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This study aims to explore the low phosphorus (P) tolerance of saplings from different Gleditsia 
sinensis Lam. families. It also seeks to screen for Gleditsia sinensis families with strong low P tolerance 
and identify key indicators for evaluating their tolerance. This research provides a foundation for 
the breeding of superior families of Gleditsia sinensis and the study of mechanisms underlying low P 
tolerance. Using saplings from 30 Gleditsia sinensis families as the research subjects, a sand culture pot 
experiment was conducted. This study set up low P treatment (0.01 mmol L−1) and normal P treatment 
(1 mmol L−1). Twenty-five indicators including growth morphology, biomass, root morphology, and P 
content were measured. The low P tolerance coefficient was used as the basic data for assessing the 
low P tolerance of Gleditsia sinensis. The fuzzy comprehensive evaluation method was employed to 
comprehensively assess the low P tolerance types of Gleditsia sinensis a stepwise regression model 
was established to identify the key evaluation indicators for low P tolerance. The results indicate that 
low P stress reduced plant height, stem diameter, and biomass in most Gleditsia sinensis families, but 
increased the root morphological indicators, root-shoot ratio and PUE of various organs. Principal 
component analysis transformed the 25 indicators into 6 independent comprehensive indicators, with 
a cumulative contribution rate of 86.743%. The fuzzy comprehensive evaluation method calculated a 
comprehensive evaluation value (D value), enabling the screening of Gleditsia sinensis families into low 
P tolerant and low P sensitive types. Cluster analysis grouped the 30 Gleditsia sinensis families into 4 
types. Among them, F13, F10, F9, F18, F15, and F28 were classified as low P tolerant types; F6, F23, 
F3, F17, F20, F2, F12, F11, F16, F8, F5, F27, F1, and F26 were categorized as intermediate types; F30, 
F7, F22, F4, F19, F29, F24, F14 and F25 were considered low P sensitive types, and F21 was classified 
as extremely low P sensitive types. The stepwise regression analysis identified the indicators stem 
diameter, total root volume, shoot dry weight, total root projection area, and leaf P content as the key 
factors for discriminating the low P tolerance of Gleditsia sinensis. The regression model is as follows: 
D=-0.005 + 0.323 stem diameter *+0.154 * total root volume + 0.196* shoot dry weight + 0.139* 
total root projection area − 0.112* leaf P content. In summary, low P stress inhibited the growth of 
Gleditsia sinensis saplings, but it increased the root morphological indicators, root-shoot ratio and 
PUE of various organs to cope with low P environments. The screening identified F13, F10, F9, F18, 
F15, and F28 as low P tolerant Gleditsia sinensis families. The evaluation indicators for low P tolerance 
in Gleditsia sinensis were identified as stem diameter, total root volume, shoot dry weight, total root 
projection area and leaf P content.
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Abbreviations
Len	� Total root length
SA	� Total root surface area
PA	� Total root projection area
Vol	� Total root volume
AvgD	� Average root diameter
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PUE	� Phosphorus utilization efficiency
PAE	� Phosphorus absorption efficiency

P is an essential nutrient that plays a crucial regulatory role in plant growth and development1. P is one of the 
essential elements for plant growth and is a crucial component of large molecular substances such as nucleic 
acids and proteins, playing a vital role in plant development2. Although soils may contain a large amount of 
total P, only a small proportion is immediately available to plants, P in the soil is primarily absorbed by plants 
in the form of inorganic P. Due to the tendency of metal ions such as iron, aluminum, and calcium to form 
insoluble substances with soil particles, the effective P content available for plant absorption and utilization in 
the soil is often very low3–6. Plants are susceptible to low P stress, which affects their growth, development, and 
yield7. P is limiting for crop yield on > 30% of the world’s arable land and, by some estimates, world resources of 
inexpensive P may be depleted by 2050. Improvement of P acquisition and use by plants is critical for economic, 
humanitarian and environmental reasons8. Applying P fertilizer is a direct method to address plant P deficiency, 
but excessive use of P fertilizer can lead to soil compaction and, at the same time, cause water pollution. Therefore, 
fertilization is not the optimal solution9–11. Research has found that plants develop different nutrient absorption 
strategies during the genetic process, and there are significant differences in nutrient absorption and utilization 
efficiency among different families of the same plant12–14. Therefore, studying the differences in P tolerance 
among different families of the same plant and screening for low P tolerant families can reduce the application 
of phosphate fertilizers and, to some extent, alleviate the soil P resource crisis. Previous research has conducted 
extensive studies on the stress mechanisms of plants in response to low P stress, and many studies have reported 
significant differences in morphological and physiological response mechanisms to low P stress both within and 
between species15–17. Under low P conditions, some species can grow normally, while others experience growth 
impairment or even death. The efficiency of P use varies among these species, primarily in terms of P allocation, 
utilization, transport, and absorption18. Plants have evolved various mechanisms to adapt to low P conditions, 
such as inducing root development and promoting lateral root growth19,20; secreting more organic acids from 
roots21; promoting mycorrhizal formation22; producing acid phosphatases to counteract low P stress23,24; altering 
plant metabolic pathways25,26; and inducing or repressing the expression of P-related genes27. Currently, soil 
improvement, fertilization, and management techniques can reduce the application of phosphate fertilizers, but 
these measures do not fundamentally address the problem of insufficient available P in the soil. Screening and 
cultivating low P tolerant families is of great significance, as it is one of the key measures to mitigate the depletion 
of phosphate rock, reduce the application of phosphate fertilizers, and address the scarcity of available P in the 
soil while maintaining relatively stable yields and protecting the agricultural ecological environment.

Gleditsia sinensis Lam. belongs to the Leguminosae family and Gleditsia genus, is a common deciduous tall 
tree in China. The Gleditsia genus has important economic value, the main usable parts of Gleditsia are the 
pod, thorns, and seeds28. It is widely used in carbon sequestration forests, ecological forests, economic forests, 
landscape forests, and as a species for chemical raw material forests. It is a typical multifunctional and distinctive 
economic forest species29,30. Additionally, Gleditsia sinensis contains abundant chemical constituents such as 
terpenoids, flavonoids, phenolic acids, and steroids, making it a natural raw material for pharmaceuticals, food, 
health products, cosmetics, and cleaning products. It has extremely high ecological, economic, and medicinal 
value, which has gradually garnered extensive attention31,32. Therefore, Gleditsia sinensis has broad application 
and research prospects. Gleditsia sinensis is mainly distributed in southern China, where the available P content 
in forest soils is low33, limiting the growth of Gleditsia sinensis P deficiency inhibits the growth of many plants, 
but during long-term evolution, plants have developed a complete set of adaptive mechanisms in response to 
low P stress. These mechanisms include changes in root morphology, physiological and biochemical processes, 
and gene expression25,34,35. However, the mechanisms by which Gleditsia sinensis responds to low P stress are 
still unclear. In recent years, research on Gleditsia sinensis has gradually increased but has mainly focused on 
medicinal components, sapling afforestation techniques, grafting propagation techniques, resource surveys, and 
the effects of different environmental conditions on the growth and development of Gleditsia sinensis. It remains 
uncertain whether the research results on low P adaptation mechanisms in different species are applicable to 
Gleditsia sinensis, whether there are differences in P use efficiency among different Gleditsia sinensis families, 
whether their tolerance to low P stress is consistent, and what the physiological response mechanisms to low P 
stress. To screen for low P tolerant Gleditsia sinensis families and establish a simple, rapid, and accurate sapling 
stage screening system, this study used a sand culture pot method with 30 different Gleditsia sinensis families. 
Two P concentrations were set: low P treatment (0.01 mmol L−1) and normal P treatment (1 mmol L−1), to 
explore the differences in low P tolerance among the 30 Gleditsia sinensis families. This aims to establish a 
preliminary screening system at the sapling stage, simplify the screening process for low P tolerance in Gleditsia 
sinensis, clarify the initial screening indicators for low P tolerance, and identify low P tolerant Gleditsia sinensis  
families. This has significant implications for the breeding of superior Gleditsia sinensis families and alleviating 
phosphate fertilizer consumption, providing a foundation and basis for saving phosphate fertilizer resources and 
protecting the agricultural ecological environment.

Materials and methods
Experimental materials
This study selected 30 families of Gleditsia sinensis from different regions in Guizhou Province as experimental 
materials. Seeds harvested, dried, and then refrigerated at 4 ℃. Seeds of all Gleditsia sinensis families were 
subjected to acid scarification, warm water soaking, and then sown. Apply low-phosphorus stress after 2 months 
of cultivation.
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Experimental design
This study employed a completely randomized block design, and the sand culture experiment was conducted in 
the greenhouse of the College of Forestry at Guizhou University (106°66693′E, 26°45644′N). The environmental 
conditions were maintained at a temperature of 25  °C ± 2  °C, a photoperiod of 12  h per day, and a relative 
humidity ranging from 50 to 75%. The experiment involved two P levels: normal P (1 mmol L−1) and low P (0.01 
mmol L−1), resulting in a total of 60 treatments. After cultivating Gleditsia sinensis saplings for two months, low 
P treatment was initiated. Each family was divided into two groups: one group received P at a concentration of 1 
mmol L−1 in Hoagland nutrient solution, and the other group received P at a concentration of 0.01 mmol L−1 in 
Hoagland nutrient solution. Nutrient solutions were applied every 7 days with appropriate water supplementation 
during the period. After 3 months of stress treatment, various growth and nutrient indicators of Gleditsia sinensis 
saplings under normal P and low P conditions were measured, with 30 saplings per treatment.

Nutrient solution formulation
The formulation of the P-deficient Hoagland nutrient solution is as fol-lows: K2SO4: 607 mg L−1, MgSO4: 493 
mg L−1, (NH4)2SO4: 66.02 mg L−1, C10H12 FeNaN2O8·3 H2O: 20 mg L−1, FeSO4: 15 mg L−1, H3BO3: 2.86 mg L−1, 
Na2B4O7·10H2O: 4.5 mg L−1, MnSO4: 2.13 mg L−1, CuSO4: 0.05 mg L−1, ZnSO4: 0.22 mg L−1, The P source and its 
concentration are provided by KH2PO4. Potassium deficient in low P concentration is supplemented with KCl. 
The prepared Hoagland nutrient solution is adjusted to a pH between 6 and 7 using 1 mol L− 1 NaOH.

Measurement indicators and methods
Measurement of growth indicators: Ten Gleditsia sinensis saplings were selected, and a ruler was used to measure 
parameters such as plant height, stem diameter after low P treatment. After low P stress treatment, Gleditsia 
sinensis saplings were divided into three parts: roots, stems, and leaves. Their fresh weights were measured using 
a precision balance. The samples were then subjected to blanching in a 105 °C oven for half an hour, followed 
by drying at 65 °C to a constant weight. The dry weights of each part were measured, and the root-shoot ratio 
was calculated.

Measurement of root morphological indicators: After low P stress treatment, ten Gleditsia sinensis saplings 
were selected. The roots were cleaned with tap water and then scanned using an Epson Scan root scanner 
(Expression 12000XL, Japan). Subsequently, the WinRHIZO Pro 2019 root analysis system was used to quantify 
parameters such as total root length, total root surface area, total root volume, and average root diameter.

P content measurement: The total P content in roots, stems, and leaves after low P stress treatment was 
determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICPE-9820). P absorption 
efficiency and P use efficiency were then calculated based on the results.

Data statistics and analysis
Correlation analysis, principal component analysis, and stepwise regression analysis were conducted using SPSS 
23.0 and Origin 2022 statistical software. The comprehensive evaluation of low P tolerance sequence for the 30 
families of Gleditsia sinensis was performed using the fuzzy membership function. The formulas for calculating 
correlation indices are as follow36:

	(1)	� Low phosphorus tolerance coefficient = measurement value of a characteristic under low P / measurement 
value of the same characteristic under normal P.

	(2)	� P AE = P C × DW : In the formula, PAE represents P absorption efficiency (mg), PC represents P con-
centration (mg g−1), and DW represents dry weight (g).

	(3)	� PUE = DW÷PAE: In the formula, PUE represents P utilization efficiency (g mg−1);
	(4)	� Uxj=(Xj−Xmin)/Xmax − Xmin  j = 1,2,3,……n.

In the formula: Uxj represents the membership function of the j evaluation indicator for the X family; Xj 
represents the j comprehensive indicator; Xmin represents the minimum value of the j comprehensive indicator; 
Xmax represents the maximum value of the j comprehensive indicator.

	(5)	� W j = P j/
∑ n

j−1 |P j|j=1, 2, 3, …… n

In the formula: Wj represents the importance of the j comprehensive indicator among all the comprehensive 
indicators, which is the weight; Pj is the contribution rate of the j comprehensive indicator for each family line.

	(6)	� The formula for calculating the overall low P tolerance of families is as follows: D =
∑ n

j−1[U(xj) × Wj]

In the formula: D represents the comprehensive evaluation value of low P tolerance for Gleditsia sinensis 
germplasm from different sources under low P stress.

Results
Effects of low P stress treatment and different families on various indicators in Gleditsia 
sinensis saplings
Through non-parametric two-factor analysis of variance on various indicators. Table 1 shows that, from a single 
factor perspective, the differences among different family lines have reached a significant level (p < 0.05) for 
agronomic traits, root traits, P content, PAE and PUE. The low P treatment does not significantly affect total 
root length, stem P content, and stem PUE, while showing significant effects on other indicators (p < 0.05). 
Simultaneously, the interactive effects of different family lines × low P treatment have reached significant levels 
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(p < 0.05) for ground diameter, main root thickness, root dry weight, root-shoot ratio, total root length, root 
PAE, stem P content, and stem PUE. The interactive effects of different family lines × low P treatment are not 
significant for the remaining indicators. The results indicate that family lines and P levels significantly influence 
agronomic traits, root traits, P content, PAE and PUE in Gleditsia sinensis saplings. Additionally, there is a certain 
degree of interaction effect observed in various indicators due to the interaction between different family lines 
and low P treatment.

Differential analysis of low P tolerance coefficients for various indicators in Gleditsia sinensis 
saplings from different families under low P stress
Due to significant growth differences among the offspring of different Gleditsia sinensis families under low and 
normal P conditions, in order to eliminate inter-species errors, the use of the low P tolerance coefficient can 
more accurately reflect their low P tolerance37. By analyzing the low-P tolerance coefficient of each trait at the 
sapling stage for various Gleditsia sinensis families (Fig. 1), the results showed that for morphological indicators, 
most Gleditsia sinensis families had a low P tolerance coefficient of less than 1 for plant height, stem diameter, 
main root diameter, and dry weight of root, stem, and leaf organs. However, compared to other morphological 
indicators, a relatively larger number of families had a low P tolerance coefficient for root dry weight greater than 
1. Among these morphological indicators, the F9 family had the highest low P tolerance coefficient for root dry 
weight at 1.66, while the lowest tolerance coefficient for stem dry weight was 0.23. This indicates that, compared 
to normal P conditions, low P stress significantly reduced the plant height, stem diameter, and biomass of most 
Gleditsia sinensis families, suggesting that a low P environment inhibits the growth and development of most 
Gleditsia sinensis. Morphological comparison of Gleditsia sinensis families with low phosphorus tolerance (F13) 
and low phosphorus sensitivity (F21) is shown in Fig. S1.

For root morphological indicators, the low P tolerance coefficient for total root length ranged from 0.65 to 
2.44, with the F13 family having the highest coefficient. Notably, 14 Gleditsia sinensis families had a total root 
length tolerance coefficient greater than 1. Eight families had a tolerance coefficient greater than 1 for both total 
root surface area and total root projection area. The total root surface area tolerance coefficient ranged from 0.58 
to 1.53, and the total root projection area tolerance coefficient ranged from 0.46 to 1.50. Remarkably, the F13 
family showed the highest tolerance coefficients in both total root surface area and total root projection area. 
Six families had a total root volume tolerance coefficient greater than 1, ranging from 0.32 to 1.43, with the F10 

Indicator

Family P level
Family × P 
Level

H p H p H p

Plant height 98.809 0.0000 31.942 0.0000 41.035 0.0684

Stem diameter 85.452 0.0000 36.530 0.0000 43.728 0.0389

Main root diameter 87.881 0.0000 12.893 0.0003 46.518 0.0208

Root dry weight 106.090 0.0000 11.310 0.0008 54.060 0.0032

Stem dry weight 114.548 0.0000 24.610 0.0000 31.816 0.3280

Leaf dry weight 95.002 0.0000 40.904 0.0000 29.747 0.4267

Shoot dry weight 107.575 0.0000 36.856 0.0000 28.162 0.5093

Total dry weight 111.84 0.0000 24.088 0.0000 37.782 0.1273

Root-shoot ratio 71.264 0.0000 9.275 0.0023 76.005 0.0000

Total root length 130.008 0.0000 0.347 0.5556 47.382 0.0170

Total root surface area 132.188 0.0000 10.304 0.0013 34.009 0.2389

Total root projection area 123.44 0.0000 8.424 0.0037 42.095 0.0551

Total root volume 128.596 0.0000 19.475 0.0000 27.526 0.5433

Average root diameter 87.690 0.0000 46.462 0.0000 32.199 0.3112

Root P content 80.512 0.0000 62.916 0.0000 33.349 0.2639

Root PAE 45.903 0.0240 79.497 0.0000 43.456 0.0413

Root PUE 80.512 0.0000 62.916 0.0000 33.349 0.2639

Stem P content 131.020 0.0000 2.022 0.1551 43.808 0.0383

Stem PAE 64.311 0.0002 66.763 0.0000 35.346 0.1934

Stem PUE 131.02 0.0000 2.022 0.1551 43.808 0.0383

Leaf P content 132.902 0.0000 5.970 0.0146 38.325 0.1153

Leaf PAE 76.508 0.0000 58.241 0.0000 31.130 0.3593

Leaf PUE 132.907 0.0000 5.984 0.0144 38.305 0.1157

Total plant PAE 45.869 0.0242 99.408 0.0000 27.381 0.5512

Total plant PUE 116.921 0.0000 21.151 0.0000 39.636 0.0901

Table 1.  Analysis of variance for measurement indicators of Gleditsia sinensis saplings under low P treatment 
and different family lines differences. H = test statistic, P = probability (P-value) associated with the H statistic, 
indicating significance.
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family having the highest coefficient. Five families had a root average diameter tolerance coefficient greater than 
1, ranging from 0.65 to 1.16, with the F15 family having the highest coefficient. Our study results indicate that 
low P stress significantly affects the root-shoot ratio of Gleditsia sinensis saplings. The root-shoot ratio tolerance 
coefficient ranged from 0.53 to 2.46. Twenty families had a root-shoot ratio tolerance coefficient greater than 
1, with the highest reaching 2.46. Only ten families had a root-shoot ratio tolerance coefficient less than 1, and 
within these ten, two families had coefficients close to 1, at 0.99 and 0.98, with the lowest being 0.53.Therefore, 
under low P stress, Gleditsia sinensis saplings may increase root indicators such as total root length, total root 
surface area, and total root projection area to obtain more P for growth and development, as well as significantly 
increase the root-shoot ratio to adapt to the low P environment.

By measuring the P content in the roots, stems, and leaves of different Gleditsia sinensis families under low 
P stress, we found that low P stress reduced the P content and PAE in most Gleditsia sinensis roots, stems, and 
leaves, with the most significant reduction in root P content. However, it increased the PUE in these organs. 
Except for two families, the low P tolerance coefficient of PUE in the roots of the remaining 28 families was 
greater than 1, ranging from 0.84 to 2.8. The low P tolerance coefficient of PUE in the stems and leaves of 20 
families was greater than 1, and 25 families had a whole plant PUE tolerance coefficient greater than 1. Therefore, 
low P stress can significantly increase the P absorption and utilization in Gleditsia sinensis families, and increased 
PUE is one of the strategies Gleditsia sinensis employs to resist and adapt to low P environments. Under low P 
stress, different Gleditsia sinensis families exhibit varying degrees of changes in each indicator. Evaluating the low 
P tolerance of Gleditsia sinensis using the low P tolerance coefficients of individual indicators may yield different 
results. Therefore, judging the low P tolerance of Gleditsia sinensis based on the low P tolerance coefficients of 
individual indicators may lead to significant differences in the results.

Fig. 1.  Low P tolerance coefficients for various indicators in Gleditsia sinensis.

 

Scientific Reports |        (2024) 14:31716 5| https://doi.org/10.1038/s41598-024-82071-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Correlation analysis of low P tolerance coefficients for various indicators in Gleditsia sinensis 
saplings from different families under low P stress
By analyzing the low P tolerance coefficients of various indicators under low P stress, we found significant 
correlations among many trait indicators, as shown in Fig. 2. This indicates that there is a certain degree of 
overlap in the information provided by each indicator, making it challenging to scientifically evaluate the low 
P tolerance of different Gleditsia sinensis families based solely on individual indicators. In our study, we used 
a correlation heatmap to show the relationships between various variables (Fig. 2), revealing a clear pattern of 
correlations. The correlation heatmap uses color and size to represent correlation coefficients, with red indicating 
positive correlation, blue indicating negative correlation, and the depth of the color representing the strength of 
the correlation.

Specifically, plant height and stem diameter had a significant positive correlation (r = 0.54), indicating that 
as the height of Gleditsia sinensis increases, the stem diameter also increases, likely due to overall plant growth 
driving stem expansion. The total dry weight was highly correlated with the dry weights of various parts, the 
correlation with root dry weight was r = 0.87, indicating that an increase in root biomass significantly drives the 
increase in total biomass. The correlation with stem dry weight was r = 0.61, suggesting that stem biomass also 
greatly contributes to total biomass. The correlation with leaf dry weight was r = 0.52, showing that leaf biomass 
is also an important component of total biomass. Root PAE and root dry weight had a very strong positive 
correlation (r = 0.88), demonstrating a close relationship between PAE and root biomass, possibly because a 
robust root system can more effectively facilitate P absorption. Root dry weight and root-shoot ratio had a 
significant positive correlation (r = 0.75), indicating that an increase in root dry weight can enhance the root-
shoot ratio of Gleditsia sinensis saplings. The correlations of root P content with root PAE and root PUE were 
r=-0.076 and r=-0.91, respectively, with a highly significant negative correlation between root P content and 
root PUE. This suggests that higher P content may reduce PAE and PUE, possibly due to P saturation effects 
or relative deficiencies of other nutrients. There was no significant correlation between root-shoot ratio and 
root surface area, stem P content, and stem PUE, indicating no direct relationship between these variables. 
Leaf P content and whole plant PAE were not significantly correlated (r=-0.14), indicating no obvious linear 

Fig. 2.  Correlation analysis of low P tolerance coefficients for each indicators. * indicates significance at the 
0.05 level, ** indicates significance at the 0.01 level, ***indicates significance at the 0.001 level.
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relationship between leaf P content and whole plant PAE. These correlation results provide valuable insights 
into the relationships among different parts of Gleditsia sinensis and the interactions of various growth and 
physiological parameters. For example, the highly significant negative correlation between whole plant PUE 
and the P content of roots, stems, and leaves indicates that when P is abundant in the plant, the PUE decreases. 
Only under relatively low P conditions might Gleditsia sinensis rapidly activate PUE to maintain growth and 
development. The positive correlation between root dry weight and root-shoot ratio may suggest a trade-off in 
resource allocation, where an increase in root biomass leads to an increased root-shoot ratio, ensuring the plant 
remains in a relatively stable state.

Principal component analysis of low P tolerance coefficients for various indicators in 
Gleditsia sinensis saplings from different families under low P stress
As shown in Fig. 3, It is challenging to scientifically evaluate the low P tolerance of different families of Gleditsia 
sinensis based on individual indicators alone. In order to more accurately analyze the low P tolerance of different 
Gleditsia sinensis families, principal component analysis was conducted on the low P tolerance coefficients 
for various indicators. This transformation of the original indicators into fewer composite indicators reduces 
information loss, condenses data, and simplifies the indicators. Principal component analysis was conducted 
on the low P tolerance coefficients for 25 indicators of different Gleditsia sinensis families. The results (Table 
S1) indicate that the principal component analysis transformed the 25 low P-related indicators into 6 principal 
components, each with eigenvalues greater than 1. Among them, the eigenvalue of Principal Component 1 
is 9.530, contributing 38.120%; the eigenvalue of Principal Component 2 is 5.009, contributing 20.037%; the 
eigenvalue of Principal Component 3 is 2.553, contributing 10.214%; the eigenvalue of Principal Component 
4 is 2.108, contributing 8.430%; the eigenvalue of Principal Component 5 is 1.366, contributing 5.464%; and 
the eigenvalue of Principal Component 6 is 1.120, contributing 4.478%. The cumulative contribution rate is 
86.743%. These 6 principal components can be used as comprehensive indicators to evaluate the low P tolerance 
of Gleditsia sinensis.

Fig. 3.  PCA of low P tolerance coefficients for each indicators.
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The characteristic vectors indicate the degree and direction of the load impact of each trait on the principal 
components. The research results indicate (Table S1), in the first principal component, root PUE, total plant 
PUE, and leaf PUE have significantly positive coefficient values, while root P content and leaf P content have 
significantly negative coefficient values. This suggests that when the first principal component is large, root PUE, 
total plant PUE, and leaf PUE increase, while root P content and leaf P content decrease. The first principal 
component mainly reflects the plant’s P nutrition accumulation ability, so it is classified as a P nutrition indicator. 
In the second principal component, root PAE, root dry weight, root-shoot ratio, total plant PAE, and total dry 
weight have significantly positive coefficient values, indicating that these five indicators have a significant positive 
impact on the second principal component. These indicators mainly reflect the PAE and biomass of the root 
system and the entire plant. Therefore, the second principal component is classified as a biomass indicator. In the 
third principal component, leaf dry weight and leaf PAE have significantly positive coefficient values, indicating 
that these two indicators have a significant positive impact on the third principal component. These two 
indicators mainly reflect the biomass and PAE of the leaves. Therefore, the third principal component is classified 
as leaf indicators. In the fourth principal component, stem dry weight and stem PUE have significantly positive 
coefficient values, while stem P content has a significantly negative coefficient value. These three indicators 
are mainly related to the stem, so the fourth principal component is classified as stem indicators. In the fifth 
principal component, total root surface area, total root projection area, and total root length have significantly 
positive coefficient values, indicating that these three indicators have a substantial positive impact on the fifth 
principal component. These indicators primarily reflect the growth of Gleditsia sinensis root system, so the fifth 
principal component is classified as root morphology indicators. In the sixth principal component, root average 
diameter, stem diameter, and total root volume have significantly positive coefficient values, indicating that these 
three indicators have a substantial positive impact on the sixth principal component. These indicators primarily 
reflect the thickness of root and stem, so the sixth principal component is classified as volume indicators.

Comprehensive evaluation of low P tolerance in different Gleditsia sinensis families
Through principal component analysis, the 25 individual indicators have been transformed into six independent 
composite indicators. The membership function values for each composite indicator were calculated using 
Eq. (4), as shown in Table 2. The corresponding membership function value µ(Xi) was calculated based on the 
values of each composite indicator CIi. The Wj were calculated using Eq. (5), where the weights for each indicator 
were determined based on their contribution rates. The weights for the six independent composite indicators 
were 0.4395, 0.2310, 0.1178, 0.0972, 0.0630, and 0.0516, respectively. The research results indicate that the low P 
tolerance varies among different Gleditsia sinensis families. The comprehensive evaluation value (D value) of low 
P tolerance for different Gleditsia sinensis families was calculated using Eq. (6). A larger D value implies stronger 
low P tolerance. Among them, the family F13 had the highest comprehensive evaluation value, reaching 0.8053, 
indicating that the F13 family is the most tolerant to low P conditions. On the other hand, the family F21 had the 
smallest comprehensive evaluation value, measuring 0.3014, suggesting its relatively poor low P tolerance. The 
low P tolerance of different Gleditsia sinensis families, from highest to lowest, is as follows:

F13 > F10 > F9 > F18 > F15 > F28 > F6 > F23 > F3 > F17 > F20 > F2 > F12 > F11 > F16 > F8 > F5 > F27 
> F1 > F26 >  F30 > F7 > F22 > F4 > F19 > F29 > F24 > F14 > F25 > F21.

Cluster analysis
As shown in Fig. 4, cluster analysis was conducted on the comprehensive evaluation values of low P tolerance (D 
value) using the euclidean distance method. When the euclidean distance was set at 5, the 30 Gleditsia sinensis 
families could be classified into 4 groups based on their low P tolerance capabilities.

Cluster I comprise 6 families, divided into two subgroups. The first subgroup consists of 2 families (F13, F10), 
and the second subgroup comprises 4 families (F9, F18, F15, F28). This cluster exhibits higher comprehensive 
evaluation values for low P tolerance (D value), ranging from 0.7053 to 0.8053. The average D value is 0.7479, 
and the overall ranking is within the top 1–6. This group is classified as low-P tolerant types.

Cluster II comprise 14 families, divided into two subgroups. The first subgroup consists of 6 families (F6, 
F23, F3, F17, F20, F2), and the second subgroup comprises 8 families (F12, F11, F16, F8, F5, F27, F1, F26). This 
cluster exhibits comprehensive evaluation values for low P tolerance (D value) ranging from 0.4989 to 0.6420. 
The average D value is 0.5531, and the overall ranking is generally in the middle, ranging from 7th to 20th. These 
families are classified as intermediate types in terms of low P tolerance.

Cluster III consists of 9 families, divided into two subgroups. The first subgroup comprises 7 families (F30, 
F7, F22, F4, F19, F29, F24), and the second subgroup consists of 2 families (F14, F25). This cluster exhibits 
relatively low comprehensive evaluation values for low P tolerance (D value), ranging from 0.3627 to 0.4688. The 
average D value is 0.4344, and the overall ranking is generally towards the lower end, ranging from 21st to 29th. 
This cluster is classified as relatively low P sensitive types.

Cluster IV consists of a single family, F21, with a low P tolerance comprehensive evaluation value (D value) 
of 0.3014. It is ranked 30th, occupying the last position. This family is classified as extremely low P sensitive type.

Establishing regression models and selecting identification indicators
To understand the correlation between various measurement indicators and the comprehensive evaluation 
value for low P tolerance (D value), key identification indicators for low P tolerance in Gleditsia sinensis were 
selected. In this study, a stepwise regression analysis was conducted with the comprehensive evaluation value as 
the dependent variable and the low P tolerance coefficients of various measurement indicators as independent 
variables.

The established regression model is as follows: D=-0.005 + 0.323* Stem diameter + 0.154 * Total root 
volume + 0.196* Shoot dry weight + 0.139* Total root projection area − 0.112* Leaf P content (where the 
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equation’s coefficient of determination R2 = 0.988, P < 0.01, and the F-value is 397.192). This indicates a high 
credibility and strong explanatory power of the regression equation. It can be utilized for screening low 
P identification indicators and predicting low P tolerance. Based on the equation results, the following five 
indicators were selected as having stronger correlations among the 25 indicators: stem diameter, total root 
volume, shoot dry weight, total root projection area, and leaf P content. From Table 3, it is evident that further 
precision comparison of the regression equation reveals that the accuracy of the 30 Gleditsia sinensis families is 
all above 93.00%, with an average accuracy of 97.78%. This suggests that these five indicators have a significant 
impact on the low P tolerance of Gleditsia sinensis. The regression equation provides a high level of accuracy in 
evaluating the low P tolerance of Gleditsia sinensis families, making it suitable for assessing the low P tolerance 
of other Gleditsia sinensis families.

Discussion
As one of the most important mineral elements, P is not only a component of many essential compounds 
in plants, such as nucleic acids, proteins, and phospholipids, but also plays a crucial role in photosynthesis, 
respiration, and numerous enzyme-catalyzed reactions38. P is an essential and abundant nutrient element in 
plants, serving various functions39. P deficiency directly impacts the morphological development, biomass, 
and yield of plants40. To ensure crop yield and quality, farmers often increase the application of P fertilizer on 
P-deficient soils. The low availability of P in soil highlights the importance of strategies aimed at improving soil 
P effectiveness and enhancing the internal organ P utilization efficiency in plants, which are key measures for 
enhancing the productivity of crops in low P soils41.

The afforestation area of Gleditsia sinensis is increasing year by year, and most Gleditsia sinensis plantations 
have adopted intensive management. However, the yield remains low, especially the yield per unit area. Our 
investigation found that within the same stand and under the same management measures, there is a significant 
difference in yield among different strains of the same family of Gleditsia sinensis. Soil nutrient content 
measurements from several sample plots revealed varying nutrient levels across different plots. Therefore, we 

Family number CI1 CI2 CI3 CI4 CI5 CI6 µ(X1) µ(X2) µ(X3) µ(X4) µ(X5) µ(X6) D Ranking

F1 0.7273 -1.9157 -1.2814 -0.8938 0.1517 -0.0661 0.6206 0.3703 0.4286 0.3924 0.5499 0.4250 0.5034 19

F2 1.7657 0.5646 -0.7441 -1.9143 -0.9534 -0.2887 0.7042 0.5860 0.5002 0.2432 0.3590 0.3788 0.5696 12

F3 0.0617 1.6342 0.2046 1.4182 -0.1731 -0.7905 0.5669 0.6791 0.6266 0.7305 0.4938 0.2746 0.5961 9

F4 -1.9915 0.0260 0.5013 -2.2413 0.1039 -1.1028 0.4015 0.5392 0.6662 0.1954 0.5416 0.2098 0.4434 24

F5 -1.4984 1.4255 -1.9072 0.6633 1.9496 -0.5416 0.4412 0.6609 0.3452 0.6201 0.8605 0.3263 0.5185 17

F6 5.4362 -6.1731 1.6069 1.2005 0.5415 -2.1130 1.0000 0.0000 0.8135 0.6987 0.6172 0.0000 0.6420 7

F7 1.8114 -3.9117 -3.3006 0.6331 -1.1904 -0.9902 0.7079 0.1967 0.1595 0.6157 0.3180 0.2331 0.4672 22

F8 -0.0425 -0.7866 0.8665 -0.4585 -0.3302 -0.5154 0.5585 0.4685 0.7149 0.4561 0.4666 0.3317 0.5287 16

F9 4.0510 4.2331 -0.8731 -2.1482 0.9320 0.1289 0.8884 0.9051 0.4830 0.2090 0.6847 0.4655 0.7438 3

F10 4.2983 2.7433 -1.0333 2.3896 2.7569 -0.7248 0.9083 0.7755 0.4617 0.8726 1.0000 0.2882 0.7953 2

F11 0.8116 -0.6763 -1.3358 0.4896 -0.0818 -0.5738 0.6274 0.4781 0.4213 0.5947 0.5096 0.3196 0.5422 14

F12 1.1123 -0.7001 -1.0304 -1.1537 0.6507 0.4186 0.6516 0.4760 0.4621 0.3544 0.6361 0.5257 0.5524 13

F13 4.3947 5.3238 0.2447 1.6843 -3.0311 -0.0090 0.9161 1.0000 0.6320 0.7694 0.0000 0.4369 0.8053 1

F14 -2.0956 -0.5482 -4.4973 0.4419 0.0119 0.5335 0.3931 0.4893 0.0000 0.5878 0.5257 0.5495 0.4044 28

F15 3.3637 -1.7514 1.2121 1.7740 0.6447 2.7030 0.8330 0.3846 0.7609 0.7826 0.6351 1.0000 0.7122 5

F16 1.3993 -1.2700 0.0399 -3.5776 -0.5050 1.4432 0.6747 0.4265 0.6047 0.0000 0.4364 0.7384 0.5318 15

F17 2.5673 -1.4451 -1.2038 -0.6760 -1.8090 1.0617 0.7688 0.4112 0.4389 0.4243 0.2111 0.6592 0.5731 10

F18 3.7185 0.4219 2.9282 0.9166 -1.4866 -0.5337 0.8616 0.5736 0.9896 0.6572 0.2668 0.3279 0.7253 4

F19 -4.1818 1.1300 1.5862 -0.5751 0.2186 -0.4003 0.2250 0.6352 0.8108 0.4391 0.5615 0.3556 0.4375 25

F20 0.2605 1.6664 0.2835 -1.3204 -0.3853 -0.0389 0.5830 0.6819 0.6372 0.3301 0.4571 0.4307 0.5718 11

F21 -6.9744 0.5460 -0.3466 0.0081 -0.3888 -0.1044 0.0000 0.5844 0.5532 0.5243 0.4565 0.4171 0.3014 30

F22 -4.4784 1.4403 0.1711 3.2610 -1.0837 0.3751 0.2011 0.6622 0.6222 1.0000 0.3365 0.5166 0.4597 23

F23 -0.1206 2.3303 0.1265 -0.0839 0.5182 1.2427 0.5523 0.7396 0.6162 0.5109 0.6132 0.6968 0.6103 8

F24 -3.0391 -1.2794 1.8308 -0.2206 -1.3899 0.5916 0.3171 0.4257 0.8434 0.4909 0.2836 0.5616 0.4315 27

F25 -4.7494 -2.4880 1.3294 0.9851 -0.1540 -0.0312 0.1793 0.3205 0.7766 0.6672 0.4971 0.4323 0.3627 29

F26 -1.2606 0.3403 1.0216 -0.9524 0.2151 -1.5063 0.4604 0.5665 0.7355 0.3839 0.5609 0.1260 0.4989 20

F27 -1.4385 -2.2163 -0.2399 1.2912 0.8360 2.6195 0.4461 0.3442 0.5674 0.7120 0.6681 0.9827 0.5043 18

F28 2.4159 0.1582 3.0060 -0.6140 2.0483 0.7308 0.7566 0.5507 1.0000 0.4334 0.8776 0.5905 0.7053 6

F29 -4.0184 0.3231 1.2628 -0.5675 1.1943 -0.2603 0.2382 0.5650 0.7677 0.4402 0.7300 0.3847 0.4342 26

F30 -2.3063 0.8549 -0.4285 0.2409 0.1889 -1.2578 0.3761 0.6113 0.5423 0.5584 0.5563 0.1776 0.4688 21

Weight 0.4395 0.2310 0.1178 0.0972 0.0630 0.0516

Table 2.  Comprehensive trait index values, weights, membership function values, and comprehensive 
evaluation values of different Gleditsia sinensis families.
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preliminarily conclude that the low yield of Gleditsia sinensis might be due to insufficient soil nutrients. Different 
crop species and families within the same crop can exhibit varying levels of tolerance to P42–48. The lowP tolerance 
of crops is a complex trait influenced by numerous factors. To adapt to low P environments, plants develop a 
unique set of adaptive mechanisms during their growth and development processes49. The seedling stage is a 
critical period for determining the establishment of crop populations. Simultaneously, seedling-stage breeding 
offers advantages such as short screening time and large capacity50,51. Therefore, screening low P  tolerant 
Gleditsia sinensis families during the sapling stage is of significant importance for production. In recent years, 
research on Gleditsia sinensis has primarily focused on resource collection and evaluation52, the phylogenetic 
evolution of Gleditsia sinensis plants53, chemical composition analysis of Gleditsia sinensis seeds54, morphological 
characteristics of Gleditsia sinensis thorns55, seedling cultivation and cultivation techniques, as well as the 
extraction process and analysis of bioactive substances56. However, there is currently no comprehensive research 
reported on the low P tolerance of Gleditsia sinensis during the sapling stage. Most scholars generally believe that 
a screening and evaluation system combining multiple indicators and methods is more reliable57–59. However, 
when screening for P tolerance in different crops or families of the same crop, previous studies have employed 
different indicators60,61. Therefore, using a single indicator or method cannot accurately and effectively assess 
a plant’s tolerance to low P, and the reliability of the selected indicators cannot be determined. The use of a 
comprehensive evaluation value to assess P efficiency types has been applied to multiple plants62,63.

In terms of root morphology, numerous studies showed that plants developed their own adaptive mechanisms 
in low P environments. Under low P conditions, the root system was the most visibly affected part of the plant64. 
Plants could adapt to low P stress by altering root characteristics and morphology to enhance P absorption and 

Fig. 4.  Cluster diagram of low P tolerance for 30 different Gleditsia sinensis families.
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utilization65. Low P stress increased root surface area, total root number, lateral root length, lateral root number, 
and root volume, thereby expanding the root’s P absorption area66. In Zea mays, some genotypes responded to 
low P stress by increasing the number and length of lateral roots, while other genotypes exhibited completely 
opposite responses67. Providing a certain amount of Ca2+ resulted in longer roots, larger root surface area, greater 
root diameter, and larger root volume in Cunninghamia lanceolata seedlings under low P stress43. Some study 
suggests that, the P-ring may have acted as a signaling dock that regulated lateral root emergence through P 
signaling. The relative central position of the P-ring in root cross-sections and the P-rich pericycle cells indicated 
that the P contained in these cells might be utilized for vascular/non-vascular tissue growth on either side of the 
P-ring, besides supporting or signaling lateral root formation68. In the roots of gymnosperm Pinus pinea, dicot 
Zea mays, and Arachis hypogaea seedlings, it was found that the distribution of K and P was species-specific. 
The P-ring (P-rich cells) was present in all three species and was located in a similar position, indicating the 
evolutionary and physiological significance of these cells in the growth and development of seedling roots69. It 
remains to be studied whether a similar P-ring exists in the root system of Gleditsia sinensis saplings and whether 
it plays a role. Our study results indicated that the total root length, total root surface area, total root projection 
area, and total root volume of low P tolerant Gleditsia sinensis families such as F10, F13 and F15 all had a low P 
tolerance coefficient greater than 1. Notably, the F13 family had the highest low P tolerance coefficient for total 
root length at 2.44, indicating that low P stress significantly increased these root morphology indicators, thus 
promoting root growth in Gleditsia sinensis. Conversely, in low P-sensitive families, the changes were opposite. 
The total root surface area, total root projection area, total root volume, and average root diameter of the low 
P-sensitive Gleditsia sinensis family F21 were all less than 1, with the total root volume having the lowest low P 
tolerance coefficient of 0.47. This indicated that low P conditions significantly inhibited root development in low 
P-sensitive Gleditsia sinensis families, leading to poor root development. Therefore, changes in root morphology 
were one of the important responses of Gleditsia sinensis saplings to low P stress.

In terms of the root-shoot ratio, changes in this ratio are typical adaptive responses of plants to variations in 
nutrient utilization capacity70. Deficiencies in N, P, or S can lead to a shift in dry matter distribution favoring 
root growth71. A positive correlation between P uptake efficiency and root-shoot ratio was observed across all 

Family number Original value Regression value Difference value Accuracy (%)

F1 0.5034 0.5078 -0.0043 99.1443

F2 0.5696 0.5573 0.0123 97.8471

F3 0.5961 0.5957 0.0004 99.9391

F4 0.4434 0.4506 -0.0072 98.3728

F5 0.5185 0.4966 0.0219 95.7771

F6 0.6420 0.6398 0.0023 99.6456

F7 0.4672 0.4757 -0.0085 98.1907

F8 0.5287 0.5409 -0.0122 97.6947

F9 0.7438 0.7352 0.0087 98.8347

F10 0.7953 0.7897 0.0056 99.2941

F11 0.5422 0.5264 0.0158 97.0854

F12 0.5524 0.5685 -0.0161 97.0763

F13 0.8053 0.8032 0.0021 99.7393

F14 0.4044 0.4082 -0.0038 99.0575

F15 0.7122 0.7076 0.0046 99.3556

F16 0.5318 0.5292 0.0027 99.5002

F17 0.5731 0.5698 0.0033 99.4285

F18 0.7253 0.7520 -0.0267 96.3193

F19 0.4375 0.4672 -0.0297 93.2136

F20 0.5718 0.5896 -0.0178 96.8848

F21 0.3014 0.3182 -0.0168 94.4220

F22 0.4597 0.4641 -0.0045 99.0317

F23 0.6103 0.5954 0.0150 97.5425

F24 0.4315 0.4096 0.0219 94.9140

F25 0.3627 0.3724 -0.0096 97.3407

F26 0.4989 0.4775 0.0215 95.6952

F27 0.5043 0.5155 -0.0111 97.7916

F28 0.7053 0.7133 -0.0080 98.8666

F29 0.4342 0.4204 0.0138 96.8294

F30 0.4688 0.4617 0.0071 98.4815

Table 3.  Accuracy analysis of the regression equation for low P tolerance evaluation of 30 Gleditsia sinensis 
families.
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cultivars at low Pi supply72. Studies have shown that under low P conditions, plants allocate more nutrients to 
the roots by reducing shoot growth, leading to an increased root-shoot ratio73. Under low P stress, efficient 
P activating Arachis hypogaea families increase the activation of insoluble inorganic P in the environment by 
altering root structure, enhancing root-shoot ratio, root activity, and the secretion of protons and organic acids74. 
Different scions significantly affect the root-shoot ratio, root morphology, and other traits of Camellia oleifera75. 
Under P deficiency conditions, the root-shoot ratio of Phyllostachys edulis increased, tolerant Phyllostachys edulis 
exhibited a robust response to external low P conditions, marked by elevated expression levels of PHOSPHATE 
TRANSPORTERs and SYG1/PHO81/XPR1s78.Our study results showed that under low P stress, 20 out of 30 
Gleditsia sinensis families had a root-shoot ratio greater than 1, with the highest low P tolerance coefficient for 
root-shoot ratio reaching 2.46. Only 10 Gleditsia sinensis families had a root-shoot ratio tolerance coefficient less 
than 1, and among these, two families had a root-shoot ratio tolerance coefficient close to 1, at 0.99 and 0.98. The 
lowest root-shoot ratio tolerance coefficient was 0.53. Therefore, it is evident that most Gleditsia sinensis families 
significantly increased their root-shoot ratio to adapt to low P environments when subjected to low P stress. Our 
research results are largely consistent with previous findings76.

In terms of morphological growth, many studies showed that low P stress had a significant impact on root 
growth, but it also affected other morphological indicators of plants. The root- shoot biomass ratio changed; 
however, the belowground biomass did not change in response to decreased P content of the growing substrate77. 
Research indicated that under low P stress, the growth of eucalyptus was inhibited, with a significant reduction in 
stem and root biomass78. Under P deficiency conditions, the total biomass decreased in several genotypes79. Low 
P stress treatment reduced the total dry weight of Malus pumila, causing slow growth of the above-ground parts 
of the Malus pumila80. Our study results showed that under low P stress, the height, stem diameter, and biomass 
of root, stem, and leaf organs of most Gleditsia sinensis Lam. families significantly decreased. Only two Gleditsia 
sinensis families had a low P tolerance coefficient for height greater than or equal to 1, while the other 29 families 
were less than 1. However, the low P tolerance coefficient values for height in the tolerant F10 and F13 families 
were still relatively high, at 0.95. The low P tolerance coefficients for stem diameter, main root thickness, root 
dry weight, and total dry weight in the F10 and F13 tolerant Gleditsia sinensis families were all greater than 1, 
while the opposite was true for the F21 sensitive family, where these indicators had low P tolerance coefficients 
of less than 1, with the lowest being 0.35. This indicated that low P stress inhibited the growth of most Gleditsia 
sinensis families, but the impact was minimal on the low P tolerant families. It indicated that the low P tolerant 
Gleditsia sinensis families were the least inhibited, and stable dry matter accumulation was an important reason 
for maintaining homeostasis in the low P tolerant families.

In terms of P utilization efficiency, low P stress had a significant impact on P absorption and utilization 
efficiency. For example, low P stress affected the P absorption efficiency of different Dioscorea esculenta genotypes, 
resulting in variations in P content among different organs, there was a high correlation between root dry matter 
and P absorption, and genotypes S11 and S17 exhibited higher P utilization efficiency, physiological efficiency and 
P utilization efficiency were significantly positively correlated with tuber dry matter, indicating that low P limited 
Dioscorea esculenta growth81. Different Solanum tuberosum varieties had varying strategies for P deficiency, and 
their responses to phosphorus fertilizer might differ. Under low P conditions, the Mondial family achieved the 
highest tuber yield, P absorption efficiency, and P utilization efficiency82. Different Cunninghamia lanceolata 
with varying P utilization efficiencies secreted different amounts of organic acids under low P stress conditions. 
In the absence of insoluble P in the rhizosphere, organic acid secretion did not improve P utilization efficiency. 
However, it was noteworthy that high P utilization efficiency Cunninghamia lanceolata adapted more effectively 
to low P environments compared to low P utilization efficiency Cunninghamia lanceolata83. A comparison of 
two Oryza sativa families with strong low P tolerance and two families with weak low P tolerance under normal 
and low P levels indicated that STVs had higher grain yield and PUE under low P conditions84. Low P stress 
significantly reduced Malus mandshurica aboveground biomass, photosynthetic rate, and total P content, and 
significantly increased the ACP, SOD, POD, CAT, with many enzyme-related candidate genes such as MmCAT1, 
MmSOD1, and MmPOD21 being significantly upregulated85. The results of this study indicated that, with a few 
exceptions, low P stress significantly increased the P utilization efficiency of most Gleditsia sinensis families 
roots, stems, leaves, and whole plants. Specifically, the P utilization efficiency of the low P tolerant families F10 
and F13 was greater than 1 for all organs and the whole plant, indicating that low P stress significantly enhanced 
the P absorption and utilization of low P tolerant Gleditsia sinensis families. In contrast, the sensitive family F21 
had P utilization efficiency values less than 1 for these indicators. Therefore, increased P utilization efficiency is 
one of the strategies for Gleditsia sinensis to withstand low P environments, and improved P utilization efficiency 
is a hallmark response for low P tolerant Gleditsia sinensis families adapting to low P conditions.

In summary, this study used 30 Gleditsia sinensis families to measure growth indicators, root morphology, 
P content at different sites, P absorption and P utilization efficiency under low P stress, with the aim of 
exploring the P tolerance of different Gleditsia sinensis families. To eliminate inherent biological and genetic 
differences between the original data, the P tolerance coefficient of each Gleditsia sinensis family was used as 
a basic indicator. The comprehensive evaluation value (D value) of P tolerance was then calculated using the 
membership function method. Subsequently, cluster analysis divided the 30 Gleditsia sinensis families into four 
categories. Finally, stepwise regression analysis was conducted with the D value as the dependent variable and 
the remaining 25 indicators as independent variables to obtain the regression model equation and identify five 
indicators used to evaluate P tolerance at the sapling stage of different Gleditsia sinensis families. When plants 
are deficient in P, they are induced by P deficiency signals, leading to an increased allocation of assimilates to 
the roots. Due to metabolic disturbances caused by P deficiency, soluble carbohydrate synthesis and transport 
are impeded, resulting in increased root biomass while reducing the accumulation of above-ground biomass. 
However, overall growth is still reduced compared to normal P levels86. The results of this study indicate that 
Gleditsia sinensis saplings mainly adapt to P deficiency environments through slow growth of the shoot parts and 
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increased allocation of assimilates to the roots. Therefore, Gleditsia sinensis roots accelerate growth, resulting in a 
larger P absorption area to complete the absorption, transport, distribution, and reutilization of P in the growing 
environment, thus adapting to P deficiency conditions.

Conclusion
This study began with an examination of the morphology, root growth, and physiological and biochemical 
aspects of Gleditsia sinensis saplings, using P tolerance coefficients to preliminarily investigate the P tolerance 
response of these saplings. Cluster analysis categorized the 30 Gleditsia sinensis families into four groups: six 
were classified as P tolerant, fourteen as intermediate, nine as P sensitive, and one as extremely P sensitive. 
Compared to normal P supply, low P stress significantly affected the growth of Gleditsia sinensis saplings. Under 
low P stress, most saplings exhibited significant reductions in plant height, stem diameter, root, stem and leaf 
biomass, and total biomass. Among these morphological growth indicators, the P tolerance coefficient for leaf 
dry weight of the P tolerant family F13 was as low as 0.92, while the root dry weight tolerance coefficient was as 
high as 1.60. In contrast, the P sensitive family F21 had a minimum stem dry weight tolerance coefficient of 0.35 
and a maximum plant height tolerance coefficient of 0.74, indicating that the P tolerant families experienced 
the least suppression, with stable dry biomass accumulation being a key reason for maintaining stability within 
these families. Root morphology of different Gleditsia sinensis saplings varied under low P conditions. The 
P tolerant families adapted to the low P environment by significantly increasing total root length, total root 
surface area, total root projection area, total root volume, and root-shoot ratio, whereas the P sensitive families 
exhibited the opposite trend, with generally low P tolerance coefficients for these root morphology indicators. 
This suggests that their root growth was inhibited, and changes in root morphology and increased root-shoot 
ratio were important responses of saplings to low P stress. The P tolerance coefficients for PAE and PUE of the P 
tolerant family F13 were both greater than 1, indicating that significantly improving PAE and PUE was also a key 
strategy for adapting to low P conditions. Therefore, there are substantial differences in the response strategies to 
low P between P tolerant and P sensitive families. Additionally, for future evaluations of P tolerance in Gleditsia 
sinensis germplasm resources, stem diameter, total root volume, shoot dry weight, total root projection area, 
and leaf P content can be used as key indicators for initial screening of P tolerance at the sapling stage. This 
approach ensures a certain level of accuracy while improving testing efficiency, shortening the screening period, 
and significantly increasing the efficiency of screening tests. This study provides a theoretical basis for screening 
P tolerance in Gleditsia sinensis germplasm resources.

Data availability
Data is provided within the manuscript or supplementary information files. All data are presented in the article, 
and can be requested from the corresponding author if required.
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