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Abstract
Dynamic changes in growth characteristics and endogenous hormone contents in the leaves and roots of Sophora davidii 
seedlings under low-phosphorus stress were studied to provide a reference for further study of the internal regulatory 
mechanism of the response strategy of this species to low-phosphorus stress. Normal phosphorus (0.5 mmol KH2PO4, NP) 
and low-phosphorus (0.005 mmol KH2PO4, LP) levels and different treatment times were applied to study growth character-
istics, phosphorus utilization and hormone contents in the leaves and roots of potted Sophora davidii by tissue culture and 
sand culture. The results first showed that compared with NP, LP significantly decreased the plant height, leaf length, leaf 
width, leaf area, leaf perimeter and root–shoot ratio by 20.10%, 21.08%, 22.73%, 51.33%, 24.94% and 18.92%, respectively. 
LP decreased the total root length and root dry weight, and increased the root surface area, average root diameter, root tip 
number, root volume and dry weight of the aerial part on day 9, but these effects were not significant. Second, compared 
with NP, LP significantly decreased P contents in the aerial part and roots and P uptake efficiency in the aerial part and roots 
on day 9 by 23.33%, 53.89%, 14.04% and 58.06%, respectively. LP significantly increased the P utilization efficiency and 
leaf acid phosphatase (ACP) activity on day 9 by 82.79% and 84.38%, respectively. LP increased root ACP activity on day 
9, but the effect was not significant. Third, compared with NP, LP significantly decreased abscisic acid (ABA), cytokinin 
(CTK) and strigolactone (SL) contents in leaves by 21.52%, 36.65% and 45.86%, respectively, and significantly increased 
gibberellin (GA) contents in roots by 28.92% on day 9. LP decreased GA contents in leaves and CTK contents in roots and 
increased indole-3-acetic acid (IAA) contents in leaves and roots and ABA and SL contents in roots on day 9, but these 
effects were not significant. Correlation analysis indicated that endogenous hormone contents in Sophora davidii leaves 
and roots under different treatment conditions had certain correlations with growth characteristics. In conclusion, Sophora 
davidii can improve its P utilization efficiency by changing growth characteristics and endogenous hormones to enhance its 
adaptive response to low-phosphorus stress.
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Introduction

Phosphorus is one of the essential nutrient elements for plant 
growth and development and is not only a component of 
many important compounds in plants (such as ATP, phos-
pholipids and nucleic acids), but also serves as the main 
component and energy provider of energy carriers (Kisko 
et al. 2015; Vitousek et al. 2010). However, phosphorus 
deficiency is one of the main factors restricting agricul-
tural production. Phosphorus is abundant in soil but easily 
forms insoluble compounds with Fe3+, Al3+, Ca2+ and Mg2+ 
(Strock et al. 2018). A large amount of phosphorus is stored 
in soil in a bound state, resulting in a low relative availability 
of phosphorus to plants (Johnston et al. 2014). Plants have 

Communicated by J. Zhao.

 *	 Li‑Li Zhao 
	 zhaolili_0508@163.com

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

2	 State Engineering Technology Institute for Karst Rocky 
Desertification Control, Guiyang, China

3	 Guizhou Institute of Prataculture, Guiyang 550006, China

http://orcid.org/0000-0003-0124-857X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-021-03284-4&domain=pdf


	 Acta Physiologiae Plantarum (2021) 43:118

1 3

118  Page 2 of 14

adopted a series of adaptation strategies in the long evolu-
tionary process to increase the likelihood of completing their 
life cycle from seed germination to flowering and fruiting 
under low-phosphorus conditions (Giehl et al. 2014; Shen 
et al. 2013). In the process of adapting to low phosphorus, 
some plants can enhance the interception and absorption of 
this nutrient through a change in root morphology; some 
plants can transform organic phosphorus into inorganic 
phosphorus through the enhancement of phosphatase activ-
ity for recycling purposes; some plants can secrete a large 
amount of low-molecular-weight organic acids from their 
roots under low-phosphorus stress to improve the rhizos-
phere ecological environment and increase the amount of 
available soil phosphorus to meet their needs. The adaptive 
strategies of different plants to changes in root morphology 
under low-phosphorus stress are different, and endogenous 
hormones play an important role in the process (Xiong et al. 
2018). A lack of phosphorus affects the synthesis, transport, 
metabolism and effects of hormones in plants (Waadt et al. 
2015). However, changes in endogenous hormone balance 
will induce changes in plant morphological characteristics, 
biomass distribution and physiological and biochemical 
characteristics to adapt to a low-phosphorus environment 
(van de Wiel et al. 2016; Nadira et al. 2016).

All phytohormones, including indole-3-acetic acid (IAA), 
cytokinin (CTK), gibberellin (GA), abscisic acid (ABA) and 
strigolactone (SL), have been implicated in the phospho-
rus deficiency response (Zhang et al. 2019a, b; Wang et al. 
2020). Among them, IAA is a key hormone that regulates 
the growth and development of plant roots (Jia et al. 2017a, 
b), and it plays a positive regulatory role during the ini-
tial development of lateral roots and the formation of the 
lateral root primordium (Du and Scheres 2018). Yamagishi 
et al. (2011) confirmed that some genes involved in IAA 
synthesis and signal transduction were largely expressed in 
the formation of the fasciculus root of white lupine. CTK 
plays a negative regulatory role in low-phosphorus stress 
signaling pathways. Schaefer et al. (2015) transformed the 
cytokinase gene into Arabidopsis thaliana and tobacco for 
over expression analysis and found that CTK synthesis was 
inhibited, which promoted the development of primary and 
lateral roots. GA can regulate root morphogenesis and antho-
cyanin synthesis in Arabidopsis thaliana under phosphorus 
starvation (Jiang et al. 2007), and it can lead to decreased 
phosphorus absorption, acid phosphatase (ACP) activity and 
phosphorus content in stems (Devaiah et al. 2009). Radin 
et al. (1982) found that ABA accumulates in cotton leaves 
under low-phosphorus stress. In addition, under low-phos-
phorus conditions, the SL content of Arabidopsis obviously 
increases, which inhibits bud development and stem branch-
ing, and the stem branch SL content is low or not sensitive 
to the inhibition of the mutant. In addition to regulating the 
formation of the root system, SL can also be applied for stem 

growth and formation of the spatial structure, which indi-
cates that SL not only regulates the morphogenesis of the 
root system but also regulates the growth and development 
of stems and the formation of the spatial structure (Czar-
necki et al. 2013). Because of the variety of plant hormones 
that are involved in many metabolic processes, plant growth 
and development are usually regulated by the interaction of 
multiple hormones.

The acidic soil in southern China has a strong fixation 
effect on phosphorus, and therefore, the soil has a low avail-
able phosphorus content. Selecting plants that can adapt to 
these conditions is important. Sophora davidii is a peren-
nial shrub of the genus Sophora Leguminosae. Due to its 
advantages of drought tolerance, strong adaptability, rich 
nutrition and medicinal value, Sophora davidii has become 
an important plant resource for the feed industry, ecological 
reconstruction and soil restoration in recent years (Lin et al. 
2019). At present, research on Sophora davidii is focused 
on drought stress (Wang et al. 2016; Wu et al. 2018), and 
low-phosphorus stress is rarely reported.

Therefore, in this research, Sophora davidii was selected 
as the research object, three low-phosphorus stress process-
ing times (3, 6 and 9 days) were established and dynamic 
changes in hormone levels were analyzed in leaves and roots 
of Sophora davidii on days 3, 6 and 9. By combining the 
morphological changes and distribution of dry matter and 
nutrient allocation in different stages, this study reveals the 
internal regulatory mechanism of the response strategy of 
Sophora davidii to low-phosphorus stress and provides a 
theoretical basis for its planting in southern China.

Materials and methods

Sand culture experiment

Sophora davidii seeds obtained from the Grassland Science 
Laboratory of The College of Animal Science of Guizhou 
University of China were soaked in 3% NaClO for 20 min, 
rinsed with sterilized distilled water 3–4 times, soaked in 
distilled water for 6 h and incubated at room temperature 
between two layers of moistened filter paper. Seven days 
later, seedlings of the same size were selected and trans-
ferred to plastic buckets with a diameter of 20.5 cm and 
a height of 20.3 cm for sand culture, with 20 seedlings 
per pot. A half-strength nutrient solution was used when 
transplanting seedlings and was changed to a full-strength 
nutrient solution after 15 days. The full-strength nutrient 
solution consisted of the following nutrients: 1 mmol/L 
KNO3, 2 mmol/L Ca(NO3)2, 1.5 mmol/L CaCl2, 0.5 mmol/L 
MgSO4, 1.8  mmol/L KCl, 1  µmol/L H3BO3, 1  µmol/L 
MnSO4, 0.5 µmol/L CuSO4, 1 µmol/L ZnSO4, 0.1 µmol/L 
(NH4)6Mo7O24, 50 µmol/L Na2-EDTA, and 0.05 µmol/L 
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FeSO4 (Ren 2018). After cultivation for 2 weeks, low-
phosphorus treatment was applied, and the nutrient solu-
tion was changed every 2 days. The culture conditions were 
14/10 h (day/dark) at 28 °C/22 °C. Each treatment was 
repeated three times. Normal phosphorus (0.5 mmol) and 
low-phosphorus (0.005 mmol) treatment nutrient solution is 
prepared with KH2PO4 as the phosphorus source (Ren 2018; 
Jia et al. 2017a, b). To compensate for the lack of K element, 
0.495 mmol of KCl was added to the low-phosphorus nutri-
ent solution. The remainder of the nutrient solution had the 
same composition. Finally, the pH of the nutrient solution 
was adjusted to 6.0 ± 0.1 with hydrochloric acid or sodium 
hydroxide. On days 3, 6 and 9 after low-P treatment, the 
plants were collected, washed with tap water and rinsed 
three times with distilled water. The plants were then blot-
ted dry with tissue paper, and the growth characteristics and 
related physiological and biochemical indexes of Sophora 
davidii were measured.

Determination of plant growth characteristics

Root and leaf samples were captured with an Epson Perfec-
tion V800 photo scanner. The root parameters, including 
total root length, root surface area, root volume, average root 
diameter and root tip number, were analyzed using Win-
RHIZO software (Regent Instructions, Canada Inc). The leaf 
parameters, including leaf width, leaf length, leaf surface 
area and leaf perimeter, were analyzed using WinFOLIA 
software (Regent Instructions, Canada Inc). Plant height 
was measured with a ruler. The fresh seedlings were divided 
into aerial parts and root systems, and then both shoots and 
roots were dried at 105 ℃ for 1 h and then at 80 ℃ for 72 h 
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 aerial part (mg).

Acid phosphatase activity and P content 
determination

For ACP activity determination, after the excised roots were 
placed in a solution containing 0.5 mL of H2O, 0.4 mL of 
Na–Ac buffer (0.2 mol/L, pH 5.2) and 0.1 mL of NPP sub-
strate (0.15 mol/L) for 10 min at room temperature, the reac-
tion was terminated by the addition of NaOH. The absorp-
tion of the reaction solution was determined at 405 nm.

For P content determination, after the dried aerial part and 
roots of Sophora davidii were digested with H2SO4–H2O2, 
the molybdenum blue method (Chapman and Pratt (1962) 
was used, and the final determination was performed with 
a microplate reader. P uptake efficiency (Pu) and P utiliza-
tion efficiency (PUE) were calculated using the following 
formulas:

Extraction and analysis of endogenous plant 
hormones

Extraction and analysis of endogenous plant hormones 
were determined according to the method reported by 
Mueller and Munne-Bosch (2011) with some modifica-
tions. Approximately 0.5 g of fresh leaf and root tissue was 
ground in liquid nitrogen, and then 1 mL of 80% methanol 
was added. The sample was homogenized using a vortex 
for 10 s every 15 min within 2 h and then centrifuged at 
9600 g for 15 min. The supernatant was collected.

Standard compounds, i.e., indole-3-acetic acid (CAS: 
87-51-4; IAA), cytokinin (CAS: 13114-27-7; CTK), 
gibberellin (CAS: 77-06-5; GA), abscisic acid (CAS: 
14375-45-2; ABA) and strigolactone (CAS: 76974-79-
3; SL), were purchased from Sigma (China), and the 
purity was ≥ 99%. These standards were dissolved in 80% 
methanol, and every standard was run five times using 
LC–MS–MS (Agilent Technologies 6460 Triple Quad 
LC/MS, Agilent Technologies, Santa Clara, CA) under 
the same conditions as the extracted samples. XBridg-
eTM C18 was the chromatographic column (2.5  μm, 
2.1 mm × 50 mm Column, Waters, USA), mobile phase A 
was the aqueous solution, and mobile phase B was meth-
anol. The column temperature was 30 ℃, and the flow 
rate was 0.2 mL·min−1. Mass spectrometry consisted of 
an electrospray negative ion source (ESI-source) to detect 
IAA, CTK, GA, ABA and SL in multi-reaction monitoring 
mode and compare the hormone peak area with the stand-
ard curve to calculate the concentration of each hormone. 
Three replicates were performed for each treatment.

Statistical analysis

All the data are presented as the mean values of each treat-
ment. Two-way analysis of variance (ANOVA) was carried 
out between Sophora davidii under the control and treat-
ments, followed by a least significant difference (LSD) 
multiple range test (p < 0.05), using SigmaPlot 14.0 sta-
tistical software.

Pu (mg) = P content
(

mg ⋅ g−1
)

× dry weight (mg)

PUE
(

mg ⋅mg−1
)

= dry weight per plant (mg)∕Puper plant (mg).
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Results

Impact of low‑phosphorus stress on plant height 
and leaf shape of Sophora davidii

Plant height and leaf shape gradually increased from days 
3 to 9 (Figs. 1, 2). Compared with NP, LP decreased the 
plant height and leaf shape at the three sampling times, and 
LP significantly decreased the plant height, leaf length, leaf 
width, leaf area and leaf perimeter on day 9 by 20.10%, 
21.08%, 22.73%, 51.33% and 24.94%, respectively.

Impact of low‑phosphorus stress on root 
characteristic of Sophora davidii

Root characteristic gradually increased from days 3 to 9 
(Fig. 1). Compared with NP, LP decreased the total root 
length on days 3, 6 and 9, but this effect was not significant 
(Fig. 3a). Compared with NP, LP increased the root surface 
area, average root diameter and root volume on days 3, 6 
and 9, but only the effect on the average root diameter was 
significant on day 3, which increased by 80% (Fig. 3b, c, e). 
Compared with NP, LP decreased the root tip number on 
days 3 and 6 and increased the root tip number on day 9, but 
these effects were not significant effect (Fig. 3d).

Impact of low‑phosphorus stress on dry weight 
and root–shoot ratio of Sophora davidii

Compared with NP, LP increased the dry weight of the 
aerial part and decreased the dry weight of the roots 
on day 9, but these effects were not significant. LP 

significantly decreased the root–shoot ratio by 18.92% on 
day 9 (Table 1).

Impact of low‑phosphorus stress on P content, 
P uptake efficiency and P utilization efficiency 
of Sophora davidii

Compared with NP, LP significantly decreased the P con-
tent of the aerial part and roots on day 9 by 23.33% and 
53.89%, respectively; a similar trend was observed for the 
P uptake efficiency of the aerial parts and roots, which 
decreased by 14.04% and 58.06%, respectively, but the 
opposite trend was observed for P utilization efficiency. 
Compared with NP, LP significantly increased the P utili-
zation efficiency by 82.79% on day 9 (Table 2).

Impact of low‑phosphorus stress on acid 
phosphatase activity of Sophora davidii

The leaf ACP activity under NP and LP conditions peaked 
on days 3 and 9, respectively. Compared with NP, LP 
increased leaf ACP activity on days 3, 6 and 9 but had 
a significant effect only on day 9, increasing the activity 
by 84.38% (Fig. 4a). Root ACP activity under NP and LP 
conditions peaked on days 6 and 9, respectively. Compared 
with NP, LP significantly decreased root ACP activity on 
days 3 and 6 by 41.11% and 34.74%, respectively, and 
increased the activity on day 9, but the effect was not sig-
nificant (Fig. 4b).

Fig. 1   Photographs of representative plants. LP and NP represent the low and normal phosphorus treatments, respectively. Scale bars = 1 cm
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Impact of low‑phosphorus stress on endogenous 
hormone concentrations in leaves of Sophora davidii

The IAA content in leaves under NP and LP conditions 
peaked on days 9 and 3, respectively. Compared with NP, 
LP significantly increased the IAA content in leaves by 
25.13% on day 3 and by 156.84% on day 6 (Fig. 5a). The 
ABA content in leaves under NP and LP conditions peaked 
on day 9. Compared with NP, LP significantly decreased the 

ABA content in leaves by 64.37%, 50.02% and 21.52% on 
days 3, 6 and 9, respectively (Fig. 5b). The GA content in 
leaves under NP and LP conditions peaked on days 9 and 6, 
respectively, but the effect was not significant (Fig. 5c). The 
CTK content in leaves under NP and LP conditions peaked 
on days 9 and 6, respectively. Compared with NP, LP signifi-
cantly decreased the CTK content in leaves by 36.65% on the 
9th day (Fig. 5d). The SL content in leaves under NP and LP 
conditions peaked on days 9 and 3, respectively. Compared 
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with NP, LP significantly decreased the SL content in leaves 
by 45.86% on day 9 (Fig. 5e).

Impact of low‑phosphorus stress on endogenous 
hormone concentrations in roots of Sophora davidii

The IAA content in roots under NP and LP conditions 
peaked on days 9 and 6, respectively. Compared with NP, LP 

significantly increased the IAA content in roots by 18.31% 
on day 6 (Fig. 6a). The ABA content in roots under NP and 
LP conditions peaked on days 3 and 6, respectively. Com-
pared with NP, LP significantly increased the ABA con-
tent in roots by 55.25% on day 3 and by 590.90% on day 6 
(Fig. 6b). The GA content in roots under NP and LP condi-
tions peaked on days 3 and 9, respectively. Compared with 
NP, LP significantly decreased the GA content in roots by 
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21.13% on day 3 and significantly increased the GA con-
tent by 28.92% on day 9 (Fig. 6c). The CTK content in the 
roots under NP and LP conditions peaked on days 9 and 3, 
respectively. Compared with NP, LP significantly increased 
the CTK content in roots by 71.73% on day 3 (Fig. 6d). The 
SL content in roots under NP and LP conditions peaked on 
days 3 and 9, respectively. Compared with NP, LP signifi-
cantly decreased the SL content in roots by 31.63% on day 
3 (Fig. 6e).

Correlational analyses

The content of endogenous hormones in leaves and roots 
was correlated with the growth characteristics of Sophora 
davidii under different treatment conditions. Under NP con-
ditions, the IAA content of leaves was significantly nega-
tively correlated with the dry weight of the aerial part and 
the P uptake efficiency of roots. The GA content of leaves 
was significantly negatively correlated with the root volume 
and P utilization efficiency. The CTK content of leaves was 
significantly positively correlated with the P uptake effi-
ciency of roots, and the ABA content of roots was signifi-
cantly negatively correlated with the root–shoot ratio and 
average root diameter.

Under LP conditions, the GA content of leaves was sig-
nificantly negatively correlated with the root tip number. 
The CTK content of leaves was significantly negatively 

correlated with the average root diameter and P utilization 
efficiency. The SL content of leaves was significantly posi-
tively correlated with leaf length, which was significantly 
negatively correlated with leaf ACP activity and P accumu-
lation in the roots. The ABA content of roots was signifi-
cantly negatively correlated with root tip number. The IAA 
content of roots was significantly positively correlated with 
the P content of the aerial part. The GA content of roots 
was significantly positively correlated with the P utilization 
efficiency. The CTK content of roots was significantly posi-
tively correlated with the plant height and leaf perimeter, 
which was significantly negatively correlated with the dry 
weight of roots. The SL content of roots was significantly 
positively correlated with the dry weight of the aerial part 
and the P content of roots, which was significantly nega-
tively correlated with the total root length and root surface 
area (Fig. 7). 

Discussion

Plants are very sensitive to phosphorus deficiency in the 
early stages of growth. When the supply of phosphorus is 
low, the synthesis of carbohydrates will be affected, cell 
division will be hindered and the plant will grow slowly 
(Liu et al. 2015). In this study, the growth of Sophora davi-
dii was significantly affected by the LP treatment, and leaf 

Table 1   Dry weights and root–
shoot ratios under the two P 
levels

NS not significant
The results are presented as the mean of three individual measurements
*, **Significant at the 0.05 and 0.01 probability levels, respectively

P level Treatment 
time (d)

Dry weight of the 
aerial part (mg)

Dry weight of 
the roots (mg)

Root–shoot ratio

NP (0.5 mmol) 9 28.78 ± 0.95 5.29 ± 0.18 0.1839 ± 0.00
LP (0.005 mmol) 9 32.27 ± 1.17 4.8 ± 0.06 0.1491 ± 0.01
LSD.05 between P levels 0.081 0.062 0.004
Interaction between NP and LP NS NS **

Table 2   P contents, P uptake efficiency and P utilization efficiency under the two P levels

NS: not significant
The results are presented as the mean of three individual measurements
*, **Significant at the 0.05 and 0.01 probability levels, respectively

P level Treatment 
time (d)

P content (mg.g−1) P uptake efficiency (mg) P utilization 
efficiency 
(mg·mg−1)Aerial part Root Aerial part Root

NP (0.5 mmol) 9 2.70 ± 0.05 3.47 ± 0.05 77.70 ± 2.34 18.36 ± 0.55 5.52 ± 0.21
LP (0.005 mmol) 9 2.07 ± 0.06 1.60 ± 0.00 66.79 ± 1.31 7.70 ± 0.09 10.09 ± 0.46
LSD.05 between P levels 0.001 0.000 0.015 0.000 0.001
Interaction between NP and LP ** ** * ** **
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growth was the most obvious response of plants under stress. 
In this study, plant height and leaf shape gradually increased 
from days 3 to 9. Compared with NP, LP decreased the plant 
height and leaf shape in the three sampling periods, and 
LP significantly decreased the plant height, leaf length, leaf 
width, leaf area and leaf perimeter on day 9. This finding is 
consistent with the research results for Chinese fir (Yu et al. 
2017) and alfalfa (Jia et al. 2017a, b).

Under the combined influence of biotic stress and abiotic 
stress, the root system of a plant also exhibits strong mor-
phological plasticity, and the root morphology will change 
significantly to cope with phosphorus stress (Cao et al. 2014; 
Tyburski et al. 2010; Bayuelo-Jimenez et al. 2012). In this 
study, compared with NP, LP decreased the total root length 
and increased the root surface area, average root diameter, 
root volume and root tip number on day 9. Results presented 
by Zou et al. (2015), who conducted research on phosphorus 

starvation in Chinese fir seedlings, were similar to our find-
ings. This might be because on the basis of a certain number 
of roots, Sophora davidii can increase the root diameter, root 
surface area, root volume and root tip number by reducing 
the root length, expanding the spatial extent of root absorp-
tion and increasing the contact area between roots and phos-
phorus, promoting the absorption and utilization of more 
phosphorus to match the plant needs.

The biomass allocation model is believed to assist in 
phosphorus acquisition by improving root foraging and 
absorption capacity (Richardson et al. 2011). The results 
showed that compared with NP, LP increased the dry weight 
of the aerial part and decreased the dry weight of the roots 
on day 9, but these effects were not significant. LP signifi-
cantly decreased the root–shoot ratio on day 9. This result 
shows that Sophora davidii can still maintain a high biomass 
by improving the absorption efficiency of roots under a low-
phosphorus concentration. By contrast, a low-phosphorus 
supply leads to a higher root biomass distribution and a 
higher root–shoot ratio in wheat and alfalfa (Van Lam and 
Stangoulis 2019; Pang et al. 2015). This phenomenon may 
be due to the greater effect of low-phosphorus stress on the 
root dry weight of Sophora davidii than stem and leaves, 
resulting in an absolute reduction of the root biomass.

Low-phosphorus stress not only causes adaptive 
changes in leaf and root morphology, but also causes a 
series of physiological changes in roots and even the whole 
plant. Phosphorus uptake efficiency and phosphorus utili-
zation efficiency are two key characteristics of phospho-
rus efficiency. Some studies have shown that compared 
with normal phosphorus, low phosphorus significantly 
reduces the phosphorus content and phosphorus absorp-
tion rate of the aerial part and the root system (Tang et al. 
2020). This study showed that compared to NP, LP sig-
nificantly decreased the P content and P uptake efficiency 
of the aerial part and roots on day 9, thus demonstrating 
that the phosphorus concentration was closely related to 
the phosphorus absorption of Sophora davidii, which is 
consistent with a previous study (Deng et al. 2020). In 
this study, compared with NP, LP significantly increased 
the P utilization efficiency on day 9, which indicated that 
Sophora davidii increased its internal phosphorus utiliza-
tion efficiency when phosphorus absorption was low to 
maintain phosphorus metabolism in the root system. ACP 
is an important hydrolase in the process of plant growth, 
which can convert organic phosphorus in soil into more 
easily absorbed inorganic phosphorus (Wang et al. 2018a, 
b). Under low-phosphorus stress, the ACP activity of plant 
roots was significantly enhanced, increasing the organic 
phosphate content in the plant root environment, accel-
erating the mineralization and decomposition of organic 
phosphorus and increasing the biological availability of 
organic phosphorus in the root ecosystem to improve plant 
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phosphorus absorption and utilization efficiency (Harvey 
et al. 2009). Previous results have shown that the ACP 
activity of plants increases under phosphorus deficiency 
(Sun et al. 2018). Our study provided the same conclusion. 
In this study, compared with NP, LP increased the leaf and 
root ACP activity on day 9, indicating that the increase in 
ACP activity was the adaptive response of plants to low-
phosphorus stress.

Low-phosphorus stress affects the normal growth of 
plants, but in the long-term evolutionary process, the 
plants themselves also produce a set of countermeasures. 
Vysotskaya et al. (2016) have shown that plant hormones 
are involved in these regulatory processes. IAA is the most 
important member of the auxin family and can promote 
cell elongation and maintain apical dominance, and it also 
plays an important role in plant growth and development 
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(Normanly 2010). Phosphorus deficiency can increase the 
IAA content, thereby inducing root growth, and a high accu-
mulation of IAA could promote remodeling of the root struc-
ture induced by low phosphorus (as shown in Arabidopsis 
thaliana, Lupinus albus, etc.) (Miura et al. 2011; Wang et al. 
2015). In this study, compared with NP, LP increased the 
IAA content in the leaves and roots on days 3, 6 and 9, and 
the IAA content of roots was positively correlated with the 

P content of the aerial part. Low-phosphorus stress has been 
suggested to cause changes in enzymes such as YUCCA and 
CYP79/CYP79B3, which may increase the IAA content in 
the root system, thus improving the phosphorus absorption 
efficiency of Sophora davidii (Tang et al. 2013; Meng et al. 
2013; Liu et al. 2013; Yamamoto et al. 2007).

CTK, a natural cytokinin, can promote the cell division 
of plant roots and shoots and plays an important role under 
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low-phosphorus stress (Marquez-Lopez et al. 2019). In this 
study, compared with NP, LP decreased the CTK content in 
the leaves and roots of Sophora davidii on day 9, which is 
consistent with previous studies on corn (Shen et al. 2012) 
and European rape (Shi et al. 2012). Under LP stress, the 
CTK content in leaves was negatively correlated with the 
average root diameter and phosphorus utilization efficiency; 
the CTK content in roots was positively correlated with plant 
height and leaf length and negatively correlated with root 
dry weight. The results showed that P utilization efficiency 
could be improved by reducing the CTK content in the root 
system, thus changing the morphology of the above- and 
below-ground components.

SL is a hormone that has recently been found to regulate 
the development of different parts of plants. SL regulates 
axillary bud growth in branches and the root structure and 
the length and density of root hairs in the root system (Al-
Babili and Bouwmeester 2015). In this study, compared 
with NP, LP significantly decreased the SL content in 
leaves by 45.86% on day 9, whereas the change in SL con-
tent in roots was opposite to that in leaves. LP increased 
the SL content in roots, which is consistent with previous 
studies (Kapulnik and Koltai 2016; Sun et al. 2016). The 
SL content was negatively correlated with the leaf length 
and leaf ACP activity; these effects were extremely signifi-
cant. In addition, the SL content was positively correlated 
with the P content in roots and was negatively correlated 

with the total root length and root surface area. The accu-
mulation of SL in leaves has been suggested to lead to the 
transport of SL from leaves to roots, improving the effi-
ciency of root phosphorus uptake and further consolidat-
ing the role of SL as a regulator of the steady-state system 
of plants under PI deficiency (Gho et al. 2018; Liu et al. 
2018).

GA, the main form of gibberellin, can promote cell 
growth and the development of leaves and roots. In this 
study, compared with NP, LP significantly increased the GA 
content in roots and decreased the GA content in leaves on 
day 9, and under LP conditions, the GA content in leaves 
was negatively correlated with the number of root tips, while 
the GA content in roots was positively correlated with the 
P utilization efficiency, which is consistent with previous 
studies on barley and cotton. The interaction between GA 
and low-phosphorus stress was confirmed (Devaiah et al. 
2009). This phenomenon may be the self-defense reaction 
of Sophora davidii under stress, and the accumulation of 
GA in leaves may lead to the transport of GA from leaves 
to roots under phosphorus deficiency; that is, by increasing 
the content of GA in roots, the effects of phosphorus defi-
ciency on plant growth and development can be alleviated, 
the morphological structure of roots can be changed and 
the efficiency of phosphorus utilization can be increased to 
enhance the adaptive response of plants to low-phosphorus 
stress (Jiang et al. 2007).

Fig. 7   Correlations between endogenous hormones and growth char-
acteristics in Sophora davidii under NP (a) and LP (b) conditions. 
Red and blue are positive and negative R values, respectively. *Indi-

cates a significant correlation at the 0.05 level (bilateral), **Indicates 
a significant correlation at the 0.01 level (bilateral)
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ABA plays an important role in plant growth, especially 
under stress. ABA regulates the unloading of photosyn-
thetic products and the opening and closing of stomata, 
and when plants are exposed to environmental stresses 
such as drought, salinity and low phosphorus, the ABA 
content increases rapidly, inducing the initiation and 
expression of plant stress resistance systems (Wang et al. 
2018a, b; Zhang et al. 2019a, b). Studies have found that 
ABA can promote the closure of stomata to reduce the loss 
of water vapor and also reduce stress damage by activating 
stress response genes encoding LEA proteases to jointly 
improve plant stress resistance (Bray 2010). In this study, 
compared with NP, LP significantly decreased the ABA 
content in leaves on days 3, 6 and 9, and the ABA content 
was negatively correlated with the root tip number. Radin 
et al (1982) found that more ABA could accumulate in 
cotton leaves when phosphorus was deficient compared 
with when phosphorus was sufficient, in opposition to our 
research results. In this study, the ABA content in roots 
increased to varying degrees compared with normal P 
supply, which is consistent with previous research results 
(Postma and Lynch 2011). This finding may have been 
observed because under phosphorus deficiency, the polar 
transport of ABA from the shoot to the root increases its 
concentration in the roots, thereby reducing the leaf ABA 
concentration. ABA triggers the expression of stress-
responsive genes encoding LEA proteases in root cells 
and increases the phosphorus content and improves the 
phosphorus utilization efficiency of the root system, thus 
enhancing the ability of Sophora davidii to resist stress 
(Sharp and LeNoble 2002).

In this study, the morphological characteristics, phos-
phorus utilization and changes in endogenous hormones 
of Sophora davidii under low-phosphorus stress showed 
that the effect of low-phosphorus stress was greater on 
the Sophora davidii root system than on leaves. There-
fore, the root system was speculated to be the first to sense 
the stress signal and to process and transmit this signal 
because the root system is not only an important synthe-
sis and transformation site of plant hormones, but also an 
important synthesis and transformation site of plant hor-
mones. The roots are the main organs for plants to absorb 
nutrients and can detect phosphorus deficiency earlier than 
the aboveground parts. After receiving the stress signal 
from the roots, the whole plant responds rapidly to the 
nutrient stress, and corresponding adjustment measures 
are used to adapt to the stress. Concurrently, a plant is 
not the result of a single hormone in the process of its 
growth and development but a comprehensive result of the 
coordinated regulation of various hormones. Under envi-
ronmental stress, plants can alleviate growth inhibition 
by changing the content of various hormones to maintain 
normal growth and development.

Conclusion

Sophora davidii can quickly induce a series of anti-stress 
responses under low-phosphorus stress by changing the mor-
phological characteristics of the aerial plant parts, reducing 
the length of the main root, increasing the root surface area, 
average root diameter, number of root tips and root volume, 
changing the allocation of biomass, reducing P accumula-
tion, improving P utilization efficiency and ACP activity and 
changing the content of various hormones, thus reducing 
the negative effects caused by low-phosphorus stress and 
maintaining high phosphorus efficiency.
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