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Abstract 
Background and aims  Plants have evolved an array 
of root traits associated with phosphorus (P) acqui-
sition, including morphological and physiological 
traits. This study aimed to characterize the differences 
of various root traits in soybean (Glycine max) and 
explore their roles in P acquisition.
Methods  Root functional traits associated with P 
acquisition were characterized in 49 cultivated soy-
bean landraces from the North China Plain grown in a 
glasshouse under low-P condition.

Results  We found a large variation in plant growth 
and all studied root traits. There was a significant cor-
relation between total plant P content and root mor-
phological traits in all 49 varieties. Hierarchical clas-
sification on principal components (HCPC) based on 
principal component analysis (PCA) indicated that 
soybean varieties could be grouped into three distinct 
clusters: total plant P content was positively corre-
lated with some root morphological traits and seed P 
content in cluster 1 and showed positive correlations 
with root tissue density and rhizosheath carboxylates 
in cluster 2, while total P content showed no signifi-
cant correlation with any root trait in cluster 3.
Conclusion  Root morphology and seed P content 
generally determined P acquisition of the present soy-
bean varieties, but carboxylates also contributed to P 
uptake in some P-efficient varieties. We may be able 
to maximize soybean P acquisition via stacking root 
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morphological and physiological traits, thus allowing 
plants to access different soil P pools.

Keywords  Intraspecific variation · Phosphorus 
acquisition · Root functional trait · Root trait 
correlations

Introduction

Phosphorus (P) is an essential macronutrient for plant 
growth, and P fertilizers are used in intensive agricul-
ture to achieve high crop yields. However, P is readily 
sorbed to aluminum (Al) and iron (Fe) (hydr)oxides 
in acidic soils, or precipitates as calcium (Ca)-P in 
calcareous soils, which results in 70–90% of P fer-
tilizers becoming unavailable to most crop plants 
(Hinsinger 2001). This not only causes loss of finite 
phosphate rock reserves but also threatens environ-
mental quality with the overused P fertilizers running 
off into lakes and causing eutrophication (Plaxton 
and Lambers 2015). Therefore, P-efficient crops are 
urgently needed to reduce the over-reliance of agri-
culture on unsustainable P fertilizers and to maximize 
agronomic benefits and long-term global food secu-
rity in a sustainable manner (Cong et al. 2020).

Plants have evolved strategies to adapt to P-limiting 
conditions (Cong et al. 2020; Ding et al. 2021; Lynch 
2011). They can enhance their internal P-utilisation 
efficiency by lowering P requirement (functioning at 
low levels of ribosomal RNA (rRNA)), optimizing P 
allocation (preferentially allocating P to photosynthetic 
cells, efficiently translocating P from senescing organs 
to growing organs), or replacing phospholipids by sul-
folipids and galactolipids (Hayes et al. 2018; Lambers 
et al. 2012; Sulpice et al. 2014; Veneklaas et al. 2012). 
They can increase P acquisition by adjusting their root 
architecture or morphology, for example, by form-
ing thinner, longer, shallower roots and more adventi-
tious roots to increase their P-foraging capacity under a 
low P availability (Cong et al. 2020; Ding et al. 2021; 
Lynch 2011). They may also enhance P acquisition via 
root physiological traits, for example, the release of 
acid phosphatases or exudation of carboxylates (Clar-
holm et  al. 2015; Ding 2022; Neumann et  al. 2000). 
Root exudation of carboxylates is notoriously hard to 
measure in the field, but leaf manganese concentra-
tion ([Mn]) is an easily measurable proxy for carboxy-
late release in native species in Western Australia and 

eastern Brazil and in chickpea (Cicer arietinum) geno-
types (Lambers et  al. 2015; Pang et  al. 2018; Zhou 
et  al. 2022). Therefore, it is necessary to explore the 
correlation between leaf [Mn] and carboxylate release 
in other crop species including soybean. In addition, 
plants may interact with microbes, especially sym-
biotic mycorrhizal fungi, to increase P uptake (Kafle 
et al. 2019). These strategies allow plants to access dif-
ferent pools of soil P in contrasting ways.

All P-acquisition strategies incur a significant car-
bon cost, and plants tend to rely mainly on one or very 
few P-acquisition traits (Lynch et al. 2005). Species on 
severely P-impoverished sites, like kwongan, fynbos 
and campos rupestres, generally rely on root exudates 
(e.g., carboxylates, phosphatases) to acquire P, and 
these species tend to have thin roots (Lambers et  al. 
2022). Root morphology of maize (Zea mays), rather 
than root physiology, tends to respond strongly to low 
soil P availability (Wen et al. 2017). On the other hand, 
in faba bean (Vicia faba), physiological traits exhibit 
a stronger response to P deficiency than morphologi-
cal traits (Zhang et al. 2016). There might be a trade-
off between different P-acquisition strategies at crop 
species or varieties levels: species with thinner roots 
mainly rely on root morphological and physiological 
traits to access P, whereas species with thicker roots 
exhibit greater colonization by arbuscular mycorrhizal 
fungi (AMF) or carboxylate and phosphatase release 
in the rhizosheath under P deficiency (Honvault et al. 
2021; Wen et al. 2019). Chickpea varieties with greater 
carboxylate release on the basis of root dry weight also 
have thinner roots and higher AMF colonisation, which 
is different from the findings at the crop species level 
(Wen et al. 2020). However, we do not know if these 
trade-offs of P-acquisition strategies at the species or 
varieties levels also exist in soybean varieties.

Soybean (Glycine max (L.) Merr) is a grain leg-
ume that is a major source of protein and vegetable 
oil for human consumption and a high-quality ani-
mal feed (Zhao et al. 2004). The demand for soybean 
has increased globally, but its growth and produc-
tion are often limited by a low P availability (Wang 
et al. 2010). The development of P-efficient soybean 
varieties is considered the most sustainable and eco-
nomical approach to soybean production under low-P 
conditions (Wang et  al. 2010). Phosphorus-acquisi-
tion-efficient soybean varieties have been identified 
with specific root morphological or architectural traits 
(Pan et al. 2008; Zhao et al. 2004; Zhou et al. 2016). 
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Based on a GIS-assisted approach, Zhao et al. (2004) 
selected an “applied core collection” of soybean 
germplasm in China and showed that roots with shal-
low architecture enable soybean to absorb more P. An 
assessment on P-efficiency related characteristics of 
96 soybean genotypes in Northeast China showed that 
P efficiency is positively correlated with dry weight 
of shoots and roots, root:shoot ratio, root length and 
root surface area (Pan et al. 2008). Not only root mor-
phological traits, but also carboxylate exudation and 
rhizosheath acid phosphatase activities contribute to 
soybean P efficiency (Tantriani et al. 2023; Zhou et al. 
2016). Root-hair development (length and density) is 
also related to P-uptake efficiency of soybean geno-
types from USA, Uganda and Zimbabwe (Vandamme 
et  al. 2013). In addition, root-hair length is highly 
correlated with rhizosheath (soil adhering to roots) 
size in wheat, suggesting the possibility of using it 
as a surrogate of root hairs in exploring P-acquisition 
efficiency (Delhaize et al. 2012; James et al. 2016).

The North China Plain is one of the major soy-
bean-production areas in China (Wu et al. 2006; Xin 
and Tao 2020). However, little information is avail-
able about P-efficient soybean varieties in this region. 
The relative contribution of root morphological or 
physiological traits to P acquisition is also unknown. 
Therefore, we selected 49 landraces cultivated on the 
North China Plain from a mini core collection of 256 
soybean landraces representing 70% of the entire soy-
bean germplasm resource in China (Song et al. 2010; 
Wang et  al. 2006). Root functional (morphological 
and physiological) traits associated with P acquisi-
tion and [Mn] in mature leaves of these varieties, as 
a proxy for rhizosphere carboxylates (Lambers et al. 
2015; Pang et  al. 2018) were assessed under low-P 
conditions. We aimed to 1) quantify the genotypic 
variation of a range of root traits; 2) characterize the 
correlations among root traits involved in P acquisi-
tion to explore trade-offs and the main P-acquisition 
strategies; 3) test if leaf [Mn] can be used as a proxy 
for rhizosheath carboxylates in soybean.

Materials and methods

Plant material

A mini-core collection of 256 soybean landraces 
was established based on morphological and simple 

sequence repeat (SSR) markers (Song et  al. 2010; 
Wang et  al. 2006). This number of varieties repre-
sents more than 70% of the genetic diversity of the 
entire germplasm resource, making it effective to use 
this core collection to explore traits or genes in the 
entire Chinese soybean germplasm collection, includ-
ing the search for P-efficient varieties. In this study, 
49 landraces from the North China Plain from the 
core collection were selected (Table S1).

Growth conditions

The study was carried out in a glasshouse at China 
Agricultural University, Beijing, with a day tempera-
ture of 25–30℃ and a night temperature of 18–22℃. 
A field soil was collected from the upper 20  cm of 
an experimental station at Quzhou, Hebei. River 
sand was washed, and then both river sand and field 
soil were air-dried and sieved (2-mm mesh size) 
to remove coarse fragments and microarthropods. 
After that, field soil and river sand were sterilized by 
gamma irradiation (> 25  K Gray). To obtain a low 
soil P concentration, sterilized river sand and field 
soil were mixed in a ratio of 3:7 (w/w) and each pot 
(85 cm × 85 mm × 180 mm) was filled with a 1.2 kg 
soil mixture. Basal nutrients were not added as we did 
not expect any nutrient deficiency except P; the field 
soil used in this study was fertilized in an intensive 
agriculture system. The soil mixture contained 12, 
4.7, 101 and 3.5 µg g−1 inorganic nitrogen (N), ‘plant-
available’ P (i.e. Olsen P), available potassium (K) 
and available manganese (Mn), respectively, and had 
a pH of 8.3 (1:2.5, soil: water). Soil mineral nitrogen 
(N) concentration was determined using an automated 
discrete analyser (SmartChem 450, AMS Alliance, 
Rome, Italy) after extracting fresh soil with 0.01  M 
CaCl2 (1:20, soil:water) by shaking for 1 h at 25 °C. 
Available soil P was determined according to the 
Olsen-P method, based on the extraction of air dried 
soil with 0.5 M NaHCO3 at pH 8.5 (180 rpm, 25 °C) 
(Olsen 1954). Plant-available soil K was determined 
by a flame photometer (FP6410, INESA, Shanghai, 
China) after extracting with 1 M NH4OAc by shaking 
for 30  min at 25  °C (Bao 2000). Available Mn was 
measured by an atomic absorption spectrophotometer 
(TAS-990 F, Beijing Purkinje General Instrument Co. 
Ltd., Beijing, China), after extracting air dried soil 
with DTPA (0.005  M diethylenetriaminepentaacetic 
acid, 0.1 M triethanolamine, and 0.01 M CaCl2) at pH 
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7.3 by shaking for 2 h at 25 °C (Lindsay and Norvell 
1978). Exogenous KH2PO4 was mixed with the soil 
mixture to achieve a ‘plant-available’ P concentra-
tion of 10 µg g−1 before filling the pots. The organic 
P concentration of the field soil was 69.6  µg  g−1. 
The pot experiment followed a complete randomized 
design with soybean genotype as the main factor. 
Each genotype was replicated in four pots. Four seeds 
were directly sown at 20  mm depth and inoculated 
with soybean rhizobium (Ruichu Biotechnology Co., 
Ltd, Jiangsu, China). Seedlings were thinned to one 
plant per pot one week after sowing. Each pot was 
watered with deionized water to 80% pot capacity by 
weighing every other day.

Plant harvest and measurement

Plants were harvested 45 days after sowing. Shoots 
were separated from the roots; mature (fully-
expanded) leaves on the main stem were removed 
from the stem. All plant parts were weighed after 
drying at 70℃ for 72 h. Root traits associated with 
P acquisition were analyzed: (a) biomass allocation 
(root shoot ratio); (b) root morphological traits (total 
root length, root surface area, mean root diameter, 
and root tissue density); (3) root physiological traits 
(the total amount of carboxylates recovered from the 
rhizosheath soil per plant, the amount of carboxylates 
in the rhizosheath relative to root dry weight, and acid 
phosphatase activity).

Root physiological traits

At harvest, each pot was squeezed gently to allow dis-
lodgement of the soil column and loosening of soil 
around the roots. The entire root system was removed 
from the soil and shaken gently to remove excess bulk 
soil; the adhering soil and sand around the roots was 
defined as rhizosheath soil (Pang et  al. 2017). The 
entire root system was then transferred into a decom-
posable cup containing 100 mL of 0.2 mM CaCl2 and 
gently dunked into a solution to remove as much of 
the rhizosheath soil as possible. Fifteen mL of rhizos-
heath soil solution was taken and filtered through a 
0.22 mm syringe filter. A 1-mL subsample was trans-
ferred into a high performance liquid chromatography 

vial and frozen at 20℃ until analysis of carboxylates 
according to Shen et al. (2003).

Acid phosphatase in the rhizosheath soil rather 
than alkaline phosphatase was measured since 
soybeans can release carboxylates and acidify the 
rhizosphere. For the determination of acid phos-
phatase activity, two 0.5 mL subsamples of the 
filtered rhizosheath extract were transferred into 
2-mL centrifuge tubes and measured as described 
by Zhang et  al. (2016). Briefly, 0.4 mL sodium 
acetate buffer (pH 5.2) and 0.1 mL 0.15 M p-nitro-
phenyl phosphate (PNP) substrate were added to the 
2-mL centrifuge tube and incubated for 30 min at 
25–30°C, and 0.5 mL 0.5 M NaOH was added to 
terminate the reaction. The absorption of superna-
tants was then measured at 405 nm. After extrac-
tion of acid phosphatase and carboxylates from the 
rhizosheath solution, the rhizosheath soil was oven-
dried at 105℃ for 72 h, and the dry weight was 
recorded as rhizosheath soil dry weight.

Root morphological traits

After collection of rhizosheath exudates, roots 
were washed free of remaining soil, spread out on 
a transparent plastic tray, and root images were 
obtained at a resolution of 300 dpi using an Epson 
scanner (Epson Expression 1600 pro, Model EU-35, 
Japan). Root images were analyzed for total root 
length, root surface area, mean root diameter and 
root volume with WinRHIZO software (Pro 2009b, 
Regent Instruments Inc., Quebec City, Canada). 
After scanning, roots were oven-dried at 70℃ for 
72 h until constant weight to measure biomass. Root 
tissue density was calculated as the ratio of root dry 
weight to root volume.

Nutrient analyses

All dry plant parts (mature leaves, stems, and roots) 
were ground into a fine powder using a Teste uni-
versal grinder (FW100, Tianjin, China). About 100 
mg (mature leaves, stems, and roots) of ground 
material was digested with HNO3 and H2O2 (3:1) 
and nutrients were measured by inductively coupled 
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plasma optical emission spectrometry (OPTIMA 
3300 DW; Perkin-Elmer, Norwalk, CT, USA).

Calculation of physiological P‑use efficiency

Physiological P-use efficiency was calculated as 
described by Pang et al. (2010). Briefly, physiological 
P-use efficiency = DW / whole plant P concentration.

Statistics

All statistical analyses were performed using the R 
software platform (R Core Team 2019). The coef-
ficient of variation (CV) of each plant trait was cal-
culated as the ratio of the standard deviation to the 
mean. Principal component analysis (PCA) and 
hierarchical classification on principal components 
(HCPC) were performed with functions “PCA” and 
“HCPC” from the FactoMineR package (Honvault 
et  al. 2021). Correlations between traits were calcu-
lated with Pearson (data meeting normal distribution) 
or Spearman (data not meeting normal distribution) 
tests via the “cor.test” function in R. All figures were 
plotted also using the R software platform (R Core 
Team 2019).

Results

Plant growth, root shoot ratio, root morphology, and 
rhizosheath soil dry weight

We found a large variation among 49 soybean varie-
ties for plant growth, root shoot ratio, and all inves-
tigated root morphological traits including total 
root length and root surface area (Fig. 1). Shoot dry 
weight was in the range of 0.89–1.74 g (CV = 15.5%, 
Fig.  1a), root dry weight 0.21–0.44  g (CV = 15.7%, 
Fig. 1b), total root length 19.8–46.0 m (CV = 19.1%, 
Fig. 1c), root surface area 221.9–474.1 cm2 (CV = 17. 
9%, Fig.  1d), and root shoot ratio 0.18–0.35 
(CV = 16.6%, Fig.  1e). The variation for mean root 
diameter and root tissue density was small, with 
mean root diameter ranging from 0.31 to 0.37  mm 
(CV = 4.8%, Fig.  1f), and root tissue density rang-
ing from 0.10 to 0.14 g  mm−3 (CV = 8.6%, Fig. 1g). 
Rhizosheath (rhizosheath mass per unit root length) 

size varied greatly, with a 2.7-fold difference among 
the 49 varieties, ranging from 0.14 to 0.38  g  m−1 
(CV = 21.6%, Fig. 1h).

Carboxylates, acid phosphatases, and mature leaf Mn 
concentration

We found a 3.4-fold difference in the total amount 
of carboxylates per plant recovered in the rhizos-
heath soil among the 49 varieties, ranging from 20.8 
to 70.5 µmol per plant (CV = 27.4%, Fig. 2a), and a 
4.1-fold difference in the amount of malonate (the 
major carboxylate) per plant recovered in the rhizos-
heath soil among the 49 varieties, ranging from 
13.9 to 57  µmol per plant (CV = 31.9%, Fig.  2b). 
Likewise, the total amount of carboxylates and 
malonate relative to root DW varied greatly, with a 
2.9-fold difference for total carboxylates (from 73.7 
to 21.4  µmol  g−1 root DW, CV = 22.8%, Fig.  2c), 
and a 3.1-fold difference for malonate (from 53.1 to 
162 µmol g−1 root DW, CV = 26.6%, Fig. 2d) among 
49 varieties. Acid phosphatase activity in the rhizos-
heath varied greatly, with a 5.2-fold difference among 
49 soybean varieties, ranging from 1.6 to 8.4 nkat g−1 
soil (CV = 33.5%, Fig. 2e). The [Mn] in mature leaves 
also varied greatly, with a 2.5-fold difference, ranging 
from 44.6 to 113.5 mg kg−1 (CV = 24.1%, Fig. 2f).

Total plant P content and concentration, seed P 
content, and physiological P‑use efficiency

Total plant P content varied two-fold among 49 varie-
ties, ranging from 0.97 to 1.96 mg per plant for total 
P content (CV = 16.4%, Fig.  3a), while total plant P 
concentration varied only slightly, ranging from 0.74 
to 0.96 mg g−1 plant DW (CV = 6.5%, Fig. 3b). There 
was significant variation in seed P content, ranging 
from 0.74 to 0.96 mg per seed (CV = 29.6%, Fig. 3c), 
and the variation for physiological P-use efficiency 
was large, ranging from 1325 to 2594 g2 DW g−1 P 
(CV = 14.6%, Fig. 3d).

Correlations among traits of all varieties and within 
clusters

Principal component analysis based on 10 plant traits 
of 49 soybean varieties explained 62% of the varia-
tion in the first two components (Fig.  4a). The first 
component (PC1) represented 37.9% of the variation 
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and was dominated by root-related traits. The sec-
ond component (PC2) represented 24.1% variation 
and accounted primarily for total plant P content, 
total plant P concentration, and shoot dry weight 
(Fig. 4a). Among all 49 soybean varieties, total plant 
P content showed a significant positive correlation 
with seed P content (r = 0.37, P < 0.01), root surface 
area (r = 0.36, P < 0.01), root dry weight (r = 0.53, 
P < 0.001), and shoot dry weight (r = 0.9, P < 0.001). 
The [Mn] in mature leaves showed a significant 

positive correlation with total root length (r = 0.66, 
P < 0.001), root surface area (r = 0.64, P < 0.001), 
root dry weight (r = 0.54, P < 0.001), the total amount 
of carboxylates per plant recovered in the rhizosheath 
soil (r = 0.37, P < 0.01), the amount of malonate 
per plant recovered in the rhizosheath soil (r = 0.39, 
P < 0.001), and the amount of malonate in the rhizos-
heath relative to root dry weight (r = 0.3, P < 0.5) 
(Table 1).

Fig. 1   Boxplots showing (a) shoot dry weight, (b) root dry 
weight, (c) total root length, (d) root surface area, (e) mean 
root diameter, (f) root shoot ratio, (g) root tissue density, and 
(h) rhizosheath size of 49 soybean varieties grown for 45 days 
in a mixture of sterilized washed river sand and field soil with 
a low phosphorus (P) availability (10 µg g−1 soil). The central 

horizontal bar in each box shows the median, the box repre-
sents the interquartile range, the whiskers show the location of 
the most extreme data points that are still within a range of 1.5 
of the upper or lower quartiles, and the blue symbols are mean 
values for each genotype
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We divided soybean varieties into three groups 
via hierarchical classification on principal com-
ponents (HCPC) (Fig.  4b). The first group mainly 
comprised varieties with relatively low total plant 
P content, small root systems (total root length 
and root surface area), smaller amount of carboxy-
lates released, but a larger amount of acid phos-
phatase released (Table  2). Their total plant P 

content showed a significant positive correlation 
with seed P content (r = 0.48, P < 0.01), root surface 
area (r = 0.48, P < 0.5), root dry weight (r = 0.6, 
P < 0.01), mean root diameter (r = 0.46, P < 0.5), 
and shoot dry weight (r = 0.88, P < 0.001). The 
[Mn] in mature leaves showed a significant positive 
correlation with total root length (r = 0.54, P < 0.5) 
(Table  3). The second group mainly comprised 

Fig. 2   Boxplots showing (a) total carboxylates per plant 
recovered in the rhizosheath soil, (b) malonate per plant 
recovered in the rhizosheath soil, (c) the total amount of car-
boxylates relative to root dry weight (DW), (d) the amount of 
malonate relative to root DW, (e) acid phosphatase activity, (f) 
manganese (Mn) concentration in mature leaves of 49 soybean 
varieties grown for 45 days in a mixture of sterilized washed 

river sand and field soil with a low phosphorus (P) availability 
(10 µg g−1 soil). The central horizontal bar in each box shows 
the median, the box represents the interquartile range, the 
whiskers show the location of the most extreme data points 
that are still within a range of 1.5 of the upper or lower quar-
tiles, and the blue symbols are mean values for each genotype
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varieties with the highest total plant P content, 
relatively larger root systems (total root length and 
root surface area), a larger amount of carboxylates 
released, but a smaller amount of acid phosphatase 
released (Table  2). Their total plant P content 
showed a significant positive correlation with root 
tissue density (r = 0.48, P < 0.5), the total amount 
of carboxylates per plant recovered in the rhizos-
heath soil (r = 0.52, P < 0.5), and shoot dry weight 

(r = 0.65, P < 0.01). The [Mn] in mature leaves 
showed a significant positive correlation with total 
root length (r = 0.46, P < 0.5) and root dry weight 
(r = 0.5, P < 0.5) (Table 4). The third group mainly 
included varieties with a relatively lower total plant 
P content, the largest root system (total root length 
and root surface area), the largest amount of carbox-
ylates released but a smaller amount of acid phos-
phatase released (Table 2); its total plant P content 

Fig. 3   Boxplots showing (a) total plant phosphorus (P) con-
tent, (b) total plant P concentration, (c) seed P content and (d) 
physiological P-use efficiency of 49 soybean varieties grown 
for 45  days in a mixture of sterilized washed river sand and 
field soil with a low P availability (10 µg g−1). The central hor-

izontal bar in each box shows the median, the box represents 
the interquartile range, the whiskers show the location of the 
most extreme data points that are still within a range of 1.5 of 
the upper or lower quartiles, and the blue symbols are mean 
values for each genotype

(a) (b)

Fig. 4   Principal component analysis of 10 plant traits for 49 soybean varieties. (a) Variable covariation along the first two compo-
nents, (b) clusters formed with Hierarchical Classification on Principal Components
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showed a significant positive correlation with shoot 
dry weight (r = 0.9, P < 0.001) (Table 5).

Varieties with high P efficiency

All five varieties within the top 10% of shoot 
dry weight belonged to cluster 2. One variety 
(ZDD01612) also belonged to the top 10% of root dry 
weight, shoot P content, and physiological P-use effi-
ciency. Two varieties (ZDD01612 and ZDD02866) 
belonged to the top 10% in terms of physiologi-
cal P-use efficiency. Four varieties (ZDD03570, 
ZDD01612, ZDD02866, and ZDD10100) belonged 
to the top 10% of shoot P content (Table 6).

Discussion

Unlike N, which readily moves to the root surface 
by mass flow, P moves mainly by diffusion, along 
a gradient as a result by root P uptake (Plaxton and 
Lambers 2015). Thus, root traits are essential for 
P acquisition and plant growth. In our study, when 
pooling all 49 soybean varieties, total plant P con-
tent only showed a significant positive correlation 
with seed P content (r = 0.37, P < 0.01), root surface 

area (r = 0.36, P < 0.01), root dry weight (r = 0.53, 
P < 0.001), and shoot dry weight (r = 0.9, P < 0.001). 
This suggests that seed P content and root morpho-
logical traits determined the P acquisition of soybean 
varieties from the North China Plain. However, if we 
divide these varieties into three clusters according to 
hierarchical classification on principal components 
(HCPC), total plant P content in cluster 2 not only 
showed a significant positive correlation with root tis-
sue density (r = 0.48, P < 0.5) and shoot dry weight 
(r = 0.65, P < 0.01), but also with the total amount of 
carboxylates per plant recovered in the rhizosheath 
soil (r = 0.52, P < 0.5). In addition, all P-efficient 
varieties (indicated by shoot dry weight) belonged to 
this cluster, and this cluster of varieties had the high-
est mean total plant P content, suggesting that both 
root morphological and physiological traits (rhizos-
heath carboxylates) enhanced P acquisition under 
P-limited conditions. This agrees with the finding that 
roots of P-efficient soybean varieties release greater 
quantities of carboxylates and enhance P availability 
in the rhizosphere (Krishnapriya and Pandey 2016; 
Tantriani et al. 2023; Zhou et al. 2016). Phosphorus-
efficient varieties exuded oxalate at a much faster rate 
than P-inefficient varieties under P starvation, imply-
ing that oxalate is probably involved in P efficiency in 

Table 2   Mean values of 
different traits among three 
clusters

Cluster 1 2 3

Total plant P content (mg plant−1) 1.3 1.7 1.3
Total plant P concentration (mg g−1 plant DW) 0.8 0.9 0.8
Seed P content (mg seed−1) 1.1 1.3 1.0
Manganese concentration in mature leaves (mg kg−1) 60.1 69.1 83.1
Total root length (m) 27.1 34.0 38.8
Root surface area (cm2) 287.4 363.1 398.2
Mean root diameter (mm) 0.34 0.34 0.33
Root tissue density (g mm−3) 0.12 0.12 0.11
Rhizosheath size (g m−1) 0.21 0.20 0.19
Root dry weight (g) 0.30 0.36 0.36
Total carboxylates (µmol per plant) 57.6 74.2 89.4
The amount of total carboxylates relative to root dry weight 

(µmol g−1 root DW)
160.6 174.5 210.4

Malonate (µmol per plant) 20.0 34.0 42.4
The amount of malonate relative to root dry weight (µmol 

g−1 root DW)
85.5 95.9 119.6

Acid phosphatase in the rhizosheath soil (nkat g−1 soil) 73.7 63.1 61.9
Shoot dry weight (g) 1.2 1.5 1.2
Physiological P-use efficiency (g2 DW g−1 P) 1894.1 2199.9 1957.4
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soybean (Dong et al. 2004). The measurement of oxa-
late in our study was not reliable, and hence we can-
not explore the contribution of oxalate in P acquisi-
tion. There are also studies showing that P deficiency 
failed to induce exudation of any carboxylate (Nian 
et  al. 2003; Yang et  al. 2000), probably because the 
varieties used in those studies mainly relied on root 
morphology or seed P content to acquire P, like the 
varieties belonging to cluster 1 in the present study. 
Root-hair development (length and density) is related 
to P-uptake efficiency in wheat grown on acid soils, 
and rhizosheath size was used as a good surrogate 
(James et  al. 2016; Vandamme et  al. 2013; Wang 
et al. 2004). However, we did not find any correlation 
between root hairs (represented by rhizosheath size) 
and total P content, probably because rhizosheath 
size is not a good surrogate of root hairs in soybean 
and chickpea (Pang et  al. 2018). Future studies are 
warranted to study the correlation between root-hair 
length and density and rhizosheath size in soybean. 
Our study confirms the possibility of breeding P-effi-
cient soybean varieties by genetic improvement of 
various root morphological and physiological traits. 
Physiological P-use efficiency was always highly cor-
related with shoot dry weight which confirms that 
shoot dry weight can be used as proxy for the selec-
tion of varieties with high P efficiency (Table 6).

Seed P is vital for plant germination and initial 
root growth (Wang et  al. 2021; White and Venek-
laas 2012). When pooling all 49 soybean varieties, 
seed P content was positively correlated with mean 
root diameter and root dry biomass (Table  1). This 
suggests that seed P content may enhance P uptake 
by promoting root traits, offering the opportunity 
to improve soybean P uptake. However, when we 
investigated the three clusters we recognised, only 
seed P content was positively correlated with mean 

root diameter and root dry biomass in cluster 1, and 
total P uptake in cluster 1 was not as efficient as 
that in cluster 2 (Table 2). High seed P content may 
also constrain the release of carboxylates and acid 
phosphatase (Table  1). A high seed P concentra-
tion implies a high phytate content, as most seed P 
exists in the form of phytate, which lowers the bio-
availability of micronutrients (zinc, iron) in food and 
feed (Raboy 2001). However, we found that seed P 
concentration was negatively correlated with seed P 
content. Therefore, we also suggest to use high seed 
P content as proxy for the selection of varieties with 
high P efficiency. What should be borne in mind is 
that this study was only conducted at the seedling 
stage and the conclusion is based on that. Beyond 
our expectation, our soybean landraces experienced 
not only P deficiency, but possibly also some K and 
Zn deficiency (Adams et al. 2000; Brown and Jones 
1977; Kirkby 2023; Makarim and Cox 1983; Ohki 
1976; 1977) (Fig. S1). However, P was the most lim-
iting nutrient for soybean growth in this study, so the 
possible K and Zn deficiencies are unlikely to affect 
the genotypic ranking of P-efficiency traits according 
to the Liebig-Sprengel "Law of the Minimum" (Jungk 
2009). However, we suggest to add basal nutrients, 
except P, for future screening of P-efficient species/
genotypes to avoid possible deficiencies of nutrients 
other than P.

Genotypic differences in root traits are important 
determinants of plant nutrient-use efficiency (Mar-
schner 1998). In this study, we found major genotypic 
variation in root morphological traits (except mean 
root diameter) and especially root physiological traits 
of soybean varieties from the North China Plain. 
This is consistent with earlier studies; for example, 
Zhao et  al. (2004) found a significant difference in 
root architecture, growth, P content, and P efficiency 

Table 6   Soybean varieties belonging to the top 10% in terms 
of shoot dry weight (SDW) among 49 varieties, with some 
varieties also being in the top 10% for root dry weight (RDW), 

shoot phosphorus content (SPC), physiological phosphorus-use 
efficiency (Phy_PUE) as shown by black circles

Variety number Variety Cluster SDW RDW SPC Phy_PUE

37 ZDD03570 2 ● ●
7 ZDD01612 2 ● ● ● ●
26 ZDD02866 2 ● ●
38 ZDD10100 2 ● ●
21 ZDD02866 2 ● ●
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(indicated by seed yield) among 308 representative 
soybean varieties from South China, and showed 
that root architecture (the structure and organization 
of a plant’s root system) was closely correlated with 
P efficiency. In a glasshouse study, Pan et  al. (2008) 
found substantial genotypic variation in plant growth, 
root shoot ratio, root length, root surface area, and P 
efficiency of 96 soybean varieties from Northwest 
China, and that P efficiency was positively correlated 
with these root morphological parameters. Substan-
tial genotypic variation in root-hair development has 
also been shown for soybean (Vandamme et al. 2013; 
Wang et  al. 2004). A substantial genotypic variation 
in P efficiency was also detected for 274 soybean 
varieties from southwest China. A faster rate of car-
boxylate exudation and acid phosphatase activity was 
also observed in P-efficient soybean varieties under 
low-P conditions when compared with P-inefficient 
varieties (Zhou et  al. 2016). Together with our stud-
ies, all P-efficient soybean from different regions of 
China or other countries exhibit substantial genotypic 
variations in morphological or physiological traits. All 
these results suggest the potential of breeding varieties 
that are more P efficient with various P-acquisition 
strategies.

Leaf [Mn] is a proxy for carboxylate-releasing 
P-acquisition strategies in P-impoverished conditions, 
including some Australian native species (Lambers 
et al. 2015, 2021; Zhou et al. 2022) and crop species, 
e.g., chickpea (Pang et al. 2018). However, our results 
do not support the use of leaf [Mn] as a proxy for 
rhizosheath carboxylates in soybean. This is probably 
because most soybean varieties in our study predomi-
nantly relied on root morphology to acquire P and Mn, 
with a significant correlation between leaf [Mn] and 
root morphological traits, such as total root length and 
root surface area (Tables  3, 5, and 6). The lack of a 
correlation between leaf [Mn] and rhizosheath car-
boxylates in soybean in the present study should not 
prevent further exploration of the use of leaf [Mn] as 
a proxy for rhizosphere carboxylates in other soybean 
varieties and other species, particularly crop species.

There is increasing evidence of trade-offs among 
root functional traits in P acquisition at the species or 
genotype level (Honvault et al. 2021; Weemstra et al. 
2016; Wen et  al. 2019, 2020). At crop species lev-
els, thick-rooted species exhibit greater carboxylate 
release and phosphatase activity in the rhizosheath, 
while thin-rooted species show a greater response in 

root morphological traits under low P supply (Hon-
vault et  al. 2021; Wen et  al. 2019). Therefore, root 
diameter is considered a good predictor of the rela-
tive expression of different root traits in crops (Hon-
vault et  al. 2021; Wen et  al. 2019). In the present 
study, the variation in root diameter was very small, 
and this agrees with another study that intra-species 
variation for average root diameter is small for soy-
bean (Vandamme et al. 2013). In addition, no coor-
dination or trade-offs among root diameter and other 
root traits were observed. Furthermore, we found no 
trade-offs among different P-acquisition strategies in 
this study, either considering all varieties together 
or considering different clusters. This suggests that 
trade-offs among root functional traits in P acquisi-
tion may not exist in soybean varieties tested in pre-
sent study, but this warrants further studies, because 
such trade-offs do exist among chickpea varieties 
(Wen et al. 2020). Root architecture, root hairs, and 
AMF colonization are also involved in P acquisition 
in soybean (Wang et al. 2004, 2011, 2010; Zhao et al. 
2004), but these were not measured in the present 
study and the use of rhizosheath size as a surrogate 
for root hairs may not be suitable. Therefore, these 
parameters should be included in future studies. A 
combined effect of root tissue density and the total 
amount of carboxylates recovered in the rhizosheath 
on P acquisition was found in cluster 2, suggesting 
the potential for maximising soybean P acquisition 
via stacking strategies (morphological and physi-
ological traits) thus accessing different P pools in 
soils.

Conclusions

The present study shows large variation for most 
root traits of soybean varieties from the North China 
Plain. In general, seed P content and root morphol-
ogy was the key determinant of soybean P acquisi-
tion. However, the finding that all five varieties within 
the top 10% of shoot dry weight belonged to clus-
ter 2, demonstrates the possibility of using the soy-
bean reference set in breeding programs to improve 
both root morphological and physiological traits to 
enhance P acquisition. Furthermore, we observed no 
trade-off among root functional traits in the studied 
soybean varieties. In contrast, there was a comple-
mentary correlation between root tissue density and 
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total carboxylate amount recovered in the rhizosheath 
in soybean P acquisition.
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