Kurtz et al., 2015). To enhance the reliability of the 
networks, the ASV table was filtered. We constructed four networks 
corresponding to the four types of samples, including the rhizosphere 
arbor, shrub, and herb soil, and bulk soil. We only retained ASVs 
present in more than 20% of the bacterial samples and more than 30% 
of the fungal samples for each sample type. For each group, the 
selected fungal and bacterial ASVs were used to jointly construct the 
microbial network, with 533, 401, 393, and 754 ASVs retained in the 
herb, shrub, and arbor rhizosphere soil, and bulk soil, respectively, for 
network construction.

According to Banerjee et al. (2018), network hubs, module hubs, 
and connectors were defined as keystone species in the present study 
(Shi et  al., 2020b). In addition, according to Guimerà and Nunes 
Amaral (2005), the z-scores (within-module degree) and c-scores 

(participation coefficient) of each node in the networks were 
calculated to identify the hubs and connectors. Based on the threshold 
values of the within-module degree (z-score) and participation 
coefficients (c-score) of nodes, nodes with a z-score > 2.5 and 
c-score > 0.6 were defined as network hubs. Nodes with a z-score > 2.5 
and c-score < 0.6 were defined as module hubs, whereas nodes with a 
z-score < 2.5 and c-score > 0.6 were considered as connectors. 
Furthermore, nodes with a z-score < 2.5 and c-score < 0.6 were 
classified as peripherals. Shi et al. (2020b) has expounded in detail the 
particular role of each type of node in community networks.

3. Results

3.1. Effect of vegetation type on soil 
microbial community composition

Using the high throughput sequencing platform, 21,884,403 
quality sequences were obtained from the 54 soil samples of four 
types; among them, 86,366 were identified at 100% similarity, being 
mostly bacteria and 11,188 were identified at 100% similarity, being 
mostly fungi. At the bacterial phylum level, Proteobacteria (28.8%), 
Actinobacteria (16.7%), Cyanobacteria (13.1%), Bacteroidetes 
(12.7%), Chloroflexi (9.7%), and Acidobacteria (5.8%) were dominant, 
accounting for more than 80% of all sequences (Figure 1) Ascomycota 
was the most common fungal phylum among the samples (Figure 1). 
At the fungal class level, Sordariomycetes (21.9%), Dothideomycetes 
(13.0%), Agaricomycetes (10.8%), Pezizomycetes (7.5%), and 
Leotiomycete (6.1%) were dominant. Dothideomycetes abundance 
was the highest in the herb rhizosphere (Figure 1).

In the case of bacteria, compare to those in all the rhizosphere 
soils, most high abundance microbiomes were significantly enriched 
in bulk soil, whereas Cyanobacteria and Bacteroidetes abundances in 
bulk soil were significantly lower (Figure 1; Supplementary Table S4). 
The abundances of phylum Cyanobacteria in the herbs’ rhizosphere 
soil were also significantly lower than that in arbors’ rhizosphere soil, 
but herbs had the most Bacteroidetes than the others (Figure  1; 
Supplementary Table S4). And in the case of fungi, the abundance of 
classes Leotiomycetes in arbor rhizosphere was significantly higher 
than those in the other soils. The abundances of Sordariomycetes, 
Pezizomycetes and Mortierellomycetes in bulk soils were the highest 
while the abundances of class Dothideomycetes and Leotiomycetes in 
bulk soils were the lowest among the different groups (Figure  1; 
Supplementary Table S5).

3.2. Effect of vegetation type on soil 
microbial community structure

Although there were no obvious differences in fungal α diversity 
among the groups, there were significant differences in bacterial α 
diversity. The bacterial α diversity of herbs and bulk soils were 
significantly higher than those of shrubs and arbors. And there is no 
obvious difference in bacterial diversity between herbs and bulk soils, 
nor between shrubs and arbors (Supplementary Figures S2, S3).

According to the results of VPA, the explanation of plant type 
(1.1% for bacteria and 3.4% for fungi) for the differences between 
groups was higher than that of location (0.5% for bacteria and 1.7% 
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for fungi; Supplementary Table S7). In addition, both the NMDS and 
Multivariate Welch ANOVA showed obvious differences between 
bacteria and fungus (Figure  2; Supplementary Tables S8, S9). 
According to the results of Multivariate Welch ANOVA, except for 
some comparisons (S. Herbage vs. N. Herbage, N. Bulk soil vs. 
N. Shrub, S. Bulk soil vs. N. Shrub, S. Bulk soil vs. N. Arbor, S. Bulk 
soil vs. N. Bulk soil, S. Bulk soil vs. S. Arbor and S. Arbor vs. S. Shrub), 
the bacteria in most comparisons had significant differences between 
groups (Figure 2A; Supplementary Table S8). While the majority of 
the differences of fungi among groups were significant, except for the 
differences between the bulk soil, the rhizosphere soil of shrubs and 
arbors in the south and between the bulk soil in the south and in the 
north (Figure 2B; Supplementary Table S9). Furthermore, Mantel test 
results showed that plant phylogeny had a strong influence on 
bacterial community structure, and not on fungal community 
structure, while plant vegetation types have a significant impact on the 
difference between groups of both bacteria and fungi 
(Supplementary Table S6).

Among bacteria, Cyanobacteria and Firmicutes were significantly 
higher in the rhizosphere soil of arbor. Bacteroidetes were significantly 
higher in herbaceous plants, while bulk soil had the largest number of 
endemic bacterial phyla (Figure  3A). In particular, the bulk soil 
contains a variety of archaea that are less abundant in the rhizosphere 
of plants.

For fungus (Figure  3B), Archaeorhizomycetes and 
Mortierellomycetes were significantly higher in soil than in 
rhizosphere soil of all plants. Leotiomycetes, Glomeromycota, 
Tremellomycetes, Rozellomycota and Mucoromycota were 
significantly higher in arbor soil. The Rhizophydiomycetes, 
Basidiomycota and Glomeromycota in the rhizosphere soil of shrub 
were significantly higher. Rhizophlyctidomycetes, Ascomycota and 
Orbiliomycetes were significantly higher in the rhizosphere soil 
of herbage.

According to the Venn plot (Figures 3C, D), although the number 
of bacteria involved in the analysis was much higher than the number 
of fungi, the number of common fungi in the four samples was still 
much higher than the number of common bacteria. In addition, the 
shrub rhizosphere soil had a higher number of common bacteria with 
arbor rhizosphere soil than with herbage rhizosphere soil, with an 
opposite trend observed in the case of fungi. In general, the shrub 
rhizosphere soil had the fewest specialized microbes.

3.3. Soil bacterial and fungal assembly in 
the four plant types

Bacterial community assembly in rhizosphere was dominated by 
stochasticity processes, and dispersal limitation was more prevalent in 
the rhizosphere than in the bulk soil, especially in the herb rhizosphere 
soil (Figure 4A). Both arbor and shrub rhizosphere soils were partially 
dominated by stochasticity processes. And in bulk soil, bacterial 
community assembly was more dominated by deterministic process 
(Figure 4B). In addition, deterministic processes dominated fungal 
community assembly processes across all samples. Among them, the 
assembly processes of shrub rhizosphere were the closest to those of 
the bulk soil, with relatively similar Normalized Stochasticity Ratio 
values (Figure 4B).

3.4. Effect of vegetation type on molecular 
ecological networks of microbial 
communities

Individual networks were constructed for each of the four sample 
types (Figure 5A; Table 1). Compared with rhizosphere soil, bulk soil 
had a more complex microbial network, with the most positive and 

A B

FIGURE 1

Relative abundance of the dominant bacteria phyla (A) and dominant fungus classes (B) across all soils. Soils are grouped by plant types. The “Bacteria_
Others” refers to the sum of bacteria which has very low relative abundance, while “Others” refers to the unidentified sequences.
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A B

FIGURE 2

Non-metric multidimensional scaling (NMDS) of the bacterial (A) and fungal (B) community among the samples.

A B

C D

FIGURE 3

Microbial community composition in different soil samples. Linear discriminant analysis effect size (LEfSe) of bacteria phyla/ phylum (A) and fungus 
phyla/ classes (B) of four plant types. Venn diagrams of bacteria (C) and fungi (D) of four plant types.
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negative connections. The rhizosphere soils of different vegetation 
types had different core flora. There were 7, 5, 6 and 6 keystone species 
in the herb, shrub, and arbor rhizosphere soils, and bulk soils, 
respectively (Table  2). Among them, shrub had the fewest core 
bacteria. The node and edge numbers in the networks decreased in the 
order of bulk soil, and herbage, shrub, and arbor rhizosphere soils. 
Similar trends were observed in the number of positive correlations 
and negative correlations, and average connectivity (avgK). However, 
with regard to the ratio of positive to negative correlations and average 
clustering coefficient (avgCC), shrub rhizosphere had the largest 
values, excluding bulk soil. In addition, shrub rhizosphere has the 
lowest average path distance (GD), the lowest number of modules, and 
the highest Graph density. In addition, the network modularity 
increased in the order of herbs, shrub, and arbor rhizosphere soils, and 
bulk soil.

Network robustness was also examined. The results indicated a 
more stable microbial network in the bulk soil than in the 
rhizosphere soils. Nodes and edges were discarded in declining 
order of node betweenness. Therefore, we observed that the natural 
connectivity of networks in all vegetation types exhibited sharp 
slopes in all the samples excluding in the bulk soil, suggesting poor 
stability (Figure  5B). Furthermore, for each group, z-scores and 
c-scores were calculated for the nodes in the network to identify the 
keystone species.

Additionally, the shrub has the highest positive cohesion and the 
lowest negative cohesion (Figure 5C), indicating more cooperation 

and less competition between microbes in the shrub rhizosphere than 
in those of other vegetation types.

4. Discussion

Considering the significant effects of human activities on soil 
environments and vegetation diversity, it is necessary to explore the 
influence of vegetation type on microbial communities, and whether 
bacteria and fungi respond differently, at local environment scales. 
Such a study could provide a scientific basis for understanding 
microbial function over small spatial scales. In the present study, the 
influence of vegetation type on soil microbial community structure 
was glaringly obvious, especially in the case of rhizosphere microbes. 
Our results showed that rhizosphere microbial community structure 
could differ considerably across different vegetation types (arbor, 
shrub, and herbs), which are frequently disturbed by human activities.

4.1. Rhizosphere bacterial and fungal 
community were significantly different 
across vegetation types

Arbor, shrub, and herbs are the most common vegetation 
assemblages in city parks or campuses; therefore, city parks and 
campuses are ideal sites for investigating the impact of aboveground 

A

B

FIGURE 4

Assembly processes of soil microbiome in the four plant types. (A) Assembly processes of soil bacteria based on the combined method of ß-NTI. 
(B) Normalized stochasticity ratio (NST) of soil fungal in the four types of samples.
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vegetation type on belowground soil microbial community structure, 
while eliminating the effect of climate and soil type. Arbors refer to 
trees with an upright trunk, usually 6–10 m high, with a trunk 
independent from the root, and a clear distinction between the trunk 
and the crown. Arbors also have strong vitality and are widely 
distributed. At present, arbors are basically found in all terrestrial 
biomes, including desert, Arctic, and other harsh environments 
(McBride and Douhovnikoff, 2012; Zhang et al., 2022). Conversely, 
shrubs are short plants (usually <6 m) with no obvious trunk and 
numerous branches near the ground, most of which are clustered. 
Shrubs are generally broad-leaved plants, and some coniferous plants, 
such as juniper, are shrubs (Lenard, 2008). Shrubs are widely 
distributed globally, mostly in the tropics and subtropics, and can also 
be found in arid regions (Xu et al., 2020). In China, shrubs are mainly 
spread in Zhejiang, Jiangsu, Anhui, Henan, etc., covering about 20% 
of the land area (Piao et al., 2009). Although there are many differences 
between arbors and shrubs, they have many similarities with regard 
to growth habit (Jingui et al., 2023). They are both perennial plants 
and can survive more than 3 years. Moreover, arbors and shrubs have 
large numbers of lignified cells, which are obviously different from 
herbs (Crivellaro et al., 2022). Herbs are usually short with stems that 
are soft and that break easily. In addition, many herbs are annuals, 
biennials or triennials, and their xylems are not developed and the 
vascular bundles do not have cambiums, so that they cannot grow 
continuously (Evans and Ortega, 2019). Herbs are generally adapted 

to warm and humid environments. However, herbaceous plants are 
very resilient, and can be found in hot and humid areas, as well as cold 
and dry areas. On the whole, the most obvious differences among 
trees, shrubs, and herbs are based on their physiological traits, 
biomass, and life span (Yuan et al., 2020).

In the present study, Pinus massoniana, Gingko biloba, Solanum 
nigrum, Ligustrum lucidum, Forsythia viridissima, Veronica persica, 
Punica granatum, Cercis chinensis, Bischofia polycarpa, Oxalis 
corniculata, Eriobotrya japonica, Euonymus japonicus, Lonicera 
maackii and Ophiopogon japonicus are grouped into arbors, shrubs, 
and herbs.

Due to differences in individual size, life history, or physiological 
function, bacteria and fungus exhibit distinct responses to 
aboveground plants. In the present study, we  observed that soil 
bacterial α diversity was more sensitive to vegetation type than fungal 
α diversity. Bacteria are minute, propagate rapidly, and form spores, 
so that they are ubiquitous and easily dispersed (Foissner, 2006). 
Conversely, fungi proliferate mainly through budding and spore 
reproduction. Fungus can also form mycelia, with diverse functions 
(Cairney and Burke, 1996; Hodge, 2000). Fungal communities jointly 
form complex belowground networks, which drive the establishment 
of plant populations and communities, as well as soil nutrient turnover 
(Yang et  al., 2022). According to Sheldrake (2020), fungi are 
regenerators, recyclers, and network builders that connect the world. 
Therefore, one or similar fungal species can be observed in different 

A B

C

FIGURE 5

(A) Plant rhizosphere networks in the four sample types. Networks represent random matrix theory co-occurrence models, where nodes represent 
ASVs, and the edges between the nodes indicate significant correlations. In each panel, the size of each node is proportional to the number of 
connections (i.e., node degree) and the edge color indicates that the node belongs to a different module. (B) Robustness of microbial community in 
the rhizosphere of three types of plants. (C) Cohesion of microbial community in the rhizosphere of three types of plants.
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vegetation rhizosphere soils, so that we  did not investigate the 
significant effect of vegetation type on fungal α diversity.

In the β diversity analysis, the results of VPA showed that the 
explanation of vegetation type for the difference is greater than that of 
location, which is partially different from the findings of Vieira et al. 
(2020). In addition, Yang et al. (2019) found that the influence of plant 
factors on rhizosphere microbial community was greater than spatial 
factors in the forests of eastern China. In our study, the campus garden 
is subject to periodic management and frequent human activities, and 
this will reduce the difference of soil between the two gardens. On the 
other hand, with the strong effect of host plants, plants exhibited 
stronger effect than the locations. Additionally, given the low 
percentage of the variance between samples that explain both the type 
of plant and the sampling location, possibly, other unaccounted 
factors can help explain the differences between the samples. 
According to the results of Multivariate Welch ANOVA, we found that 
the differences between rhizosphere soils of different vegetation types 
were generally significant. Consistent with Fitzpatrick et al.’s (2018) 
study, which found the plant species showed strong effect on the 
rhizospheric communities. This is also partly similar to the findings 
in the study of the low Arctic tundra (Shi et al., 2015) which found the 
soil microbial community could be differed by vegetation types. This 
may be  due to the fact that shrubs and herbs are often closely 
interlaced, and these interactions would reduce the difference 
between groups.

4.2. Contrasting bacterial and fungal 
community assembly processes between 
bulk and rhizosphere soil

In the present study, bulk soil and rhizosphere soil bacterial 
communities showed contrasting assembly processes, even under 
different vegetation types. Bacterial community assembly in bulk soil 
was more dominated by deterministic process, whereas the 
rhizosphere bacterial community assembly was dominated by 
stochasticity and the construction of fungal communities was all 
dominated by deterministic processes (Figure 4). Similar phenomena 

were observed in a wheat field ecosystem, with deterministic factors 
playing a greater role in the assembly of nitrogen fixing bacteria 
communities in the bulk soil than in the rhizosphere soil (Fan et al., 
2018). While Yang et al. (2018) reported a contrary phenomenon that 
deterministic processes played a more important role than stochastic 
processes in bacterial community assembly processes in Chinese 
grassland ecosystem. This may be because environmental filtration has 
a greater impact on the biogeographic pattern of bacteria. The Anna 
Karenina principle could explain why we observed that rhizosphere 
bacterial community assembly was dominated by stochastic process. 
According to the principle, healthy hosts have relatively stable 
microbial communities, which form close clusters in an orderly space, 
while various external stress factors undermine such stability, leading 
to more dispersed microbial communities (Zaneveld et al., 2017). 
Therefore, the rhizosphere filtering effect would lead to the cultivation 
of specific species and be  accompanied by the Anna Karenina 
principal effect, so that a random process occurs.

4.3. Rhizosphere soil harbor less complex 
networks than bulk soil

Due to the strong filtering effect of plant roots, they harbor 
simpler communities than bulk soil, and in turn, less complex 
association networks. Consistent with our study, in farmland, Fan 
et al. (2018) observed that the network structure of nitrogen fixing 
microbial communities in rhizosphere soil was less competitive and 
more stable than that in bulk soil. In grasses, researchers found that 
rhizosphere networks had less nodes and edges, lower density, but 
had higher modularity, and greater positive links than bulk soil 
networks (Li et  al., 2021). In a forest ecosystem, co-occurrence 
network analysis detected relatively higher network complexity and 
node connectivity in bulk soil than in the rhizosphere community 
(Jing et al., 2022; Wang et al., 2022). These studies indicated that less 
complex association networks were prevalent in rhizosphere. In 
addition, Ling et al. (2022) analyzed 557 pairs of published 16S 
rDNA amplification sequences from non-rhizosphere soil and 
rhizosphere soil of different ecosystems globally, and found that the 

TABLE 1 Topological properties of the empirical molecular ecological networks of microbial communities in groups.

Network metrics Type

Herbage Shrub Arbor Soil

Number of nodes 533 401 393 754

Number of edges 10,088 6,815 5,233 16,743

Number of positive correlations 5,350 3,738 2,764 11,213

Number of negative correlations 4,738 3,077 2,469 5,530

Ratio of positive to negative correlations 1.129 1.215 1.119 2.028

Average connectivity (avgK) 18.927 16.995 13.316 22.206

Average path distance (GD) 2.224 2.206 2.309 2.640

Average clustering coefficient (avgCC) 0.278 0.311 0.262 0.546

Graph density 0.071 0.085 0.068 0.059

Number of modulesa 9 9 12 17

Modularity 0.285 0.318 0.352 0.648

aNumber of modules with ≥ 5 nodes in the networks.
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rhizosphere had relatively reduced microbial diversity due to the 
selection of corresponding microbial populations from soil seed 
banks, thus forming a highly modular but unstable bacterial 
network in the rhizosphere. This indicate that less complex 
networks are not related to the community stability, it might 
be depending on the ecosystem type.

4.4. Rhizosphere bacterial community 
structure significantly correlated with plant 
phylogeny

Yang et  al. (2019) observed soil fungal communities could 
be strongly influenced by plant phylogenetic distance in forest 
ecosystems across Eastern China. In the present study, we also 
observed that rhizosphere bacterial communities were 
significantly correlated with plant phylogeny. In addition, in root 
microbiomes of multiple plant phyla (Yeoh et  al., 2017), 
researchers observed that soil bacterial communities could 
be strongly affected by plant phylogeny at the small scale. The 
reason could be that, at very small scales, plants exert very strong 
effects on bacteria due to their lower interrelationships, and fungi, 
because of their hyphae, build highly connected networks at the 

local scale, so that plant phylogeny did not exhibit strong effects 
with regard to fungal community structure. Beside this, the effect 
of specific sampling quantity (Hermans et al., 2019) and soil depth 
(Chu et  al., 2016) on the rhizosphere community were also 
reported, these two potential impacting factors will be tested in 
the future.

5. Conclusion

Overall, our results showed that rhizosphere bacterial and fungal 
community structure could vary across vegetation types in a small 
scale, and that bacterial assembly was dominated by stochasticity 
while deterministic processes dominated fungal community assembly 
processes. Rhizosphere associated networks showed less complexity 
than bulk soil networks, and their keystone species varied across 
vegetation types. Community dissimilarities of total bacteria could 
be influenced by plant phylogenetic distance, while fungi showed no 
significant correlation. The results of the present study provide insights 
on belowground microbial structure at the local environment scale 
under different vegetation types, and might facilitate the knowledge 
of conservation of belowground microbial biodiversity at a local 
environment scale.

TABLE 2 Microbial community composition of the keystone species.

Group ASVID Category Kingdom Phylum Class

Herbage

ASV4 Provincial hubs k__Plantae p__unidentified c__unidentified

ASV11 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes

ASV16 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes

ASV52 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes

ASV73 Provincial hubs k__Fungi p__Ascomycota c__Dothideomycetes

ASV142 Provincial hubs k__Fungi p__Ascomycota c__Dothideomycetes

ASV144 Provincial hubs k__Fungi p__Ascomycota c__Dothideomycetes

Shrub

ASV2 Provincial hubs Unassigned

ASV6 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes

ASV36 Provincial hubs k__Plantae p__unidentified c__unidentified

ASV49 Provincial hubs k__Fungi p__unidentified c__unidentified

ASV129 Provincial hubs k__Fungi

Arbor

ASV2 Provincial hubs Unassigned

ASV4 Provincial hubs k__Plantae p__unidentified c__unidentified

ASV6 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes

ASV112 Provincial hubs k__Fungi p__Ascomycota c__Leotiomycetes

ASV129 Provincial hubs k__Fungi

ASV165 Provincial hubs k__Fungi p__unidentified c__unidentified

Soil

ASV4 Provincial hubs k__Plantae p__unidentified c__unidentified

ASV37 Provincial hubs k__Fungi p__Ascomycota c__Pezizomycetes

ASV38 Provincial hubs k__Fungi p__Basidiomycota c__Tremellomycetes

ASV73 Provincial hubs k__Fungi p__Ascomycota c__Dothideomycetes

ASV116 Provincial hubs k__Plantae

ASV300 Provincial hubs k__Fungi p__Ascomycota c__Sordariomycetes
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Seasonal variation in the soil 
fungal community structure of 
Larix gmelinii forests in Northeast 
China
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Mumin Reyila , Yi-Fei Sun , Jun-Ning Li  and Bao-Kai Cui *
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Soil fungi play an indispensable role in forest ecosystems by participating in 
energy flow, material circulation, and assisting plant growth and development. 
Larix gmelinii is the dominant tree species in the greater Khingan Mountains, 
which is the only cold temperate coniferous forest in China. Understanding the 
variations in underground fungi will help us master the situation of L. gmelinii 
above ground. We collected soil samples from three seasons and analyzed the 
differences in soil fungal community structure using high-throughput sequencing 
technology to study the seasonal changes in soil fungal community structure in 
L. gmelinii forests. We found that the Shannon and Chao1 diversity in autumn was 
significantly lower than in spring and summer. The community composition and 
functional guild varied significantly between seasons. Furthermore, we showed that 
ectomycorrhizal fungi dominated the functional guilds. The relative abundance 
of ectomycorrhizal fungi increased dramatically from summer to autumn and 
was significantly negatively correlated with temperature and precipitation. 
Temperature and precipitation positively affect the alpha diversity of fungi 
significantly. In addition, pH was negatively correlated with the Chao1 diversity. 
Temperature and precipitation significantly affected several dominant genera and 
functional guilds. Among the soil physicochemical properties, several dominant 
genera were affected by pH, and the remaining individual genera and functional 
guilds were significantly correlated with total nitrogen, available phosphorus, 
soil organic carbon, or cation exchange capacity. For the composition of total 
fungal community, temperature and precipitation, as well as soil physicochemical 
properties except AP, significantly drove the variation in community composition.

KEYWORDS

soil fungi, Larix gmelinii, community structure, temporal scale, soil properties

1. Introduction

Soil fungi are important components of soil microorganisms and play a critical role in the 
energy flow and material cycle of forest ecosystems (Falkowski et al., 2008; Cho et al., 2017). 
There are some important functional groups of the soil fungi: saprophytic fungi can produce 
enzymes to decompose organic matter (Voříšková and Baldrian, 2013) promoting the carbon 
(Rousk and Frey, 2015) and nitrogen cycles (Morrison et al., 2016); mycorrhizal fungi are 
symbiotic with plants and assist in plant growth and development (Eldridge et al., 2021); some 
pathogenic fungi can also cause fungal infection of the host and affect its productivity (Maron 
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et al., 2011). While soil fungi can affect plant community structure 
directly or indirectly, plant litter and root exudates are the major 
sources of fungal nutrition (Broeckling et al., 2008; Nakayama et al., 
2019; Hannula et al., 2021).

The diversity and composition of soil fungal communities show 
great spatial and temporal variability (Voříšková et al., 2014; Zhou 
et  al., 2016a; Averill et  al., 2019). Litter decomposition and 
phytosynthate allocation represent important factors contributing to 
the seasonal variation of fungal communities, while environmental 
conditions are important factors contributing to the geographic 
variation of fungal communities. The soil fungal community is sensitive 
to changes in the surrounding environment, and its diversity and 
activity are regulated by some biotic and abiotic factors such as climate 
factors (Hawkes et  al., 2011; Tedersoo et  al., 2014), soil properties 
(Rousk et al., 2010) and vegetation (Kivlin and Hawkes, 2016; Li et al., 
2020). Therefore, observing the changes in soil fungal communities can 
help us understand the soil health of the ecosystem (Shi et al., 2019).

Larix gmelinii is a deciduous tree of Pinaceae with rich timber 
accumulation and is one of the important timber trees in Northeast 
China (Sun et al., 2007), which is located in a sensitive area of global 
warming (Li et  al., 2006). As an ectomycorrhizal-associated tree 
species (Guo, 2012), the ectomycorrhizal fungi of L. gmelinii included 
Cortinarius, Hygrophorus, Lactarius, and Suillus (Liu et al., 2014). To 
date, most of the studies on the soil fungal community in L. gmelinii 
forest have focused on different forest types (Yang et al., 2017), fires 
(Yang T. et al., 2020), and rhizospheres (Yang Y. et al., 2020), while 
ignoring the understanding of the fungal community in seasonal 
changes on a temporal scale.

In this study, we collected 45 soil samples of L. gmelinii in three 
seasons aimed to characterize the soil fungal community in the 
L. gmelinii forest, including taxonomic composition, functional guilds, 
community structure and to assess the roles of environmental drivers. 
We hypothesized that, (i) temperature and precipitation will have 
significant effects on soil fungal communities, which will directly 
affect the living conditions and activity of fungi, (ii) considering that 
soil physicochemical properties vary in different seasons in the same 
location, pH should have an more important role on community 
structure compared to soil nutrient conditions.

2. Materials and methods

2.1. Study site

The study area is located in Aershan National Forest Park 
(47°15′17′N, 120°17′34′E, Figure 1), which is located in Aershan city, 
Inner Mongolia Autonomous Region, China. Aershan National 
Forest Park is located in the continental climate region of the 
Mongolian Plateau and belongs to the cold temperate humid zone. 
The annual average temperature is −3.2°C, the average precipitation 
is 452.1 mm (Li et al., 2011). The winter is long and cold, the summer 
is short and rainy, and the spring and autumn are cool with less 
precipitation (Liu et al., 2020). The plant growth period is generally 
100–120 days. The dominant tree species in the forest area are 
L. gmelinii and Betula platyphylla, with a forest coverage rate of 80%. 
The study area is located in the high latitude permafrost distribution 
area in China (Ding et al., 2019), and the zonal soil is retisols (IUSS 
Working Group WRB, 2015).

The L. gmelinii artificial forest lies at 1055 m elevation, and the 
slope of the study area is 12 degrees. The tree density of the forest is 
2,500 stems per ha. The tree is nearly 14 m high with a stand age of 
40 years. Diameter at breast height (DBH) of the selected trees ranged 
from 14 to 24 cm, and the average DBH of the trees is 18 cm. The main 
understory is various types of grass such as Potentilla freyniana and 
Calamagrostis angustifolia.

2.2. Soil sampling

In May, July, and October 2021, representing spring, summer and 
autumn respectively, soil samples were collected. Defined May to 
October as the growing season of L. gmelinii. We established three 
20 m × 20 m plots at least 100 m apart, and took five soil samples from 
four vertices and the center as independent samples, for a total of 15 
independent samples per season to represent the soil fungi in this 
stand. A total of 45 samples were taken for this experiment 
(5 independent samples × 3 plots× 3 seasons). Soil from 0–20 cm were 
obtained, passed through a 2 mm sieve and mixed, then filled three 
centrifuge tubes for DNA extraction and a ziplock bag for 
physicochemical property determination. The samples in centrifuge 
tubes were temporarily frozen in an incubator filled with dry ice and 
then transported to the laboratory stored at −80°C for subsequent 
DNA extraction, and the samples in ziplock bags were dried for 
determination of soil physicochemical properties. We extracted soil 
DNA from three separate centrifuge tubes and then mixed them into 
one to represent the sample.

2.3. Environmental variables

For the determination of soil properties, we  referred to the 
method of Bao (2000). The soil in the sealed bag was dried naturally 
to determine its physicochemical properties: soil organic carbon 
(SOC) was determined by the potassium dichromate volumetric 
method, available phosphorus (AP) was determined by molybdenum 
antimony resistance colorimetry, pH was determined by the potential 

FIGURE 1

Sampling location in Aershan National Forest Park.
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method, total nitrogen (TN) was determined by Kjeldahl method, the 
cation exchange capacity (CEC) was determined by the ammonium 
acetate exchange method (Liang et al., 2015).

Climate data for each season were obtained from WorldClim1 
(accessed May 19, 2022), including monthly total precipitation (Prec), 
and monthly maximum and minimum temperature (Tmax and Tmin) 
from 2010 to 2018. Therefore, the climatic variables (Tmax, Tmin and 
Prec) are only three levels throughout the samples according to 
three seasons.

2.4. DNA extraction, amplification, and 
sequencing

A DNeasy Power Soil Pro Kit kit (Qiagen, Frankfurt, Germany) 
was used to extract the total genomic DNA of the soil samples. A 
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, United States) was used to quantify DNA; the quality 
of DNA was detected by 1.2% agarose gel electrophoresis. The ITS1 
region of fungi was amplified, and the primers were ITS5F 
(5-GGAAGTAAAGTAAAAGTCGTAAAGG-3) and ITS2R 
(5-GCTGCGTTCTTCATCGATGC-3) (Bellemain et al., 2010), PCR 
system (20 μL): 2 μL (2.5 mM) dNTP. 1 μL (10 μM) forward primers 
and 1 μL (10 μM) reverse primers, 2 μL template DNA, 10 μL ddH2O, 
and 4 μL Fast pfu DNA polymerases. Circulating system: 95°C for 
2 min; 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s; 72°C 
for 5 min. The PCR amplification was performed by Applied 
Biosystems 2,720 Thermal Cycler (Thermo Fisher Scientific, Waltham, 
MA, United  States); the Quant-iT PicoGreen dsDNA assay was 
performed by a Microplate Reader FLx800 (BioTek, Burlington, 
Vermont, United States). PCR amplicons were purified and recovered 
by adding Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, 
China) and quantified with the fluorescent reagent of Quant-iT 
PicoGreen dsDNA assay kit (Invitrogen, Carlsbad, CA, United States); 
then, amplicons were mixed in proportion to the sequencing amount, 
and pair-end 2 × 250 bp sequencing was performed using the Illlumina 
MiSeq platform with a NovaSeq  6000 SP reagent kit at Shanghai 
Personal Biotechnology Co., Ltd. (Shanghai, China). All raw 
sequencing data of this study are deposited into the NCBI database 
with the Short Read Archive (SRA) accession number PRJNA903950.

2.5. Sequence analysis

The early sequence processing of this experiment was based on 
QIIME 2–2021.2 (Bolyen et al., 2019). The Demux plug-in was used 
to split samples, the DADA2 plug-in was used to perform quality 
control, such as filtering and noise removal, position at which forward 
and reverse read sequences should be truncated due to decrease in 
quality were 222 and 232 respectively, the min and max sequence 
length were 230 and 438, forward and reverse reads with number of 
expected errors higher than 2 were be discarded. The Vsearch plug-in 
was used to cluster sequences into operational taxonomic units 
(OTUs) according to the 97% similarity principle, and the phylogeny 

1 https://www.worldclim.org/data/monthlywth.html#

plug-in was used to control and generate phylogenetic trees. Then, 
according to the fungus UNITE v.8.2 database (Nilsson et al., 2019), 
we used the feature classifier plug-in to annotate the species. The 
function guilds and trophic modes were obtained from the FUNGuild 
database (Nguyen et al., 2016). Finally, we used the rarefy command 
of the vegan package in R (R Core Team, 2022) to standardize the 
OTU table according to the minimum sequence number of samples, 
and made the rarefaction curve by rare curve command.

2.6. Statistical analysis

The data processing part was mainly completed with R 4.1.2 and 
SPSS 26.0 (SPSS Inc., Chicago, IL, United States), and the R part was 
mainly processed with the vegan package (Oksanen et al., 2020). In 
alpha diversity analysis, the Shannon diversity index, Chao1 richness 
index, and Pielou evenness index were selected for one-way analysis 
of variance (ANOVA) and t-test to compare species diversity in 
different seasons. To identify species and guilds enriched in seasons 
we employed linear statistics on relative abundance values using the R 
package edgeR. We  grouped taxa and functions that were not 
identified or whose average relative abundance was less than 1% into 
“others,” and defined dominant taxa as which relative abundance more 
than 1%. The beta diversity was tested by non-metric multidimensional 
scaling (NMDS) based on the OTU level, and the difference between 
the three fungal communities was tested by analysis of similarities 
(ANOSIM) of 999 permutations. Redundancy analysis (RDA) was 
used to explore the relationship between fungal community structure 
and soil physicochemical properties. The envfit function was used to 
test the significance of each physicochemical factor in RDA, and the 
Mantel test was conducted on community structure and soil 
physicochemical properties. Spearman correlation was used in Mantel 
test, and 999 random permutations were set to obtain the correlation 
R-value and the significance p. SPSS 26.0 was used to analyze the 
differences between groups of soil physicochemical properties using 
ANOVA, and the Spearman correlation coefficient was used to analyze 
the correlation between alpha diversity, dominant genera, functional 
guilds of fungal communities and soil physicochemical properties.

3. Results

3.1. Soil properties and climate factors

The soil total nitrogen (TN), available phosphorus (AP), and 
cation exchange capacity (CEC) were not significantly different among 
the three seasons (Table  1). Soil organic carbon (SOC) showed a 
significant upwards trend with seasons from spring to winter 
(p < 0.05). pH decreased in summer and increased in autumn 
(p < 0.001). Temperature and precipitation gradient showed a strong 
rise in summer and then decline in autumn, and the temperature and 
precipitation in autumn were much lower than those in spring.

3.2. Diversity of the soil fungal community

A total of 2,963,468 quality-filtered sequences were retrieved 
from the 45 samples. After rarefying 39,850 sequences per 
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sample, a total of 1,793,250 unique sequences were clustered into 
5,681 operational taxonomic units (OTUs) at 97% identity. 
Rarefaction curves (Figure  2) of the number of OTUs with 
increasing sequence depth of samples, indicating that the rarefied 
sequence depth in our study capture most fungi members from 
each season.

The Shannon diversity index, Chao1 richness index, and Pielou 
evenness index, which represent fungal diversity (Figure 3), showed 
no significant difference between spring and summer, but the Shannon 
and Chao1 diversity in autumn was significantly lower than in spring 
and summer.

3.3. Community composition of the fungi

The OTUs belong to 13 phyla, 46 classes, 107 orders, 248 families, 
559 genera, and 773 species after classified. There were four dominant 
phyla with relative abundances more than 1%: Basidiomycota was the 
most abundant phylum (Figure 4A), followed by Ascomycota, then 
Mortierellomycota and Mucoromycota. The Mortierellomycota and 
Mucoromycota were enriched in summer and Basidiomycota was 
enriched in autumn.

The dominant genera (Figure 4B) which relative abundances more 
than 1% of fungi were Inocybe, Tomentella, Mortierella, Piloderma, 

Sebacina, Pseudogymnoascus, Trichophaea, Oidiodendron, Lactarius, 
Russula, Clavulina, and Umbelopsis. We  found that the relative 
abundance of Inocybe increased significantly in autumn, Pilodermas 
decreased significantly with seasonal changes, and the relative 
abundance of Mortierella was higher in summer. In addition, the 
relative abundance of Lactarius and Russula increased significantly in 
autumn. Mortierella and Umbelopsis were significantly enriched in 
summer. Moreover, Russula and Lactarius were significantly enriched 
in autumn.

We annotated the taxa and found that the relative abundance of 
ectomycorrhizal fungi (Figure  4C) was the highest among the 
annotated functions, followed by plant saprotroph, endophyte, 
undefined saprotroph, animal pathogen, dung saprotroph, plan 
pathogen and ericoid mycorrhizal fungi. In addition, the relative 
abundance of ectomycorrhizal fungi increased dramatically from 
summer to autumn, up to 66%. The endophyte was significantly 
enriched in summer. For the trophic mode (Figure 4D), the relative 
abundance of symbiotroph was significantly high in autumn and the 
relative abundance of saprotroph was highest in summer. The relative 
abundance of pathogenic fungi decreased with the growing season 
and enriched in spring.

The soil fungal community structure in different season was 
analyzed using nonmetric multidimensional scaling (NMDS) based 
on the Bray-Curtis distance. We showed that the results of NMDS 
analysis had some explanatory significance (stress = 0.18). There 
was some overlap among the three seasons (Figure 5), and there 
were also unique parts of each, showing the similarities and 
differences in the community structure of the three seasons. 
Analysis of similarities (ANOSIM) agreed with the NMDS in that 
seasonal variation caused differences in fungal community structure 
(R = 0.140, p = 0.001).

3.4. Environmental drivers of fungal 
diversity

The Shannon diversity, Chao1 richness and Pielou evenness 
indices of fungi significantly positively correlated with Tmax, Tmin, 
and Prec (p < 0.05, Table 2). pH was significantly negatively correlated 
with the Chao1 index of fungal richness (p < 0.001). Compared with 
soil physicochemical properties, climate factors had a stronger impact 
on fungal diversity.

TABLE 1 Soil properties and climate factors compared by ANOVA (mean values ± S.E.s).

Factor Season Spr. Sum. Aut. F-value p

Soil property

TN/(g/kg) 5.638 ± 0.135a 5.786 ± 0.124a 5.769 ± 0.165a 0.323 0.726

SOC/(g/kg) 67.697 ± 1.562b 72.211 ± 1.177ab 75.560 ± 2.482a 4.678 0.015

AP/(mg/kg) 9.206 ± 0.500a 10.591 ± 0.871a 10.045 ± 0.827a 0.863 0.429

pH 5.612 ± 0.026b 5.022 ± 0.052c 5.815 ± 0.049a 88.849 0.000

CEC/(cmol(+)/kg) 47.471 ± 0.435a 46.715 ± 0.385a 46.002 ± 0.572a 2.435 0.100

Climate factor

Tmax (°C) 15.730 ± 0.590b 23.130 ± 0.419a 6.415 ± 0.676c 214.579 <0.001

Tmin (°C) 1.059 ± 0.430b 10.831 ± 0.215a −7.928 ± 0.412c 659.990 <0.001

Prec (mm) 47.204 ± 7.136b 140.721.646a 17.280 ± 2.607b 23.627 <0.001

SOC, soil organic carbon; AP, available phosphorus; pH, pH value; CEC, cation exchange capacity; Tmax, the monthly minimum temperature; Tmin, the monthly minimum temperature; Prec: 
mean monthly precipitation. Different letters indicate significant differences among different season tested by one-way ANOVA (p < 0.05). Soil property data were obtained from 15 replicates, 
and climate data were obtained from 9 years (2010–2018).

FIGURE 2

The rarefaction curves of the sequence depth and the number of 
OTUs from 45 samples.
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3.5. Environmental drivers of dominant 
fungal genera and guilds

We conducted Spearman correlation analysis on the dominant 
genera of fungi and environmental factors (Table 3). We found 
that Inocybe was significantly positively correlated with pH 
(p < 0.001) and negatively correlated with climate factors 
(p < 0.01). In contrast, Mortierella, Piloderma and Umbelopsis 
were significantly negatively correlated with pH (p < 0.01) and 
positively correlated with climate factors (p < 0.05). 
Pseudogymnoascus was negatively correlated with AP (p < 0.05). 
Oidiodendron was significantly negatively correlated with SOC 

(p < 0.05). Russula (p < 0.01) was significantly negatively 
correlated with CEC. Clavulina was influenced by many factors 
including SOC, pH, CEC and climate factors (p < 0.05).

In terms of functional guilds (Table 3), ectomycorrhizal fungi 
were significantly negatively correlated with climate factors (p < 0.001), 
while endophyte and undefined saprotroph were significantly 
positively correlated with climate factors (p < 0.001). In addition, pH 
was negatively correlated with the relative abundance of endophyte 
and undefined saprotroph (p < 0.01). Moreover, plant pathogen was 
significantly negatively correlated with SOC (p < 0.05) and ericoid 
mycorrhizal fungi was significantly negatively correlated with TN 
(p < 0.05).

A B C

FIGURE 3

(A–C) Alpha diversity of the soil fungal community in the three seasons. NS, Not Significant; *p < 0.05; **p < 0.01; ***p < 0.001.

A B

C D

FIGURE 4

Relative abundances of dominant fungal phyla (A), genera (B), functional guilds (C), and trophic modes (D) in each season. The phyla, genera, 
functional guilds, and trophic modes with less than 0.01of the average relative abundance are grouped into “others.” Asterisks indicate significant 
enrichment (FDR, p < 0.05).
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3.6. Environmental drivers of fungal 
community structure

To evaluate the relationship of fungal community structure with 
environmental variables at spatial scales, redundancy analysis (RDA) 
of the fungal community and the Mantel test were implemented.

The RDA result showed that the first two axes explained 9.09% of 
the total variation in fungi (Figure 6). Climate factors had significant 
effects on community structure, while only SOC and pH in soil 
physicochemical properties had significant effects on community 
structure between seasons.

Based on the Mantel test (Table 4, p < 0.05), the climate factor was 
remarkably correlated with the fungal community structure. The main 
factors that affected the fungal community of the soil were TN, SOC, 
and CEC.

In summary, whether a factor was considered separately or all 
environmental variables were considered, temperature and 
precipitation were extremely significant factors affecting the 
community structure, and except for AP, soil physicochemical 
properties had more or less influence on the community structure.

4. Discussion

4.1. Seasonal variation in soil properties 
and climatic factors

Temperature and precipitation are the most significant changes 
brought about by seasons. According to the existing research, the cold 
temperate zone where the Aershan National Forest Park is located in 

long and cold in winter (Li et al., 2011). The growing season of plants 
is short, and seasonal changes have a profound impact on the growth 
cycle of plants, which also mobilize the structural changes of fungi in 
the underground soil (Zhang and Fu, 2021). In this study, the 
temperature and precipitation increased first and then decreased, and 
the temperature and precipitation in autumn were much lower than 
those in spring, even though the lowest temperature was below zero.

In the soil physicochemical properties, TN and AP have identical 
change trends as the climate, while pH first decreases and then increases. 
SOC showed a continuous increase with the season, while CEC 
continued to decline with the season. Worldwide, the storage of SOC 
usually increases with the decrease in annual average temperature, and 
the carbon element in cold regions is more enriched (Stockmann et al., 
2013), which is consistent with the highest content of SOC in winter in 
this study. Soil CEC could affect the growth and development of plants 
by significantly changing leaf Ca and Mg absorption, chlorophyll 
content, and catalase activity (Cui et al., 2021). In winter, the demand of 
plants for CEC decreases, which cannot drive the accumulation of CEC 
in the soil and may cause the loss of CEC in the soil.

4.2. The response of fungal communities to 
seasonal variation

Recent studies have shown that there are many factors that affect the 
diversity of soil fungi. Xie and Yin (2022) showed that soil fungal 
diversity and richness in broad-leaved forests were higher than those in 
conifer forests. Fungal community diversity and composition are 
significantly driven by soil pH, available nitrogen, available phosphorus, 
moisture, organic carbon, fine root biomass and root tissue density 
(Beauregard et al., 2010; Zhou et al., 2016b; Tauro et al., 2021). Soil pH is 
the dominant driver that is significantly related to fungal alpha diversity 
(Wang et al., 2015; Adamo et al., 2021). Seasonal climate change directly 
affects the diversity of soil fungi, and indirectly affects it by affecting soil 
properties and root variables (Xie and Yin, 2022). In neutral pH soil, soil 
quality decreased along the altitudinal gradient, indicating that microbial 
diversity was likely constrained by climatic conditions (Bayranvand et al., 
2021). Climatic factors, followed by edaphic and spatial patterning, are 
the best predictors of soil community composition at the global scale 
(Tedersoo et  al., 2014). In our study, the diversity of the fungal 
community changed with the seasons. The diversity of fungi in summer 
was significantly higher than that in spring and winter, which was 
consistent with the seasonal change in the diversity of fungi in subtropical 
orchard soil (Koide et al., 2005). Climate factors and soil pH significantly 
affect the diversity of soil fungi in L. gmelinii forests.

According to Lauber et al. (2008) the composition of the fungal 
community is most closely related to the change in soil nutrients. 
There was a significant correlation between the variety in fungal 
community composition and the availability of soil carbon and 

FIGURE 5

Fungal community structure based on Bray-Curtis distance, as 
determined by nonmetric multidimensional scaling (NMDS).

TABLE 2 Spearman correlation coefficient of alpha diversity to soil properties.

Alpha diversity TN SOC AP pH CEC Tmax Tmin Prec

Shannon 0.085 −0.142 −0.176 −0.278 0.114 0.404** 0.404** 0.404**

Chao1 0.185 −0.057 −0.036 −0.532*** 0.219 0.652*** 0.652*** 0.652***

Pielou 0.052 −0.166 −0.205 −0.217 0.081 0.348* 0.348* 0.348**

SOC, soil organic carbon; AP, available phosphorus; pH, pH value; CEC, cation exchange capacity; Tmax, the monthly minimum temperature; Tmin, the monthly minimum temperature; Prec, 
mean monthly precipitation. *p < 0.05; **p < 0.01; ***p < 0.001.
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nitrogen (Zhang et  al., 2016; Sanka Loganathachetti et  al., 2017). 
We analyzed the correlation between dominant fungal genera and soil 
properties and climate factors, and the results showed that Inocybe and 
Mortierella among the top five dominant genera of relative abundance 
had a very close relationship with climate factors and pH, while 
Sebacina was significantly positively correlated with TN, SOC and 

CEC in soil physicochemical properties. However, in our previous 
study on the soil microbial community of L. gmelinii, the influence of 
soil physicochemical properties on the composition of the fungal 
community was not significant (Zhao et al., 2022). We thought that 
the difference in soil physicochemical properties in the same season 
was not enough to cause the difference in soil fungal diversity.

The dominant soil fungal communities could adapt and respond 
to climate change by altering the proportion of different dominant 
fungal groups by responding to moisture patterns (Huang et al., 2021). 
Tedersoo et al. (2014) found that climatic factors, followed by edaphic 
and spatial patterning, were the best predictors of soil community 
composition at the global scale. Variations in soil fungal community 
composition across seasons were attributed to their functional 
adaptation. Previously, soil fungi in northern coniferous forests were 
dominated by saprophytic fungi at the end of winter and were 
gradually replaced by ectomycorrhizal fungi in the growing season 
(Santalahti et al., 2016). The relative abundance of ectomycorrhizal 
fungi showed absolute dominance in all 3 months, and increased when 
the temperature decreased. Zeng et  al. (2022) presented that 
ectomycorrhizal taxa dominate functional guild in subtropical 
evergreen broad-leaved forests. Ectomycorrhizal fungi are affected by 
multiple factors, and temperature and precipitation had a significant 
effect on them in our study. In the study of Yang T. et al. (2020), the 
observed decline in ectomycorrhizal fungal richness may be related to 
the fire-induced mortality of ectomycorrhizal plant hosts. Accordingly, 
we suppose that the seasonal dynamics of plants also influence the 
changes in the relative abundance of ectomycorrhizal fungi, except for 
climatic factors in this study.

TABLE 3 Spearman correlation coefficients of dominant fungal genera and functional guilds to soil properties.

Factor Variable TN SOC AP pH CEC Tmax Tmin Prec

Genus

Inocybe −0.106 0.060 −0.187 0.464*** −0.197 −0.436** −0.436** −0.436**

Tomentella 0.050 0.112 0.045 −0.041 −0.224 −0.040 −0.04 −0.04

Mortierella 0.132 −0.002 −0.126 −0.492*** 0.048 0.597*** 0.597*** 0.597***

Piloderma −0.023 −0.145 −0.012 −0.389** 0.027 0.361* 0.361* 0.361*

Sebacina 0.050 0.037 −0.027 −0.215 0.280 0.151 0.151 0.151

Pseudogymnoascus 0.093 −0.125 −0.297* 0.200 0.131 −0.101 −0.101 −0.101

Trichophaea 0.077 0.093 0.041 0.069 −0.258 0.016 0.016 0.016

Oidiodendron −0.220 −0.335* 0.032 −0.061 0.075 0.285 0.285 0.285

Lactarius −0.030 0.012 −0.167 0.172 0.060 −0.251 −0.251 −0.251

Russula −0.085 0.058 −0.04 0.134 −0.422** −0.191 −0.191 −0.191

Clavulina −0.211 −0.317* 0.077 −0.390** 0.395** 0.393** 0.393** 0.393**

Umbelopsis −0.138 −0.245 0.033 −0.498*** 0.098 0.634*** 0.634*** 0.634***

Guild

Ectomycorrhizal 0.033 0.218 0.116 0.257 −0.097 −0.474*** −0.474*** −0.474***

Plant saprotroph −0.115 −0.142 0.037 −0.009 0.289 0.089 0.089 0.089

Endophyte 0.124 −0.026 −0.143 −0.471*** 0.045 0.591*** 0.591*** 0.591***

Undefined saprotroph −0.009 −0.189 −0.135 −0.383** 0.225 0.497*** 0.497*** 0.497***

Animal pathogen 0.138 −0.117 −0.229 0.111 0.193 0.006 0.006 0.006

Dung saprotroph 0.127 −0.017 −0.091 0.021 −0.142 0.094 0.094 0.094

Plant pathogen −0.077 −0.315* −0.145 −0.037 0.198 0.107 0.107 0.107

Ericoid mycorrhizal −0.22* −0.335 0.032 −0.061 0.075 0.285 0.285 0.285

SOC, soil organic carbon; AP, available phosphorus; pH, pH value; CEC, cation exchange capacity; Tmax, the monthly minimum temperature; Tmin, the monthly minimum temperature; Prec, 
mean monthly precipitation. *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 6

Redundancy analysis (RDA) of fungal communities at the OTU level 
and environmental variables. The envfit function was used to test the 
significance of each physicochemical factor in RDA. *p < 0.05; 
***p < 0.001.
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Microbial community structures were strongly affected by seasonal 
variations. In the study of microbial community structure at different 
elevations, bacterial and fungal community structures exhibited a 
pronounced annual cycle (Lazzaro et al., 2015; Turatsinze et al., 2021). 
Fungal communities differed among seasons, equivalent to the 
community turnover observed over thousands of kilometers in space. 
Climate covariates explained some spatial–temporal effects (Averill 
et al., 2019). According to the results of the RDA and Mantel test in this 
study, inter-seasonal climate factors play a core role in fungal community 
structure. In addition, Adamo et al. (2021) showed that soil parameters 
were the most important driving forces shaping soil fungal communities 
at the regional scale in the Mediterranean pine forests. The species 
richness and diversity of ectomycorrhizal fungi declined following long-
term nitrogen addition in a temperate forest, while ascomycetes and 
saprotrophs responded positively to N enrichment (Morrison et al., 
2016). SOC may affect the structure of the soil fungal community (Sul 
et al., 2013; Li et al., 2017), because the abundance of cellulose-degrading 
fungi may be linked to SOC fractions and may respond to changes in 
SOC fractions differently. Soil available phosphorus and nitrogen are 
influential factors shaping fungal communities (Tauro et al., 2021). In a 
previous study, the fungal community was less strongly affected by pH, 
because fungi generally exhibit wide pH ranges for optimal growth 
(Rousk et al., 2010; Wang et al., 2015). In this study, combined with 
RDA and Mantel test, TN, SOC, pH, CEC in soil properties and climate 
factors influence the structure of the soil fungal community, among 
which climate factors have a pivotal role.

5. Conclusion

In this study, we demonstrated that season had a strong effect on 
fungal community structures. This is mainly due to the impact of 
seasonal climate change on soil fungi. Soil properties will also cause 
changes in the diversity and composition of fungal communities. 
However, we  believe that climate factors have a more significant 
influence on the structure of soil fungal communities than soil 
properties. In addition, we  found that ectomycorrhizal fungi 
dominated the functional guilds in the L. gmelinii forest.
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Dark septate endophyte Exophiala 
pisciphila promotes maize growth 
and alleviates cadmium toxicity
Lei Wang 1, Zuran Li 2, Guangqun Zhang 1, Xinran Liang 1, 
Linyan Hu 1, Yuan Li 1, Yongmei He 1 and Fangdong Zhan 1*
1 College of Resources and Environment, Yunnan Agricultural University, Kunming, China, 2 College of 
Horticulture and Landscape, Yunnan Agricultural University, Kunming, China

Dark septate endophytes (DSE) are typical root endophytes with the ability 
to enhance plant growth and tolerance to heavy metals, but the underlying 
mechanisms are unclear. Here, the physiological and molecular mechanisms 
of a DSE strain, Exophiala pisciphila, in mitigating cadmium (Cd, 20 mg/kg) 
toxicity in maize were investigated. Our results showed, under Cd stress, 
E. pisciphila inoculation enhanced the biomass of maize and reduced both 
inorganic and soluble forms of Cd (high toxicity) by 52.6% in maize leaves, which 
may be  potentially contributing to Cd toxicity mitigation. Besides, E. pisciphila 
inoculation significantly affected the expression of genes involved in the signal 
transduction and polar transport of phytohormone, and then affected abscisic 
acid (ABA) and indole-3-acetic acid (IAA) contents in maize roots, which was the 
main reason for promoting maize growth. In addition, E. pisciphila also made a 
27% increase in lignin content by regulating the expression of genes involved 
in the synthesis of it, which was beneficial to hinder the transport of Cd. In 
addition, E. pisciphila inoculation also activated glutathione metabolism by the 
up-regulation of genes related to glutathione S-transferase. This study helps 
to elucidate the functions of E. pisciphila under Cd stress, sheds light on the 
mechanism of detoxifying Cd and provides new insights into the protection of 
crops from heavy metals.

KEYWORDS

cadmium forms, phytohormone, root morphology, glutathione metabolism, lignin

1. Introduction

The heavy metal contamination of soils is a pressing issue worldwide (Marrugo-Negrete 
et al., 2017; Yang et al., 2018; Han et al., 2020; Qin et al., 2021). The continued increase of heavy 
metal levels in the soil system leads to toxicity symptoms and inhibits plant growth directly or 
indirectly (Jaiswal et al., 2018; Ghori et al., 2019). As a typical heavy metal, cadmium (Cd) has 
attracted particular concern as it is highly toxic to most organisms (Liu et al., 2018; Yang et al., 
2018; Wang et al., 2021a). The rapid development of the chemical industry has exacerbated Cd 
pollution in the soil (Sodango et al., 2018; Zhao et al., 2019; Wang et al., 2021b). Notably, 
increasing amounts of Cd have entered arable soils with fertilization and wastewater irrigation 
(Rezapour et al., 2019; Hou, D. et al., 2020; Fu et al., 2021). Once Cd enters the arable soils, it is 
readily absorbed by food crops (primary producers) due to its high-water solubility, thereby 
causing toxicity to humans through the food chain (McLaughlin et al., 1999; Nkwunonwo et al., 
2020; Suhani et al., 2021). Therefore, it is necessary to take ecological security and sustainable 
development approaches to reduce the accumulation of Cd in food crops.
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Most plants establish symbiotic relationships with microbes in 
natural ecosystems (He et al., 2020; Su et al., 2021). Plant responses to 
environmental stresses induced by microbial symbionts have received 
increasing attention in recent years (Shen et al., 2020; Riaz et al., 2021; 
Su et al., 2021). Studies have found the association between plants and 
their rhizosphere microbes, particularly root-associated endophytic 
microbes, which reside in the internal tissues of plants, and may have 
positive effects on plant growth and improve the tolerance of plants to 
stressful environments (Rodriguez et al., 2009; Bedini et al., 2018; 
Zhan et  al., 2018; White et  al., 2019). Therefore, the endophytic 
microbe is considered an efficient strategy for the remediation of 
contaminated plants. Dark septate endophytes (DSEs) are well-known 
for dematiaceous septate hyphae and melanized microsclerotia, which 
are one of the most studied groups of root fungal endophytes 
(Jumpponen and Trappe, 1998). DSEs are ubiquitous colonists of plant 
roots in a wide range of terrestrial ecosystems and frequently 
distributed in stressful environments, particularly in heavy metal-
polluted soils (Newsham, 2011; He et al., 2017; Hou, L. et al., 2020; Su 
et al., 2021).

Accumulating evidence supports that DSEs can influence the 
metal tolerance of plants and improve the resistance of plants to heavy 
metal stress (Shen et al., 2020; Wu et al., 2020; Hou, L. et al., 2020). It 
was demonstrated that DSE inoculation activates the glutathione 
(GSH) metabolism and protects the plants against heavy metal stress, 
because of the significant enhancement of glutathione reductase (GR) 
and GSH (Zhan et al., 2017). Moreover, DSE inoculation can alter the 
contents of various phytohormones, such as indoleacetic acid (IAA) 
and abscisic acid (ABA) and improve plant growth by promoting plant 
nutrient uptake (He et al., 2017; Wu et al., 2020; Xu et al., 2020). DSEs 
are closely associated with the roots of many host plants. It colonizes 
the root cortex of the host plants, induces changes in root traits, and 
promotes root growth of the host plant (e.g., root length, surface area, 
and biomass) (He et al., 2017). DSE inoculation can also contribute to 
impeding Cd transport from roots to shoots, decrease the Cd content 
in shoots and retain Cd in the DSE-inoculated roots (Hou, L. et al., 
2020; Su et al., 2021; Xiao et al., 2021). For example, DSE has been 
reported to increase the root mass density (root mass per root 
volume), favoring the mineral nutrients storage of roots, and possibly 
contributing to the storage of Cd ions in the roots (Kramer-Walter 
et  al., 2016). In addition, fungal melanin in DSE is thought to 
be involved in enhancing the structural rigidity of cell walls, which 
may contribute to the tolerance of fungus to stress (Eisenman and 
Casadevall, 2012; Berthelot et al., 2017). These outstanding researches 
have expounded the important role of DSE in improving plant 
tolerance from different perspectives, but there is no comprehensive 
investigation of it, and the corresponding molecular mechanism has 
not yet been elucidated.

In this study, a specific DSE strain with a high resistance to Cd 
stress, Exophiala pisciphila H93 (accession number ACCC32496, 
China Agricultural Culture Collection), was selected as the model 
DSE-association to investigate the growth, physiology, and molecular 
mechanisms of DSE-alleviated Cd stress in maize. The effect of DSE 
on the biomass, root morphological traits, phytohormone, sulfhydryl 
compounds, and Cd content of maize planted in Cd-contaminated 
soils was investigated. In addition, we  applied transcriptome 
sequencing to explore the molecular mechanism underlying Cd 
detoxification by E. pisciphila. We  focus on: (i) how E. pisciphila 
colonization reduces Cd toxicity to maize seedlings by altering 

morphological and physiological traits: (ii) how E. pisciphila 
colonization enhances plant tolerance of maize seedlings to Cd stress; 
and (iii) the transcriptomic mechanism of E. pisciphila associated with 
Cd detoxification in maize.

2. Materials and methods

2.1. Experimental design

2.1.1. Materials preparation
Exophiala pisciphila was isolated from the roots of a gramineous 

species (Arundinella bengalensis) growing naturally at an abandoned 
mining area in Huize County, Yunnan Province, China (103°36′ E, 
26°55′ N) (Li et al., 2011). This fungus was preserved in the China 
Agricultural Culture Collection as accession No. ACCC32496. The 
E. pisciphila strain was cultivated in the potato dextrose agar (PDA) 
medium (potato 200 g, dextrose 20 g, agar 18 g, and water 1,000 mL) 
at 28°C for 2 weeks for its activation. A main locally cultivated maize 
variety, Huidan No. 4, was chosen as the host plant, which was a 
variety with high Cd tolerance and low Cd accumulation screened by 
the research group (Chen et al., 2014). The seeds were soaked in 10% 
sodium hypochlorite for 2 min, and 75% ethanol for 1 min for 
sterilization, then rinsed 3 times with sterile water and placed in a 
petri dish with water agar medium (agar 8 g L−1) for aseptic 
germination (25°C for 3 days).

2.1.2. Preparation of inoculated/non-inoculated 
maize seedlings

Cylinder glass bottles (6.5 cm in diameter, 40 cm in height) 
containing 0.4 kg quartz sand (autoclaved at 121°C for 2 h) and 40 mL 
50% Hoagland medium for fungal inoculation. For the treatment with 
E. pisciphila inoculation, 10 g PDA containing E. pisciphila and 2 
maize seedlings were transferred to the bottles. During the growth of 
the maize seedlings, the roots attached to the E. pisciphila colonies, 
E. pisciphila mycelium subsequently infected the roots. For the 
treatment without E. pisciphila inoculation, 10 g PDA without 
E. pisciphila colonies and 2 maize seedlings were used. All the bottles 
were covered with sterile AeraSeal films (150 × 150 mm) (Mycomebio 
Bio-medical Science Technology Center, China) and cultivated in a 
glasshouse with a 10 h photoperiod (1,000–8,000 lx) at 28°C/15°C 
(daytime /nighttime) and 75% humidity for 14 days.

After 14 days, the E. pisciphila-inoculated seedlings were checked 
for DSE colonization by observing the presence of microsclerotia or 
hyphae in the root cells with a compound microscope (Olympus-BX51, 
Japan). Five 0.5 cm root fragments for each seedling were randomly 
collected and washed with deionized water, softened in a water bath 
with 10% (w/v) KOH at 90°C for 2 h and then stained with 0.5% acid 
fuchsin (Berch and Kendrick, 1982). The stained roots were pressed 
onto slides and observed under a compound light microscope 
(Olympus-BX51, 200 magnification) to determine the fungal 
colonization intensity with the magnified intersection method 
(McGonigle et al., 1990).

2.1.3. Greenhouse pot cultivation
Quartz sand (0.4 kg), 50% Hoagland medium (40 mL), and PDA 

(10 g) with/without E. pisciphila colonies were used as the culture 
substrate filled into cylinder glass bottles, and the Cd 2+ (CdCl2·2.5H2O 
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was added to the Hoagland medium to achieve a Cd 2+ concentration 
of 200 mg/L, resulting Cd 2+ concentration in the quartz sand was 
20 mg/kg) was supplemented to half of the bottles. Based on our 
previous study, under 20 mg/kg Cd stress, E. pisciphila colonization in 
maize roots significantly increased maize (Huidan No. 4) biomass, 
plant height and Cd accumulation in the roots (He et al., 2017; Xiao 
et al., 2021). The four treatments were the Control (non-inoculated 
E. pisciphila, 0 mg/kg Cd 2+), DSE treatment (inoculated E. pisciphila, 
0 mg/kg Cd 2+), Cd treatment (non-inoculated E. pisciphila, 20 mg/kg 
Cd 2+), Cd + DSE treatment (inoculated E. pisciphila, 20 mg/kg Cd 2+), 
respectively. Two non-inoculated maize seedlings of similar sizes were 
carefully planted in each of the glass bottles of the Control and Cd 
treatments, while DSE-inoculated maize seedlings were used for the 
DSE and Cd + DSE treatments, with 6 replicates for each treatment 
(half replicates were used to measure biomass, root morphology, and 
the other half were used for tolerance physiology and transcriptome). 
All inoculated treatments were successfully colonized by E. pisciphila, 
the average colonization intensity of DSE and Cd + DSE treatment was 
34.80 and 42.56%, respectively, but DSE structures were not observed 
in noninoculated treatments. All glass bottles were placed in a 
glasshouse with a day temperature 28°C and night temperature 15°C 
for 28 days, irrigated the maize seedlings with deionized water until 
the plants were harvested.

2.2. Indicator determination

2.2.1. Biomass, root morphological traits and 
anatomical structure

The maize seedlings were divided into shoots and roots to 
determine the biomass and morphological traits. The roots were 
scanned with a scanner (Perfection V700 Photo) and analyzed the 
root morphological traits with the WinRHIZO Pro root system 
analyzer. The shoots and roots were dried at 70°C for 72 h to determine 
the biomass. In order to observe the root structure, root samples were 
prepared following the method used by Wu et  al. (2018) with 
modifications. Root apical segments (8 mm from the root apex) were 
fixed in a Formalin-Aceto-Alcohol (FAA) solution (formalin: acetic 
acid: 70% alcohol = 1:1:16) for 24 h (Yue et al., 2019). Subsequently, the 
samples were dehydrated in ethanol and embedded in paraffin. Cross-
sections (thick 8–12 μm) were sectioned with a Rotary Microtome 
(RM 2016, Leica, Germany), and stained with water-soluble safranin 
and fast green to detect the xylem (Wu et al., 2018). The sections were 
observed with a microscope (DM2000 LED, Leica, Germany), and 
documented using Motic Images analyzer (Motic China Group 
Co., Ltd.).

2.2.2. Cadmium content and chemical forms
The dried leaves and roots (0.1 g) of maize seedling were digested 

with a mixture of HNO3 and HClO4 (v/v 3:1) and diluted into a 
volumetric flask (50 mL) using 0.2% HNO3 to measure the content of 
Cd by an Atomic Absorption Spectrometer (TAS-990, Beijing Puxi, 
China) (Zhan et al., 2015). Three replicates per treatment.

According to the methods mentioned in Luo et al. (2017) with 
minor modifications, 80% ethanol, 1 mol/L NaCl and 2% acetic acid 
were used to extract ethanol-extracted state Cd ions (FE-Cd), sodium 
chloride state Cd ions (FNaCl-Cd), acetic acid state Cd ions (FHAc-Cd), 
respectively. Fresh maize sample (0.5 g) was ground into homogenate 

in extraction solution, then transferred to a 50 mL centrifuge tube 
[diluted to 1:50 (w/v)] and shaken at 25°C for 22 h. The first 
supernatant solution was obtained by centrifuging the homogenate at 
5,000 g for 10 min. The sedimentation was resuspended in extraction 
solution and shaken for 1 h at 25°C, centrifuged at 5,000 g for 10 min, 
then the supernatants of two times suspensions and centrifugation 
steps were combined to obtain different chemical forms Cd. 
Supernatant solutions were evaporated on an electric plate at 70°C to 
a constant weight and digested with an acid oxidative mixture of 
HNO3/HClO4 (3:1, v/v) at 145°C, then determined the concentrations 
of Cd associated with different chemical forms by an Atomic 
Absorption Spectrometer (TAS-990, Beijing Puxi, China).

2.2.3. Phytohormone
Abscisic acid (ABA) and indole-3-acetic acid (IAA) contents were 

estimated according to double-antibody method with ELISA kits 
(Shanghai Huyu Biotechnology Co. Ltd., Shanghai, China) (Hedden, 
1993), each sample was examined in triplicate Approximately 0.5 g of 
roots were ground in a mortar with 10 mL phosphate buffer solution 
at 4°C. Sample solution (10 μL) was added to the specificity antibody 
plate (40 μL of 0.15 M phosphate buffer solution per well), and 
conjugate reagent (50 μL with HRP labeled) was added to each well. 
Then the color-developing agent was added and stored in the dark for 
10 min. Finally, the absorbance was measured at 450 nm after adding 
the stop solution (H2SO4) (Chen, X. et al., 2017).

2.2.4. Lignin contents and key enzymes of lignin 
synthesis

Root samples (0.1 g) from each treatment were used to test the 
lignin content, 4-coumarate CoA ligase (4CL), cinnamyl-alcohol 
dehydrogenase (CAD), and peroxidase (POD) activities, determined 
using commercial kits (Suzhou Grace Bio-technology Co. Ltd., 
Suzhou, China) according to the previous methods (Cheng et al., 
2020). The lignin was determined by the acetylation method, the 
acetylated lignin had a characteristic absorption peak at 280 nm, and 
the absorbance value at 280 nm was recorded to calculate the lignin 
content (Fan et al., 2021). 4CL can catalyze 4-coumarate and CoA to 
generate 4-coumarate CoA, and the 4CL activity can be reflected by 
measuring the 4-coumarate CoA generation rate at 333 nm. CAD can 
catalyze Cinnamyl alcohol to generate Cinnamic aldehyde, and then 
react with a specific chromogen, and calculate the CAD enzyme 
activity by detecting the increased rate of colored substances. Under 
the catalysis of peroxidase, H2O2 oxidizes specific substrates with 
maximum light absorption at 470 nm, and the POD activity is 
determined by measuring the change of absorbance at 470 nm.

2.2.5. Sulfhydryl compounds
The homogenate was centrifuged at 10,000 × g at 4°C for 20 min 

to obtain a supernatant. The glutathione synthetase (GSS), γ-glutamyl 
cysteine synthetase (γ-GCS), glutathione reductase (GR) and 
glutathione (GSH) contents were assessed using the methods 
described in the commercial assay kits from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China) according to the previous 
methods (Zhan et al., 2017). The γ-GCS and GR assay kit was designed 
using principles described by Seelig and Meister (1985) and Foster and 
Hess (1980), respectively. NADH and NADPH oxidation were 
assessed by measuring the decrease in absorbance at 340 nm at 
37°C. The activity of γ-GCS was determined as the amount of enzyme 
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necessary for the consumption of 1 μ mol of NADH per minute, while 
the activity of GR was defined as the oxidation of 1 nmol of NADPH 
per minute (Zhan et al., 2017). The content of glutathione (GSH) was 
determined using a colorimetric microplate assay following the 
instructions provided by Nanjing Jiancheng Bioengineering Institute. 
After washing the plant tissue with pre-cooled PBS, the supernatant 
obtained from centrifugation was used to measure the absorbance 
values at 405 nm, which were then used to determine the GSH content. 
GSS activities were determined by measuring the ATP-dependent 
formation of -glutamyl hydroxamate from L-glutamate and 
hydroxylamine in the supernatant. GSS activity was defined as nmol 
of -glutamyl hydroxamate produced per second with absorbance 
measured at 550 nm at 37°C (Yajun et al., 2008).

2.3. Transcriptome sequencing

Three root sub-samples (0.5 g) for RNA extraction were obtained 
from well-growing roots of maize seedling, each treatment was 
examined in triplicate. Total RNA was extracted by Trizol-extraction 
methods with TRIzol RNA reagent (Invitrogen Inc., United States). 
The RNA concentration and integrity were determined and assessed 
using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific Inc., 
United  States) and Agilent 2100 Bioanalyzer Instrument (Agilent 
Technologies, Inc., United States, only RNA Integrity Number ≥ 7 was 
used for RNA-Seq analysis). Genes with false discovery rate 
(FDR) < 0.05 and absolute fold change ≥2 were defined as differentially 
expressed genes (DEGs), transcripts were considered significantly 
differentially expressed. For details, please refer to the section 1 of 
Supplementary material. Four genes were randomly selected to 
confirm the accuracy of RNA-Seq through qRT-PCR. There was a 
significant correlation between the RNA-Seq and qPCR data 
(p < 0.001; Supplementary Figure S1).

2.4. Statistical analyses

All data analyses were performed in R version 3.6.1 (Team, 2020) 
and SPSS 25.0 (SPSS, Inc.), the data were log-transformed when needed. 
The t-test was performed in SPSS 25.0 to test the differences in Cd 
accumulation and chemical forms between Cd and Cd + DSE treatments. 
One-way analysis of variance was used to test the responses of maize 
traits to DSE inoculation and Cd stress (“multcomp” package, Tukey’s 
HSD, checking for homogeneity of variances with Levene’s test). Plots 
were generated using GraphPad Prism 8.0. DEGs for each pairwise 
comparison was analyzed with the “edgeR” package. Visualization of GO 
terms were generated by using the “REVIGO” web service.

3. Results

3.1. Biomass and root morphological traits 
of maize seedlings

In this study, E. pisciphila inoculation (without Cd stress) induced 
a significant increase in the shoot biomass of maize seedlings by 43.2%, 
relative to the control. The shoot biomass under Cd stress treatment 
(non-inoculated E. pisciphila) did not demonstrate any significant 

differences from the control, however, the root biomass exhibited 
significant decreases by 39.3%. In addition, Cd stress inoculated with 
E. pisciphila (Cd + DSE treatment) significantly increased shoot and 
root biomass of maize seedlings by 68.8 and 16.8%, respectively, relative 
to the biomass under Cd stress (Figure  1A). In addition, the root 
length, volume, and surface area of DSE treatment (E. pisciphila 
inoculation only) significantly increased by 76.4%, 35.2% and 34.0% 
relative to the control, respectively, but the average diameter exhibited 
a significant decrease of 13.3% on average (Figures 1B–E). Cd stress 
with E. pisciphila inoculation resulted in a significant increase in the 
root length, volume, and surface area relative to the Cd stress treatment 
by 24.4%, 9.5%, and 9.5%, respectively. However, there was a significant 
decrease in the average diameter by an average of 12.7% (Figures 1B–E).

3.2. Cd content and chemical forms of 
maize seedlings

As the E. pisciphila was inoculated (Cd + DSE treatment), the Cd 
contents of both the leaves and roots of the maize significantly 
decreased by 23.6 and 35.3% relative to the Cd stress (Cd treatment, 
Figure 2A). Compared with the Cd treatment, the Cd stress with 
E. pisciphila inoculation (Cd + DSE treatment) significantly increased 
the FHAc-Cd and FNaCl-Cd contents of the maize leaves by 98.8 and 
14.5%, respectively, but significantly reduced the FE-Cd contents by 
52.6% (Figures 2B–D).

3.3. Phytohormone contents, lignin 
content, sulfhydryl compounds and related 
enzyme activities of maize seedlings

In the current study, with DSE inoculation (without Cd stress), 
the content of ABA showed a significant increase relative to the 
control by 65.2% (Figure 3A). The ABA content significant increased 
by 60.1%, while IAA content significantly decreased by 22.3% with 
the Cd treatment, relative to the control. Moreover, compared with 
the Cd stress, DSE inoculation under Cd stress (Cd + DSE treatment) 
resulted in a significant increase in the IAA content, with an average 
increase of 51.5%, whereas ABA content was significantly decreased 
by 37.4% (Figures 3A,B). Compared with the control, Cd treatment, 
DSE treatment and Cd stress with DSE inoculation (Cd + DSE) 
treatments resulted in a significant increase in lignin content, 4CL, 
CAD, and POD activities (Figures 3C–F). Moreover, compared with 
the Cd treatment, DSE inoculation under Cd stress (Cd + DSE) 
resulted in a significant increase in the lignin content by 27.7%, as 
well as the 4CL, CAD and POD activities by 27.1, 68.2 and 28.8%. In 
the present study, we found that the GR and γ-GCS activities in the 
maize leaves increased significantly under Cd treatment 
(Figures 4C,D). Moreover, DSE inoculation resulted in a significant 
increase in the GSH content, GSS, and GR activities in the leaves of 
maize under Cd stress (Cd + DSE, Figures 4A–C).

3.4. Transcriptome sequencing

DSE treatment resulted in differences in 433 differentially 
expressed genes (DEGs). More specifically, 287 DEGs were 
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up-regulated and 146 DEGs were down-regulated, relative to the 
control. In addition, compared with the Cd stress treatment, 948 
DEGs were different after DSE inoculation, among which 529 DEGs 
were up-regulated and 419 DEGs were down-regulated 
(Supplementary Table S1). A higher number of GO enriched 
biological process (BPs) was recognized in the ‘Cd versus Cd + DSE.’ 
Among these, the most significant BPs (FDR < 0.01) were the 
hydrogen peroxide catabolic process, the hydrogen peroxide 
metabolic process, the reactive oxygen species metabolic process, the 
oxidation–reduction process and response to oxidative stress 
(FDR < 0.01, Figure 5A). GO enriched BPs in ‘Control versus DSE’ 

included the nicotianamine metabolic process, the nicotianamine 
biosynthetic process, the tricarboxylic acid biosynthetic process, 
transmembrane transport and the oxidation–reduction process 
(FDR < 0.01, Figure 5B). Among the enriched KEGG pathways of ‘Cd 
versus Cd + DSE’, the most significant pathways were identified as 
phenylpropanoid biosynthesis, biosynthesis of secondary metabolites, 
metabolic pathways, sesquiterpenoid and triterpenoid biosynthesis, 
and the nitrogen metabolism (Figure  6A). The enriched KEGG 
pathways of ‘Control versus DSE’ included the nitrogen metabolism, 
thiamine metabolism, cutin, suberine and wax biosynthesis, zeatin 
biosynthesis and biosynthesis of unsaturated fatty acids (Figure 6B).

A

B C

D E

FIGURE 1

Responses of shoots and roots biomass (A) and morphological traits, including root length (B), root volume (C), root surface area (D) and root average 
diameter (E) of maize to E. pisciphila inoculation and Cd stress. Data were mean values (n = 3) and error bars represent the standard deviation. Different 
letters indicate significant differences between treatments.
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The transcriptomic analysis revealed that the expression of early 
auxin-responsive genes such as IAA24 and GH3.6 in the plant hormone 
signal transduction pathway were significantly reduced under Cd stress 
with DSE inoculation compared with Cd stress (Figure  7 and 
Supplementary Table S3). Moreover, DSE inoculation significantly 
down-regulated the gene expression in E3 ubiquitin-protein ligase 
(regulate the ubiquitination of IAA) under Cd stress. DSE inoculation 
under Cd stress significantly up-regulated the expression of 
ABA-responsive genes (Abscisic acid stress ripening), as well as 
ABA-related protein genes (Pathogenesis-related protein) (Figure 7 and 
Supplementary Table S4), which regulated ABA content in maize. In 
addition, transcriptomic analysis revealed that DSE inoculation under 
Cd stress significantly affected the synthesis of p-hydroxyphenyl (H), 
guaiacyl (G), and syringyl (S) lignin in the phenylpropanoid 
biosynthesis pathway (Figure 7). DSE inoculation under Cd stress also 
led to the up-regulation of glutathione S-transferase related genes in 
the Glutathione metabolism pathway (Figure 7).

4. Discussion

In the present study, maize seedlings were subjected to Cd 
stress, and those treated with E. pisciphila inoculation exhibited a 
significant increase in both shoot and root biomass. The results are 
consistent with those reported by Wu et al. (2020), Su et al. (2021), 
and Xiao et al. (2021), who found that the shoot and root biomass 
of maize, rice, and blueberry seedlings increased after inoculation 
with DSE. In addition, with E. pisciphila inoculation, the root 
length, surface area, and volume of the maize seedlings were 
significantly increased regardless of the presence of Cd stress. Hou, 

L. et al. (2020) also reported that DSE inoculation enhanced the 
root length and surface area of Medicago sativa, which facilitated 
plant growth and improved Cd tolerance. Ban et al. (2017) found 
that DSE inoculation increased the root length of maize seedlings 
subjected to stress induced by exposure to different Pb 
concentrations, indicating that DSE inoculation can improve the 
growth of maize roots. Thus, the research indicates that E. pisciphila 
inoculation affects the root morphological traits of maize seedlings 
in such a way that is conducive to plant growth.

In addition to the above results, we also observed a significant shift 
in the chemical forms of Cd in the E. pisciphila-colonized maize. 
We argue that these chemical forms of Cd are closely related to their 
biological toxicity, as they determine their reactivity and solubility. 
Among the various chemical forms of Cd, the Cd-phosphate complex 
extracted by 2% acetic acid (FHAc-Cd) is important for plant tolerance 
to Cd due to its insolubility, low mobility, and low toxicity (Qiu et al., 
2011). Compared with Cd stress without inoculation, Cd stress with 
DSE inoculation significantly increased the FHAc-Cd and FNaCl-Cd 
contents of the maize leaves but reduced their FE-Cd contents. Similarly, 
studies on Poa pratensis and Festuca arundinacea have shown that an 
increased level of undissolved Cd-phosphate complexes (extracted by 
2% acetic acid, FHAc-Cd) favored Cd tolerance (Xu and Wang, 2013). 
The inorganic, water-soluble form of Cd (FE-Cd, which can 
be extracted with 80% ethanol) has a greater negative effect on plants 
than the effect caused by Cd complexed with phosphate and 
undissolved (FHAc-Cd, extracted with 2% acetic acid). Wang et al. 
(2016) found that DSE increased the amount of inactive Cd in maize 
and reduced both the soluble and inorganic content of Cd, however, 
there were no similar effects noted in the maize roots. In this study, 
E. pisciphila inoculation reduced the FE-Cd content in maize leaves, 
which helped to alleviate the toxicity of Cd to plants.

Phytohormones are important regulators of heavy metal 
tolerance in plants, which enhance plant adaptation to environmental 
stress by regulating adaptive responses. In the current study, 
E. pisciphila inoculation prior to Cd stress resulted in a significant 
increase in the IAA content and decreased the ABA content in plant 
roots compared with the Cd stress without inoculation. This finding 
is consistent with those reported by He et al. (2017), whereby DSE 
inoculation significantly increase in the IAA content in maize 
exposed to a Cd concentration of 20 mg/kg, whereas ABA content 
significantly decreased under the same treatment. Similarly, Khan 
and Lee (2013) found that root colonization by endophytes resulted 
in a significant decrease in the ABA content of Glycine max L. under 
heavy metal stress. Furthermore, increased root volume may 
be associated with the activation of the IAA in the roots of maize, 
which is induced by E. pisciphila colonization. IAA can effectively 
stimulate the growth of host plant roots, improve nutrient uptake, 
and promote plant growth (Khan et al., 2012; Chen, B. et al., 2017). 
Furthermore, studies have shown that endophytic bacteria can 
promote plant growth under Cd stress by producing IAA and directly 
regulating the expression of genes involved in Cd uptake and 
transport and that IAA may help plants alleviate the toxicity of Cd to 
cells (Sukumar et  al., 2013; Chen, B. et  al., 2017). Therefore, 
E. pisciphila can improve plant growth by regulating the 
phytohormone contents in response to Cd stress.

As the outer barrier of plants, the Casparian strip functions as 
a physiological fence and valve, which can control the entry of water 
and mineral ions into vascular tissues, protect against abiotic stress, 
and defend against the infiltration of toxic compounds. Lignin, 

A

C

B

D

FIGURE 2

Responses of Cd accumulation (A) and chemical forms, including 
acetic acid state Cd (B), sodium chloride state Cd (C) and ethanol-
extracted state Cd (D) of maize to E. pisciphila inoculation. Data were 
mean values (n = 3) and error bars represent the standard deviation. 
“NS,” “*,” “**,” and “***” mean no significance, p < 0.05, p < 0.01, and 
p < 0.001, respectively.
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which is the main component of the Casparian strip, was found to 
be significantly increased under Cd stress both with and without 
E. pisciphila inoculation. Líška et al. (2016) demonstrated that Cd 
exposure resulted in the asymmetric development of the exodermis 
and endodermis structures of maize roots, while the cell wall of the 
exodermis was significantly thickened to reduce the uptake and 
transport of harmful ions by the roots. Moreover, compared with 
maize subjected to Cd stress, those treated with E. pisciphila 
inoculation prior to Cd stress exhibited a significant increase in the 
lignin content as well as the activities of 4CL, CAD and POD, which 
were positively associated with lignin synthesis. Additionally, lignin 
is reported to be an ideal site for metal ion binding via the various 
functional groups (Guo et al., 2008). Our results showed, under Cd 

stress of DSE-inoculated maize promoted the Cd tolerance of host, 
including the Cd compartmentation by Casparian strip. We argue 
that E. pisciphila can significantly increase the lignin content, 
inhibit the migration of Cd from the cortex into the central column, 
and hinder the transport of Cd.

Sulfhydryl compounds play an important role in the response of 
plants to heavy metal stress. Among the various heavy metal tolerance 
mechanisms employed by plants, sulfhydryl compounds act by 
chelating heavy metal ions to form low-toxicity products (Wang et al., 
2019; Chen et al., 2021). In the present study, under Cd stress, the 
activities of GR and γ-GCS activities in the maize leaves significantly 
increased. Similarly, the activity of GR was significantly increased in 
two mustard cultivars after exposure to Cd stress (Iqbal et al., 2010). 

A

C

B

D

E F

FIGURE 3

Responses of phytohormone and lignin contents and related enzyme activities of maize roots to E. pisciphila inoculation and Cd stress. A: abscisic 
acid, B: Indole-3-acetic acid, C: Lignin; D: 4-coumarate CoA ligase, E: Cinnamyl-alcohol dehydrogenase, F: Peroxidase. Data were mean values (n = 3) 
and error bars represent the standard deviation. Different letters indicate significant differences between treatments.
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Moreover, under Cd stress, the GSH content, GSS activity, and GR 
activity in the leaves of maize increased significantly following 
E. pisciphila inoculation. Similar to our results, DSE colonization 
increased the GSH content and enhanced the GR activity of maize 
under the Cd treatment, while also decreasing the Cd content in maize 
leaves (Zhan et al., 2017). Pan et al. (2016) also determined the positive 
effects conferred by endophytic inoculation and observed an increase 
in the GSH concentration, Cd tolerance, and accumulation of Cd in 
the roots of Sedum alfredii. Studies on tobacco have also shown that 
endophytes significantly increased the expression of genes related to 
the GSH metabolism and promoted the retention of Cd in tobacco 
roots (Hui et al., 2015). These results suggest that sulfhydryl compounds 
and enzymes respond positively to Cd stress and tolerance.

The transcriptome was analyzed to explore the underlying 
mechanisms of the above results. Under Cd stress, gene expression 
related to the early auxin- response and the ubiquitination of IAA were 
significantly downregulated following E. pisciphila inoculation compared 
to the condition of Cd stress non-inoculation, which are crucial for 
maintaining IAA homeostasis in plants (Yue et al., 2016; Li et al., 2017). 
E. pisciphila inoculation also significantly upregulated the genetic 

expression of ABA-responsive and ABA-related proteins, which 
regulated ABA content in maize. In addition, under Cd stress, 
E. pisciphila inoculation significantly affected the expression of genes 
related to the synthesis of lignin. This is attributed to the significant 
changes in the expression of 4CL, CAD, and POD induced by 
E. pisciphila. E. pisciphila inoculation under Cd stress also led to the 
upregulation of glutathione S-transferase-related genes in the glutathione 
metabolism pathway. This indicates that the phytohormones, lignin 
content, sulfhydryl compounds and related enzymes may be involved in 
the promotion of plant growth induced by E. pisciphila inoculation.

In this study, the biological function and molecular mechanism 
of the DSE strain E. pisciphila in mitigating Cd toxicity in maize were 
investigated. The results demonstrated that E. pisciphila inoculation 
induced a significantly upregulated tolerance to Cd, with a significant 
decrease in phytotoxicity and an increase in maize root and shoot 
biomass. E. pisciphila promoted maize growth by regulating the 
expression of phytohormone-related genes to affect phytohormone 
contents in maize roots, alleviating Cd toxicity by regulating the 
expression of genes related to lignin synthesis and glutathione 
S-transferase, increasing lignin contents, and activating glutathione 

A

C

B

D

FIGURE 4

Responses of sulfhydryl compounds of maize leaves and roots to E. pisciphila inoculation and Cd stress. A: glutathione, B: glutathione synthetase, C: 
glutathione reductase; D: γ-glutamyl cysteine synthetase. Data were mean values (n = 3) and error bars represent the standard deviation. Different 
letters indicate significant differences between treatments.
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A

B

FIGURE 5

Graphical depiction of enriched GO-BPs in (A) Cd vs. Cd + DSE and (B) Control vs. DSE (FDR < 0.05). GO-BP terms are colored by semantic similarity to 
other GO terms and bubble size reflects the abs_log10_pvalue of the GO-term in the Fisher test. The two-dimensional semantic space was generated 
by the REVIGO web service.
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A

B

FIGURE 6

Top 20 of KEGG enrichment pathway in (A) Cd vs. Cd + DSE and (B) Control vs. DSE treatments.

101

https://doi.org/10.3389/fmicb.2023.1165131
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2023.1165131

Frontiers in Microbiology 11 frontiersin.org

metabolism to reduce the levels of highly toxic forms of Cd. The 
results of this study help to elucidate the mechanism by which 
E. pisciphila colonization enhances heavy metal resistance in plants 
and provide a basis for improving plant growth performance at the 
morphological, physiological, toxicological, and transcriptional levels.
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FIGURE 7

KEGG pathway enriched by differentially expressed genes between Cd and Cd + DSE treatments. Colors indicate significant differential expression, red 
represents up-regulation, green represents down-regulation, and blue represents both up-regulation and down-regulation.
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Soil phosphorus form affects the 
advantages that arbuscular 
mycorrhizal fungi confer on the 
invasive plant species, Solidago 
canadensis, over its congener
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Interactions between plants and arbuscular mycorrhizal fungi (AMF) are strongly 
affected by soil phosphorus (P) availability. However, how P forms impact 
rhizosphere AMF diversity, community composition, and the co-occurrence 
network associated with native and invasive plants, and whether these changes 
in turn influence the invasiveness of alien species remain unclear. In this work, 
we  performed a greenhouse experiment with the invasive species Solidago 
canadensis and its native congener S. decurrens to investigate how different forms 
of P altered the AMF community and evaluate how these changes were linked 
with the growth advantage of S. canadensis relative to S. decurrens. Plants were 
subjected to five different P treatments: no P addition (control), simple inorganic 
P (sodium dihydrogen phosphate, NaP), complex inorganic P (hydroxyapatite, 
CaP), simple organic P (adenosine monophosphate, AMP) and complex organic P 
(myo-inositol hexakisphosphate, PA). Overall, invasive S. canadensis grew larger 
than native S. decurrens across all P treatments, and this growth advantage was 
strengthened when these species were grown in CaP and AMP treatments. The 
two Solidago species harbored divergent AMF communities, and soil P treatments 
significantly shifted AMF community composition. In particular, the differences 
in AMF diversity, community composition, topological features and keystone 
taxa of the co-occurrence networks between S. canadensis and S. decurrens 
were amplified when the dominant form of soil P was altered. Despite significant 
correlations between AMF alpha diversity, community structure, co-occurrence 
network composition and plant performance, we found that alpha diversity and 
keystone taxa of the AMF co-occurrence networks were the primary factors 
influencing plant growth and the growth advantage of invasive S. canadensis 
between soil P treatments. These results suggest that AMF could confer invasive 
plants with greater advantages over native congeners, depending on the forms 
of P in the soil, and emphasize the important roles of multiple AMF traits in plant 
invasion.
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Glomeraceae, keystone taxa, microbial diversity, nutrient form, plant invasion, plant-
fungal interaction
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Introduction

Plant invasions are a serious threat to biodiversity and ecosystem 
functions, particularly in recent decades due to globalization 
(Livingstone et al., 2020; Rai and Singh, 2020). The invasive success of 
exotic species is complex to predict and depends on a range of biotic 
and abiotic conditions (Enders et al., 2020). Of all the factors affecting 
the success of plant invasions, plant association with soil mutualistic 
microbes contributes greatly to the performance of exotic species by 
promoting nutrient absorption and tolerance to stressors (Reinhart 
and Callaway, 2006; Lamit et al., 2022). However, the magnitude and 
direction of symbiotic associations between plants and soil microbes 
are frequently affected by soil nutrients (Chen et al., 2020, 2021). Thus, 
greater attention should be paid to soil nutrient mediated interactions 
between invasive plants and mutualistic microbes. Insights into soil 
mutualistic microbes associated with invasive plants under various 
nutrient conditions could help improve understanding of the 
microbiome-related mechanisms underlying invasion success.

Arbuscular mycorrhizal fungi (AMF) establish symbiotic 
relationships with most terrestrial plants and provide multiple benefits 
to host plants (Basu et al., 2018; Mathur et al., 2019; Cao et al., 2020). 
Consequently, shifts in the AMF community and their 
interconnections may influence plant growth and fitness (Liang et al., 
2019; Schröder et al., 2019). For example, a higher AMF richness or 
greater abundance of specific AMF taxa may enhance plant 
productivity and promote plant diversity (Vogelsang et al., 2006), and 
plant species that harbor distinct AMF communities have been shown 
to exhibit heterogenous growth responses (Sheng et  al., 2022). 
Moreover, the effects conferred by mycorrhiza may vary between 
native and invasive species. Awaydul et  al. (2019) found that 
mycorrhizal networks increased nutrient acquisition in invasive plants 
compared with native plants. Therefore, variations in AMF diversity, 
community structure, and co-occurrence networks could potentially 
affect plant growth and the invasiveness of exotic plants. Although a 
growing number of studies have highlighted the importance of AMF 
to invasion success of exotic plants (Majewska et al., 2017; Yu et al., 
2022), the roles of AMF taxa, community assembly, and their relative 
contributions to the success of plant invasions are still 
poorly understood.

Phosphorus (P) is a growth-limiting nutrient in many natural 
ecosystems, playing important roles in plant and AMF growth and 
metabolism. For example, soil P can affect invasive plant performance 
by changing functional traits or photosynthesis (Esterhuizen et al., 
2020). P can also significantly mediate AMF spore growth (UI Haq 
et al., 2022), colonization rate (Grman and Robinson, 2013), hyphal 
length (Xiang et al., 2014) and community structure (Wang et al., 
2022). Thus, the key role of soil P availability in mediating the invasive 
plant-AMF interaction is well accepted (Chen et al., 2020). However, 
soil P exists in a range of inorganic and organic compounds (Song 
et al., 2007; Azene et al., 2022), and different forms of P differ distinctly 
in their efficacy on invasive plant growth and AMF metabolism and 
functions (Yang et  al., 2020; Qi et  al., 2022; Zhang et  al., 2022). 
Additionally, existing evidence regarding soil nutrient-modulated 
plant-AMF interactions has typically focused on mycorrhizal 
colonization or hyphal density (Chen et al., 2020; Ma et al., 2020), 
while ignoring mycorrhizal response may also depend on complex 
microbial interactions (Chaudhary et  al., 2022). Therefore, 
investigating the effect of different forms of P on AMF communities 

and identifying the essential components of mycorrhizal traits that 
enhance invasive plant performance could provide mechanistic 
insights into soil nutrient-regulated plant-fungal interactions, which 
are crucial to the management of invasive plants.

Solidago canadensis, one of the most notorious invasive plants in 
the world, was introduced into China in the 1930s (Dong et  al., 
2006a). In the introduced range, S. canadensis was characterized by 
rapid growth and high reproductive capacity (Dong et al., 2006b) and 
formed strong mutualistic interactions with AMF (Yu and He, 2022), 
which helped it outcompete the native species. Invasive Solidago can 
maintain its dominance across a range of soil nutrient environments 
(Dong et al., 2006a), including inorganic P-dominant and organic 
P-dominant habits (Yang et  al., 2020). Although previous studies 
found that S. canadensis can benefit more from organic than inorganic 
P (Yang et al., 2020; Zhang et al., 2022) and perform better compared 
with the native species S. decurrens under diverse nutrient conditions 
(Yu and He, 2022), few studies have explicitly tested whether this is 
associated with AMF community.

In this study, we conducted a greenhouse experiment to examine 
the impacts of different forms of P in the soil on the AMF community, 
and evaluate their effects on the growth and growth advantage of 
S. canadensis. We hypothesized that: (1) native and invasive species 
would respond differently to different forms of P in terms of AMF 
diversity, community structure, co-occurrence network, and plant 
performance; (2) differences in AMF traits conferred by different soil 
P environments contribute differently to plant growth and growth 
advantage in S. canadensis. Our work provides clear evidence that soil 
P conditions alter multiple mycorrhizal traits, which is linked to 
enhanced invasive plant performance.

Materials and methods

Study species

Solidago canadensis L., native to North America, is a perennial 
forb propagated by seeds and rhizomes. Since its introduction into 
China in 1935 (Dong et al., 2006a), S. canadensis has invaded large 
areas and diverse habitats in southern China (Dong et al., 2006a; Yu 
and He, 2022). Solidago decurrens L., a native congener perennial forb, 
occurs commonly in the range that was invaded by S. canadensis in 
China. We collected S. canadensis and S. decurrens seeds from natural 
populations and used them for the following experiment.

Experimental design

The experiment was conducted in a greenhouse from May to 
August at Henan University campus, Kaifeng, China (34°49′13′′ N, 
114°18′ 18′′ E). We  collected soil from barren land and sieved it 
through 2 mm mesh to remove roots and other debris. To prepare the 
growth medium, we mixed the soil with an equal volume of sand to 
minimize the potential adverse effects of excessive P in the soil. The 
basic properties of this growth medium were as follows: 
11.5 ± 0.13 g·kg−1 carbon, 0.1 ± 0.01 g·kg−1 total nitrogen, 
3.8 ± 0.21 mg·kg−1 available nitrogen, 1.4 ± 0.15 mg·kg−1 available 
phosphorus, and pH of 7.9 ± 0.01. The growth medium was divided 
into 2 kg portions in individual 2 l pots (11 cm × 16 cm × 14 cm).
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To investigate the effects of different P sources on plant 
performance and rhizosphere AMF communities, we set up five P 
treatments: control (no P addition), sodium dihydrogen phosphate 
(NaH2PO4, simple inorganic P, NaP), hydroxyapatite [Ca5(OH)(PO4)3, 
complex inorganic P, CaP], adenosine monophosphate (C10H14N5O7P, 
simple organic P, AMP), and myo-inositol hexakisphosphate 
(C6H18O24P6, complex organic P, PA). We designed these P treatments 
based on previous research (Pearse et al., 2007; Yang et al., 2020; Qi 
et  al., 2022). The P concentration was supplied at 20 mg kg−1 soil, 
roughly corresponding to the medium soil P content in areas invaded 
by invasive plants (Chen et al., 2020). We supplemented the four P 
sources to pots and mixed them with growth medium thoroughly.

Seeds of S. canadensis and S. decurrens were surface-sterilized 
with 2% NaClO for 2 min, then germinated in trays filled with 25 kGy 
gamma-irradiation sterilized vermiculite. When seedlings reached the 
three-leaf stage, similar size seedlings were transplanted into the pots 
as described above. All the pots were positioned randomly in the 
greenhouse and rotated each week to avoid the potential effects of 
microsite variability. The growth conditions in the greenhouse were as 
follows: 16 h light (day) and 8 h dark (night), 25°C during the day and 
18°C during the night at a relative humidity of 60%. To avoid other 
nutrient limitations on plant growth, we supplemented equivalent 
modified P-free Hoagland’s nutrient solution to each pot during the 
course of experiments. Plants were watered daily to ensure that all 
plants had sufficient water for growth. Each treatment was replicated 
eight times, resulting in 80 pots in total.

Plant harvest, soil sampling, and 
calculation of relative change in biomass

After 70 days growth, the experimental plants were harvested, 
dried at 60°C for 72 h, and weighed to determine whole-plant biomass. 
To evaluate difference in plant performance between native and 
invasive species, we calculated the growth advantage (GA) of invasive 
S. canadensis over its native conger S. decurrens according to the 
following equation:

 
GA = −( )  ×Sc Sd Sd/ %100

where Sc and Sd are the biomass of S. canadensis and S. decurrens, 
respectively, grown in a given P treatment. The growth advantage can 
signify an invader’s potential invasiveness, and a high GA value 
indicates high plant invasiveness.

Rhizosphere soil samples were collected when the plants were 
harvested. At harvest, we  removed the whole plant from the soil, 
gently shook the plant to remove the loosely adhering soil around the 
roots, and collected the tightly adhering soil around the root 
(rhizosphere soil) by manually brushing (Shi et al., 2022). In total, 80 
rhizosphere soil samples were collected. All of these samples were 
frozen at −80°C for DNA extraction within 2 weeks.

DNA extraction, polymerase chain reaction 
amplification, and bioinformatic analyzes

Soil microbial DNA was extracted from 0.25 g soil of each soil 
sample using Magabio Soil and Feces Genomic DNA Purification Kit 

(Bioer Technology, Zhejiang, China) according to the manufacturer’s 
instructions; DNA concentration and purity were then assessed using 
a NanoDrop One (Thermo Fisher Scientific, MA, United States). The 
small subunit rRNA (SSU rRNA) region was amplified using the 
primer set AMV4.5NF (5′-AAGCTCGTAGTTGAATTTCG-3′) and 
AMDGR (5′-CCCAACTATCCCTATTAATCAT-3′) (Lumini et al., 
2010). The polymerase chain reaction (PCR) reactions, containing 
25 μl 2x Premix Taq, 1 μl each forward and reverse primer (10 μM), 
and 3 μl DNA template (20 ng/μl) in a volume of 50 μl, were amplified 
by thermocycling: 5 min at 94°C for initialization; 30 cycles of 30 s 
denaturation at 94°C, 30 s annealing at 52°C, and 30 s extension at 
72°C; and 10 min final elongation at 72°C. PCR products were quality-
checked using 1% agarose gel electrophoresis, and purified with 
E.Z.N.A. Gel Extraction Kit (Omega, USA). Finally, equimolar 
concentrations of amplified samples were pooled and sequenced using 
an Illumina Nova 6000 platform at Magigene Biotechnology Co., Ltd. 
(Guangzhou, China).

QIIME2 (Bolyen et  al., 2019) was used to process paired-end 
sequence reads. Using the q2-dada2 plugin, raw sequence data were 
quality-filtered and de-replicated, chimeras were removed, and 
sequences were grouped into amplicon sequence variations (ASVs) 
(Callahan et al., 2016). For taxonomic classification, representative 
sequences were blasted against the MaarjAM database using the 
q2-feature-classifier plugin, with at least 95% query coverage and 97% 
sequence identity (Frew, 2022). Non-AMF sequences and singletons 
were excluded prior to the analysis. The resultant dataset was rarefied 
at the minimum number of sequences across all samples, and the data 
were used for the downstream analysis. All sequence data were 
archived in the NCBI Sequence Read Archive (SRA) database under 
accession number PRJNA922727.

Arbuscular mycorrhizal fungi 
co-occurrence network construction

Network analyzes of the AMF ASVs in the two Solidago species 
under different P treatments were conducted individually. 
Co-occurrence networks were constructed using the SparCC method 
on the iNAP platform through the publicly available pipeline1 (Feng 
et al., 2022). Based on 20 iterations and 100 bootstraps, pair-wise 
ASVs with strong correlations (r > 0.5 and p < 0.05) were retained to 
construct the networks. Based on the within-module connectivity (Zi) 
and among-module connectivity (Pi) values, we divided the nodes in 
each network into four categories: peripherals (Zi < 2.5 and Pi < 0.62, 
nodes with few links and play a negligible role in the network), 
connectors (Zi < 2.5 and Pi > 0.62, link modules and crucial to network 
coherence), module hubs (Zi > 2.5 and Pi < 0.62, link nodes within a 
module that are vital to the module) and network hubs (Zi > 2.5 and 
Pi > 0.62, link nodes both within and among modules that are 
important to the network). This allowed us to evaluate potential 
topological roles of taxa in the networks. Nodes serving as hubs or 
connectors in a network were defined as keystone species in the 
network. The topological properties were analyzed and the networks 
were visualized using Gephi v0.9.3 (Bastian et al., 2009).

1 http://mem.rcees.ac.cn:8081
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Statistical analysis

All statistical analyzes were performed using R v4.1.2 (R Core 
Team, 2022) using the agricolae, (Mendiburu, 2021) vegan 
(Oksanen et al., 2022), and plspm (Sanchez et al., 2017) packages. 
A two-way analysis of variance (ANOVA) was conducted to 
evaluate the effects of plant species and P treatments on plant 
biomass, alpha diversity, and relative abundance of AMF families. 
One-way ANOVA with least significant difference (LSD) post-hoc 
tests were implemented when significant differences among 
treatments were detected. Independent t-tests were further used to 
examine the difference in biomass and alpha diversity between 
native and invasive Solidago species under the same P treatment. 
Data were square root or natural log transformed to meet the 
assumption of normality. To assess variation in AMF community 
composition, principal coordinate analysis (PCoA) based on Bray–
Curtis distance matrices and permutational multivariate analysis of 
variance (PERMANOVA) were used to describe the significance of 
plant species and P forms on microbial composition. Pairwise 
comparisons were used to compare differences between different P 
treatments on AMF community composition. Venn analysis was 
performed to identify the number of unique and shared ASVs 
among the five P treatments in the native and invasive Solidago. 
Relationships between AMF variables (i.e., alpha diversity, relative 
abundance at the family level, and abundance of keystone species 
in the networks) and plant performance (i.e., biomass and the 
growth advantage of S. canadensis) were evaluated using 
Pearson correlation.

Partial least squares path modeling (PLS-PM) was performed to 
quantify the influence of P treatments on plant growth and the 
growth advantage of S. canadensis conferred by the AMF. PLS-PM 
analyzes were carried out according to previously published methods 
(Sanchez, 2013). We defined P treatments, alpha diversity, community 
structure, keystone species, total biomass, and growth advantage as 
latent variables, and assumed that P treatments affected total biomass 
or growth advantage via alpha diversity, community structure, and 
keystone species in the co-occurrence networks. Only variables with 
significant relationships to biomass were included in the models. 
Based on biomass, we defined and descended the P treatments as 
integers from 5 to 1. Dillon-Goldstein’s rho was used to evaluate how 
well a block of indicators described their corresponding latent 
construct. Loadings reflected the correlations between a latent 
variable and its indicators. The Dillon-Goldstein’s rho and loadings 
greater than 0.7 were defined as acceptable (Supplementary Table S1). 
To evaluate the quality of the model, goodness-of-fit (GoF) and R2 
determination coefficients were calculated. Moreover, we assessed the 
relative contribution of each latent variable to the R2 of total biomass 
and the growth advantage of S. canadensis using the 
following equation:

 

R cor y x cor y xj j
j

j j
2
% /( ) = ( ) ( )∑β β, ,

where j is the number of latent variables, β is the path coefficient, 
and cor(y, xj) is the correlation between explanatory and response 
variables (Tenenhaus et al., 2005; Yu and He, 2017).

Results

Effects of different forms of P on plant 
performance

Overall, the invasive S. canadensis grew larger than the native 
S. decurrens across all treatments (4.10 ± 0.32 g vs. 1.93 ± 0.15 g; 
FS = 128.51, p < 0.001). P treatments, as well as their interactions with 
the plant species, exerted significant effects on whole-plant biomass 
(all p < 0.001, Figure 1A). Specifically, NaP and PA increased whole-
plant biomass in the native S. decurrens while the supplementation 
of NaP, AMP, and PA promoted the growth of the invasive 
S. canadensis (Figure 1A). Compared with S. decurrens, S. canadensis 
had greater biomass under each of the five P treatments, leading to 
a substantial growth advantage for invasive Solidago. However, the 
growth advantage of S. canadensis varied with P forms (FP = 16.01, 
p < 0.001) and was enhanced with application of CaP and AMP 
(Figure 1B).

Arbuscular mycorrhizal fungi diversity and 
its relationship with plant performance

In total, 1,568,984 high-quality AMF sequence reads were 
produced before rarefication, with 528 ASVs identified from all soil 
samples. After rarefication, the AMF alpha diversity was strongly 
influenced by plant species and P treatments. Across all treatments, 
S. canadensis had a greater richness (FS = 33.57, p < 0.001) and Shannon 
index (FS = 26.77, p < 0.001) than S. decurrens (Figures 2A,B). Richness 
and Shannon index were similar between the two species in the 
control treatment (Figures  2A,B). However, there were clear 
differences in alpha diversity between the two Solidago species when 
P was added to the soil, with the invasive Solidago showing a higher 
response to resource fluctuations in terms of microbial diversity 
(Figures 2A,B). Of all P treatments, AMP treatment resulted in the 
highest richness and Shannon index for both species (Figures 2A,B). 
Furthermore, the whole-plant biomass and the growth advantage of 
S. canadensis increased with the increasing alpha diversity 
(Figures 2C–F).

Arbuscular mycorrhizal fungi community 
structure and its relationship with plant 
performance

PCoA of Bray–Curtis distances revealed that AMF communities 
were delineated by plant species and forms of P (Figures 3A–C). In 
general, S. decurrens and S. canadensis harbored distinct AMF 
communities (Figure 3A; Supplementary Table S2). Adding P, except 
CaP, altered the AMF community structure of both S. decurrens and 
S. canadensis compared with the control treatment (Figures 3B,C; 
Supplementary Table S3). Moreover, the difference in AMF 
community composition between S. decurrens and S. canadensis 
intensified when the dominant P form in the soil changed 
(Supplementary Table S4). In addition, Venn plots showed that AMF 
communities in the two Solidago species had a greater proportion of 
common ASVs among different P forms (Figures 3D,E).
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ASVs detected in the rhizosphere soil were classified into six genera 
within six families. At the family level, the AMF communities were 
dominated by Glomeraceae (45.6%), followed by Claroideoglomeraceae 
(28.3%), Diversisporaceae (15.0%), Acaulosporaceae (10.8%), 
Gigasporaceae (0.27%) and Paraglomeraceae (0.05%) (Figure  4A). 
Overall, S. decurrens had higher relative abundances of 
Claroideoglomeraceae and Diversisporaceae and a lower relative 
abundance of Acaulosporaceae than S. canadensis (Figure  4A; 
Supplementary Table S5). P treatments resulted in distinct variations in 
AMF community structure between S. decurrens and S. canadensis 
(Table 1). For example, the applications of NaP and AMP increased 
Claroideoglomeraceae abundance but reduced Acaulosporaceae 
abundance relative to the control in S. decurrens (Figure  4A; 
Supplementary Table S5). AMP addition increased the relative 
abundance of Glomeraceae while decreasing the abundances of 
Diversisporaceae and Acaulosporaceae in S. canadensis (Figure 4A; 
Supplementary Table S5). Variations in AMF abundance were strongly 
correlated with plant performance. The relative abundance of 
Diversisporaceae was negatively correlated with whole-plant biomass 
(Figure  4B; Supplementary Table S6). The relative abundances of 
Glomeraceae were positively correlated with the growth advantage of 
S.canadensis over S. decurrens (Figure 4C; Supplementary Table S6), 
while those of Diversisporaceae and Acaulosporaceae were negatively 
correlated with the growth advantage of S.canadensis over S. decurrens 
(Figures 4D,E; Supplementary Table S6).

Arbuscular mycorrhizal fungi 
co-occurrence network and its relationship 
with plant performance

The AMF co-occurrence networks in S. decurrens and S. canadensis 
had distinct patterns with different P treatments (Figure 5; Table 2). In 

the control treatment, the average degree, average clustering coefficient, 
and complexity in the co-occurrence network of S. decurrens were 
greater than those of S. canadensis (Table  2). Adding P decreased 
average degree and complexity in the network of S. decurrens, while the 
opposite pattern was observed for S. canadensis, apart from with NaP 
(Table 2). Variations in complexity were positively correlated with the 
growth advantage of S. canadensis (Figure 5D).

P treatment also had a significant impact on keystone species of 
the AMF co-occurrence networks (Supplementary Figure S1). The 
keystone species mainly belonged to the Glomeraceae, with a higher 
proportion in S. canadensis networks (76%) than those of S. decurrens 
(56%) (Supplementary Table S7). Relative to control, the number of 
keystone species decreased with inorganic P (i.e., NaP and CaP) but 
increased with organic P (i.e., AMP and PA) in the networks of 
S. decurrens. In contrast, the number of keystone species in 
S. canadensis networks was higher with all P treatments compared to 
the control, with the highest number of keystone species in the AMP 
treatment (Table  2). There was a strong correlation between the 
abundance of most keystone species and plant biomass and growth 
advantage of S. canadensis (Table 3). Interestingly, the ASVs that were 
positively correlated with plant biomass and growth advantage of 
S. canadensis all belonged to Glomeraceae, and the ASV that was 
negatively correlated with growth advantage of S. canadensis belonged 
to Claroideoglomeraceae (Table 3).

Pathways linking P treatment and plant 
performance

Overall, P treatments had a significant effect on plant performance 
via the modification of multiple AMF traits. P treatments favored 
plant species growth primarily through increasing alpha diversity of 
AMF (Figure 6A), which accounted for 59% of the total variance in 

FIGURE 1

(A) Total biomass of S. decurrens and S. canadensis grown under five P treatments. CK: no P addition; NaP: sodium dihydrogen phosphate; CaP: 
hydroxyapatite; AMP: adenosine monophosphate; PA: myo-inositol hexakisphosphate. The line in the box represents the median value, box boundaries 
indicate the value in the 25–75th percentile range, whiskers indicate the 95% confidence intervals. The different lower-case letters among S. decurrens 
and different upper-case letters among S. canadensis denote significant differences at p < 0.05. The asterisks denote difference between S. decurrens 
and S. canadensis in the same P treatment. *p < 0.05, **p < 0.01, ***p < 0.001. (B) The growth advantage of S. canadensis over S. decurrens under five P 
treatments. Different upper-case letters above the boxes indicate significant differences at p < 0.05.
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plant biomass (Figure 6C). P treatments also enhanced the growth 
advantage of S. canadensis over S. decurrens through alterations in 
keystone species (Figure  6B); this factor had a greater impact on 
growth advantage than alpha diversity and community structure 
(Figure 6D).

Discussion

Associations with AMF can influence host plants nutrient 
absorption and resistance to abiotic stress, further determining the 
invasion success of exotic plants (Zhang et al., 2017; Awaydul et al., 
2019; Yu and He, 2022). In this study, by manipulating P in soils, 
we found that AMF diversity, community structure, and co-occurrence 
networks associated with native and invasive Solidago species 
responded distinctly to various P forms, indicating that soil nutrients 
are important drivers of symbiotic plant-fungal interactions in 
invasion ecology. P treatments may also affect the growth and 
invasiveness of invasive Solidago, as indicated by its growth advantage, 
through influencing alpha diversity and keystone taxa in the 

co-occurrence network of AMF. Together, our results suggest that 
differences in soil P may result in different interactions between AMF 
and native and invasive plants, and that multiple AMF traits play a 
vital role in enhancing S. canadensis invasion.

Variations in plant–AMF interactions 
induced by soil P forms

Soil nutrients mediate interactions between symbiotic fungi and 
host plants (Qi et al., 2022; Wang et al., 2022), thus variations in the 
quality and quantity of soil nutrients may modify multiple AMF traits, 
consequently influencing plant performance. As expected, in this 
study, increased soil P availability affected the AMF community and 
promoted plant biomass, and this effect was strongly sensitive to P 
forms. Our results suggest that organic P facilitated greater AMF 
diversity and plant biomass than inorganic P for both native and 
invasive Solidago species. Moreover, even at the same level of P for a 
given species, multiple AMF characteristics, including diversity, 
certain AMF taxa, and topological features of the network varied 

FIGURE 2

The variation of arbuscular mycorrhizal fungi (AMF) (A) ASV richness and (B) Shannon index in the rhizosphere soil of S. decurrens and S. canadensis 
under five P treatments. CK: no P addition; NaP: sodium dihydrogen phosphate; CaP: hydroxyapatite; AMP: adenosine monophosphate; PA: myo-
inositol hexakisphosphate. The line in the box represents the median value, box boundaries indicate values in the 25–75th percentile range, whiskers 
indicate the 95% confidence intervals. The different lower-case letters among S. decurrens and different upper-case letters among S. canadensis 
denote significant differences at p < 0.05. The asterisks denote difference between S. decurrens and S. canadensis in the same P treatment. *p < 0.05, 
**p < 0.01, ***p < 0.001. Pearson correlations between ASV richness and (C) plant growth, (D) growth advantage of S. canadensis over S. decurrens, 
Shannon index and (E) plant growth, (F) growth advantage of S. canadensis over S. decurrens. The gray ribbons represent the 95% confidence intervals.
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distinctly to different organic and inorganic P forms. These results 
support our first hypothesis and the prevailing opinion that plant-
fungal interactions are highly context-dependent.

Previous studies showed that plant-AMF interactions were either 
independent of invasive status (Bunn et al., 2015) or were greater 
(Sheng et al., 2022; Yu et al., 2022) or weaker (Vogelsang and Bever, 
2009) in invaders than natives. In this study, we found that differences 
in plant-AMF interactions between S. decurrens and S. canadensis 
were amplified with greater P availability. Compared with S. decurrens, 
the AMF associated with S. canadensis responded to various P sources 
with greater plasticity in terms of diversity and community 
composition, potentially allowing S. canadensis to maintain a constant 
growth advantage across a variety of environments. We proposed a 
couple of scenarios to account for the divergence. First, native and 
invasive species exhibit a preference for different AMF taxa due to 
evolutionary and host filtering (Lekberg et al., 2013; Zhang et al., 
2017), and may preferentially reward (e.g., provide carbohydrate or 
fatty acids) more beneficial microbial partners when faced with 
fluctuating soil nutrients, resulting in shifts in AMF communities 

(Johnson, 2010). Second, native and invasive plants grown in soil 
containing heterogeneous forms of P may differ in their plasticity to 
adjust root architecture and allocation (Yang et al., 2020; Zhang et al., 
2022), which both govern interactions with AMF (Bergmann et al., 
2020). Third, invasive species may also release greater concentrations 
of root chemical signaling compounds, such as flavonoids and 
strigolactones than native species, enhancing communications with 
mycorrhizal fungi (Inderjit et al., 2021; Yu et al., 2022).

Linkages between AMF traits and plant 
performance

Microbial alpha diversity, a proxy for functional diversity, is 
susceptible to soil nutrients (Lang et al., 2022; Wang et al., 2022). In 
this study, we found a clear increase in AMF richness for S. canadensis 
grown in soil with AMP; these plants also had the highest biomass 
and growth advantage across all treatments. A greater AMF diversity 
normally means a stronger functional complementarity, such as 

FIGURE 3

(A) Principal coordinates analysis (PCoA) based on the Bray–Curtis distance showing the differences in AMF community structure of S. decurrens and 
S. canadensis. Principal coordinates analysis (PCoA) based on the Bray–Curtis distance showing the difference in AMF community structure among five 
P treatments in (B) S. decurrens and (C) S. canadensis. CK: no P addition; NaP: sodium dihydrogen phosphate; CaP: hydroxyapatite; AMP: adenosine 
monophosphate; PA: myo-inositol hexakisphosphate. Venn diagrams showing the number of shared and unique ASVs among five P treatments in 
(D) S. decurrens and (E) S. canadensis. CK: no P addition; NaP: sodium dihydrogen phosphate; CaP: hydroxyapatite; AMP: adenosine monophosphate; 
PA: myo-inositol hexakisphosphate.
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occupying a broader resource niche (Loreau and Hector, 2001), and 
higher community-level soil acid phosphatase and alkaline 
phosphatase activity (Wang et al., 2014), allowing host plants to use 
resources more efficiently. In addition, diverse AMF can also enhance 
communication and cooperation with other microbes, such as 
phosphate-solubilizing bacteria and diazotrophs (Zhang et al., 2016; 
Zhu et al., 2018), which may increase P mineralization and nitrogen 
fixation. These benefits to host plants may determine the positive 
relationship between AMF diversity and plant growth. Moreover, our 
path analysis showed that AMF alpha diversity had a greater impact 
on plant performance than community structure or keystone species 
in the networks. Together, these results suggest that AMF alpha 
diversity could be a good predictor of plant growth and invasiveness 
for S. canadensis in a range of soil P environments.

Although there was an association between AMF diversity and 
plant performance, it should be noted that the non-negligible roles of 

certain AMF taxa on invasive plant-AMF interactions. For example, 
Sheng et al. (2022) found that a higher abundance of Glomeraceae in 
non-native Conyza canadensis enhanced their growth in invasive 
populations to a greater extent than native populations, suggesting 
specific AMF taxa play important roles in influencing the invasiveness 
of exotic species. Our results revealed that variations in abundance of 
Glomeraceae, the predominant taxon in the AMF families, exhibited 
positive relationship with the growth advantage of S. canadensis 
compared with Diversisporaceae and Acaulosporaceae. Normally, 
different AMF families have distinct functional traits, which can affect 
the amount and quality of benefits to their host plants. Previous 
studies found that Glomeraceae can colonize roots more rapidly, 
acquire and transport P to host plants more efficiently (de la 
Providencia et al., 2005; Voets et al., 2006), and grant better protection 
from pathogens (Powell et al., 2009) than other AMF families. This 
may partially explain why Glomeraceae appear to contribute 

FIGURE 4

(A) Relative abundance of AMF at the family level of S. decurrens and S. canadensis under five P treatments. CK: no P addition; NaP: sodium dihydrogen 
phosphate; CaP: hydroxyapatite; AMP: adenosine monophosphate; PA: myo-inositol hexakisphosphate. The different lower-case letters among  
S. decurrens and S. canadensis denote significant differences at p < 0.05. (B) Pearson correlations between the relative abundance of Diversisporaceae 
and plant growth. Pearson correlations between the relative abundance of (C) Glomeraceae, (D) Diversisporaceae, and (E) Acaulosporaceae and the 
growth advantage of S. canadensis over S. decurrens. The gray ribbons represent the 95% confidence intervals.

TABLE 1 Two-way analysis of variance (ANOVA) on the effects of plant species and P treatments on relative abundance of AMF at the family level.

Relative abundance (%)
Species (S) Phosphorous (P) S × P

F p F p F p

Glomeraceae 0.03 0.87 1.59 0.19 2.34 0.06

Claroideoglomeraceae 8.67 0.00 8.46 <0.001 2.82 0.03

Diversisporaceae 7.79 0.01 1.02 0.41 1.05 0.39

Acaulosporaceae 129.63 <0.001 10.80 <0.001 6.21 <0.001

Gigasporaceae 0.00 0.99 0.38 0.82 1.70 0.16

Paraglomeraceae 0.08 0.78 0.89 0.48 0.86 0.49

Significant effects are shown in bold (p < 0.05).
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substantially to the invasiveness of S. canadensis. Future works 
involving multiple pairs of invasive and native congeners are needed 
to better understand how Glomeraceae interact with invasive plants.

Soil microbes rarely exist independently; instead, they are 
connected to form complex ecological networks that may have a 
greater influence on plant performance and ecosystem functions 
than univariate diversity or composition metrics (Chen et al., 2022; 
Tian et al., 2022). This study demonstrated a positive correlation 
between AMF network complexity and growth advantage of 
S. canadensis; this is in accordance with a previous study reporting 
that mycorrhizal networks increased growth and nutrient acquisition 

of S. canadensis over that of native (Awaydul et  al., 2019). This 
indicates that highly connected AMF co-occurrence networks favor 
invasive species over native species. In addition to network 
complexity, keystone species in the networks, identified using 
network topological features, also play an important role in 
maintaining greater AMF mutualisms on S. canadensis than 
S. decurrens. We found that keystone species positively linked to 
plant biomass occurred more frequently in the AMF network of 
S. canadensis compared to native species. Moreover, the significant 
relationship between keystone species and growth advantage of 
S. canadensis remained robust when the confounding factors (i.e., 

FIGURE 5

The AMF co-occurrence networks of (A) S. decurrens and (B) S. canadensis under five P treatments were visualized to show the significant associations 
(r > 0.50, p < 0.05) between AMF ASVs. CK: no P addition; NaP: sodium dihydrogen phosphate; CaP: hydroxyapatite; AMP: adenosine monophosphate; 
PA: myo-inositol hexakisphosphate. Each node represents an ASV, different colors represent different families, the node size represents the degree of 
the node, and edges denote significant correlations between ASVs (blue: positive correlation; red: negative correlation). Pearson correlations between 
the complexity of AMF co-occurrence networks and (C) plant growth, (D) growth advantage of S. canadensis over S. decurrens. The gray ribbons 
represent the 95% confidence intervals.
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alpha diversity and community structure) were controlled for in the 
path analysis. In addition, all the keystone species that were 
positively correlated with plant biomass and growth advantage in 
S. canadensis belonged to Glomeraceae, an AMF family that has 
been reported to enhance invasive plant growth previously (Sheng 
et al., 2022). Thus, the more substantial effects of keystone species 
on the growth advantage in S. canadensis, relative to other AMF 
traits, implies that the symbiotic fungus-mediated invasiveness of 
exotic species is likely enhanced by key individual taxa rather than 
the whole community.

Together, these findings supported our second hypothesis that a 
variety of AMF traits induced by different soil P sources contribute 
differently to plant growth and growth advantage in S. canadensis. 
However, it should be noted that other mycorrhizal traits, such as 
mycorrhizal colonization and hyphal length density, may also 
contribute to the superior performance of invasive species. Thus, our 
work highlights the necessity to disentangle the effects of multiple 
mycorrhizal traits on plant invasion in further studies. Furthermore, 
although this study focused primarily on the effect of different forms 
of P on invasive plant-AMF interactions, the soil nutrient availability 
may also have a role (Chen et al., 2020). Notwithstanding these points, 
our findings may have some implications for exotic species 
management strategies, and could improve understanding of the 

microbiome-related mechanisms underpinning the invasion success 
of exotic plants for a number of reasons. First, P fractions vary by 
ecosystem (Song et  al., 2007; Azene et  al., 2022). We  found that 
organic P facilitated growth of the invasive Solidago to a greater extent 
than inorganic P, which is in accordance with previous studies (Yang 
et al., 2020; Zhang et al., 2022). Accordingly, ecosystems with higher 
organic P might carry a higher risk of plant invasion. Second, 
microbial-based invasive plant management has been suggested as a 
novel tool for controlling invasive plants (Shahrtash and Brown, 
2021). In this study, keystone species had the strongest effect on the 
growth advantage of S. canadenis, which means keystone species play 
a potential functional role in plant invasion. This is consistent with a 
recent study that reported keystone species contributed to invader 
tolerance to biotic stressors (Xu et al., 2022). Therefore, identifying 
keystone species that disrupt nutrient absorption and facilitate disease 
development in invasive plants could enable a microbial invasive plant 
management strategy. Finally, AMF enable a better performance of 
invader over congeneric native species through multiple dimension 
traits, which previous studies have not investigated. Future studies 
should address the correlations between different AMF traits and 
plant invasions.

In summary, our results show that plant growth, growth 
advantage of invasive species, and AMF traits vary with the form of 
soil P. Furthermore, differences in AMF traits with different sources 
of P have different effects on plant growth and growth advantage of 
S. canadensis. These results indicate that the AMF community 
mediates plant growth and growth advantage under different 
nutrient conditions, highlighting the importance of environmental 
context on plant invasions. They also emphasize the relative 
contribution of microbial community composition and their 
interconnections in enhancing the environmental adaptability of 
invasive plants. A more detailed understanding of the mechanism by 
which AMF communities are altered depending on the P forms in 
the soil will help guide invasive plant management. Future 
experiments that simultaneously consider AMF community, 
mycorrhizal association and hyphal density will contribute to a 

TABLE 2 Topological features of the AMF co-occurrence network of two 
Solidago species under five P treatments.

Topological 
features

CK NaP CaP AMP PA

S. decurrens

Nodes 134 96 133 142 114

Edge 585 227 552 613 384

Average degree 8.73 4.73 8.3 8.63 6.74

Average clustering coefficient 0.65 0.42 0.65 0.54 0.52

Positive correlations (%) 91.62 83.26 93.48 89.07 84.11

Negative correlations (%) 8.38 16.74 6.52 10.93 15.89

Density 0.07 0.05 0.06 0.06 0.06

Modularity 0.75 0.65 0.77 0.73 0.69

Complexity 4.37 2.36 4.15 4.32 3.37

Number of keystone species 4 3 2 5 9

S. canadensis

Nodes 151 142 166 184 149

Edge 551 493 675 858 580

Average degree 7.30 6.94 8.13 9.33 7.79

Average clustering coefficient 0.53 0.48 0.54 0.52 0.55

Positive correlations (%) 91.10 77.28 87.41 78.09 73.97

Negative correlations (%) 8.89 22.72 12.59 21.91 26.03

Density 0.05 0.05 0.05 0.05 0.05

Modularity 0.74 0.64 0.73 0.66 0.70

Complexity 3.65 3.47 4.07 4.66 3.89

Number of keystone species 2 7 7 9 8

CK, no P addition; NaP, sodium dihydrogen phosphate; CaP, hydroxyapatite; AMP, 
adenosine monophosphate; PA, myo-inositol hexakisphosphate.

TABLE 3 Pearson correlations between keystone species abundance and 
plant growth, growth advantage of S. canadensis.

ASVID Family

Total 
biomass

Growth 
advantage

r p r p

ASV307 Glomeraceae 0.30 0.01 - -

ASV721 Glomeraceae 0.25 0.03 - -

ASV28 Glomeraceae 0.44 <0.001 0.50 <0.001

ASV95 Glomeraceae 0.26 0.02 0.19 0.25

ASV160 Glomeraceae 0.26 0.02 0.24 0.14

ASV240 Glomeraceae 0.49 <0.001 0.47 0.002

ASV354 Glomeraceae 0.30 0.01 0.50 <0.001

ASV609 Glomeraceae 0.42 <0.001 0.32 0.045

ASV830 Glomeraceae 0.40 <0.001 0.42 0.008

ASV1668 Glomeraceae 0.28 0.01 0.13 0.41

ASV63 Claroideoglomeraceae −0.05 0.66 −0.45 0.004

Significant correlations are shown in bold (p < 0.05).
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better understanding of the role of soil microbes and nutrients in 
invasion success of exotic species.
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FIGURE 6

Path models showing the effects of P treatments on (A) plant growth and (B) growth advantage of S. canadensis over S. decurrens through alpha 
diversity, community structure and keystone species of the AMF. The line size represents the value of the path coefficient. The solid and dash lines 
represent significant and non-significant relationship. Blue lines represent positive effects, red lines represent negative effects. The asterisks denote the 
significance of path coefficient. *p < 0.05, **p < 0.01, ***p < 0.001. The final models fit the data well, as assessed using GOF and R2. The relative 
contribution of AMF latent variables to global explained observed variability (R2) of the (C) total biomass of two Solidago species and (D) growth 
advantage of S. canadensis over S. decurrens.
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Beneficial microorganisms play a pivotal role in the invasion process of exotic 
plants, including arbuscular mycorrhizal fungi (AMF) and Bacillus. However, 
limited research exists on the synergistic influence of AMF and Bacillus on the 
competition between both invasive and native plants. In this study, pot cultures of 
Ageratina adenophora monoculture, Rabdosia amethystoides monoculture, and 
A. adenophora and R. amethystoides mixture were used to investigate the effects 
of dominant AMF (Septoglomus constrictum, SC) and Bacillus cereus (BC), and the 
co-inoculation of BC and SC on the competitive growth of A. adenophora. The 
results showed that inoculation with BC, SC, and BC + SC significantly increased 
the biomass of A. adenophora by 14.77, 112.07, and 197.74%, respectively, in the 
competitive growth between A. adenophora and R. amethystoides. Additionally, 
inoculation with BC increased the biomass of R. amethystoides by 185.07%, 
while inoculation with SC or BC + SC decreased R. amethystoides biomass by 
37.31 and 59.70% compared to the uninoculated treatment. Inoculation with BC 
significantly increased the nutrient contents in the rhizosphere soil of both plants 
and promoted their growth. Inoculation with SC or SC + BC notably increased the 
nitrogen and phosphorus contents of A. adenophora, therefore enhancing its 
competitiveness. Compared with single inoculation, dual inoculation with SC and 
BC increased AMF colonization rate and Bacillus density, indicating that SC and BC 
can form a synergistic effect to further enhance the growth and competitiveness 
of A. adenophora. This study reveals the distinct role of S. constrictum and B. 
cereus during the invasion of A. adenophora, and provide new clues to the 
underlying mechanisms of interaction between invasive plant, AMF and Bacillus.

KEYWORDS

Ageratina adenophora, arbuscular mycorrhizal fungi, Bacillus, synergistic inoculation, 
competitive advantage

1. Introduction

The invasion of exotic plants has resulted in a rapid decline in global biodiversity (Powell 
et al., 2013), with severe implications on the functioning of the whole ecosystem function 
(Richardson and Pyšek, 2012) and incurring significant economic losses. Thus, understanding 
the invasion mechanisms of these plants has emerged as a pressing and pragmatic concern (Sol 
et al., 2012; Anna et al., 2020). The spreading capacity in their new habitat is at least partly 
influenced by their association with symbiotic microorganisms (Fahey and Stephen, 2022). 
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Beneficial symbiotic microorganisms regulate competitive growth 
between invasive and native plants (Abbott et al., 2015; Dawson et al., 
2016). The Enhanced Mutualisms Hypothesis (EMP) suggests that 
invasive plants facilitate positive soil feedback by enriching their 
associated beneficial symbiotic microbes, thereby promoting their 
own growth and expansion (D’Antonio et al., 2017; Zhang et al., 2020). 
In contrast, the Degraded Mutualisms Hypothesis (DMP) proposes 
that exotic plants can weaken the symbiotic relationship between 
beneficial microbes and native plants, creating a competitive 
disadvantage for the latter and facilitating the successful invasion of 
invasive plants (Vogelsang and Bever, 2009).

Arbuscular mycorrhizal fungi (AMF) can form a mutualistic 
symbiosis with most terrestrial plants to adapt better to limited 
nutrient supply conditions (Smith and Smith, 2011). In most nutrient-
poor soils, the low availability of nitrogen and phosphorus is often the 
main limiting factor affecting plant growth (Xu et al., 2012). AMF is 
reported to dominate the uptake of phosphate, ammonium and nitrate 
nitrogen uptake in symbiotic plants (Fan et al., 2020; Wang et al., 2020; 
Xie et  al., 2022). Accumulating evidence suggests that AMF can 
develop symbiosis with invasive plants, which greatly contributes to 
the successful invasion of invasive plants (Lekberg et al., 2013; Aslani 
et al., 2019). AMF enhances the resistance of invasive plants to biotic 
and abiotic stresses, thus promoting the establishment of invasive 
plants in their new habitats (Dickie et al., 2017; Qi et al., 2022). The 
exotic plants affect AMF abundance and richness (Zhang et al., 2017; 
Kong et al., 2022). When invasive plants grow alongside native plants, 
the mycorrhizal colonization rate of the invasive plants increases while 
that of the native plants decreases, giving invasive plants a competitive 
advantage over native plants (Zhang et  al., 2018). AMF forms a 
common mycorrhizal network (CMN) that allows the plant-to-plant 
transfer of carbon and mineral nutrients between native plants and 
alien plants (Weremijewicz et  al., 2018; Awaydul et  al., 2019). 
Therefore, AMFs are more beneficial to invasive plants than native 
species, which may be  a key factor in the successful invasion of 
exotic plants.

Bacillus is an important plant growth-promoting rhizobacteria 
(PGPR). Most Bacillus have many beneficial effects on plants and can 
promote plant growth by activating soil nutrients and producing 
phytohormones (Fan et  al., 2018; Saxena et  al., 2020), which also 
protects plants from biotic stresses by directly inhibiting plant 
pathogens and inducing plants to acquire systemic resistance (Stefany 
et al., 2021; Kurniawan and Chuang, 2022). Bacillus diversity and 
abundance differed in the rhizosphere soil of invasive and native 
plants. Chen et al. (2022) found that Bacillus diversity differed in the 
rhizosphere soil of the exotic (Flaveria bidentis) and native plants 
(Setaria viridis). The relative abundance of Brecibacterium 
frigoritolerans was higher in the F. bidentis rhizosphere than in the 
S. viridis rhizosphere. Additionally, the dominant Bacillus in the 
F. bidentis rhizosphere promoted F. bidentis competitive growth by 
elevating soil nitrogen and phosphorus levels. These studies indicate 
that Bacillus is also crucial for the successful invasion of exotic plants. 
As previously evidenced, AMF and PGPR can mutually promote their 
own growth and development, forming a synergistic effect to further 
enhance plant growth and promote their tolerance to diverse stresses 
(Krishnamoorthy et al., 2016; Hidri et al., 2019). However, few studies 
have examined whether combinations of AMF and Bacillus would 
contribute to the successful invasion of invasive plants. Therefore, 
understanding the effects of AMF, Bacillus and their combinations in 
the rhizosphere soil on the competitiveness of invasive plants with 

native plants is conducive to exploring the ecological role of two 
functional rhizosphere microorganisms in plant invasion.

Ageratina adenophora (Spreng.), a perennial herbaceous plant of 
the Asteraceae family, originates from Mexico and Costa Rica. Due to 
its strong reproductive and dispersal capabilities, morphological 
plasticity and stress tolerance, it has invaded many countries across 
Asia, Africa, and Oceania (Poudel et al., 2019; Tang et al., 2019; Gu 
et  al., 2021). Since its first introduction from Myanmar into the 
Yunnan Province of China in the 1940s, A. adenophora has spread 
widely across southwestern and central China, becoming a dominant 
and invasive plant in China (Wang and Wang, 2006; Gui et al., 2009). 
A. adenophora’s colonization in southwestern China expanded 
considerably, with its suitable habitat distribution rapidly advancing 
eastward and northward (Li W. T. et al., 2022). The invasion of this 
plant has resulted in the destruction of native biodiversity, alteration 
of ecological community structures, and posed a severe threat to the 
development of agriculture, forestry and livestock industries, resulting 
in enormous economic and ecological losses (Song et al., 2017; Wang 
et  al., 2017; Ren et  al., 2021). A. adenophora has been shown to 
selectively aggregate functional microbes that mediate soil nutrient 
cycling to form a favorable soil microenvironment in the invasive 
habitats that facilitate its invasion (Niu et al., 2007; Zhao et al., 2007; 
Li Q. et  al., 2022). In contrast to native plant rhizosphere soil, 
A. adenophora rhizosphere soil exhibits a remarkably higher 
abundance of nitrogen-fixing bacteria, phosphorus-solubilizing 
bacteria, and IAA-producing bacteria (Xu et al., 2012; Fang et al., 
2019). Our previous studies demonstrated that Bacillus cereus has a 
high abundance in the rhizosphere soil of A. adenophora and 
R. amethystoides and exerted a positive feedback effect on 
A. adenophora (Sun et al., 2021; Du et al., 2022a). The AM fungus 
Septoglomus constrictum was also identified in the rhizosphere soil of 
A. adenophora and R. amethystoides, which improved the growth of 
A. adenophora and its resistance to A. gossypii feeding (Yu et al., 2012; 
Li et al., 2016; Du et al., 2022b). However, the relationship between 
AMF and Bacillus in the rhizosphere of A. adenophora and 
R. amethystoides and the effects of this relationship on the competitive 
growth between the two plants remain unknown.

To address this knowledge gap, we hypothesized that a synergistic 
interaction between B. cereus and S. constrictum might enhance the 
competitive growth of A. adenophora. To test this hypothesis, 
we compared the effects of single inoculation with AMF or Bacillus 
and co-inoculation of two kinds of microorganisms on the AMF 
colonization rate and Bacillus density of A. adenophora to explore 
whether both microorganisms form a synergistic effect. To illustrate 
the impact and reasons of microorganisms on plant growth, 
we compared their biomass, relative competitiveness, root growth 
characteristics, and nutrient content, as well as the soil’s available 
nutrient content.

2. Materials and methods

2.1. Microbial inoculation preparation

The spores of S. constrictum were isolated from the rhizosphere 
soil of A. adenophora in our previous study (Du et al., 2022b). The 
mycorrhizal inoculum, consisting of fragments of colonized roots, 
spores, and hyphae of S. constrictum, was propagated using maize as 
the host plant. The spore density (20 spores/100  g of soil) was 
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determined based on the quantity of S. constrictum spores in the 
rhizosphere soil of A. adenophora in the field and used for 
subsequent analyses.

The B. cereus strain A20 (GenBank accession: OM149794) was 
isolated from A. adenophora and R. amethystoides rhizosphere soil 
(Du et al., 2022a). The strain’s organic phosphate-solubilizing ability, 
inorganic phosphate-solubilizing ability, potassium-solubilizing 
ability, nitrogen-fixing ability, and IAA-producing ability were 53.66, 
92.38, 51.33, 23.67, 61.55  mg/L, respectively. The siderophores-
producing ability of the strain was 0.48, according to the methodology 
of Payne (1994). The strain was separately cultured on nutrient agar 
plates at 37°C for 8–12 h to obtain single colonies. The colonies of 
activated Bacillus were selected using an aseptic toothpick and 
incubated in 1 mL of nutrient liquid medium culture in a 1.5 mL 
centrifuge tube. After shaking at 180 rpm for 24 h at 37°C, the liquid 
was transferred into a triangular flask containing 100 mL of nutrient 
liquid broth medium and shaken at 180 rpm for 24 h at 37°C. The 
Bacillus suspension was then expanded to a concentration of 108 CFU/
mL (Sun et al., 2022).

2.2. Plants and soil preparation

The soils and seeds of the exotic and native plants were purchased 
from Yunnan Agricultural University (Kunming, China; 25°08′30″ N, 
102°45′13″ E, altitude 1964 m). Before sowing, the seeds were surface 
disinfected for 10 min in a 5% sodium hypochlorite solution. Next, the 
seeds were washed 5 times using sterile water, followed by 1 min 
soaking in 75% alcohol and rinsing 5 times in sterile water. The soil 
was crushed, sieved (2 mm), then mixed with vermiculite (v/v = 1:1) 
[(Mg, Fe, Al)3[(Si,Al)4O10(OH)2]. 4H2O] (Dounan Plant and Flower 
Co., Ltd., Kunming, China). The properties of the soil were as follows: 
pH = 6.25, 15.502 g/kg organic matter, 0.899 g/kg total nitrogen, 
0.351 g/kg total phosphorus, 40.03 g/kg total potassium, 20.28 μg/g 
available nitrogen, 5.089 μg/g available phosphorus (AP), and 
32.32 mg/kg available potassium (AK). Lastly, the mixtures were 
subjected to 2 h heating (121°C) in an autoclave.

2.3. Experiment design

The impact of AMF and Bacillus on competitive A. adenophora 
and R. amethystoides growth was investigated by conducting a 
greenhouse experiment at the Yunnan Agricultural University. The 
experiment considered two factors: (1) Plant type: A. adenophora, 
R. amethystoides, A. adenophora and R. amethystoides, and (2) 
inoculum treatments: C (uninoculated treatment), BC (inoculated 
with B. cereus), SC (inoculated with S. constrictum), and BC + SC 
(dual-inoculation with B. cereus and S. constrictum). Following the 
design of Gibson et al. (1999) and Zhang et al. (2018), the planting 
included a monoculture of A. adenophora and R. amethystoides, and 
A. adenophora and R. amethystoides mixture, with two plants per pot 
for monoculture treatment, and one A. adenophora and one 
R. amethystoides per pot for mixture treatment. Before starting the 
experiment, 1 kg soil in the pots was used for sowing the seeds of 
A. adenophora and/or R. amethystoides and inoculums of 
S. constrictum (20 per/100 g of soil) and/or B. cereus (10 mL 108 CFU/
mL). For the non-AMF treatment, we added the same amount of 

sterilized inoculum and the filtrate (<20 mm) of the AMF inoculum, 
while for the non-Bacillus treatment, we added 10 mL of the sterilized 
bacterial suspension. The study was conducted using a randomized 
design comprising 10 repetitions per treatment (3 planting 
treatments × 4 inoculation treatments × 10 replicates = 120 pots). The 
plants were watered with sterile water once every 2 days, and the seeds 
were grown in a controlled environment in a greenhouse at a 
temperature of 25°C with 10 h light/14 h dark.

2.4. Measurement

2.4.1. Biomass and corrected index of relative 
competition intensity

Ageratina adenophora and Rabdosia amethystoides were collected 
under different treatments following germination for 120 days. The 
soil in the roots and shoots was collected to measure their biomass. 
All roots and shoots were dried (80°C, 72 h), and the growth index 
data were obtained. The total biomass (aboveground and belowground 
biomass) was measured. The plant competitiveness was quantified 
using CRCI, calculated following the methodology of Oksanen 
et al. (2006):

CRCI = arcsin [(X – Y) / max (X, Y)],

where X and Y represent individual plant biomass in intraspecific 
and interspecific competition, respectively; CRCI value >0 represents 
the negative effect, whereas CRCI value <0 represents the positive 
effect of the competition on the target plant.

2.4.2. Root growth characteristics
The roots were washed, cut, and evenly distributed in a scanning 

tray filled with water. They were scanned using a root scanner (Epson 
Expression 10000XL; Epson, Long Beach, CA, United States) and 
analyzed using the WinRhizo software (Regent Instruments Inc., 
Québec City, QC, Canada) and their root length (RL), root surface 
area (RS), root diameter (RD), and root volume (RV) were calculated.

2.4.3. Total nitrogen, phosphorus and potassium 
concentration

The dried plants were ground with a high-throughput 
Tissuelyser-48 grinder (Shanghai Jingxin Industrial Development Co., 
Ltd. Shanghai, China). C concentration was determined using 20 mg 
plant powder via the potassium dichromate-concentrated sulfuric acid 
oxidation method (K2Cr2O7-H2SO4) (Kong et al., 2022). The plant 
samples (2 g powder) were digested in a concentrated perchloric and 
nitric acids mixture (v:v = 1: 6) to measure the N, P, and K 
concentrations. Nitrogen and phosphorus content was analyzed 
separately using the micro-Kjeldahl method (Nelson and Sommers, 
1973) and inductively coupled plasma spectroscopy (Isaac and 
Johnson, 1983). Six replicates were set up for each treatment.

2.4.4. Colonization of AMF
After rinsing in 10% KOH, the roots were acidified with 2% HCl 

and stained with 0.1% acid fuchsin solution. Then, the mycorrhizal 
root colonization percentage was determined by visually observing 
fungal colonization (Zhang et al., 2017). The magnified intersections 
method was used for analyzing AMF colonization in the A. adenophora 
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and R. amethystoides roots (Giovannetti and Mosse, 1980; Biermann 
and Linderman, 1981). Two hundred root segments for each replicate 
were analyzed using the Olympus BX43 compound microscope 
(Olympus, Tokyo, Japan), and six replicates per treatment were 
conducted. The colonization percentage of each segment was 
measured by colonization (presence of hyphae, vesicles, or arbuscules) 
in that region. AMF colonization was calculated by combining the 
percentage colonization of the 200 root segments.

2.4.5. Density of Bacillus cereus
The density of B. cereus in each soil sample was analyzed to 

investigate different treatment impacts on their growth on nutrient 
agar medium plates using the suspension dilution method (Yang et al., 
2012; Du et al., 2020; Sun et al., 2022). Briefly, 1 g rhizosphere soil with 
9 mL of sterile water was incubated at 200 r/min, heated at 90°C for 
10 min, and serially diluted. Then, 0.1 mL of 10−3 supernatant was 
added to nutrient agar plates and cultured for 18 h at 37°C. Colonies 
were counted as the colony-forming units/ per gram of dry soil 
(CFU/g) according to volume dilution. Six replicates were conducted 
for each treatment.

2.5. Statistical analysis

The variables are expressed as mean ± standard error (n = 6). The 
SPSS v21.0 (IBM, Armonk, New York) software was used for statistical 
analyses. The Shapiro–Wilk test was used for testing data normality. 
All data conformed to normality distribution. A two-way ANOVA 
(Tuckey test) was conducted to determine inoculum effects on the 
biomass, root growth characteristics, total N, P, and K concentrations, 
and soil characteristics in the monoculture and mixture treatment. 
Differences among different inoculums (C, BC, SC, and BC + SC) in 
these variables above were determined using multiple comparisons 
(Tuckey test). A one-way ANOVA (Tuckey test) was conducted to 
determine inoculum effects on CRCI, AMF colonization rate, and 
Bacillus density in the monoculture and mixture treatment. 
Monoculture and the mixture influence on plant growth were 
evaluated using Student’s t-test. Pearson’s rank correlation coefficient 
was used to analyze the correlation between AMF colonization and 
plant growth parameters. All graphics were created by Excel and 
Origin 2019 (OriginLab, United States).

3. Results

3.1. Impacts of competition and inoculum 
on Ageratina adenophora and Rabdosia 
amethystoides biomass

The present study investigates the impact of competition on the 
biomass of two plant species, A. adenophora and R. amethystoides, and 
the effect of inoculation treatments on their growth (Figure 1 and 
Supplementary Table S1). Our results demonstrate that competition 
has an opposite effect on the two species. A. adenophora exhibited a 
significantly higher biomass in the presence of other plants [C: 
F(1,10) = 0.288; BC: F(1,10) = 2.164; SC: F(1,10) = 3.501; BC + SC: 
F(1,10) = 21.928; all p < 0.001], whereas R. amethystoides showed a higher 
biomass in monoculture [C: F(1,10) = 1.173; BC: F(1,10) = 5.483; SC: 

F(1,10) = 2.564; BC + SC: F(1,10) = 1.342; all p < 0.001]. The inoculation 
treatments significantly increased the biomass of both species, 
regardless of the presence [F(3,20) = 124.773, p < 0.001] or absence of 
competition [F(3,20) = 113.963, p < 0.001]. In particular, the BC + SC 
treatment showed the greatest positive impact, increasing 
A. adenophora biomass by 197.74 and 116.39% in the mixture and 
monoculture treatments, respectively. Interestingly, the effect of 
inoculation treatments varied depending on the presence of 
competition. The biomass of R. amethystoides in the mixture treatment 
was significantly reduced by the SC and BC + SC treatments, while the 
BC treatment led to a remarkable increase. In contrast, all inoculation 
treatments positively impacted the biomass of R. amethystoides in the 
monoculture treatment. These results suggest that competition may 
modulate the response of plants to inoculation treatments.

3.2. Impacts of inoculum on the corrected 
index of relative competition intensity of 
Ageratina adenophora and Rabdosia 
amethystoides

Our results demonstrate that interspecific competition has a 
significant positive effect on A. adenophora growth [F(3,20) = 31.547, 
p < 0.001] and a significant negative effect on R. amethystoides growth 
[F(3,20) = 492.927, p < 0.001] in both non-inoculation and inoculation 
treatments (Figure 2). Additionally, inoculation with BC reduced the 
positive effect of interspecific competition on A. adenophora 
(p = 0.251), while inoculation with SC and BC + SC enhanced the 
positive effect on A. adenophora (SC: p = 0.001; SC + BC: p < 0.001). 
Inoculation of BC treatment alleviated the negative effect on 
R. amethystoides growth when grown with A. adenophora in 
comparison with the control (p < 0.001), while inoculation with SC 
and BC + SC treatments enhanced this negative effect (SC: p < 0.001; 
SC + BC: p < 0.001).

3.3. Impacts of competition and inoculum 
on root growth characteristics of Ageratina 
adenophora and Rabdosia amethystoides

The effect of competition on root length, root surface area, root 
diameter and root volume of A. adenophora and R. amethystoides were 
consistent with the biomass trend (Figure  3 and 
Supplementary Table S1). Monoculture treatment of A. adenophora 
led to significantly lower root growth characteristics than mixture 
treatment [C: root length: F(1,10) = 3.478; root surface area: F(1,10) = 2.822; 
root diameter: F(1,10) = 3.451; root volume: F(1,10) = 0.074; BC: root 
length: F(1,10) = 0.564; root surface area: F(1,10) = 0.277; root diameter: 
F(1,10) = 5.739; root volume: F(1,10) = 0.542; SC: root length: F(1,10) = 0.645; 
root surface area: F(1,10) = 0.065; root diameter: F(1,10) = 0.273; all 
p < 0.001; root volume: F(1,10) = 3.259, p = 0.009; BC + SC: root length: 
F(1,10) = 1.695, p < 0.001; root surface area: F(1,10) = 6.935, p = 0.001; root 
diameter: F(1,10) = 1.291, p = 0.002; root volume: F(1,10) = 0.089, p = 0.001], 
while monoculture treatment of R. amethystoides was associated with 
significantly higher root growth characteristics compared to mixture 
treatment [C: root length: F(1,10) = 1.127, p < 0.001; root surface area: 
F(1,10) = 1.217, p < 0.001; root diameter: F(1,10) = 1.135, p = 0.049; root 
volume: F(1,10) = 2.646; BC: root length: F(1,10) = 13.136; root surface area: 
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F(1,10) = 11.633; root diameter: F(1,10) = 0.178; root volume: F(1,10) = 4.546; 
SC: root length: F(1,10) = 1.483; root surface area: F(1,10) = 1.348; root 
diameter: F(1,10) = 2.248; root volume: F(1,10) = 1.613; BC + SC: root 
length: F(1,10) = 1.839; root surface area: F(1,10) = 1.938; root diameter: 
F(1,10) = 2.170; root volume: F(1,10) = 12.570; all p < 0.001]. For 
A. adenophora, the root growth characteristics were significantly 
increased by inoculation treatment both in monoculture and mixture 
treatment, among which the root growth characteristics of BC + SC 
treatment were significantly higher (p < 0.05). Additionally, 
inoculation treatment of R. amethystoides in monoculture and mixture 
treatments with BC exhibited a significant increase in the root growth 
characteristics (p < 0.05), while inoculation treatments with SC and 
BC + SC resulted in a significant decrease in the root growth 
characteristics of R. amethystoides (p < 0.05).

3.4. Effects of competition and inoculum 
on Ageratina adenophora and Rabdosia 
amethystoides nutrient concentrations

Competition effects on total N, P and K concentrations of 
A. adenophora and R. amethystoides were consistent with the trend in 

biomass (Figure 4 and Supplementary Table S1). A. adenophora in 
monoculture treatment showed significantly higher nitrogen, 
phosphorus and potassium concentrations than in mixture treatment 
[C: N: F(1,10) = 1.285; P: F(1,10) = 11.400; K: F(1,10) = 1.556; all p < 0.001; 
BC: N: F(1,10) = 0.010, p = 0.005; P: F(1,10) = 1.560, p < 0.001; K: 
F(1,10) = 0.890, p < 0.001; SC: N: F(1,10) = 0.109, p = 0.032; P: F(1,10) = 2.822, 
p < 0.001; K: F(1,10) = 0.632, p < 0.001; BC + SC: N: F(1,10) = 0.509, 
p = 0.001; P: F(1,10) = 2.822, p < 0.001; K: F(1,10) = 0.068, p < 0.001], while 
R. amethystoides in monoculture treatment had significantly 
increased nutrient concentrations than those in mixture treatment 
[C: N: F(1,10) = 3.491, p < 0.001; P: F(1,10) = 0.872, p = 0.001; K: 
F(1,10) = 1.101; BC: N: F(1,10) = 1.649; P: F(1,10) = 4.085; K: F(1,10) = 0.039; 
SC: N: F(1,10) = 1.574; P: F(1,10) = 3.467; K: F(1,10) = 1.337; BC + SC: N: 
F(1,10) = 0.434; P: F(1,10) = 2.778; K: F(1,10) = 0.448; all p < 0.001]. For 
A. adenophora, inoculation treatment significantly increased N, P, 
and K concentrations in monoculture and mixture treatments 
(p < 0.001). The nutrient contents of BC + SC treatment were 
significantly increased compared to other treatments (p < 0.001), and 
the N, P and K concentrations were increased by 41.47, 30.56, and 
34.09% in monoculture treatment and 35.97, 43.26, and 28.61% in 
mixture treatment, respectively. For R. amethystoides, inoculation 
with BC treatment significantly enhanced N, P, and K concentrations 

FIGURE 1

Effect of competition and inoculum on A. adenophora and R. amethystoides biomass. C, control; BC, inoculated with B. cereus; SC, inoculated with  
S. constrictum; BC + SC, inoculated with B. cereus and S. constrictum. Different lowercase letters in lower case indicate significant differences between 
the four treatments at p < 0.05. Different uppercase letters indicate significant differences between the monoculture or mixture at p < 0.05. Error bars 
represent ± SE of mean (n = 6).

FIGURE 2

Effect of inoculum on A. adenophora and R. amethystoides CRCI. C, control; BC, inoculated with B. cereus; SC, inoculated with S. constrictum; 
BC + SC, inoculated with B. cereus and S. constrictum. Different lowercase letters in lower case indicate significant differences between the four 
treatments at p < 0.05. Error bars represent ± SE of mean (n = 6).
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in both monoculture and mixture treatments (p < 0.001), while 
inoculation of SC and BC + SC significantly increased the nutrient 
concentrations in monoculture treatment (p < 0.001) but decreased 
N and P concentrations in mixture treatment (p < 0.001). Inoculation 
with SC treatment reduced the N and P concentrations by 5.42 and 
4.47%, and inoculation with BC + SC treatment reduced the N and P 
by 10.78 and 14.41% in mixture treatment, respectively.

3.5. Effects of competition and inoculum 
on AMF colonization and Bacillus density 
of Ageratina adenophora and Rabdosia 
amethystoides

Ageratina adenophora had a higher colonization rate than 
R. amethystoides in treatments with SC and BC + SC (Figure  5). 

FIGURE 3

Effect of competition and inoculum on the root growth characteristics of A. adenophora and R. amethystoides. C, control; BC, inoculated with  
B. cereus; SC, inoculated with S. constrictum; BC + SC, inoculated with B. cereus and S. constrictum. Different lowercase letters significant differences 
between the four treatments at p < 0.05. Different uppercase letters indicate significant differences between the monoculture or mixture at p < 0.05. 
Error bars represent ± SE of mean (n = 6).

FIGURE 4

Effect of competition and inoculum on the nutrient concentrations of A. adenophora and R. amethystoides. C, control; BC, inoculated with B. cereus; 
SC, inoculated with S. constrictum; BC + SC, inoculated with B. cereus and S. constrictum. Different lowercase letters in lower case indicate significant 
differences between the four treatments at p < 0.05. Different uppercase letters indicate significant differences between the monoculture or mixture at 
p < 0.05. Error bars represent ± SE of mean (n = 6).
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Competition differentially affected the AMF colonization of the two 
plants. A. adenophora in mixture treatment showed a remarkably 
higher AMF colonization rate than that in monoculture treatment 
[SC: F(1,10) = 0.003; BC + SC: F(1,10) = 1.104; both p < 0.001], while 
R. amethystoides in mixture treatment had a significantly lower AMF 
colonization rate than that in monoculture treatment [SC: 
F(1,10) = 0.064; BC + SC: F(1,10) = 2.844; both p < 0.001]. A. adenophora 
inoculated with BC + SC had a significantly higher AMF colonization 
rate than that inoculated with SC in both monoculture and mixture 
treatments [monoculture: F(3,20) = 102.150; mixture: F(3,20) = 48.412, 
both p < 0.001]. However, R. amethystoides inoculated with SC had a 
significantly higher AMF colonization rate than that inoculated with 
SC in both monoculture and mixture treatment [monoculture: 
F(3,20) = 32.194; mixture: F(3,20) = 18.654; both p < 0.001].

Bacillus density in A. adenophora rhizosphere soil was 
significantly higher than in R. amethystoides rhizosphere soil in all 
treatments (Figure 5). In addition, the Bacillus density was significantly 
higher in A. adenophora rhizosphere soil in mixture treatment than 
that in monoculture treatment [BC: F(1,10) = 0.363; BC + SC: 
F(1,10) = 0.630; both p < 0.001]. However, Bacillus density was 
significantly higher in R. amethystoides rhizosphere soil in 
monoculture treatment than that in mixture treatment [BC: 
F(1,10) = 1.875; BC + SC: F(1,10) = 0.870; both p < 0.001]. Further, the 
Bacillus density in rhizosphere soil of A. adenophora and 
R. amethystoides in BC + SC treatment was significantly increased 
relative to that with BC treatment [A. adenophora: monoculture: 
F(3,20) = 58.615; mixture: F(3,20) = 90.504; R. amethystoides: monoculture: 
F(3,20) = 34.690; mixture: F(3,20) = 38.400; all p < 0.001].

3.6. Impact of competition and inoculum 
on soil characteristic

For A. adenophora monoculture treatment and A. adenophora and 
R. amethystoides mixture treatment, inoculation significantly 
increased nitrate-nitrogen (NO3

−-N) and AP content in rhizosphere 
soil [Am: NO3

−-N: F(3,20) = 353.767; AP: F(3,20) = 158.065; A + R: NO3
−-N: 

F(3,20) = 211.638; AP: F(3,20) = 294.625; all p < 0.001, Table  1, and 
Supplementary Table S1]. Among them, NO3

−-N and AP contents in 

the rhizosphere soil of BC inoculated treatment were significantly 
increased (p < 0.001). For R. amethystoides monoculture treatment, 
NO3

−-N, AP, ammonium N (NH4
+-N) and AK contents were 

significantly increased by the inoculation treatment [NO3
−-N: 

F(3,20) = 179.125; AP: F(3,20) = 28.439; NH4
+-N: F(3,20) = 213.247; AK: 

F(3,20) = 47.405; all p < 0.001], among which the available nutrient 
content of the rhizosphere soil of BC inoculation treatment was 
significantly increased (p < 0.001).

3.7. Correlation of AMF colonization rate 
and the density of Bacillus with plant 
growth indicator and soil characteristics

Here, we  investigated the impact of monoculture and mixed 
cropping of A. adenophora with R. amethystoides on the colonization 
rate of S. constrictum and B. cereus, as well as their correlation with 
various growth parameters and nutrient concentrations in two 
different soil types, SC and BC + SC. Our findings indicated that 
S. constrictum colonization rate was positively correlated with biomass, 
total N, P and K concentrations, root growth characteristics, NO3

−-N, 
and AP, but a negatively correlated with NH4

+-N contents (except in 
SC inoculated monoculture treatment) and AK contents (Figure 6). 
In the mixture treatment of A. adenophora with R. amethystoides in 
SC and BC + SC treatment, S. constrictum colonization rate in 
R. amethystoides was negatively associated with biomass, total N and 
P concentrations and root growth characteristics, but positively 
correlated with total K concentration and soil characteristics 
(Figure 6).

In both the monoculture and mixture treatments of A. adenophora 
with R. amethystoides in BC and BC + SC treatment, the density of 
B. cereus showed a significantly positive correlation with biomass, total 
N, P and K concentrations, root growth characteristics, NO3

−-N and 
AP contents, but a negative correlation with NH4

+-N and AK contents 
(Figure 7). In the mixture treatment with A. adenophora in BC + SC 
treatment, the density of B. cereus showed a significantly negative 
correlation with biomass, total N and P concentration and root growth 
characteristics but a positive correlation with total K concentration 
and soil characteristics (Figure 7).

FIGURE 5

Effect of competition and inoculum on the AMF colonization and Bacterial density of A. adenophora and R. amethystoides. C, control; BC, inoculated 
with B. cereus; SC, inoculated with S. constrictum; BC + SC, inoculated with B. cereus and S. constrictum. Different lowercase letters in lower case 
indicate significant differences between the four treatments at p < 0.05. Different uppercase letters indicate significant differences between the 
monoculture or mixture at p < 0.05. Error bars represent ± SE of mean (n = 6).
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FIGURE 6

Correlation between root colonization by an arbuscular mycorrhizal fungus, S. constrictum, and plant growth indicators of A. adenophora (A) and  
R. amethystoides (B). AM, AM colonization; B, biomass; RL, root length; RS, root surface area; RD, root diameter; RV, root volume. Red circles represent 
a positive correlation between root colonization and plant growth indicators. Larger circles represent a stronger correlation.

TABLE 1 Soil characteristics under different treatments.

Treatments NO3
−-N (μg/g) NH4

+-N (μg/g) Available P (μg/g) Available K (mg/g)

Am

C 13.190 ± 0.109 Bd 3.540 ± 0.103Ba 4.365 ± 0.086Ad 29.093 ± 1.327ABa

BC 15.289 ± 0.714Aa 3.620 ± 0.106Ba 5.838 ± 0.190Aa 28.595 ± 1.618Ba

SC 13.837 ± 0.179Ac 3.550 ± 0.070Ba 4.881 ± 0.090Ac 28.347 ± 1.543Aa

BC + SC 14.343 ± 0.066Bb 3.515 ± 0.040Ba 5.155 ± 0.076Ab 28.117 ± 0.897Ba

A + R

C 13.652 ± 0.162Ac 3.732 ± 0.077Aa 4.337 ± 0.071Ad 29.713 ± 0.951Aa

BC 15.518 ± 0.202Aa 3.708 ± 0.069Ba 6.012 ± 0.083Aa 30.015 ± 0.662ABa

SC 13.847 ± 0.110Ac 3.542 ± 0.149Ba 4.923 ± 0.129Ac 28.645 ± 1.435Aa

BC + SC 14.930 ± 0.102Ab 3.558 ± 0.152Ba 5.253 ± 0.106Ab 29.167 ± 1.285ABa

Rm

C 12.630 ± 0.092Cd 3.620 ± 0.164ABc 4.313 ± 0.085Ad 28.103 ± 0.571Bc

BC 14.682 ± 0.269Ba 4.208 ± 0.078Aa 5.143 ± 0.058Ba 31.338 ± 0.269Aa

SC 13.037 ± 0.120Bc 4.000 ± 0.078Ab 4.559 ± 0.049Bc 29.568 ± 0.459Ab

BC + SC 14.302 ± 0.185Bb 3.990 ± 0.107Ab 4.933 ± 0.050Bb 30.330 ± 0.576Ab

C, control; BC, inoculated with B. cereus; SC, inoculated with S. constrictum; BC + SC, inoculated with B. cereus and S. constrictum; Am, A. adenophora monoculture; A + R: A. adenophora and 
R, amethystoides mixture; Rm, R. amethystoides monoculture. Different letters in lower case indicate significant differences between the four treatments at p < 0.05. Different uppercase letters 
indicate significant differences between the monoculture or mixture at p < 0.05.
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4. Discussion

When invasive plants establish themselves in a new habitat, they 
tend to accumulate beneficial microorganisms (mainly comprising 
AMF and Bacillus) in their rhizosphere to promote their growth and 
facilitate their invasion in response to abiotic factors (i.e., nutrient 
deficiencies) and biotic factors (i.e., feeding by generalist insects) 
(Meisner et al., 2013; Fu et al., 2017; Mohanty et al., 2018). In this 
present study, we investigated the common AMF and Bacillus present 
in the rhizosphere soil of both the invasive plant (A. adenophora) and 
native plant (R. amethystoides) and the explored the effect of single 
microbes versus co-culture on the competitive growth of the two 
plants. We found that S. constrictum and B. cereus exerted different 
effects on the two plants. Compared with the control treatment, 
inoculation with S. constrictum enhanced A. adenophora’s competitive 
growth but inhibited that of R. amethystoides, while inoculation with 
B. cereus inhibited A. adenophora growth but facilitated that of 
R. amethystoides growth (Figure  2). S. constrictum and B. cereus 
significantly increased the AM fungal colonization rate in the root and 

Bacillus density in the rhizosphere of A. adenophora (Figure 5) and 
further improved its competitiveness (Figure  2). These results 
supported our hypothesis that S. constrictum and B. cereus can form 
a synergistic effect that further promotes A. adenophora 
competitiveness and invasion.

AMF is critical for the successful invasion of some exotic species 
(Bunn et al., 2015; Reinhart et al., 2017). AMF affects the competition 
of invasive species with native species by changing nutrient uptake 
(Zhang et al., 2017, 2018). In this study, the competitive ability of 
inoculated S. constrictum to A. adenophora was significantly 
increased, while that of R. amethystoides was significantly decreased 
compared with the control treatment, indicating that S. constrictum 
increased A. adenophora competition to R. amethystoides (Figure 2). 
Relative to the monoculture treatment, the N, P and K concentrations 
of A. adenophora were significantly increased, and those of 
R. amethystoides were concomitantly decreased when the two plant 
species were in interspecific competition (Figure 4). Our results were 
concordant with Shen et al. (2020), who found that AMF improved 
the competitive ability of A. adenophora against the native A. annua 

FIGURE 7

Correlation between the density of B. cereus (BC) and plant growth indicators of A. adenophora (A) and R. amethystoides (B). AM, AM colonization;  
B, biomass; RL, root length; RS, root surface area; RD, root diameter; RV; root volume. Blue circles represent a negative correlation and red circles 
represent a positive correlation between root colonization and plant growth indicators. Larger circles represent a stronger correlation.
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by significantly enhancing the N and P of the former. Therefore, 
AMFcan enhance A. adenophora’s competitiveness by providing 
more nutrients, which may be  attributed to their different AMF 
colonization rates (Waller et al., 2016; Xia et al., 2021). Compared to 
monoculture treatment, the AMF colonization rate of 
R. amethystoides was significantly decreased, while the AMF 
colonization rate of A. adenophora was significantly increased when 
the two plant species were in interspecific competition. Chen et al. 
(2020) also found that competition reduced the AM colonization of 
native plants Sesbania cannabina and Eupatorium chinense by more 
than half when grown together with the invasive plants Bidens pilosa 
and Eupatorium catarium. AMF affects the competitiveness of both 
invasive and native species by altering their capacities for soil 
nutrient acquisition (Vogelsang and Bever, 2009; Pinzone et  al., 
2018). The correlation analysis results showed that in the mixture 
treatment, the increase in biomass, plant N, P, and K concentration 
and root growth characteristics of A. adenophora, as well as the 
decrease in biomass, plant N and P concentration and root growth 
characteristics of R. amethystoides, were significantly associated with 
AMF colonization rate when grown in the mixture treatment 
(Figure 6). These indicate that the colonization of roots by AMF can 
promote plant growth (Kong et  al., 2022). Taken together, AMF 
contributes to A. adenophora out-competing native R. amethystoides 
through S. constrictum, which provides more nutrients to 
A. adenophora than to R. amethystoides with higher colonization in 
A. adenophora.

Bacillus is one of the rhizosphere-promoting bacteria for plants 
(Gupta et al., 2015; Gouda et al., 2018). It can directly release plant 
hormones, siderophores and ammonia, which provide soil nutrients 
through fixing N, and solubilizing P and K, thereby promoting plant 
growth (Ding et al., 2015; Khan et al., 2019). Moreover, it can also 
indirectly produce antimicrobial compounds to alleviate the inhibition 
of diverse pathogens in the plant (Alina et al., 2015; Khan et al., 2019). 
Our results also revealed that inoculation with B. cereus could 
significantly increase the nitrate nitrogen and AP contents in 
A. adenophora and R. amethystoides rhizosphere soil for plant growth 
(Table 1). Sun et al. (2021) showed that as the density of B. cereus 
increased, the soil available nutrient contents also increased. Roots 
directly affect the growth of aboveground parts and overall plant 
growth and development, with root growth and structure playing a 
key role in water and nutrient absorption (Comas et al., 2013; Ma 
et al., 2018). Here, B. cereus inoculation enhanced the root growth and 
nutrient absorption capacity of A. adenophora (Figure  3), thus 
increasing the N, P and K concentrations in the plants (Figure 4). A 
similar trend was also found in R. amethystoides. N and P have a 
positive synergistic effect, thus increasing the photosynthetic rate and 
improving the growth of plants (Schleuss et al., 2020). Our study also 
revealed that inoculation with B. cereus weakened the positive effect 
of interspecific competition on A. adenophora and alleviated the 
negative effect on R. amethystoides growth but did not change the 
competitive relationship between A. adenophora and R. amethhystoides 
(Figure 2). We also found that B. cereus inoculation led to significantly 
greater promotion on R. amethystoides biomass than A. adenophora, 
which may be due to the different effect of root exudates from the two 
plants on the growth-promoting effect of Bacillus (Sun et al., 2021, 
2022). To understand the potential mechanisms, future studies may 
conduct a comparative analysis of the secondary metabolites of 

A. adenophora and R. amethystoides and their effect on Bacillus’s 
ability to solubilize phosphorus and fix nitrogen.

The combination of AMF and Bacillus is not only helpful to plant 
growth and resistance to various stresses but also benefits each other 
(Sangwan and Prasanna, 2021). In this present study, co-inoculation 
with B. cereus and S. constrictum treatments significantly increased the 
density of B. cereus in A. adenophora and R. amethystoides rhizosphere 
soil when the two species were grown in monoculture or together. 
Many Bacillus can be used as mycorrhizal helper bacteria (MHB), 
which is positively associated with root colonization and hyphal 
development of AMF. AMF can provide a habitat for bacteria and 
secrete mycelial secretions to promote the growth and development 
of PGPR (Zhang et al., 2018; Wang et al., 2022). Zhang et al. (2018) 
demonstrated that the hyphal exudates of AMF not only served as a 
carbon source for bacterial growth but also played a signaling role in 
triggering the bacteria-mediated organic phosphate mineralization 
process, which stimulated the expression of phosphatase genes in 
bacteria and released phosphatase. We revealed that inoculation with 
B. cereus isolated from the soil of mixture treatment of A. adenophora 
and R. amethystoides could increase soil nutrients in monoculture or 
mixture treatment, thereby increasing the N and P contents of both 
plants (Table  1). Several studies have shown that a suitable 
combination of inoculants with AMF and PGPR significantly affects 
plant growth compared with inoculations of the two alone (Zhang 
et al., 2014; Krishnamoorthy et al., 2016; Hidri et al., 2019). We found 
that the biomass, root growth characteristics, and nutrient contents of 
two plants with B. cereus and S. constrictum inoculation were 
significantly higher than those with single inoculation in 
A. adenophora or R. amethystoides monoculture. AMF mycelium 
recruits many bacteria, which provide functions that are absent from 
the AMF, thus further promoting the plant growth (Zhou et al., 2020; 
Jiang et al., 2021). In comparison with the monoculture, the AMF 
colonization rate of A. adenophora in the mixture of co-inoculation 
with B. cereus and S. constrictum treatments was significantly 
increased, while the AMF colonization rate of R. amethystoides was 
significantly reduced, which are consistent with the results of changes 
in nutrient content and growth in their respective plants. B. cereus 
inoculation increased the AMF colonization rate in A. adenophora 
rhizosphere soil in the SC + BC treatment and transported more 
activated nutrients for the plants. Meanwhile, the AMF colonization 
rate of R. amethystoides decreased when A. adenophora competed with 
R. amethystoides, which weakened the transport of available nutrients 
and inhibited the growth of R. amethystoides. Du et al. (2020) reported 
that AMF and Bacillus co-inoculation provided more N for F. bidentis, 
which enhanced the competitive advantage of F. bidentis over native 
E. prostrata. These results indicated that different functional microbial 
communities are involved in the underlying invasion mechanism, in 
which AMF may play a major role in the interspecific competition 
between invasive and native plants, and that B. cereus, as a mycorrhizal 
helper bacterial, promotes hyphal development and colonization of 
plant roots, thus helping the alien plant to compete over the native 
plant. Due to the few microbial species used in this study, the 
generality of our conclusion should be further tested by including 
more species. Moreover, it is necessary to continue to test the effects 
of AMF and Bacillus on the invasion ability of A. adenophora with 
various environmental factors in the future, such as non-sterile soil 
and different nutrient concentrations.
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5. Conclusion

Our finding revealed that the symbiotic association of AMF and 
Bacillus with high content in the inter-rhizosphere soil of 
A. adenophora and R. amethystoides increased the competitive 
advantage of A. adenophora. However, S. constrictum and B. cereus 
played different roles in the invasion of A. adenophora. S. constrictum 
provided competitive advantages with different AM  fungal 
colonization rates in the roots of A. adenophora and R. amethystoides, 
which resulted in more nutrient supply to invasive plants, while 
B. cereus may have activated more soil nutrients and promoted the 
hyphal development and colonization of plant roots. Overall, these 
findings enhanced our understanding on the role of AMF and bacteria 
in invasion by A. adenophora.
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