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Phosphorus is a major essential element in plants, and absorption and transport of P are related to plant growth

and crop productivity. Phosphate (Pi) is absorbed in the roots and then transported to the shoot. Characteristics of

Pi absorption, transport, and storage in various parts of the soybeans might be related to plant growth and P-use

efficiency. In this research, young nodulated soybean plants were grown in hydroponics with various Pi

concentrations. When the soybean plants were grown with 0-500 µM Pi for three days, the Pi absorption rate

increased consistently in conjunction with the increase in the Pi concentration; however, the Pi concentrations in

the xylem sap increased only from 0 to 50 µM Pi but were constant under higher P concentrations. The absorption

rates of Pi in the roots were almost the same under light and dark conditions, and those in the decapitated roots

were near those of the intact plants. These results indicate that the Pi absorption is not affected by

evapotranspiration over a short period. Conversely, the P transport from the roots to the shoot was significantly

lower under dark conditions than in light conditions. The multiplication value of the P concentration in the xylem

sap and transpiration rate was almost equivalent to the transport rate of P in the intact shoots. The Pi

concentration and Pi flux in xylem sap quickly responded to the Pi concentration in the culture solution. These

values may be adaptable to estimate the transport rate of P for the diagnosis.

soybean  phosphate  P -deficiency  roots  leaves  nodules  diagnosis

xylem sap  P flux  transpiration

1. Introduction

Phosphorus (P) is an essential component of nucleic acids, lipids, proteins, sugars, energy molecules (ATP and

ADP), and NADPH, implying that P has a central role in the structural component of cellular molecules in all

organisms. In plants, P plays essential roles in photosynthesis, respiration, and energy transformation, and the

regulatory role through the phosphorylation and dephosphorylation of enzymes is vital. P is the second most

limiting macronutrient in crop production after nitrogen (N) . P is sometimes a limiting factor in the growth and

productivity of crops because the available P levels in soils are generally low, and the P mobility in soil is slow .

Soybeans require a relatively large amount of P, especially during pod set . P is essential for the N  fixation by

the root nodules associated with symbiotic soil bacteria, rhizobia, and there are many reports that the P deficiency

restricts nodule formation and nitrogen fixation in soybean plants . The phosphorus concentration range

for optimum vegetative growth is 3-5 mg based on g dry weight . The main P-deficiency symptom is retarded

plant growth, the reduction in leaf expansion , and the number of leaves. In addition, the leaf blade may curl up
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and turn dark green, and flowering and maturity are delayed . The chlorophyll concentration in leaves tended to

increase under P deficiency, which differed from N deficiency . P starvation sometimes induces an anthocyanin

accumulation in the stems and leaves . The root growth is less restricted under P deficiency than the shoot

growth, and, as a result, the shoot/root dry weight ratio decreases . Soybean plants require relatively large

amounts of P, especially at the pod-setting stage . The symptoms of P deficiency in soybeans generally cause

retarded plant growth, the presence of spindly and small leaves, and sometimes leaves with dark green color .

Contrarily, the excess symptoms are not generally observed in the plants grown in soils because Pi is readily fixed

by the soil minerals or absorbed by soil microorganisms. However, plants show excess symptoms when grown in

solution culture under a high concentration of Pi and show inferior root and shoot growth and leaf burn .

Therefore, it is necessary to understand the P absorption, P accumulation, and P transport processes to obtain

optimum growth and high yield of soybean plants with the efficient use of P fertilizers. Many food legumes are more

sensitive to high concentrations of P, such as a concentration of 3-4 mgP/gDW reported in pigeon pea leaves .

Plant roots absorb P from soil solution mainly in H PO  in natural pH conditions , and plants cannot directly

absorb organic-P forms relatively abundant in soil . Plant roots depend on high-affinity phosphate transporters

(PHTs) to absorb Pi (inorganic P), and the uptake of Pi is an energy-mediated process driven by a proton-motive

force . There are at least 14 PTH1 family gene families in soybean plants . Because the Pi concentration in

soil is generally low and changes widely, plants have evolved various Pi acquisition mechanisms and complex Pi

starvation responses involving biochemical and developmental adaptation . Under Pi starvation, the

root/shoot ratio generally increases to support root growth and Pi absorption . In addition, the lateral root growth

increases despite depressed the tap root growth. P-deficiency increases the length and density of root hair, and the

exudation of carboxylate and phosphatase from the roots to solubilize Pi in the soil . Mycorrhizal symbiosis

extends the Pi absorption space and increases the soil volume available for Pi acquisition .

The shoots and roots of higher plants depend on each other by exchanging water, mineral nutrients, sugars, amino

acids, hormones, and other signal compounds, where xylem and phloem are the two major pathways for transport

between the roots and shoots . Concerning the transport processes of P in plants, the absorbed Pi in the roots is

transported radially from the epidermis and cortex to the stele in the roots and transported to the shoot through

xylem vessels. This upward movement of water and nutrients depends on two driving forces; the first is the

evapotranspiration through leaf stomata, in which a negative water potential in leaves pulls water from the roots;

and the second is the root pressure, which is a positive pressure from the roots. In addition, surplus Pi absorbed in

the roots is tentatively stored in the roots, especially in the vacuoles of the cells . The stored Pi in the vacuole

will provide Pi to the growing parts when the external Pi supply is low. Either currently absorbed Pi or stored Pi in

the vacuole is transported via xylem vessels from the roots to the leaf blades through stems and petioles. The Pi

transported to the leaves may be re-transported to the roots and buds via the phloem. Pi transport pathways in the

nodules, two pathways are possible; one is the transport pathway from leaves through phloem vessels, and the

other is directly absorption from the nodule surface. In vacuolated cells of higher plants, the vacuole acts as a

storage pool of Pi, and, 85 - 95% of the total Pi was reserved in the vacuoles with adequate Pi supply .
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Therefore, vacuolar Pi can buffer the cytoplasmic Pi level against fluctuations caused by variable external Pi supply

or through metabolic activities.

So far, the characteristics of Pi absorption, transport, storage, and release of Pi in various organs of soybean plants

are not well known. So, we investigated the changes in the growth and the Pi concentration in each part of

soybean plants treated with 50-400 µM Pi for 14 days. Next, soybean plants were cultivated in the culture solution

containing 0-500 µM Pi for 3 days, and the effect of Pi concentration on the absorption of Pi and transport of Pi was

investigated. Further, the turnover of Pi in each part of the soybean was analyzed after Pi-sufficient and Pi-deficient

treatments. Also, the responses in the Pi concentration in xylem sap were investigated after changing the Pi

concentration. In addition, we compared the Pi absorption and transport in light/dark conditions to determine the

effects of transpiration and root pressure on Pi absorption and Pi transport from roots to the shoot. At last, we

propose a new diagnosis of P nutrition using xylem sap Pi concentration and transpiration rate.

2. P transport in nodulated soybean plants

2.1 The effects of Pi concentrations on nodulated soybean plants' growth and P
status.

Seeds of soybean (Glycine max [L.] Merr., cv. Williams) were inoculated with a suspension of Bradyrhizobium

diazoefficience (strain, USDA110), and planted in a vermiculite bed. Soybean seedling on 7 DAP (days after

planting) was transplanted into a glass bottle（Figure 1A）with a modified culture solution containing 50 µM

K HPO and 1.25 mM KHCO  to stabilize the pH of culture solution and grown under controlled conditions .

                                            (A)                                       (B)                                                               (C)

Figure 1. Cultivation of soybean plants and collection of xylem sap from root stamp.
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(A) The soybean plant was grown in a 900 mL glass bottle with 800 mL of culture solution. The solution was

aerated continuously by an air pump. (B) Xylem sap collection using fine quartz wool in a plastic tube. Xylem sap

absorbed in the quartz wool was recovered using an automatic pipet. (C) Root nodules formed in solution culture.

From 33 DAP to 47 DAP, the plants were grown with 50, 100, 150, 200, or 400 µM Pi for 14 days. Figure 2 shows

the photographs of shoots, roots, and nodules separate at 47 DAP after 14 days of the P treatments. The root size

was smaller in the plants under the 200 and 400 µM Pi treatments than in those under the 50 and 100 µM Pi

treatments. Further, the leaf size was smaller in the plants under the 200 and 400 µM Pi treatments than in those

under the 50 and 100 µM Pi treatments. The smaller leaves at the lower position became yellow, classified as

damaged leaves.

Figure 2. Photographs of the shoot (upper panel) and roots and nodules (lower panel) cultivated with various

concentrations of Pi for 14 days. 

The total plant dry weight decreased as the concentration of Pi in the solution increased; it was significantly lower

in 400 and 200 µM Pi treatments than in 50 and 100 µM Pi treatments (Figure 3). The same was true for the roots,

nodules, healthy leaves, and immature leaves. Damaged leaves appeared under the 150, 200, and 400 µM Pi

treatments but not under 50 and 100 µM Pi. These results suggest that 50 µM Pi and 100 µM Pi were suitable

concentrations for soybean growth under the experimental conditions, the P concentrations higher than 150 µM
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may cause harmful effects on the growth of roots, nodules, and leaves. Moreover, the leaf colors displayed excess

symptoms above 150 µM Pi.

Figure 3. Dry weight of the roots, nodules, stems, leaves, damaged leaves, and immature leaves after growing

with various concentrations of Pi for 14 days. 

Through 1% HCl extraction, most inorganic anions, namely PO , SO , and Cl, and the cations K, Ca, and Mg were

found to be extractable. The Organic P, such as P in the form of nucleic acids, phospholipids, etc., remained in the

residue. When the Pi concentration in the medium was increased, the concentration of Pi became significantly

higher in all the organs (Figure 4). The Pi concentration in the roots grown under the 200 and 400 mM Pi

treatments was about 10 times higher than that under the 50 µM Pi treatment. Further, the concentration of Pi in

the damaged leaves was about twice that of the healthy leaves under the 200 and 400 µM Pi treatments. Further,

the concentrations of organic P in the residue did not significantly differ among the various Pi treatments.

[13]

4 4



Phosphorus Transport Through Soybean Xylem | Encyclopedia.pub

https://encyclopedia.pub/entry/56922 6/17

Figure 4. Pi concentration in the roots, nodules, stems, leaves, damaged leaves, and immature leaves after

growing with various concentrations of Pi for 14 days. 

2.2. Effect of Pi Concentrations in Culture Solution on the P Absorption Rate and P
Concentration in Xylem Sap and Each Part of Soybean Plants.

The plants were grown with seven concentrations of Pi, 0, 25, 50, 100, 150, 250, and 500 µM for three days from

27 to 29 DAP, and the Pi absorption rate and Pi transport rate were measured . The Pi absorption rates were

determined by the decrease in Pi content in the culture solution. The higher the Pi concentration in the culture

solution, the Pi absorption rate increases consistently (Figure 5A). However, the xylem sap collected from soybean

plants with higher concentrations of Pi in the medium at 100, 150, 250, and 500 µM were almost the same as that

in 50 µM (Figure 4B). This result demonstrated that the Pi absorption and transport are differentially controlled

processes in soybean plants.
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Figure 5. Pi absorption rate from culture solution and Pi concentration in xylem sap of soybean plants grown with

0, 25, 50, 100, 150, 250, and 500 μM Pi for three days. (A) Pi absorption rate; (B) Pi concentration in xylem sap.

Average and standard error (n = 4). Different letters indicate the significant difference in the values among

treatments using Tukey’s method. 

The Pi and organic P contents in each part of soybean plants after 3 days of P treatments are shown in Figure 6.

In every organ examined, the Pi was the predominant P form compared with the organic P. Even in the 0 µM Pi

treatment, a large amount of Pi remained after the 3-day of P deprivation. The higher the P concentration of the

culture solution, the more significant the increase in the Pi content of roots and leaves, although the Pi content was

constant among Pi treatments in nodules and stems. The content of the organic P was constant in stems, and

nodules but significantly increased in the roots and the leaves along with increasing Pi concentrations in the culture

solution. These results showed that the extra Pi absorbed mainly accumulated in the roots in the form of Pi and

was supplemented in the leaves. Some extra P absorbed in the roots assimilated into organic forms, but those

were not remarkable in the leaves, stems, and nodules.

Figure 6. Pi and organic-P content in each part of plants after 3 days of P treatment with 0, 25, 50, 100, 150, 250,

and 500 µM Pi in culture solution. (A) P content in roots; (B) P content in nodules; (C) P content in stems; (D) P

content in leaves. Average and standard error (n = 4). Different letters indicate the significant difference in the

values among treatments using Tukey’s method. 
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2.3. Effect of period with different Pi concentrations on the P absorption rate and P
concentration in Xylem Sap

After 23 DAP, plants were grown with 0 µM, 50 µM, or 250 µM Pi concentrations. The plants were harvested at 1,

3, 7, and 15 days of Pi treatment . As shown in Figure 7, only after one day of 0 mM Pi treatment is the

concentration of Pi in xylem sap significantly lower (2 mM) than those of the control 50 µM Pi treatment (3.7 mM)

and 250 µM Pi treatment (4.2 mM), suggesting that the P deficiency rapidly reflects the concentration of Pi in xylem

sap. At 15 days, the Pi concentrations in the xylem sap of 0 µM Pi treatment further decreased to 0.3 mM.

Figure 7. Changes in the Pi concentrations in the xylem sap of nodulated soybean plants cultivated with N-free

culture solution. Average and standard error (n = 4). Different letters indicate the significant difference in the values

among treatments using Tukey’s method. 

2.4. Phosphate Turnover in Various Parts of Nodulated Soybean Plants and the
Relation to the Xylem Transport.

Two P treatments were conducted; one was Pi-sufficient treatment in which the plants were grown in a standard

solution containing 50 µM K HPO for 14 days during 23-37 days after planting (DAP); another was Pi-deficient

treatment, where the plants were grown in a culture solution without Pi in which 50 µM K HPO  replaced by 50 µM

K SO for initial 7days from 23 DAP to 30 DAP. A group of soybean plants grown under Pi-deficient conditions for 7

days were re-supplied with 50 µM Pi for the successive 7 days from 30 DAP to 37 DAP. The shoot of the plants

was decapitated at 1 cm below the cotyledonary node by a razor blade, and the xylem sap exudated from the

decapitated stump was collected in quartz wool in a plastic tube for 1 h from 10 AM to 12 AM (Figure 1B) . The

transpiration rate was determined by weighing the culture solution in a glass bottle every day before and after

cultivation.
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Figure 8 (A) and (B) show the changes in the Pi concentration in the roots and the leaves with Pi-sufficient and Pi-

deficient treatments. The Pi concentrations in the roots with Pi-sufficient treatment were constant from day 0 to day

10 at around 400 µmol/gDW but decreased on day 14 (A). The Pi concentration in the roots decreased linearly

under Pi-deficient conditions from day 0 (404 µmol/gDW) to day 7 (163 µmol/gDW) during a lack of Pi supply. The

Pi concentrations were constant and did not increase after the re-supply of P from day 7 to day 14. The Pi

concentrations in the leaves with Pi-sufficient treatment were constant from day 0 to day 14 at around 120-160

µmol/gDW (A). The Pi concentration in the leaves with Pi-deficient conditions decreased linearly from 143

µmol/gDW at day 0 to day 7 (64 µmol/gDW) during a lack of P supply. The Pi concentrations slightly increased after

the re-supply of P from day 7 to day 10 but were not statistically significant.

Figure 8. Comparison of Pi-sufficient and Pi-deficient treatments on Pi concentration in the roots (A) and leaves

(B). Average ± standard error. Different letters indicate the significant difference in the values among treatment

times in Pi-sufficient (blue) and Pi-deficient (red) using Tukey’s Test. * and ** indicate the significant difference in

the values at 0.01 < p < 0.05 and p < 0.01 between Pi-sufficient and Pi-deficient treatments by Student’s T-test.

The blue background indicates the period of Pi-deficient conditions. n = 3. 

The Pi concentrations in the xylem sap in the Pi-sufficient plants tended to decrease from 3.10 mM Pi on day 0 to

2.17 mM Pi on day 14 (Figure 9 A). The xylem sap Pi concentrations in the Pi-deficient plants decreased gradually

from day 0 to day 7 (1.29 mM Pi), and the Pi concentrations on day 3 and day 7 were significantly lower than those

in Pi-sufficient plants. After the culture solution changed to a Pi-sufficient solution on day 7, the Pi concentrations in

the xylem sap of Pi-deficient plants promptly increased from 1.29 mM Pi on day 7 to 2.83 mM Pi on day 8. The Pi

concentrations of the P-deficient treatment on day 8, day 10, and day 14 were not different from the Pi-sufficient

treatment.

Pi-flux was calculated by multiplying the concentration of Pi and the transpiration rate (Figure 9 B) [26]. The Pi-flux

in the Pi-sufficient plants increased from day 1 (1.80 µmol/h) to day 3 (3.98 µmol/h), but it was constant after that.

On the other hand, the Pi-flux in the Pi-deficiency plants was constant on day 1, day 3, and day 7 at about 2

µmol/h. However, after changing the culture solution from a Pi-deficient solution to a Pi-sufficient solution on day 7,

the Pi-flux increased rapidly to 4.96 µmol/h on day 8.

[26]

 



Phosphorus Transport Through Soybean Xylem | Encyclopedia.pub

https://encyclopedia.pub/entry/56922 10/17

Figure 9. Comparison of Pi-sufficient and Pi-deficient treatments on Pi concentration (A) in the xylem sap and Pi

flux (B). Average ± standard error. Different letters indicate the significant difference in the values among treatment

times in Pi-sufficient (blue) and Pi-deficient (red) using Tukey’s Test. * and ** indicate the significant difference in

the values at 0.01 < p < 0.05 and p < 0.01 between Pi-sufficient and Pi-deficient treatments using the Student’s T-

test. The blue background indicates the period of Pi-deficient treatment. n = 3. 

2.5. Absorption and Xylem Transport of P-Labeled Phosphorus in Nodulated
Soybean Plants.

The radioisotope P was supplied to the culture solution to trace the absorption and transport of P in nodulated

soybean plants monitored using an imaging plate . The absorption rate of P was almost the same under the

light and dark conditions (Figure 10). In addition, the absorption rate of P in the decapitated roots was near that

of the intact plants under light. These results indicate that P absorption is not affected by evapotranspiration over a

short period. Yamawaki et al.  reported that the Pi absorption rate in Lotus japonicus roots was the same in the

daytime and nighttime and that the transport of P in the shoot was higher in the daytime compared with nighttime.

Their results in lotus were the same as ours in soybean provided here. Conversely, the P transport from the roots

to the shoot was significantly lower under dark conditions than in light conditions, although some P reached the

top of the shoots under both light and dark conditions. The transport of P to the shoots depends on the

transpiration supplemented by the root pressure.
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Figure 10. Distribution images of P in soybean plants after 4 h Pi supply. Color index: The radioactivity is

higher in red > orange > yellow > green > blue in this sequence. Pr L, primary leaf; 1st L, first leaf; 2nd L, second

leaf; 3rd L, third leaf; 4th L, fourth leaf; Bud, bud. Nodules were detached and placed near the upper right corner.

The dots at the bottom show the standard P spots. The exposure time for the roots was 1 h, and that for the

shoot was 16 h because the radioactivity was much higher in the roots than in the shoot. 

The P flux was calculated by multiplying the P concentration in the xylem sap and transpiration rate. This

estimated P flux rate was almost equivalent to the transport rate of P in the intact shoots (Figure 11). This

value may be adaptable and used to estimate the transport rate of P for the diagnosis.
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Figure 11. Estimation of P flux using P concentration of xylem sap in comparison with the P flux in the intact

plant. (A) The transpiration rate and xylem sap exudation rate. (B) Estimation of the P flux based on xylem sap

exudation rate and that based on transpiration rate. n = 3. ** indicates statistically significant at p < 0.01 using

Student’s t-test. Different letters indicate the significant difference in the values among treatments using Tukey’s

method. 

2.6. Diagnosis of Pi transport using xylem sap.

In the former section 2.5., the Pi transport rate was estimated based on the transpiration rate determined by the

decrease in the weight of the culture solution, however, the same method is not applicable for the measurement of

transpiration in the field crops. So, we measure the transpiration rate of detached shoot of the soybean plants used

for xylem analysis. The soybean seeds were inoculated with B. diazoefficience USDA110 and planted in the

lysimeter soil at the Tokyo University of Agriculture [ ] on 15 June 2021. Exudating xylem sap from a cut stump

was collected for 1 h as shown in Figure 12. The samplings were carried out three times at 10–12 AM and 2–4 PM

on 27 July at the beginning of the bloom stage (R1 stage) , at 10–12 AM on 31 August at the beginning of the

seed stage (R5 stage), and on 28th September at the beginning of the maturity stage (R7 stage). The basal part of

the main stem below the cotyledon node was cut using pruning shears, and an aliquot of quartz wool in a plastic

tube was used to hold the xylem sap exudated from the cut stump (Figure 12B). The main stem of the shoot was

re-cut in water in a bucket to prevent air-block in the xylem vessels, wiped with a paper towel, and then put into the

50 mL plastic tube containing 20 mL of water (Figure 12C). After 15 min, the plant was removed from the tube, the

tube was weighed, and the water loss per 1 h was calculated as the transpiration rate (mL/h).

Figure 12. Field estimation of P flux using the P concentration of xylem sap and the transpiration rate measured

using the detached plant shoot. (A) Soybean plant cultivated in a field. The shoot was separated from the

underground part. (B) Quartz wool in a plastic tube was put on the cut root stump, and the xylem sap was collected

for 1 h. (C) The basal part of the main stem of the decapitated shoot was re-cut in water and put in 20 mL of water
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in a plastic tube. After 15 min, the shoot was removed from the tube. The water loss in the tube was determined by

weighing the tube before and after transpiration measurement. 

Figure 13A shows the exudation rates of the xylem sap during AM and PM on 27 July, AM on 31 August, and AM

on 28 September. The xylem sap exudation rate between AM and PM on 27 July was similar, but they decreased

on 31 August and on 28 September. The transpiration rates from the cut shoot during AM and PM on 27 July were

the same, but they increased on 31 August and 28 September (Figure 13B). The Pi concentration in the xylem sap

collected during the afternoon of 27 July tended to be lower than that collected during the morning (Figure 13C).

The Pi concentration in the xylem sap significantly decreased along with the growth stages. Figure 13D shows the

estimated Pi-flux at the various stages. The estimation of the P flux is based on the P concentration in the xylem

sap and the xylem exudation rate plus the transpiration rate. The P flux during AM on 27 July was 34.2 μmol/h, and

it was higher than that during PM on 27 July (19.6 μmol/h), on 31 August AM (15.8 μmol/h), and AM on 28

September (9.3 μmol/h).

Figure 13. Estimation of P flux using the P concentration of xylem sap and the transpiration rate. (A) Xylem sap

exudation rate from cut stump, (B) transpiration rate from decapitated shoot, (C) the Pi concentration in the xylem

sap, (D) estimation of the P-flux based on multiplying the nutrient concentration value in xylem sap collected (C) by

the sum of the xylem exudation rate (A),

[27]
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plus transpiration rate (B). Different letters indicate the significant difference in the values among treatments using

Tukey’s method. n = 4. 

Based on the results, we would like to propose a new estimation of P flux in field-grown soybeans.

P Flux (mmol/h) = P concentration in xylem sap (mM) x (xylem sap exudation rate (mL/h) + transpiration rate by

detached shoot (mL/h)).

There have been several methods for collecting xylem sap . Bollard  collected xylem sap evacuated

from a cut stem to investigate the translocation forms of nitrogen among various dicotyledons, monocotyledons,

and gymnosperms. Glutamine and asparagine were dominant in the xylem sap of most species, but some plants

contained citrulline or allantoic acid as a principal component. Another method to obtain xylem sap depends on the

decapitation of shoots and the collection of the sap that exudates from the cut end of the stump . This “root

pressure method” is the simplest way to collect xylem sap, and this technique can be easily applied to field

experiments .

3. Conclusions and Prospects

P is a major essential element for crop production, but the available P resources are limited, and efficient P use is

vital for sustainable agriculture. Here, we proposed a new diagnosis of P flux in field-grown soybean plants using

xylem sap collected from the cut stump and the transpiration rate measured by the cut shoot. Based on the P

tracer experiment, the estimated P-flux using xylem sap was almost the same as the P transport rate in intact

plants. This result indicates that the P concentration in xylem sap collected for a short period of 1h was not

changed from the intact xylem sap. This method can be applied to estimate the flux of other nutritional elements,

phytohormones, etc. Also, this method may be useful in various crops when the xylem sap can be collected from

the cut stamp. Further experiments are required.
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