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Abstract
Phosphorus (P) is an important limiting element for the growth and yield of peanut (Arachis hypogeae L.). Mutualistic 
fungus Phomopsis liquidambaris (B3) effectively increases host P accumulation, but the underlying mechanism is poorly 
understood, and this study aimed to illustrate how and the mechanism by which B3 increase P accumulation of peanut under 
P limitation from the perspective of phytohormone crosstalk. In this study, greenhouse pot experiments were performed 
to investigate the effects of B3 colonization on the phytohormone auxin (IAA), gibberellins (GAs), and cytokinins (CKs) 
signaling pathways of peanut under different P levels (trace P, low P, and normal P). The results revealed that B3 is capable 
of significantly increasing the concentrations of IAA, GAs, and CKs in peanut under low P conditions. Complementation 
and functional inhibition experiments demonstrated that IAA and CKs may be upstream signaling molecules of GAs and 
function in B3-induced expression of the AhPTH1;3 and AhPTH1;4 genes, leading to increased levels of P in peanut and 
consequently promoting growth. Furthermore, the improved signal transduction of phytohormones should also be important 
for root system architecture (RSA) establishment, which is further helpful in enhancing P absorption in peanut. Our study 
suggests that the endophytic fungus B3-regulated crosstalk of phytohormone signaling pathways is an important factor for 
increasing P accumulation in peanuts.

Keywords  Arachis hypogeae L. · Endophytic fungus Phomopsis liquidambaris · Phosphorus deficiency · Phytohormones · 
Phosphorus transporter gene

1  Introduction

Phosphorus (P) is an essential macronutrient for plant 
development and reproduction and is a major component 
of biogeochemistry (López-Arredondo et  al., 2014). 
However, despite the abundance of P in both organic and 

inorganic forms in the soil, it is mostly unavailable for plant 
uptake due to its high reactivity with metal cations in the 
soil (Rawat et al., 2020). Thus, approximately 70% of global 
cultivated land suffers from P deficiency, which has become 
a limiting factor of primary productivity in agricultural 
ecosystems (López-Arredondo et  al., 2014; Wen et  al., 
2022). Thus, inorganic P fertilizers are intensively used at 
high concentrations to support crop production. However, 
excessive application of P fertilizer ensures high crop yields, 
but environmental pollution problems also arise (Oldroyd 
and Leyser 2020; Pathak and Fagodiya 2022). At present, 
novel solutions are needed to increase the P uptake efficiency 
of crops, which reduces phosphate fertilizer inputs while 
securing high crop yields and contributes to sustainable 
agricultural development.

Plants have evolved intricate mechanisms to survive and 
flourish in low P stress conditions; these responses include 
modification of their root system architecture (RSA), 
increased expression of high affinity P transporter genes, and 
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the induction of phytohormones (Oldroyd and Leyser 2020). 
Some growth phytohormones, including auxin (IAA), 
cytokinins (CKs), gibberellins (GAs), ethylene (ETH), 
and strigolactone (SL), participate in root tip perception of 
PO4

− starvation signaling and drive the modification of RSA 
under low P conditions (Svistoonoff et al., 2007; Revalska 
and  Iantcheva 2018). Many studies have suggested that 
biosynthesis, polar transport, and sensitivity to IAA signals 
play important roles in delaying taproot growth and inducing 
lateral root formation under low P conditions (Liu et al., 2013; 
Péret et al., 2011). Most often, the CKs signaling pathway is 
thought to be related to the induction of root development 
caused by P starvation responses (PSRs). Recent studies have 
shown that the formation of cluster-root primordia relies on 
moderate IAA concentration gradients, which are regulated by 
the CKs signaling pathway in P limitation (Puga et al., 2017; 
Wang et al., 2015). Additionally, Jiang et al. (2007) showed 
that GAs may play an important role of control root hair 
elongation when plant in a state of PSRs and suggested that 
GA-DELLA functions alongside IAA signals to coordinate 
root system development. Thus, multiple phytohormone 
interactions are usually involved during the response to 
P starvation and promotion of P uptake in plants, and the 
mechanisms of integration are being revealed.

Beyond physiological adaptations, plants have also 
developed associations with beneficial microorganisms, such 
as arbuscular mycorrhizal (AM) fungi and endophytes, to 
alleviate P limitation in most natural soils (Rodriguez et al., 
2009; Zhang et al., 2020a; Paul and Rakshit 2021). It is worth 
noting the high potential of the endophytic community for plant 
growth promotion and improvement of plant P-stress resistance 
(Sessitsch et al., 2012). Several direct or indirect mechanisms by 
which root-endophytic fungi may influence plant development 
have been proposed, such as expansion of the interface for P 
capture, solubilization of sparingly soluble minerals, and higher 
expression of phosphate transporters (Rodriguez et al., 2009; Li 
et al., 2015; Oldroyd and Leyser 2020). Additionally, increasing 
evidence has revealed that those endophytic fungi enhance 
the growth of hosts by producing different phytohormones 
or manipulating phytohormone production (Mehmood et al., 
2019; Zhang et al., 2019). Recently, a transcriptome study 
showed that dark septate endophyte (DSE) S16 increases the 
levels of IAA biosynthesis pathway-regulated genes to promote 
the growth and nutrient uptake of sweet cherry (Wu et al., 
2021). Additionally, Rozpądek et al. (2018) reported that Mucor 
sp. altered ethylene metabolism in the host, leading to root hair 
elongation and growth promotion. However, the exact role of 
phytohormones in plant-fungus interactions remains elusive, 
particularly under P limitation.

Peanut (Arachis hypogeae L.) is a widespread oil and cash 
crop plant of great agricultural and economic significance 
cultivated in over 100 countries (Xie et al. 2019a). The 
stable production of peanuts has important significance for 

lifting local farmers’ income and developing social trade 
(Zhao et al., 2021a, b). For peanut, the optimum P supply 
ranges from 0.8 to 1.1 mM (Shi et al., 2020). However, in 
the hilly regions of southern China, due to limited arable land 
resources and the promotion of intensive farming methods, 
peanuts are successively planted on the same land for more 
than 20 years (Li et al. 2014). Continuous cropping leads to 
the acidic nature of red soils, which is commonly associated 
with P deficiency and a decline in peanut production (Guo 
et al. 2010; Li et al. 2014). Our previous studies reported that 
the endophytic fungus Phomopsis liquidambaris (B3) could 
establish a stable symbiosis with peanut, wheat, and rice (Tang 
et al. 2019; Xie et al. 2019a; Zhang et al. 2020a, b; Zhu et al. 
2022). Several studies have suggested the positive effects of 
B3, which significantly promote nutrient uptake based on their 
ability to regulate the phytohormone IAA, CKs, and ETH 
signaling pathways. A further study showed that IAA signaling 
activated by B3 colonization enhanced the symbiosis between 
peanut and bradyrhizobial, thereby promoting nutrient 
accumulation in peanut (Li et al., 2018; Zhang et al., 2018). 
More interestingly, a consecutive 2-year field plot experiment 
observed that the promotion of peanut growth induced by B3 
was commonly accompanied by an increase in the P uptake 
of peanut through the whole growth stage (Xie et al., 2019b). 
However, it is unclear whether the mechanism of B3-mediated 
increase in P accumulation is related to the phytohormone 
signaling pathway cascade of peanut.

Therefore, the aims of the present work were (1) to inves-
tigate whether B3 induce an increase in peanut P uptake 
by regulating phytohormone IAA, CK, and GA levels and 
(2) to further investigate the cross-communication between 
these phytohormone signaling pathways to determine 
whether enhancement of this signaling pathway promotes 
the expression of high affinity P transporter (e.g., AhPHT1;3 
and AhPHT1;4) genes and the establishment of root mor-
phological structure, thereby promoting P accumulation 
and contributing to peanut growth. The results of this study 
would explain the P uptake-promoting effects of the endo-
phytic fungus B3 from the perspective of phytohormone 
signaling transduction and provide a basis for the practical 
application of B3 for increasing the P acquisition of peanuts 
in continuous cropping soils.

2 � Materials and Methods

2.1 � Experimental Strain, Soil, and Peanut Cultivar

The experimental strain endophytic fungus Ph. liquid-
ambaris B3 was isolated from the inner bark of Bischo-
fia polycarpa (Chen et al., 2011). The green fluorescent 
protein-tagged B3 was demonstrated to successfully colo-
nize peanut root tissue (Zhang et al., 2016). B3 was first 
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activated in potato dextrose broth (PDB, 200 g L−1 potato 
extract and 20 g L−1 glucose, pH 7.0) at 25 °C and shaken 
at 180 rpm for 48 h. Overall, 3.55 g (0.43 g dry weight) 
of fungal mycelia was collected, washed three times 
with sterile deionized water (SDW), and then diluted in 
200 mL SDW as the inoculum for germinating grains.

Experimental red soil (5–20  cm) was deliberately 
collected from the Ecological Experimental Station of Red 
Soil, Chinese Academy of Science, Yingtan, Jiangxi Province 
of China (116° 55′ E, 28° 12′ N), where peanuts had been 
continuously cropped for 5 years and resulted in a low-P 
soil environment. The soil is classified as Udic Ferrosol 
(FAO 1998 classification), and the main physicochemical 
properties are as follows: organic matter, 8.51 g kg−1; total 
N, 0.55 g kg−1; total P, 0.28 g kg−1; total K, 5.64 g kg−1; 
available P, 7.84 mg kg−1; available K, 110.80 mg kg−1; 
and pH (1:2.5, w/v), 4.90 (Xie et al., 2019b). Ganhua-5, a 
common peanut cultivar grown in the hilly red soil regions 
of southern China, was used in this study.

2.2 � Field Pot Experimental Design

The field pot experiment was performed at the botanical 
gardens of Nanjing Normal University, Jiangsu Province, 
China (118° 55′ E, 32° 6′ N) on April 4, 2021. The peanut 
seeds were first sterilized with 75% (v/v) ethanol for 5 min, 
followed by disinfestation in 3% (v/v) sodium hypochlorite 
for 2 min and rinsing thoroughly in SDW. Surface disinfected 
peanut seeds were germinated in cultivation boxes (length 
33 cm, width 20 cm, height 10 cm) containing sterilized 
vermiculite in the dark at 28 °C until the radicle reached 
2–3 cm. Then, germinated peanut seedlings were planted 
in pots (height 28  cm, diameter 23  cm) that contained 
approximately 9 kg of red soil. Each pot contained three 
peanut seedlings. The experimental design included 
two treatments: (1) non-inoculated treatment (CK) and 
(2) seedlings infected with B3 (B3). In the B3 infection 
treatment, 10 mL of the B3 inoculum containing 21.25 mg 
of mycelia (dry weight) was added to each planting hole 
(Sun et al., 2021). The non-inoculated group received 10 mL 
of SDW. Six replicates were prepared for each treatment. 
All plants were regularly watered during the growing 
season. Plant samples were collected at the maturation 
stage (120 days after planting) and used to evaluate peanut 
agronomic indices, including root length; plant height; tiller 
number; and the biomasses of shoots, roots, and pods.

2.3 � Greenhouse Experiment and Hydroponic 
Experimental Design

A greenhouse experiment was performed in an illumination 
incubator (16/8 h day/night 25 °C, 60% relative humidity). 

The germinated seeds mentioned above were transplanted 
into plastic pots (11.80 cm in diameter, 15.20 cm in height, 
three seedlings per pot) with 300 g of sterilized vermiculite. 
Plants were arranged in a 3 × 2 factorial design, in which the 
main effects were the level of supplied P and B3 infection. 
The P treatments consisted of three gradients: (1) trace P 
(P0.1), applying Hoagland nutrient solution with 0.1 mM 
KH2PO4; (2) low P (P0.5), with 0.5 mM KH2PO4; and (3) 
normal P (P1.5), with 1.5 mM KH2PO4. Twelve biological 
replicates were performed for each treatment. Twenty mil-
liliters of Hoagland nutrient solution was applied twice a 
week, and watering was performed with SDW when neces-
sary. The peanut plants were harvested after 7, 14, 21, and 
28 days of cultivation. Peanut roots were carefully washed 
with SDW to remove vermiculite. The roots were used to 
detect IAA, GA, and CK levels and analyze the RSA. In 
addition, the root and shoot samples were used to analyze the 
biomass (dry weight) and total P concentration after oven-
drying at 60 °C for 72 h.

To explore the effects of B3 application on uptake rates 
of P by peanut, a hydroponic experiment was performed 
in an illumination incubator as previously mentioned. Pea-
nut seeds were sterilized and germinated as mentioned 
previously and then placed in planting baskets and culti-
vated hydroponically in a hydroponic box containing 1 L 
of Hoagland nutrient solution with 0.5 mM KH2PO4. The 
peanut seedlings were grown in a growth cabinet for 21 days, 
and the P concentration of Hoagland nutrient solution was 
detected at 0, 3, 7, 14, and 21 days of cultivation.

2.4 � Chemicals and Treatments

2,3,5-Triiodobenzoic acid (TIBA, 1 μM, 10 μM, 100 μM), 
paclobutrazol (PBZ, 10 μM, 50 μM, 100 μM), and lovastatin 
(1 μM, 10 μM, 100 μM) were used as specific inhibitors of 
IAA, GAs, and CKs, respectively (Peng et al., 2013; He 
et al., 2020). Indole-3-acetic acid (IAA, 10 μM), gibberellins 
acid 3 (GA3, 300 μM), and 6-benzylaminopurine (6-BA, 
100 μM) were used as exogenous donors of IAA, GAs, 
and CKs, respectively. All chemicals were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Prior to use, all 
of the above solutions of exogenous donors and specific 
inhibitors were dissolved in 0.2% dimethyl sulfoxide 
(DMSO) and filtered through 0.22 µm diameter microporous 
membranes (Tullagreen, Carrigtwohill, Co. Cork, IRL). 
The chemicals and their dosages used here were selected 
based on the previous studies. According to the method 
of Zhou et al. (2016), specific inhibitors were sprayed on 
seedling leaves until dripping wet and 1 day before the 
application of exogenous donors or B3 inoculation. After 
24 h, the signaling molecule solution (200 μL) was sprayed 
on plantlets and was allowed to flow from leaf surfaces to 
the roots. The reagents and their dosages used here were 
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chosen based on our preliminary study which showed that 
these compounds could efficiently suppress P accumulation 
induced by B3 inoculation but did not cause compromised 
growth in peanut. For controls, the same volumes of vehicle 
solvent were added to plantlets.

2.5 � Total P Concentration and Root Structure 
Analysis

Dried root and shoot samples were ground separately to a fine 
powder, and 0.1 g of powdered tissue samples was digested 
using an acid mixture following the procedure described by 
Pang et al. (2018) to further analyze the total P content in 
various tissues by the Mo-Sb anti-spectrophotometer method 
(Murphy and Riley 1962). Peanut samples after 3, 7, 14, and 
21 days of cultivation were collected to detect RSA. Samples 
were separated into roots and shoots and washed carefully 
with SDW. Then, roots were spread out in a transparent plastic 
tray with a 3-mm-deep layer of water, and root images were 
obtained using a root scanner (Shanghai Microtek Technology 
Co., Ltd., China) following the manufacturer’s instructions. 
The images were analyzed using a plant root phenotypic analy-
sis system (Zhejiang Top Cloud-agri Technology Co., Ltd., 
China) to obtain total root length, lateral root number, root 
surface, root volume, and mean root diameter.

2.6 � Measurement of IAA, GAs, and CKs

IAA in plants was extracted and measured according to 
the method of Li et al. (2018). Briefly, 2 g of roots was 
ground in liquid nitrogen and extracted in 10 mL methanol 
with 50 mg butylated hydroxytoluene (BHT) and 50 mg 
polyvinyl pyrrolidone (PVP) overnight. The homogenate 
was centrifuged at 10,000  rpm for 15  min. The IAA 
content in the supernatant was determined by a Plant IAA 
Assay Kit (Shanghai Ruifan Biotechnology Co., Ltd., 
China). CKs were extracted from plants according to Li 
et al. (2018), 2 g peanut plant tissue was ground in liquid 
nitrogen with 40  ppm sodium diethyldithiocarbamate 
and 2% (w/w) PVP, and then 16 mL ice-cold methanol 
was used for extraction at 4  °C overnight. Next, the 
homogenate was centrifuged at 4000 × g for 15 min, and 
the supernatant was evaporated. Ethyl acetate was added to 

the residue. Finally, the mixture was evaporated to dryness 
and dissolved in 300 µL 95% ethylalcohol. CKs detection 
was conducted using a Plant Cytokinin Enzyme-Linked 
Immunosorbent Assay Kit (Shanghai Ruifan Biological 
Technology Co., Ltd., China) following the manufacturer’s 
instructions. GAs were extracted and measured using the 
following method (Zhou et al., 2016). One gram of plant 
root tissue was ground in liquid nitrogen with 40 ppm 
sodium diethyldithiocarbamate and 2% (w/w) PVP and 
extracted in 10 mL ice-cold phosphate-buffered saline. 
After then, the extract was adjusted to pH 7.4. The 
homogenate was centrifuged at 4000 × g for 20 min, and 
GAs were measured with a Plant Gibberellin Enzyme-
Linked Immunosorbent Assay Kit (Shanghai Ruifan 
Biological Technology Co., Ltd., China). All samples 
were washed with 0.5 mM NaOH to remove non-specific 
interferences (Jones et al. 1987). [2-14C] IAA, [2H] CK, 
and [2H] GA as internal standards to calibrate loss during 
the regular sample-clean up stage (Tan et  al., 2003; 
Sundberg et al., 1994; Emery et al., 1998). In this study, 
phytohormone standards were used to detect recovery rate 
of ELASA (Fang et al., 2013).

2.7 � RNA Extraction and qPCR

The total RNA of the peanut root was extracted with a Spin 
Column Total RNA Purification Kit (Shanghai Sangon 
Biotech, Co., Ltd., China) according to the manufacturer’s 
instructions. Next, genomic DNA (gDNA) was removed, and 
first-strand cDNA was synthesized with an Evo M-MLV RT 
Mix kit (Hunan Accurate Biology Co., Ltd., China). Real-
time qPCR was performed using Applied Biosystems Step 
One Real-Time PCR Systems (Carlsbad, CA, USA). All 
reactions were performed using a SYBR® Green Pro Taq 
HS qPCR Kit (No Rox) (Hunan Accurate Biology Co., Ltd., 
China) according to the manufacturer’s instructions. The 
selected study genes and specific primers for qRT-PCR are 
listed in Table 1. The reactive step of qPCR was consistent 
with the report of Zhang et al. (2020b). The 2−ΔΔCt method 
was used to calculate the relative expression of the target 
genes (Livak et al., 2001). The experiment was performed 
with six biological replicates.

Table 1   Primers used for the 
real-time PCR analysis

Name Sequences (5′-3′) Amplicon size 
(bp)

References

AhActin-F CTG​GCA​TCA​TAC​CTT​CTA​CAACG​ 155 Sinharoy et al. (2009)
AhActin-R GAA​TGG​CAA​CAT​ACA​TAG​CAGGG​
AhPHT1;3-F GGC​TAG​GAT​TCG​GCA​TTG​GA 136
AhPHT1;3-R CCT​CCA​GCC​ACC​AGT​ATT​CC
AhPHT1;4-F ATT​GAA​GCA​GAG​CAA​GAG​AAG​ATT​ 113
AhPHT1;4-R GCG​GTT​CCA​ACA​AGG​TGA​A
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2.8 � Statistical Analysis

All of the experimental data in the study were analyzed 
using SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA). 
The data obtained were represented by the means of at 
least six biological replicates and their standard deviations 
(SD). An independent t test was employed if an analysis 
consisted of only a control and an experimental group (CK 
and B3 treatments). One-way ANOVA was used followed 
by Tukey’s multiple-comparison test when more than two 
datasets were compared, with a p < 0.05 threshold con-
sidered significant. Graphs and images were assembled 

with GraphPad Prism 7.0 (GraphPad Software, San Diego, 
CA, USA).

3 � Result

3.1 � Effects of B3 Colonization on Peanut Growth 
in Low‑P Soil

Under the low-P soil, the results in Fig. 1 demonstrate 
that B3 colonization had significant effects on peanut 
agronomic parameters. The root length (Fig. 1a), plant 

Fig. 1   Effects of Ph. liquidam-
baris colonization on agronomic 
characters of peanut. Root 
length (a), plant height (b), tiller 
number (c), shoot FW (d), root 
FW (e), pod number (f), FW per 
pod (g), and yield (h). Values 
are means for twelve biological 
replicates with ± SD (standard 
deviation). CK, Ph. liquidam-
baris-uninfected plants; B3, Ph. 
liquidambaris-infected plants. 
Asterisk represents a significant 
difference between CK and 
B3 treatments (*, P ≤ 0.05; **, 
P ≤ 0.01, ***, P ≤ 0.001). FW, 
fresh weight
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height (Fig. 1b), and tiller number (Fig. 1c) significantly 
increased following B3 treatment by 23.7%, 20.2%, and 
47.5%, respectively, compared to those of CK treatment. 
Figure 1d-f shows that the shoot and root fresh weight (FW) 
of peanut in B3 treatment were also significantly increased 
by 47.7% and 94.4%, respectively, when compared to CK 
treatment. In addition, the parameters of pod yield were 
compared to evaluate the effects of the endophyte B3 on 
peanut production and observed that there were higher 
numbers of pods per plant (27.3%), FW per pod (20.8%), and 
yield (45.9%) upon B3 treatment than CK treatment. Further 
studies demonstrated that B3 colonization significantly 
improved the RSA under low P conditions. Table 2 shows 
that the number of lateral roots of peanut significantly 
increased in the B3 colonization group when compared with 
the control, and the length, diameter, volume, and superficial 
area of roots in the B3 treatment were also increased.

3.2 � Effects of B3 Colonization on Peanut Biomass 
and P Concentration Under Different P 
Applications

Under P deficiency conditions (including trace P and low P), 
compared to CK treatments, B3 colonization significantly 
increased the shoot and root biomass (Fig. 2a-f) at 14, 21, 

and 28 days after infection (DAI). Correspondingly, the total 
P contents in shoots and roots under B3 treatments were 
significantly higher than those under CK treatment at the 
sampled stages (Fig. 2g-1). Interestingly, even at normal 
P levels, the colonization of B3 also effectively increased 
peanut biomass and total P content when compared to CK, 
indicating the potential function produced by B3. Addition-
ally, hydroponic experiments further demonstrated that the 
colonization of endophytes significantly accelerated the rate 
of P clearance in Hoagland nutrition solution (Fig. S1).

3.3 � Involvement of IAA, GAs, and CKs in B3‑Induced 
P Accumulation

Figure  3a,   c, e  demonstrate that the contents of IAA, 
GAs, and CKs in B3-colonized peanuts were significantly 
increased and peaked at 21, 7, and 21 DAI, respectively. 
Further analysis found that the addition of exogenous TIBA, 
PBZ, and lovastatin suppressed B3-induced IAA, GAs, and 
CKs production and also significantly reduced the corre-
sponding P accumulation in peanuts (Fig. 3b, d, f). The 
applications of 10 μM TIBA, 50 μM PBZ, and 10 μM lov-
astatin could significantly reduce the accumulation of total 
P in peanuts and did not cause compromised growth in pea-
nut (Figs. 3 and S2). Thus, these concentrations were cho-
sen for the follow-up experiments. Therefore, these results 

Table 2   The root growth parameters of peanut with different treatments

Values are the means ± standard errors of six biological replicates. Different letters show statistically significant differences among the different 
treatments (P ≤ 0.05)

Topological 
structure of 
root

Amount Linking number Length (mm) Diameter 
(mm)

Superficial area (mm2) Volume (mm3) Projected area 
(mm2)

3d CK (taproot) —— 66.25 ± 15.99 88.69 ± 3.34b 2.68 ± 0.37b 525.46 ± 22.07b 353.88 ± 60.05b 167.26 ± 7.02b
B3 (taproot) —— 63 ± 10.12 109.98 ± 5.37a 4.28 ± 0.35a 947.29 ± 147.25a 1025.29 ± 249.89a 301.53 ± 46.87a
CK (first lat-

eral root)
40.25 ± 2.86 134.25 ± 21.58 605.09 ± 148.31 1.87 ± 1.26 1141.27 ± 89.6b 325.61 ± 85.36b 363.28 ± 28.52b

B3 (first lat-
eral root)

37.75 ± 4.44 179.67 ± 4.19 741.21 ± 67.17 1.67 ± 0.3 1965.81 ± 110a 826.05 ± 177.35a 625.74 ± 35.01a

7d CK (taproot) —— 66.25 ± 15.99 146.11 ± 22.67 1.79 ± 0.55b 653.82 ± 115.68b 371.70 ± 177.89b 208.12 ± 36.82b
B3 (taproot) —— 63 ± 10.12 139.37 ± 15.72 3.98 ± 0.51a 864.01 ± 941.50 942.78 ± 212.14a 299.69 ± 46.64a
CK (first lat-

eral root)
65.25 ± 15.99 36.75 ± 116.63 1004.94 ± 360.2 1.24 ± 0.35 2100.42 ± 977.07 271.11 ± 33.19b 668.58 ± 311.01

B3 (first lat-
eral root)

62 ± 10.12 403.75 ± 225.52 942.49 ± 317.47 1.64 ± 0.61 2483.03 ± 1032.57 606.35 ± 54.32a 790.37 ± 328.68

14d CK (taproot) —— 65.67 ± 4.71b 262.66 ± 14.68b 5.12 ± 0.31b 2534.68 ± 20.25b 3652.03 ± 531.83b 806.81 ± 6.45b
B3 (taproot) —— 109.33 ± 14.52a 434.47 ± 2.20a 6.91 ± 0.33a 3700.35 ± 404.03a 6659.03 ± 276.97a 1177.85 ± 128.61a
CK (first lat-

eral root)
64.67 ± 4.71b 476.75 ± 43.58 2243.88 ± 82.75 2.3 ± 0.22 10,412.29 ± 664.52 6018.72 ± 942.26 3314.34 ± 211.52

B3 (first lat-
eral root)

101.75 ± 16.98a 493.00 ± 75.71 2098.45 ± 431.61 2.77 ± 0.64 8999.19 ± 1383.00 6250.90 ± 1660.79 2864.53 ± 440.22

21d CK (taproot) —— 84 ± 12.51 249.74 ± 6.22b 4.79 ± 0.60b 3049.66 ± 174.39b 4214.69 ± 1069.13b 970.74 ± 55.51b
B3 (taproot) —— 75.80 ± 4.79 280.29 ± 10.81a 9.30 ± 1.32a 4368.34 ± 452.60a 10,189.81 ± 1884.71a 1390.49 ± 144.07a
CK (first lat-

eral root)
83.00 ± 12.51 441.67 ± 27.08b 2161.98 ± 288.12 2.4 ± 0.71b 9581.48 ± 779.86b 5776.91 ± 1815.40b 3049.88 ± 248.24b

B3 (first lat-
eral root)

74.8 ± 4.79 596.67 ± 38.18a 2072.27 ± 395.67 4.30 ± 0.57a 12,394.22 ± 1746.18a 12,363.81 ± 2210.60a 3945.20 ± 555.83a
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indicated that IAA, GAs, and CKs may play essential roles 
in B3-induced P accumulation in peanut plantlets.

3.4 � Interaction Among IAA, GAs, and CKs 
in the Signaling Pathways of B3‑Induced P 
Accumulation

The results of Fig. 4 show that the generations of IAA, GAs, 
and CKs induced by B3 inoculation were strongly inhibited 
by TIBA, PBZ, and lovastatin, respectively (Fig. 4b, d, f). 
Figure 4b d demonstrate that the generation of GAs induced 
by B3 inoculation was completely inhibited by TIBA and 
lovastatin, while PBZ was unable to completely inhibit IAA 
and CKs generation, indicating that IAA and CKs may act 
as upstream signals of GAs in the regulation of peanut P 
uptake. Further analysis found that the exogenous applica-
tion of IAA and CKs could restore the adverse effects of 
TIBA, lovastatin, and PBZ on B3-induced P accumulation 

(Fig. 4a c). It was also observed that the addition of IAA 
and CKs promoted the generation of GAs, while exogenous 
GAs addition had no effect on the generation of IAA or CKs 
(Fig. 4b d). The results presented in Fig. 4e and f demon-
strate that TIBA had no significant impact on B3-induced 
CKs content, and IAA content was not affected by lovastatin. 
On this basis, the application of exogenous IAA did not sig-
nificantly affect the generation of CKs, and the IAA content 
was also not affected by the addition of CKs in B3-inocu-
lated group treated with TIBA and lovastatin, respectively 
(Fig. 4f). Therefore, these results demonstrated that IAA and 
CKs may act as upstream signaling molecules in B3-induced 
P accumulation via GAs.

3.5 � P Transport Gene Expression

The expression levels of AhPHT1;3 and AhPHT1;4 involved 
in P uptake in peanut were examined. As shown in Fig. 5, 

Fig. 2   Effects of Ph. liquidambaris colonization on peanut biomass 
(a–f) and P concentration (g–l) under different P levels. Values are 
means for twelve biological replicates with ± SD. Asterisk represents 
a significant difference between CK and B3 treatments (*, P ≤ 0.05; 

**, P ≤ 0.01). P0.1: trace P; P0.5: low P; P1.5: normal P. CK, Ph. liq-
uidambaris-uninfected plants; B3, Ph. liquidambaris-infected plants. 
DW, dry weight; DAI, days after infection
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TIBA, PBZ, and lovastatin strongly downregulated the tran-
script levels of AhPHT1;3 and AhPHT1;4 in the B3-inoc-
ulated group (Fig. 5a, d, h). On this basis, the exogenous 
replenishment of IAA, GAs, and CKs could restore the 
expression levels of AhPHT1;3 and AhPHT1;4 (Fig. 5b, e, 
f, g, i). The application of exogenous GAs had no significant 
effects on the expression levels of AhPHT1;3 or AhPHT1;4 
in the B3-inoculated group treated with TIBA (Fig. 5c) and 
lovastatin (Fig. 5j), while applications of exogenous IAA 
and CKs restored the expression levels of AhPHT1;3 and 
AhPHT1;4 in the B3-inoculated group treated with GAs. 
These results show that the changing trend of P transport 
gene expression was similar to that of phytohormone and P 
content Fig. 6.

4 � Discussion

Our results agreed with numerous previous studies (Zhang 
et al., 2016; Li et al., 2018; Tang et al., 2019), and our find-
ings further indicated that B3 application might improve the 
agronomic characteristics of peanut by promoting plantlet 
P acquisition. Furthermore, the total P contents of roots and 
shoots were improved by B3 colonization, indicating that 
colonization of B3 promotes the efficiency of P absorption 
and also increases P transport from roots to shoots. Although 
many studies have demonstrated that some endophytic 
fungi can significantly increase plant P accumulation, lit-
tle information is available concerning the involvement of 
phytohormone signaling pathways in endophyte-induced P 

Fig. 3   Involvement of auxin (a), 
gibberellin (c), and cytokinin (e) 
in Ph. liquidambaris-induced 
P accumulation in peanuts. 
Effects of addition of TIBA (b), 
paclobutrazol (d), and lovas-
tatin (f) on Ph. liquidambaris-
induced P accumulation in 
peanut. Values are means for six 
biological replicates with ± SD. 
Asterisk represents a significant 
difference between CK and 
B3 treatments (*, P ≤ 0.05; **, 
P ≤ 0.01), and different lower-
case letters indicate significant 
differences at P ≤ 0.05. CK, 
Ph. liquidambaris-uninfected 
plants; B3, Ph. liquidamba-
ris-infected plants; TIBA, 
2,3,5-triiodobenzoic acid; IAA, 
indole-3-acetic acid; GA, gib-
berellin; CTK, cytokinin. FW, 
fresh weight
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accumulation (Li et al., 2015; Wu et al., 2018). The present 
study indicates that IAA and CKs may act upstream of GAs 
and function in B3-induced expression of AhPTH1;3 and 
AhPTH1;4 and promotion of RSA establishment, which 
increases P accumulation in peanut under P limitation. In 
summary, to our knowledge, this is the first study to report 
the signaling crosstalk involved in B3-induced P accumula-
tion in peanut under P deficiency, particularly at the whole-
plant level.

Plants have acquired a range of developmental strategies 
to improve P accessibility over the course of evolution. Sym-
biosis of plant roots with fungi creates an extended ‘‘root’’ 
system that can lead to more far-reaching P foraging. In the 
plant-AMF model, AMF enlarge the contact area between 
plant roots and soil by extending dense hyphae into the 

surrounding soil, upon reaching an organic P patch, trans-
port phosphate solubilizing bacteria (PSB) to the organic 
P patch, release exudates which stimulate PSB bacterial 
growth, and further enhance organic P mineralization, in 
return, PSB stimulates AMF growth and exudates release, 
thereby promoting nutrient uptake (Ezawa and Saito 2018; 
Gutjahr and Parniske 2013; Jiang et al. 2021). The mecha-
nism of PSB community to enhance mycorrhizal function-
ing would be illustrated in further studies. However, in our 
present study, compared with AMF, B3 resulted in improved 
RSA and increased the peanut root absorption area, conse-
quently facilitating P uptake efficiency by a more immedi-
ate strategy under P limitation. More in-depth research is 
needed to investigate whether B3-induced changes in root 
conformation facilitate colonization by mycorrhizal fungi 

Fig. 4   Interaction relation-
ships among auxin, gibberellin, 
and cytokinin in the signaling 
pathways of Ph. liquidambaris-
induced P accumulation. A total 
of 10 μM TIBA, 10 μM IAA, 
300 μM GA, 50 μM paclobutra-
zol, 10 μM lovastatin, and 
100 μM CTK were applied. Val-
ues are means for six biological 
replicates with ± SD. Different 
lowercase letters indicate sig-
nificant differences at P ≤ 0.05. 
CK, Ph. liquidambaris-unin-
fected plants; B3, Ph. liquid-
ambaris-infected plants; TIBA, 
2,3,5-triiodobenzoic acid; IAA, 
indole-3-acetic acid; GA, gib-
berellin; CTK, cytokinin

4921Journal of Soil Science and Plant Nutrition (2022) 22:4913–4927



1 3

and thus promote recruitment and translocation of PSB, ulti-
mately leading to enhanced phosphorus uptake by the host. 
Moreover, phytohormones are considered signal molecules 
to regulate plant physiological and developmental processes, 
promoting establishment of the AM-plant symbiosis thereby 
increase P accumulation of host (Pozo et al., 2015; van Over-
beek and Saikkonen 2016); therefore, it was assumed that 
the modulation of the RSA observed in this study was pos-
sibly associated with B3-induced phytohormones produc-
tion thereby actively promote establishment of the AM-plant 
symbiosis. Additionally, studies in different endophytic-fun-
gus symbionts have indeed shown that endophytic fungi that 
alter RSA can enhance P uptake and thereby positively influ-
ence yield. For example, Mucor sp. was able to induce root 
development and growth in Arabidopsis arenosa, which was 
necessary for fungi-induced P uptake promotion (Rozpądek 
et al., 2018). In addition to the adaptation of RSA, plants 
also set up symbioses with endophytic fungi that promote 
the secretion of phosphatase in roots, which can solubilize 
organic P to reverse the low P condition of soil (Wu et al., 
2018; Kapri and Tewari 2010; Ding et al., 2016). However, 
our results indicate that B3 significantly increased the P 
accumulation of plants in the trace P, low P, and normal P 
conditions, suggesting that the promotion of plant growth by 
fungus is not limited by the growth conditions. Consistent 
with our result, Rozpądek et al. (2018) reported a similar 

phenomenon in Mucor sp.-Arabidopsis arenosa symbiosis. 
In addition, our study showed that B3 significantly improved 
the establishment of root morphological structure in peanut. 
However, it remains unclear whether B3-induced morpho-
logical changes in roots are related to the enhancement of 
peanut phosphatase secretion; further research is needed 
to illustrate the mechanisms underlying the associations 
between root morphological changes and the enhancement 
of peanut phosphatase secretion.

Phytohormones play key roles in controlling plant per-
formance during plant development. We found three phyto-
hormones, IAA, CKs, and GAs, that were closely related to 
B3-induced P accumulation from previous screening experi-
ments (data not shown). Recent studies have reported that 
exogenous IAA can act as an elicitor that upregulates the 
expression levels of many BnPHTs in Brassica napus and 
the transcriptional activities of OsPHT1;8 in rice, suggest-
ing that the action of IAA is necessary for P accumulation 
in plants (Jia et al., 2017; Yang et al., 2020). Although many 
studies have reported that endophytic fungi alleviate P stress 
by synthesizing IAA and mobilizing sparingly soluble soil 
P, these mobilizations are induced via an IAA-independent 
mechanism (Priyadharsini and Muthukumar 2017). In this 
study, the role of IAA in B3-dependent P accumulation in 
the host was investigated with exogenously applied IAA 
and TIBA, whereas other reports mainly focused on the 

Fig. 5   The transcriptional levels 
of phosphorus transporter genes 
AhPHT 1; 3 and AhPHT 1; 4 in 
peanuts at 7 days after different 
treatments. Values are means 
for three biological replicates 
with ± SD, and asterisk repre-
sents a significant difference 
between CK and B3 treatments 
(*, P ≤ 0.05; **, P ≤ 0.01). CK, 
Ph. liquidambaris-uninfected 
plants; B3, Ph. liquidambaris-
infected plants; TIBA, 2,3,5-trii-
odobenzoic acid; IAA, indole-
3-acetic acid; GA, gibberellin; 
CTK, cytokinin
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implication of IAA in P stress-regulated P uptake in plants. 
Analogously, CKs are commonly thought to participate in 
some critical processes during plant growth and develop-
ment. Recent reports indicate that the endophytic fungus 
Epichloë sinensis reduces CK levels to stimulate stomatal 
closure, thereby increasing the host’s chances of survival 
under drought stress (Xu et al., 2021). In contrast, in our 
study, the presence of endophytes increased the accumu-
lation and synthesis of CKs. Meanwhile, we also found 
that lovastatin inhibited B3-induced P accumulation by 

decreasing the CKs content. Consistent with our results, 
Cosme et al. (2016) reported that reduced CKs content in 
plant shoots caused a stronger decline in NtPHT expression 
and blocked the colonization of AM fungi, suggesting that 
CKs are a positive regulator of plant P accumulation. In 
addition, GAs were verified to promote cell growth and the 
development of leaves and roots. Especially under P limi-
tation, the GAs content of roots was positively correlated 
with the P utilization efficiency of Sophora davidii (Zhao 
et al., 2021a, b). Several reports have indicated that many 

Fig. 6   A model of endophytic fungus Ph. liquidambaris promoting 
peanut P uptake by regulating host auxin, gibberellin, and cytokinin 
signaling cross-talks. Ph. liquidambaris infection could improve the 
signaling communications among the auxin, gibberellin, and cyto-
kinin in host, which may be contribute to increase the expression lev-
els of phosphorus transporter related genes (AhPHT 1; 3 and AhPHT 
1; 4) in root cells of peanut, and then promote host P uptake effi-
ciency. In addition, the potential crosstalk network among IAA, CTK, 
and GA in promoting peanut P uptake was clarified, and IAA and 
CTK may serve as the upstream signaling of GA. On the other hand, 

Ph. liquidambaris infection can also improve the root morphologi-
cal structure of peanut, which may greatly increase the root’s surface 
area in contact with soil, thereby helpful in promoting P absorption. 
Therefore, Ph. liquidambaris infection could increase expression of 
phosphate transporter gene and improve RSA by regulating phyto-
hormone signaling pathway in peanut, which increase the P absorp-
tion efficiency, thereby contribute to promotion of peanut growth and 
yield. Blue dotted arrows represent a positive effect. Pi, phosphorus; 
IAA, indole-3-acetic acid; GA, gibberellin; CTK, cytokinin; RSA, 
root system architecture
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endophytes are capable of producing GAs and promoting 
plant growth, including Porostereum spadiceum and Asper-
gillus fumigatus (Hamayun et al., 2017; Bilal et al., 2018). 
Consistent with our studies, B3 increased the GAs content 
accompanied by promotion of the P concentration in peanut. 
However, the concentration of phytohormone detected in our 
study represented the total concentration of phytohormone 
in the B3-peanut symbiosis, and the source of the enhanced 
IAA, GA, and CK levels is not clear. A previous study dem-
onstrated that B3 can produce a small amount of 3-indole 
acetic acid in vitro, while CKs and GAs were not detected 
(Chen et al., 2011). Moreover, Zhang et al. (2018) reported 
that B3 significantly increased the expression of IAA bio-
synthetic genes in peanuts. Thus, we speculate that B3 colo-
nization can enhance the biosynthesis of phytohormones in 
peanut, which may be important for increasing P uptake.

Cross-communication of phytohormone signaling path-
ways provides the plant with a powerful capacity to finely 
regulate its growth and development. The antagonistic action 
of CKs and GAs on aerial organ development processes has 
been widely reported. Zhuang et al. (2019) demonstrated 
that GAs decreased CKs content and upregulated the expres-
sion of CKs degradation genes in tall fescue and controlled 
tiller bud growth. However, our experiment showed that CKs 
were localized upstream of GAs in B3-induced P accumula-
tion in peanut and that no obvious antagonistic interplay was 
found between CKs and GAs. Moreover, elevated IAA and 
GA concentrations were found to repattern root architec-
tural under P limitation and also upregulate the expression 
of SiPHT1;1, SiPHT1;2, and SiPHT1;4, thereby conferring 
foxtail millet tolerance to P deficiency in the soil (Alhmad 
et al., 2018). Based on further studies, GAs are thought to 
operate upstream of IAA, stimulating its biosynthesis and 
transport in the stem of Populus and promoting cambial 
growth (Björklund et al., 2007). However, our experiment 
investigated whether IAA and GAs might serve as inter-
nal boosts to promote P uptake of peanut and whether IAA 
may act upstream of GAs and function via GAs signaling in 
B3-induced increases of AhPHT1;3 and AhPHT1;4 expres-
sion. Similarly, Fu and Harberd (2003) reported that GA-
induced root elongation in Arabidopsis was inhibited by the 
removal of the shoot apex, which is a major source of IAA, 
and root elongation was restored by the application of IAA, 
indicating that IAA stimulates root elongation by activating 
the GAs signaling pathway. Furthermore, a mechanism of 
interaction between GAs and IAA in the regulation of root 
growth was described by Fu and Harberd (2003), whereby 
IAA promotes the degradation of DELLA (suppressor of 
GAs signaling) in root cells and affects transduction of GAs 
signaling, which is a prerequisite for GA-induced root elon-
gation. Furthermore, Zhang et al. (2018) reported that the 
IAA signaling pathway responds to the colonization of B3 
at the early stage of symbiosis, thereby modulating the root 

phenotype of the host. These results may explain why IAA is 
located upstream of GAs signaling. Although different plants 
stimulate different phytohormone signaling in response to 
P deficiency, the end-result of the crosstalk between differ-
ent signaling pathways is always helpful in promoting the 
acquisition of external P by plants. Generally, phytohormone 
signal transduction is influenced by external biological and 
abiotic factors, especially the induction effects of symbiotic 
microorganisms. Therefore, further biotechnology research 
is needed to explore the functional mechanisms by which 
phytohormone interactions in symbiotic microbes increase 
P uptake of the host.

Based on the results presented in this study, a hypotheti-
cal model was proposed. B3 colonization could increase 
the concentrations of IAA, CKs, and GAs in peanut. IAA 
and CKs may act as the upstream phytohormone signaling 
molecules of GAs, while no evident interaction between 
IAA and CKs was observed in this study. Additionally, 
increased concentrations of IAA, CKs, and GAs may con-
tribute to upregulating the expression of PHT genes (e.g., 
AhPHT1;3 and AhPHT1;4) and improving RSA, thereby 
improving P absorption in peanut. Further experiments 
with transgenic lines are required to further explore the 
molecular mechanism by which IAA, GAs, and CKs inter-
act to control the P uptake of peanut. These results provide 
a theoretical basis for the high P absorption efficiency of 
plants and further reveal the interactions among peanuts 
and their endophytes. In summary, this study illustrates the 
mechanism by which B3 alleviates the obstacles to peanut 
replanting from the perspective of P uptake.

5 � Conclusion

This work, along with our previous studies, demonstrates that 
the balanced host-endophyte symbiosis serves as a promising 
means to enhance peanut phosphorus accumulation and 
growth. Ph. liquidambaris colonization-induced accumulation 
of phytohormones in the peanut served as an internal boost 
for phosphorus uptake. Furthermore, auxin and cytokinins 
signaling molecules may act upstream of gibberellins signaling 
and function in the Ph. liquidambaris-induced expression 
of AhPHT1;3 and AhPHT1;4, which significantly increase 
phosphorus accumulation in peanut, thereby contributing 
to the growth and yield of peanut. Additionally, our results 
demonstrate that the root system architecture (RSA) of peanut 
significantly responded to Ph. liquidambaris colonization, 
and these changes may more directly improve phosphorus 
absorption efficiency. Our study highlights the importance of 
the auxin, cytokinins, and gibberellins signaling pathways in 
Ph. liquidambaris-induced phosphorus accumulation. This 
is the first study to report that Ph. liquidambaris acts as an 
endophytic elicitor to increase peanut phosphorus uptake by 
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regulating the auxin, cytokinins, and gibberellins signaling 
transduction pathways, alleviating the long-term successive 
cropping obstacles associated with peanut phosphorus uptake.
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