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Abstract

Sophora davidii is a multipurpose, nitrogen-fixing shrub species. Phosphorus deficiency in the acidic soil of Southwest China
has seriously affected its survival and growth, especially in the seedling stage. Evidence suggests that arbuscular mycorrhizal
fungi (AMF) may improve the stress tolerance of plants. However, there is limited information on the systematic effects of
AMF on phosphorus deficiency in S. davidii seedlings. We investigated the effects of three phosphorus levels (0.5, 0.25,
0 mmol/L) and two mycorrhizal inoculation (with Funneliformis mosseae and without Funneliformis mosseae) treatments
on the growth and physiological performance of S. davidii using factorial design. The results showed that low-phosphorus
stress significantly limited the growth of S. davidii seedlings and negatively affected their physiological properties. However,
inoculation with F. mosseae significantly improved the plant height and shoot dry weight, promoted root growth, increased
chlorophyll contents and osmoregulation substance contents, increased protective enzyme activity, and significantly reduc-
ing the accumulation of malondialdehyde, alleviated oxidative stress induced by low-phosphorus stress, improved the TAA
and GA; contents, and alleviated the negative effects of low-phosphorus stress. AMF-induced enhancement of aboveground
growth and plant physiological characteristics is dependent on the P level and its impact on roots is regardless of phosphorus
status. AMF inoculation significantly promoted the absorption of nitrogen and phosphorus in the roots (0.25- and 0-mmol/L
treatments), thereby maintaining a higher biomass and relieving stress in S. davidii seedlings under low-phosphorus condi-
tions. Our results demonstrated that AMF inoculation is useful for the promotion and cultivation of S. davidii in the karst
area of Southwest China under low-phosphorus stress conditions.

Keywords Sophora davidii - Arbuscular mycorrhizal fungi - Low-phosphorus stress - Growth parameters - Physiological
performance

Introduction

Phosphorus is a macroelement that is necessary for plant
growth and development. It is a component of important
compounds such as phospholipids, nucleic acids, and nucle-
oproteins and participates in physiological and biochemical
processes, such as plant metabolism, photosynthesis, and

Handling Editor: Nudrat Aisha Akram.

P4 Pu-Chang Wang
wangpuchang@163.com

College of Animal Science, Guizhou University,
Guiyang 550025, China

School of Life Sciences, Guizhou Normal University,
Guiyang 550001, China

respiration (Blank 2012; Kumar et al. 2015). According to
statistics, more than 5.7 billion hectares of arable soil world-
wide are deficient in available phosphorus (Yamaji et al.
2017). For example, phosphorus is present in soil solutions
at concentrations of 0.1-10 uM/L in tropical soils, which
is much lower than the adequate concentration needed for
the optimal growth of many crops (Liu et al. 2016). Plants
absorb phosphorus in the form of acid phosphates (H,PO,~,
HPO42_) (Kazadi et al. 2022). However, these two forms are
easily immobilized with soil particles or metal ions (AI*T,
Ca’*, Fe’*, etc.), which reduces the absorption and utili-
zation of soil phosphorus by plants (Baghbani-Arani et al.
2021; Li et al. 2011). The application of phosphorus ferti-
lizer can alleviate the shortage of soil available phosphorus
to a certain extent. However, phosphorus has low mobility
in the soil and is easily fixed. Studies have reported that a
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long-term low-phosphorus environment reduces plant nod-
ule development and nitrogen fixation ability and increases
flower shedding and plant dwarfism. Under low-phosphorus
stress, the plant seedling emergence rate is low, and seed
size and yield are rapidly reduced (Zhang et al. 2010). The
decrease in plant growth and productivity caused by low-
phosphorus stress is the main challenge facing current pro-
duction practices. Therefore, how to increase the available
phosphorus content in the soil and improve phosphorus use
efficiency through biological measures is a key problem to
be solved in current crop production.

Rhizosphere microorganisms dissolve and mineralize
poorly soluble organic and inorganic phosphates in soil
(Sharma et al. 2013; Oliveira et al. 2009); thus, they can
improve the absorption and utilization of phosphorus by
crops. In particular, arbuscular mycorrhizal fungi (AMF)
can form a mutualistic relationship with 80% of terrestrial
plants (Bahadur et al. 2019). Plants deliver carbohydrates
to mycorrhizal fungi, which deliver nutrients and water to
plants to improve host plant resistance to biotic and abiotic
stresses (Abdel Hamed Abdel Latef et al. 2016). Various
plant studies have shown that arbuscular mycorrhiza (AM)
formation increases antioxidant enzyme activity, reduces the
accumulation of malondialdehyde and hydrogen peroxide
(Benhiba et al. 2015), and enhances the accumulation of
soluble sugars in host plants (Jia et al. 2019). Increases in
host plant biomass and leaf photosynthesis promote phos-
phorus absorption and utilization (Diao et al. 2021). It has
also been reported that AMF hyphae can produce gibberel-
lins (GA) and cytokinins (CTKs) and can also synthesize
auxin (indole-3-acetic acid, IAA) and ethylene, which play
an important role in the symbiosis between AMF and plants
and are beneficial for plant adaptation to low-phosphorus
environments (Feng et al. 2020; Campo and Segundo 2020).
Therefore, exploring the effects and mechanisms of mycor-
rhizae on plant growth and physiology is of great signifi-
cance for improving phosphorus utilization efficiency, cop-
ing with adversity, and promoting agricultural development.

Sophora davidii is a multipurpose, nitrogen-fixing shrub
species belonging to the family Leguminosae (Zhang et al.
2021; Ying et al. 2021). Owing to its high feed, medici-
nal, and ecological protection value, it has been extensively
planted as a feed and ecological protection shrub to pro-
vide forage and reduce water and soil loss in the Loess Pla-
teau and southwest karst areas of China (Ying et al. 2021).
However, its physical dormancy (hard seed), low seedling
emergence rate, and low seedling growth rate make seedling
propagation difficult (Zhao et al. 2022). The acidic soil in
the south exhibits strong phosphorus fixation and low soil
nutrient availability (N, P) (Liang et al. 2022). The shortage
of phosphorus, especially in the acidic soil of southwest-
ern China, is a key factor affecting the survival and rapid
growth of S. davidii seedlings. Therefore, new approaches to
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improve the survival and growth performance of S. davidii
seedlings and enhance their adaptability to low-phosphorus
stress are necessary for animal husbandry and ecological
environment protection in southwestern China. Previous
studies indicated that low-phosphorus stress (Zhao et al.
2021) and drought stress (Zhao et al. 2022) can affect the
growth of S. davidii seedlings. AMF have been shown to
improve phosphorus absorption and utilization in many
shrubs (Liu et al. 2021). However, there are few reports on
the use of AMF to explore the phenotypic adaptations and
physiological responses of S. davidii. To further improve
the stress resistance of S. davidii seedlings, a pot experiment
was carried out to study the effects of AMF on the growth
response, root morphology, and physiological responses of
S. davidii seedlings under low phosphorus. These findings
provide a theoretical basis for using AMF to fully promote
and utilize S. davidii resources.

Materials and Methods
Experimental Materials

The S. davidii seeds used in this study were preserved in
the laboratory of Guizhou University, China. The arbuscular
mycorrhizal inoculum (AMF, Funneliformis mosseae) was
obtained from the College of Horticulture, Yangtze Univer-
sity, China.

Experimental Design

The pot experiment was conducted from April to July 2021
in the greenhouse of Guizhou University using a factorial
design, including phosphorus and inoculation treatments.
Plump and uniform seeds of S. davidii were soaked and ger-
minated. At 14 days after germination, seedlings with uni-
form growth were transplanted into 4.5-L plastic pots with
quartz sand and vermiculite (1:1), with 10 plants in each
pot. The roots were inoculated with 10 g of AMF-containing
culture soil (AM, available phosphorus was 50.2 mg/kg) or
high-temperature sterilized (121 °C, 2 h) AMF culture soil
(NAM), and plants were allowed to grow for 60 days. Dur-
ing the experimental growth period, the temperature in the
greenhouse was controlled at 20-25 °C, and the humidity
was 60%. During this period, Hoagland nutrient solution
containing 0.5-mmol/L. KH,PO, (Zhao et al. 2021) was
added every two days to ensure that the plant nutrient and
water requirements were met. Root samples of three seed-
lings were randomly selected for the detection of AMF col-
onization. After successful colonization, three phosphorus
treatments were set for the AM and NAM treatment groups:
P0.5 (0.5-mmol/L KH,PO, Hoagland nutrient solution),
P0.25 (0.25-mmol/L KH,PO, Hoagland nutrient solution),
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and PO (0-mmol/L KH,PO, Hoagland nutrient solution).
Each treatment was replicated 7 times. HCl and NaOH were
used to adjust the pH value of the nutrient solution to 6.0 +
0.1, and KH,PO, was used as a phosphorus source (Zhao
et al. 2021). Samples were taken after 21 days of low-phos-
phorus stress treatment and stored at — 80 °C.

Index Determination Methods
Measurement of AMF Colonization

Seedling roots were rinsed with running tap water and then
with distilled water several times. Samples were randomly
cut into 1-cm-long root fragments. The small root segments
were immersed in 10% (w/v) KOH solution and placed in a
water bath at 90 °C for 30 min. After washing the residual
KOH with distilled water, the root segments were stained in
trypan blue at 90 °C for 30 min. Samples were then decol-
orized with a mixture of lactic acid and glycerin (v/v=1:1)
three times (Chen et al. 2020). The AMF colonization rate
was calculated according to the magnifying cross method.
The colonization rate of AMF is determined as follows:
AMF colonization rate = (hyphae intersection + vesicle inter-
section + arbuscular intersection)/total intersection X 100%.

Measurement of Growth Indexes

The plant height of five plants per pot was measured with
a ruler. Root and leaf samples were scanned with an Epson
Perfection V800 photo scanner. The root parameters (total
root length, root surface area, root volume, average root
diameter, and root tip number) were analyzed using Win-
RHIZO software (Regent Instructions Inc., Quebec, Can-
ada). The fresh seedlings were divided into shoots and roots,
placed in an oven at 105 °C for 20 min and dried at 65 °C
to a constant weight followed by weighing. The root-shoot
ratio was calculated using the formula: root-shoot ratio=dry
weight of the roots (mg)/dry weight of the shoot part (mg).

Measurement of Physiological Indexes

The contents of proline (Pro), soluble sugar (SS), soluble
protein (SP), and malondialdehyde (MDA) in the roots were
determined by ninhydrin colorimetry, anthrone colorimetry,
Coomassie brilliant blue G-250 staining, and thiobarbituric
acid assay, respectively. The activity levels of superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and
acid phosphatase (ACP) in the roots were determined by
nitroblue tetrazolium assay, guaiacol assay, UV-Visible
spectrophotometry, and p-nitrophenyl phosphate (PNPP),
respectively. These methods were performed in accordance
with the experimental methods of Zhao et al. (2021) and Li
(2000).

Chlorophyll a (Chl a), chlorophyll b (Chl b), and carot-
enoid contents in the leaves were determined according to
the method of Li (2000).

Measurement of Endogenous Hormones

Auxin (indole-3-acetic acid, IAA), gibberellin (GA;), and
brassinolide (BR) levels in the leaves and roots were deter-
mined using high-performance liquid chromatography (Cao
et al. 2014; Tarkowski et al. 2009).

Measurement of Mineral Elements

Powdered root, stem, and leaf samples were sieved through
a 0.45-mm sieve, and the N and P concentrations were deter-
mined using the Kjeldahl method and molybdenum-stibium
colorimetry (Bao 2000), respectively.

Data Processing

Microsoft Excel 2010 was used for data sorting, and Tukey’s
HSD method was used to perform variance analysis on the
various S. davidii parameters (SPSS Inc., Chicago, version
20.0). All data are reported as the mean + standard error
(SE). SigmaPlot 14.0 was used to draw the graphs.

Results and Analysis
Root AMF Colonization Rate

Significant mycorrhizal colonization was observed in myc-
orrhizae-inoculated seedlings. Under the P0.5 (Fig. 1B),
P0.25 (Fig. 1C), and PO (Fig. 1D) conditions, mycorrhizal
hyphae formed different morphological structures, indicat-
ing that the AMF could form a symbiotic relationship with
the seedlings. Inoculation with AMF significantly increased
the AMF colonization rate in the roots of S. davidii seedlings
(P<0.05) (Fig. 1E). The lower the phosphorus concentra-
tion was, the higher the AMF infection rate (P <0.05) of S.
davidii seedlings, and the AMF infection rates showed the
following trend: PO > P0.25 > P0.5.

Effects of AMF on the Growth Indexes of S. davidii
Under Low-Phosphorus Stress

Plant Height and Biomass

With the intensification of low-phosphorus stress (inocu-
lated or not inoculated with AMF), plant height and shoot
dry weight showed a downward trend, while root-shoot ratio
showed an upward trend, and the root dry weight showed a
trend of first increasing and then decreasing (Table 1). The
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Fig. 1 Development of arbuscular mycorrhizal fungus (AMF) in S.
davidii seedling roots visualized by Trypan blue staining. A The root
of a non-inoculated plant. B Inoculated roots under the P0.5 treat-
ment, C P0.25 treatment, and D PO treatment, and E colonization rate

root dry weight significantly decreased in PO treatments.
Low phosphorus stress significantly inhibited the increase
of S. davidii seedlings. Compared with NAM, inoculation
with AMF significantly increased the plant height and shoot
dry weight under the P0.25 and PO treatments and signifi-
cantly increased the root dry weight under the P0.5 and PO
treatments (P <0.05).

Root System Architecture

Low phosphorus stress significantly affected root
growth, and AMF inoculation significantly improved
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of mycorrhizal S. davidii seedlings. Ih, intraradical hyphae; Ar, arbus-
cule; Vs, vesicles; A, B, C and D, G:x400). NAM, non-AMF-inoc-
ulated; AM, AMF inoculated. Colonization rate** means P<0.01.
Values are means + SE (n=3). Bar: 200 pm

root development (Fig. 2). Without AMF inoculation,
the total root length, total root surface area, root vol-
ume, root tip number, and root hair number of S. davi-
dii first increased and then decreased with increasing
low-phosphorus stress intensity, and all were the larg-
est under the P0.25 treatment, with values significantly
larger than those under the other treatments (P < 0.05)
(Table 2). Compared with NAM, inoculation with AMF
significantly increased the total root length, total root
surface area, root volume, root tip number (except the
P0.25 treatment), and root hair number of S. davidii in
the PO, P0.25, and P0.5 treatments (P < 0.05). Inoculation
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Table 1 Effects of AMF on plant height and biomass of S. davidii under low-phosphorus stress

P Status AMF Status Plant height (mm) shoot dry weight (mg) Root dry weight (mg) root-shoot ratio
P0.5 NAM 211.50+10.23a 631.53+26.00a 159.73 +8.09¢ 0.25+0.00b
AM 215.25+891a 629.85+23.57a 166.34 +9.04b 0.26+0.01b
P0.25 NAM 186.65+9.71c 595.14+25.57b 170.11 +9.87ab 0.29+0.00a
AM 197.90 +7.66b 623.29+24.02a 181.32+8.15a 0.29+0.01a
PO NAM 171.00+8.48d 526.79+21.85d 146.64 +10.21d 0.28+0.01a
AM 183.30+9.82¢c 556.64 +21.36¢ 159.62+7.17¢ 0.29+0.00a
Significance AMF wx * * NS
P * *% *% *
AMF x P * * * NS

Different lowercase letters indicate significant differences between treatments (P <0.05). Values are means +SE (n=3). NAM non-AMF-inoc-
ulated, AM AMF-inoculated. AMF X P, interaction between AMF inoculation and phosphorus stress. *P <0.05, **P <0.01. NS, no significant

effect

Fig.2 Effects of AMF on the root morphology of S. davidii seedlings under low-phosphorus stress. A P0.5-NAM; B P0.25-NAM; C PO-NAM;
D P0.5-AM; E P0.25-AM; and F PO-AM; NAM, non-AMF inoculated; AM, AMF inoculated. Bar: 1 cm

with AMF, phosphorus stress, and the interaction of
AMEF x P resulted show no significant difference in root
diameter (P > 0.05). After inoculation with AMF, the

total root length, total root surface area, root volume,
root tip number, and root hair number were the largest
under the P0.25 treatment (Table 2).
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Table 2 Effects of AMF on root morphology of S. davidii under low-phosphorus stress

P Status AMF Status Total root length Total root Root volume (cm?) Root diameter Root tip number Root hair number
(cm) surface area (mm)
(em?)
P0.5 NAM 142.95+19.81c 35.86+1.95¢c 0.87+0.15¢ 0.80+0.02a 231.00+£20.53b 601.67 +64.34c
AM 179.78 +28.00b 46.62+3.07b 1.21+0.23b 0.85+0.14a 307.18 £25.96a 731.67+58.17b
P0.25 NAM 185.32+17.52b 43.54+2.75b 1.23+0.27b 0.95+0.17a 299.95+27.43a  790.00+58.20b
AM 217.39+29.72a 5293+2.63a 1.55+0.15a 0.98+0.21a 345.62+27.32a 895.75+60.27a
PO NAM 90.84 +10.16d 26.42+2.28d 0.57+0.14d 0.89+0.13a 150.67+19.43¢c  464.27+41.54d
AM 131.31+21.80c 3322+324c 0.89+0.21c 1.10+£0.20a 226.00+27.04b 608.33+67.82c
Significance AMF * *ok * NS * *

Different lowercase letters indicate significant differences between treatments (P <0.05). Values are means +SE (n=3). NAM non-AMF-inoc-
ulated, AM AMF-inoculated. AMF X P, interaction between AMF inoculation and phosphorus stress. *P <0.05, **P <0.01. NS, no significant

effect

Effects of AMF on the Physiological Indexes of S.
davidii Under Low-Phosphorus Stress

Chlorophyll Content

Without AMF inoculation, the chlorophyll a, chlorophyll b,
and carotenoid contents of S. davidii significantly decreased
with increasing low-phosphorus stress intensity (P <0.05)
(Table 3). Compared with NAM, inoculation with AMF sig-
nificantly increased the chlorophyll a, chlorophyll b, and
carotenoid contents of S. davidii in the P0.25 and PO treat-
ments (P <0.05).

Osmotic Regulatory Substance Content
Without AMF inoculation, the contents of proline, solu-

ble sugar, and soluble protein in S. davidii increased
with the intensification of low-phosphorus stress, all

reaching a maximum in the PO treatment, with levels sig-
nificantly higher than those in the P0.5 and P0.25 treat-
ments (P <0.05). Compared with NAM, inoculation with
AMF significantly increased the proline, soluble sugar, and
soluble protein contents under the P0.25 and PO treatments
(Table 4). After inoculation with AMF, the maximum con-
tents of proline, soluble sugar, and soluble protein were
127.62 ug/g, 63.94 mg/g, and 30.72 mg/g, respectively, in
the PO treatment (Table 4).

Protective Enzyme Activity and Malondialdehyde Content

Without AMF inoculation, as the low-phosphorus stress
intensified, the activities of acid phosphatase, superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT)
of S. davidii significantly increased (Table 5). The activities
of acid phosphatase, SOD, POD, and CAT in the PO treat-
ment were the highest and were significantly higher than

Table 3 Effects of AMF on chlorophyll contents in leaves of S. davidii under low-phosphorus stress

P Status AMF Status Chlorophyll a (mg/g) Chlorophyll b (mg/g) Chlorophyll a/b (mg/g) Carotenoid (pg/g)
P0.5 NAM 0.84+0.10a 0.30+0.03a 2.84+0.31a 38.46+2.8a
AM 0.88+0.06a 0.32+0.01a 2.75+0.45a 42.39+2.89a
P0.25 NAM 0.68+0.10b 0.20+0.02b 3.29+0.50a 25.58+3.31b
AM 0.81+0.02a 0.29+0.01a 2.79+0.37a 36.63+2.93a
PO NAM 0.42+0.09¢ 0.12+0.02c 3.50+0.45a 12.53+0.31c
AM 0.59+0.03b 0.18+0.01b 3.26+0.57a 23.65+2.78b
Significance AMF * * NS *
AMF x P * * NS *k

Different lowercase letters indicate significant differences between treatments (P <0.05). Values are means +SE (n=3). NAM non-AMF-inoc-
ulated, AM AMF-inoculated. AMF X P, interaction between AMF inoculation and phosphorus stress. *P <0.05, **P <0.01. NS, no significant

effect
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Table 4 Effects of AMF on P Status AMEF Status ~ Proline content (ug/g)  Soluble sugar (mg/g)  Soluble protein (mg/g)
the contents of proline, soluble
sugar and soluble proteininthe  pg 5 NAM 41.49+5.92d 20.93+1.88d 15.57 +1.06d
roots of $. davidii under low AM 49.38+6.17d 21.30+0.68d 18.35+0.69 cd
phosphorus stress
P0.25 NAM 60.14+1.53¢ 31.99+0.59¢c 20.39+0.70c
AM 89.86+2.62b 49.05+1.13b 25.03+0.59
PO NAM 88.88+5.39b 47.72+1.45b 22.53+0.98bc
AM 127.62+6.17a 63.94+0.90a 30.72+0.67a
Significance =~ AMF * * *

Different lowercase letters indicate significant differences between treatments (P<0.05). Values are
means +SE (n=3). NAM non-AMF-inoculated, AM AMF-inoculated. AMF X P, interaction between AMF
inoculation and phosphorus stress. *P <0.05, **P <0.01. NS, no significant effect

Table 5 Effects of AMF on acid phosphatase activity, superoxide dismutase activity, peroxidase activity, catalase activity and malondialdehyde

content of S. davidii under low-phosphorus stress

P Status AMF Status  Acid phosphatase SOD activity (U/g/ POD activity (U/g/ CAT activity (U/g/ MDA content
(mU/g) min) min) min) (nmol/g)
PO.5 NAM 13.98+1.11d 42.63+6.05¢ 2498.09 +282.36d 34.71+3.15d 20.68 +3.60c
AM 20.43+1.83c 46.52+5.5% 2435.31+£240.87d 62.75+5.32¢ 19.94 +£4.29¢
P0.25 NAM 22.44+£2.59¢ 71.77£4.01d 3059.41 £280.52¢ 76.60+4.23c 32.89+1.88b
AM 28.64+2.88b 103.68 +7.33c 3798.30+£202.00b 118.27+8.23b 22.73+1.89¢
PO NAM 27.44+2.65b 136.35+5.05b 3515.82£261.78b 117.94+3.76b 43.13+2.89a
AM 35.21+2.29a 181.53+8.03a 4361.65+272.72a 130.82+6.84a 23.97+6.23¢c
Significance =~ AMF * HE * HE Hk
P B B * ks ks
AMEF x P * Hk * ok #3%

Different lowercase letters indicate significant differences between treatments (P <0.05). Values are means +SE (n=3). NAM non-AMF-inoc-
ulated, AM AMF-inoculated. AMF X P, interaction between AMF inoculation and phosphorus stress. *P <0.05, **P <0.01. NS, no significant

effect

those in the PO and P0.5 treatments (P < 0.05). The malon-
dialdehyde (MDA) content significantly increased in the
P0.25 treatment and was the highest in the PO treatment, at
43.13 nmol/g (Table 5). Inoculation with AMF, phosphorus
stress, and the AMF X P interaction had significant effects on
acid phosphatase, SOD, POD, CAT, and MDA (P <0.05).
Compared with NAM, inoculation with AMF significantly
increased the activity of acid phosphatase, SOD, POD, and
CAT under the P0.25 and PO treatments and significantly
decreased the MDA content under the P0.25 and PO treat-
ments (P <0.05) (Table 5).

Effects of AMF on Endogenous Hormonesin S.
davidii Under Low Phosphorus Stress

Without AMF inoculation, the contents of IAA, GA;, and
BR in S. davidii roots first increased and then decreased
with the intensification of low-phosphorus stress, and the
contents of IAA, GA;, and BR in leaves first decreased and

then increased (Fig. 3). The contents of IAA, GA;, and
BR in roots were the largest under the P0.25 treatment and
were significantly higher than those under the other treat-
ments (P <0.05) (Fig. 3A, B, and C). The contents of GA;
and BR in leaves in the P0.5 treatment were the highest, at
402.33 pg/mL and 128.46 ng/L, respectively, and were sig-
nificantly higher than those in the PO treatment (P <0.05)
(Fig. 3E and F). Compared with NAM, inoculation with
AMF significantly increased the content of BR in the roots,
the content of IAA in the roots and leaves under the PO treat-
ment, the content of GAj; in the roots under the PO and P0.25
treatments, and the content of GA; in the leaves under the
P0.25 treatment (P <0.05).

Effects of AMF on the Nitrogen and Phosphorus
Contents in S. davidii Under Low-Phosphorus Stress

Low-phosphorus stress had a significant effect on the
nitrogen content of leaves, stems, and roots of S. davidii
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Fig.3 Effects of AMF on endogenous hormones of S. davidii seed-
lings under low-phosphorus stress. Values are means+SE (n=3).
Different lowercase letters indicate significant differences at P <0.05.
NAM, non-AMF inoculated; AM, AMF inoculated. AMF XP, inter-

seedlings (P <0.05), and there was an interaction between
AMF and phosphorus stress (Fig. 4 A, B, and C). With-
out AMF inoculation, as low-phosphorus stress intensi-
fied, the nitrogen content of roots first decreased and then
increased, the nitrogen content of stems increased, and
the nitrogen content of leaves first increased and then
decreased. The root nitrogen content was the largest in
the PO.5 treatment, which was significantly higher than
those of the other treatments (P < 0.05). Both stem and leaf
nitrogen contents were the smallest in the PO.5 treatment.
AMF inoculation significantly increased root nitrogen con-
tents (P <0.05) (P0.25 and PO treatment) and significantly
decreased stem nitrogen content in the PO treatment and
leaf nitrogen content in all treatments (P < 0.05).

AMF inoculation, low-phosphorus stress, and the
AMF X P interaction had a significant effect on the phos-
phorus content of the roots, stems, and leaves of S. davidii
seedlings (P <0.05) (Fig. 4 D, E, and F). The phosphorus
content in roots did not change significantly under low-
phosphorus stress, while the phosphorus content in stems
and leaves decreased significantly under PO treatment.
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action between AMF inoculation and phosphorus stress. ns, P> 0.05;
* P<0.05; ** P<0.01. A, B, and C represent the contents of IAA,
GA3, and BR in the root, respectively. D, E, and F represent the con-
tents of IAA, GA3, and BR in the leaf, respectively

Compared with NAM, inoculation with AMF significantly
increased the phosphorus content of roots and stems in
the P0.25 and PO treatments and significantly increased
the phosphorus content of leaves in the PO treatment
(P <0.05).

Discussion

The AMF colonization rate is an important indicator of
whether AMF have established a symbiotic relationship with
host plants. It can measure the ecological adaptability of AMF
and, to a certain extent, also determine plant growth and stress
resistance. The results of this study showed that low-phos-
phorus stress (inoculation with AMF) increased the AMF
colonization rate of S. davidii, which is similar to the findings
for Faidherbia albida by Hailemariam et al. (2018) and for
Oryza sativa by Wissuwa et al. (2020). Mycorrhizal plants
grown under low-phosphorus stress are more responsive and
dependent on AMF (Wissuwa et al. 2020). Therefore, in a low-
phosphorus environment, inoculation of AMF can facilitate a
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Fig.4 Effects of AMF on nitrogen and phosphorus contents in leaves,
stems, and roots of S. davidii seedlings under low-phosphorus stress.
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good symbiotic relationship with plant roots, thereby enhanc-
ing the survival of plants under stress.

Effects of AMF on the Growth Mechanism of S.
davidii Seedlings Under Low-Phosphorus Stress

Phosphorus is an essential mineral element for plants,
accounting for 0.2% of the dry weight of plant cells, and
plant cell growth requires a large amount of phosphorus
(Schachtman et al. 1998). Phosphorus deficiency in the
soil is the main limiting factor for plant growth. From this
experiment, the S. davidii seedlings under P0.5, P0.25, and
PO conditions were significantly different in growth perfor-
mance, and the plant height and shoot dry weight decreased
with the intensification of low-phosphorus stress, indicating
that high P is required to accelerate the plant growth process.
Plant roots are the link between the soil and the plant itself
and are the most important organ for the absorption of water
and nutrients from the soil environment. A good root sys-
tem is a prerequisite for plants to adapt to low-phosphorus
stress. During the process of sensing the changes in nutrients
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significant differences at P <0.05. NAM, non-AMF-inoculated; AM,
AMF-inoculated. AMF X P, interaction between AMF inoculation and
phosphorus stress. ns, P> 0.05; * P<0.05; ** P<0.01

in the environment, roots can produce morphological and
physiological changes to cope with environmental stress
(Mei et al. 2010). The root morphology of S. davidii, includ-
ing the root dry weight, total root length, root surface area,
root tip number, root volume, root tip number, and root hair
number, showed a trend of first increasing and then decreas-
ing with the aggravation of low-phosphorus stress. These
variables all reached maximum values under the P0.25
treatment, with levels significantly higher than those under
the P0.5 and PO treatments. Yang et al. (2018) found that
the phosphorus-efficient Fagopyrum tataricum variety had
more root vigor, a higher root biomass, and more developed
root systems, which was consistent with the results of this
study. This is because under low-phosphorus stress condi-
tions (P0.25), to obtain the phosphorus nutrient elements
needed for growth, S. davidii transports more carbohydrates
to the roots, increases the biomass of underground roots,
increases the root-shoot ratio, promotes root growth, and
forms a well-developed root system by increasing the root
length, total root surface area, and number of root hairs,
guaranteeing effective phosphorus absorption (Zhang et al.

@ Springer



2392

Journal of Plant Growth Regulation (2024) 43:2383-2395

2013). However, the PO treatment inhibited the root mor-
phological characteristics of S. davidii. The main function
of AMF is to provide mineral elements, especially phos-
phorus. Colonization by AMF had positive effects on the
growth parameters (plant height and shoot dry weight) of S.
davidii seedlings under low-phosphorus stress, especially
under the P0.25 treatment and PO treatment. The plant height
and shoot dry weight significantly increased, suggesting that
AMF-induced enhancement in plant growth is dependent
on the substrate P level; the lower the P level is, the more
obvious the enhancement effect. Similar effects were previ-
ously reported in other species, Poncirus trifoliata (L.) Raf.
(Wu et al. 2015) and Medicago sativa L. (Liu et al. 2020).
This may be attributed to the more developed root system
increasing nutrient uptake to maintain the high biomass of
S. davidii under low-phosphorus stress (Wu et al. 2010).

Effects of AMF on the Physiological Mechanisms
of S. davidii Seedlings Under Low Phosphorus Stress

Chlorophyll is the most important pigment involved in pho-
tosynthesis and has the functions of absorbing, transmitting,
and transforming light energy. Within a certain range, the
chlorophyll content is proportional to the photosynthetic
rate, which directly reflects the level of plant photosynthetic
capacity. In this experiment, low-phosphorus stress reduced
the chlorophyll a, chlorophyll b, and carotenoid contents in
the leaves of S. davidii without AMF inoculation. Inocula-
tion with AMF significantly increased the chlorophyll con-
tents in the P0.25 and PO treatments, similar to findings in
Chili by Elahi et al. (2013). Studies have shown that the
increase in chlorophyll content may be related to the absorp-
tion of phosphorus and magnesium by AMF (Doubkova
et al. 2013). In our study, inoculation with AMF significantly
increased the leaf phosphorus content in the PO treatment
compared with that in NAM. More phosphorus and chlo-
rophyll contents in leaves provide the basis for maintaining
higher photosynthetic capacity.

Plants show a series of physiological adaptation mecha-
nisms under low phosphorus to adapt to these adverse envi-
ronmental conditions (Soumya et al. 2021). In this study,
the contents of proline, soluble sugar, and soluble protein in
the roots of S. davidii without AMF inoculation increased
with increasing phosphorus stress intensity, and inoculation
with AMF further increased the content of the above osmotic
regulators. These results show that under low-phosphorus
stress, AMF inoculation is conducive to the reduction in the
osmotic potential of S. davidii by these substances; thus, the
osmotic potential of the cell is maintained, and the cell is
protected so that the plant can adapt to the adversity (Zhao
et al. 2021). Acid phosphatase is an enzyme induced by plant
roots according to the amount of external phosphorus. When
external phosphorus is low, the activity of acid phosphatase
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in plants increases, thereby increasing the effective phospho-
rus concentration in the rhizosphere (Gaume et al. 2001).
In this study, the acid phosphatase in the roots of S. davidii
without AMF inoculation was significantly increased under
the low phosphorus environment and reached the maximum
value under the PO treatment, which is similar to findings
in soybean by Nadira et al. (2014). AMF inoculation fur-
ther significantly increased the acid phosphatase activity
in roots, possibly because of the symbiotic colonization
between AMF and plant roots in root cortex cells to obtain
the required carbohydrates; at the same time, mineral nutri-
ents such as N, P, and K can also be transferred from the soil
to the root cortex and secrete phosphatases from organo-
phosphorus compounds to hydrolyze phosphate (Smith et al.
2011).

Superoxide dismutase, peroxidase, and catalase are key
enzymes involved in plant stress resistance in the protective
enzyme system. They can scavenge the oxygen free radicals
generated by the disturbance in plant tissues through oxida-
tion, thereby reducing damage to plants and protecting plants
(Gao et al. 2020). In this study, the activities of superoxide
dismutase, peroxidase, and catalase in roots of S. davidii
without AMF inoculation increased to a certain extent under
low-phosphorus stress, which is similar to findings in wheat
by Wang et al. (2019). AMF inoculation further significantly
increased superoxide dismutase, oxidase, and catalase activi-
ties under low-phosphorus stress, which shows that the sym-
biosis between AMF and S. davidii can improve the activity
of protective enzymes under low-phosphorus stress, enhance
adaptation to a low-phosphorus environment, and maintain
a stable biomass (Antunes et al. 2012).

Malondialdehyde is the product of membrane lipid per-
oxidation. When plants are under stress, the accumulation
of malondialdehyde increases, which can aggravate cell
membrane damage and damage membrane lipids (Lian et al.
2018). In this experiment, AMF inoculation significantly
inhibited the malondialdehyde contents in roots, which is
closely related to the increase of osmotic regulators, such
as proline, soluble sugar, and soluble protein, as well as the
increase in the activities of key protective enzymes, such as
POD, SOD, and CAT. These substances eliminate oxygen
free radicals in plant tissues and reduce plant damage under
stress.

Effects of AMF on the Endogenous Hormones of S.
davidii Seedlings Under Low-Phosphorus Stress

Endogenous hormones, as important regulators of plant
metabolism, are involved in a series of physiological and bio-
chemical processes (Rubio et al. 2008). In this experiment,
low-phosphorus stress significantly decreased the contents
of BR, GA;, and IAA (except for the PO treatment) in leaves
and significantly increased the contents of BR (except for the
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PO treatment), GA;, and IAA in roots of S. davidii without
AMF inoculation. This is because under a low-phosphorus
environment, plants can induce root structure changes and
improve phosphorus utilization efficiency by transporting
the accumulated GA;, BR, and IAA in the leaves to the roots
(Jiang et al. 2007). AMF inoculation significantly increased
leaf and root IAA contents under the PO treatment, signifi-
cantly increased root GA; and BR contents under the P0.25
and PO treatments and significantly decreased leaf BR con-
tents under the P0.25 and PO treatments. It has been reported
that AMF inoculation significantly increased the content of
IAA in the roots and leaves of Catalpa bungei C.A.Mey.,
significantly increased the contents of GA; and BR in roots,
and significantly decreased the contents of GA; and BR in
leaves to regulate plant growth and improve stress resistance
(Chen et al. 2020).

Effects of AMF on the Mineral Elements of S. davidii
Seedlings Under Low-Phosphorus Stress

Phosphorus and nitrogen are essential nutrients for plant
growth and are generally limited in karst shrubland ecosys-
tems (Zhang et al. 2015). Nitrogen is an important part of
plant proteins and related enzymes and plays a major role in
plant growth. In this study, low-phosphorus stress signifi-
cantly decreased the nitrogen content in roots and increased
the nitrogen content in the stems and leaves of S. davidii
without AMF inoculation, while the changes in nitrogen
content in the leaves and stems were smaller than those
in the roots. This is similar to findings in Zea mays L. by
Rafique et al. (2020). This may have been caused by the slow
growth of plant cells due to the lack of phosphorus and the
increase in nitrogen content in leaves and stems to maintain
growth. Under external stress, to maintain normal growth,
plants may choose to transport more nitrogen to the above-
ground parts to meet the needs of photosynthesis for nitrogen
(Kunio et al. 1997). AMF inoculation significantly increased
the nitrogen content in roots (P0.25 and PO treatments) and
decreased the nitrogen content in leaves and stems. This is
because AMF can help plant roots obtain nitrogen from the
soil, so plants will allocate more carbohydrates to AMF and
then obtain more N through AMEF, resulting in an increase in
the nitrogen content of plant roots, which is similar to find-
ings in Lolium multiflorum by Liu et al. (2019).
Phosphorus is the second most important nutrient after
nitrogen that limits crop growth. This nutrient is involved in
a range of plant processes, such as photosynthesis, respira-
tion, energy production, and nucleic acid biosynthesis, and is
a component of some plant structures, such as phospholipids
(Elgharably and Nafady 2021). In this study, low-phospho-
rus stress significantly decreased the phosphorus content of
the leaves and stems of S. davidii without AMF inocula-
tion (PO treatment). This is similar to findings in Zea mays

L. by Rafique et al. (2020). Plants obtain phosphorus from
the external environment through the root system. Under
phosphorus deficiency, plant growth is inhibited, which
reduces the acquisition of phosphorus in the soil by the
plant; therefore, the phosphorus content in plant leaves and
stems decreases. When phosphorus is deficient, plant photo-
synthetic products are preferentially distributed to the under-
ground parts, especially the root tips, to obtain phosphorus,
so the phosphorus content of the roots remains unchanged.
AMF inoculation significantly increased the phosphorus
content of roots and stems (P0.25 and PO treatments) and
significantly increased the phosphorus content of leaves
(PO treatment). Relevant studies have shown that AMF can
absorb phosphorus elements within 10 cm of the soil surface
through extra root hyphae and then transport the absorbed
phosphorus elements to root epidermal cells, where these
elements are eventually absorbed by plant cells (Notting-
ham et al. 2013). AMF can significantly improve the uptake
of phosphorus by plants, especially in phosphorus-deficient
environments (Mathur et al. 2018). Under a low-phosphorus
stress environment, the reduction in phosphorus contents
in plant leaves and stems will have a significant impact on
plant growth, thus affecting photosynthesis and other physi-
ological processes. Inoculation with AMF can alleviate this
adverse effect of phosphorus stress and enhance the adapta-
tion of S. davidii seedlings to phosphorus stress.

Conclusion

This study demonstrated that low-phosphorus stress inhib-
ited the material accumulation of S. davidii, affected the
root morphology, increased the contents of osmotic regula-
tory substances and the activity of protective enzymes, and
altered the contents of hormones to adapt to the stressful
environment. However, when the low-phosphorus stress
intensity was further increased under the PO treatment,
the regulatory effect was severely weakened. Under low-
phosphorus stress, F. mosseae could form a good symbiotic
relationship with S. davidii seedlings, and AMF inoculation
significantly increased the chlorophyll content, improved
the growth of S. davidii seedlings, and further significantly
increased osmotic regulatory substance contents and protec-
tive enzyme activities, alleviating low phosphorus-induced
oxidative stress. Inoculation with AMF under low-phospho-
rus stress significantly increased IAA, GA;, and BR levels in
the roots, promoted root growth, and improved the absorp-
tion of N and P in seedlings, which was conducive to plant
adaptation to a low-phosphorus environment. Therefore, for
ecological restoration and forage improvement using S. davi-
dii plantings in acidic soils in the karst region of southwest
China, inoculation with AMF may be a good strategy to
stabilize the yields of S. davidii. However, further research
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on the molecular mechanism by which AMF improves the
low-phosphorus resistance of S. davidii will be needed.
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