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Abstract: The specific mechanism by which phosphorus affects nodule nitrogen fixation and nitrogen
absorption in soybeans remains inconclusive. To further quantitatively analyze the effect of phos-
phorus on nodule nitrogen fixation and nitrogen accumulation in soybeans, this experiment was
carried out under sand culture conditions. The experiment consisted of six phosphorus supply levels
(1mg/L, 11 mg/L, 21 mg/L, 31 mg/L, 41 mg/L, 51 mg/L). The acetylene reduction method and °N
tracer method (50 mg/L (NHy),SO4) were used to determine and analyze the nodule growth status,
nodule nitrogenase activity, nitrogen content, and nodule nitrogen fixation rate at initial flowering
(R1 stage), initial pod (R3 stage), seed filling (R5 stage) and maturity stages (R8 stage). The results
are described as follows: 1. The nitrogen fixation of soybean nodules at different growth stages has
different requirements for phosphorus supply levels. The initial flowering stage and seed-filling stage
were 31 mg/L—41 mg/L, and the initial pod stage was 51 mg/L. 2. The nitrogen source in different
parts of soybean showed different trends with different growth periods and phosphorus supply
concentrations. Among them, from the initial flowering stage to the seed filling stage, the main
body of the nitrogen supply of soybean shoots in the low phosphorus treatment (1 mg/L-31 mg/L)
gradually changed from fertilizer nitrogen to nodule nitrogen fixation, while the main body of the
nitrogen supply of soybean shoots in the high phosphorus treatment (41 mg/L-51 mg/L) always
showed nodule nitrogen fixation and was transformed into fertilizer nitrogen at the mature stage.
The main nitrogen supply to the roots of soybean at different levels of phosphorus supply from
the initial flowering to the initial pods and maturity stage was fertilizer nitrogen, and the main
nitrogen supply at the seed filling stage was nodule nitrogen fixation. The nitrogen supply to the
main body of soybean nodules was constantly nodule nitrogen fixation. 3. Different phosphorus
supply levels significantly affected the nitrogen fixation of soybean nodules (R? > 0.803), and both
the acetylene reduction method and the N tracer method could be used to determine the nitrogen
fixation capacity of soybean nodules. This study indicated the optimal phosphorus supply level of
nodules in different growth stages of soybean and clarified the main body of phosphorus supply
in different parts of soybean at different growth stages, which pointed out the direction for further
improving the utilization efficiency of soybean nitrogen and phosphorus fertilizer.

Keywords: phosphorus supply levels; nodulation; nitrogen accumulation; nitrogen fixation

1. Introduction

Phosphorus is one of the three basic elements required for crop growth, second only to
nitrogen, which has a significant effect on the growth and nodulation process of leguminous
crops [1-3]. According to statistics, 40% of the world’s arable land grows crops whose
yield is limited by phosphorus [4]. Studies have shown that the reasonable application
of phosphorus fertilizer can regulate the growth and development of soybean nodules,
enhance the nitrogen fixation capacity of nodules, and promote plant growth, thereby
achieving the effect of phosphorus promoting nitrogen and increasing yield [5-11]. At
present, the effects of phosphorus on nitrogen fixation in nodules mainly focus on the effect
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of different phosphorus levels on nodule growth and metabolism [12-14]. Some studies
have suggested that low phosphorus concentration reduces the nitrogenase activity in
nodules of legume crops due to the reduction of ATP energy in nodules [15], the decrease
in leghemoglobin content [16], decreased Fe content [5], and excessive secretion of organic
acids [17]. Other studies have found that leguminous crops adapt to low phosphorus con-
centrations by increasing phytase and phosphatase activity in nodules [18,19]. Some studies
have also suggested that low phosphorus concentration inhibits the nitrogen fixation of
leguminous nodules and the nitrogen absorption of plants [20,21]. Additional analysis
of the physiological effects of phosphorus levels on nitrogen fixation and metabolism in
nodules showed that the effect of phosphorus on nitrogen fixation in nodules was achieved
by regulating nitrogen metabolism [22]. Characterized by low phosphorus conditions,
the proportion of nodule nitrogen accumulated by legume crops decreased significantly,
while the nitrogen content in plants and leaves increased, indicating that the assimilated
nitrogen had exceeded the demand of plant growth and development for nitrogen, and
the accumulation of asparagine in roots and nodules increased, further indicating that
the effect of phosphorus on nodule nitrogen fixation was achieved by regulating nitrogen
metabolism [12-14]. The above studies have shown that phosphorus levels have a sig-
nificant effect on nitrogen fixation and nitrogen uptake by nodules of leguminous crops,
but they have not been able to quantitatively characterize the main nitrogen supply of
leguminous crops in each growth period under different phosphorus supply levels, nor
have they affected different growth stages according to the growth process. An in-depth
analysis of the effect of nitrogen fixation by soybean nodules under the phosphorus supply
level is not conducive to improving the utilization efficiency of nitrogen and phosphorus
fertilizers in soybean. Therefore, this study intended to quantitatively characterize the
nodule growth status, nodule nitrogenase activity, nodule nitrogen fixation rate, and nitro-
gen accumulation of soybean plants with different phosphorus supply levels under sand
culture conditions by the >N tracer method and provide a theoretical basis for analyzing
the physiological mechanism of phosphorus application affecting soybean nodule nitrogen
fixation and nitrogen absorption.

2. Materials and Methods
2.1. Test Site Overview

The study was conducted at the Experimental Base of Northeast Agricultural Univer-
sity in 2019, which is located in the Xiangfang District, Harbin City, Heilongjiang Province,
China, with geographical coordinates of 126.43°43' E, 45°44’ N. The annual precipitation is
500-550 mm, and the accumulated temperature is >10 °C and 2700 °C.

2.2. Test Materials

The soybean variety tested was Kenfeng 16 (Glycine max L.) (Heilongjiang Academy
of Land Agricultural Reclamation Science, Heilongjiang, China). Labeled ammonium
sulfate 1°N (3.36% abundance) was purchased from Shanghai Chemical Industry Research
Institute, and the tested phosphorus source was KH,;POy.

2.3. Experimental Design

Six phosphorus levels were set up in the experiment: 1 mg/L, 11 mg/L, 21 mg/L,
31 mg/L, 41 mg/L, and 51 mg/L, expressed as P1, P11, P21, P31, P41, and P51, respectively.
In each treatment, ('°’NH,4),SO, with a >N abundance of 3.36% was used as a nitrogen
source to analyze the nitrogen fixation ability of nodules. Phosphorus levels and the
composition of the nutrient solution refer to Yao et al. [23] and Li et al. [24] using the
nutrient solution formula, with a slight improvement. The specific components are shown
in Tables S1 and S2.
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2.4. Test Treatment

Potted cultivation with river sand was used in this study. Each plastic pot was 0.30 m
in diameter and 0.28 m in height. Two drainage holes 1 cm in diameter were drilled at the
bottom of the pot, with one on each side of the partition plate. Each pot was filled with
20 kg of washed sand. Before use, the sand was thoroughly washed with tap water and
then rinsed twice with distilled water. The soybean seeds were sown in fine sand at a
depth of 2 cm and cultured in an incubator at 30 °C for approximately 3 days. When
the distance between the growing point of the cotyledon and the tip of the root reached
approximately 7-10 cm, the root system of soybean seedlings was exposed by rinsing with
distilled water; then, uniform seedlings were selected for transplanting, and two seedlings
were kept per pot.

The inoculation of rhizobia was carried out when the opposite true leaves of soybean
were fully expanded. The soybean nodules stored in the field in the previous year were
ground into powder and then added to the nutrient solution, and each liter of nutrient
solution contained about 5 g nodules for continuous inoculation for 5 days. According to
the characteristics of soybean fertilizer demand, the nutrient supply was divided into three
periods. The first period was from transplanting the seedlings before the VC stage (the
unfolded cotyledon stage), and they were drenched with distilled water once a day, 500 mL
per pot. The second period was the unfolded cotyledon to fully expanded stage to the V,4
stage (fourth trifoliate leaf stage), and the basic nutrient solution of 50 mg/L (NH4),SO4
and 31 mg/L KH;PO4 was poured once a day, 500 mL each time. The third period was
from V4 to harvest, and '°N labeling and different phosphorus supply levels were carried
out. This period is divided into three stages, of which the V4 stage to the R1 stage (initial
flowering stage) is the first stage, and the nutrient solution is poured once a day, with 500
mL each time. The second stage is from the R1 stage to the R8 stage (maturity stage), and
the same nutrition is used as the first stage, but the nutrient solution is poured twice a
day, 500 mL each time, that is, 1000 mL of nutrients per pot every day. From the R8 stage
to harvest is the third stage, considering the decline in nutrients required by plants, the
supply of nutrient solution was reduced to 500 mL once a day (Table S3).

2.5. Sampling and Measurement

Samples were taken 4 times at initial flowering (R1 stage, 42 days), initial pod (R3
stage, 15 days), seed filling (R5 stage, 16 days), and maturity stages (R8 stage, 38 days)., and
each treatment was repeated 4 times. The shoots were cut along the boundary between the
ground and the ground at 8:00-10:00 AM on a sunny day, and the underground part was
washed with distilled water to remove the sand and blotted dry with filter paper, and then
the nodule nitrogenase activity was measured [25]. After the measurement, the nodules
were removed and recorded. The number of nodules and the dry weight of nodules and
roots were determined after drying at 60 °C. The shoots were fixed at 105 °C for 1 h, dried
at 65 °C to constant weight, and weighed. After crushing, the >N abundance and plant
nitrogen content of each part were determined. When soybean leaves turned yellow, to
reduce the error of dry matter quality caused by falling leaves, the fallen leaves were picked
up twice a day, morning and evening, and collected in mesh bags for the calculation of
soybean dry matter accumulation in the R8 period.

The nitrogenase activity of nodules was determined by Acetylene reduction activity
according to the method of Gremaud and Harper (1986).

Plant nitrogen content was determined by the B324 automatic Kjeldahl nitrogen analyzer
produced by Shanghai Shengsheng Automatic Analytical Instrument Co., LTD., China.

15N abundance was determined by a mass spectrometer using a double-channel (DI)
measurement (Thermo-Fisher Delta V Advantage IRMS, Waltham, MA, USA).



Agronomy 2022, 12, 2802

40f 15

2.6. Data Calculations

The sand culture was used in the experiment and there was no soil factor interference;
therefore, the nitrogen source of the plant was derived from the application of °N-labeled
fertilizer nitrogen and atmospheric nitrogen fixed by nodules.

The nitrogenase activity per unit nodule weight was calculated as follows:

Er

NA = — =%
5 Dn — Tr

M

where SNA is specific nitrogenase activity (unit is C;Hy umol g~! Nodule Dry Mass h—b,
ER is the amount of reduced ethylene (unit is pmol), Dy is the dry weight of the nodule
(unit is g), and TR is the reaction time (unit is h), the same as below.

The nitrogenase activity per plant was calculated as follows:

ARA = R @)

where ARA is acetylene reduction activity (unit is CoHy pmol h=! Plant™1.
The percentage of nitrogen fixation originating from nodules in the plant was calcu-

lated as follows:
RNNF = f fertilizer — f treatment (3)

f ertilizer — f 0
The formula source: RNNF X fo + (1-RNNF) frertilizer = ftreatment, Where RNNF is
nodule nitrogen fixation rate (unit is %), 1-RNNF is fertilizer utilization rate (unit is %),
fo is background natural abundance (unit is %), and freatment is treatment 15N abundance
(unit is %).

2.7. Statistical Analyses

All statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA).
All the data were subjected to a normality test prior to a one-way analysis of variance
(ANOVA), and Duncan’s multiple range test was used at a significance level of p < 0.05.

3. Results
3.1. Effect of Different Phosphorus Supply Levels on Nodulation and Nitrogen Fixation

Table 1 shows the number and dry weight of soybean nodules under different phos-
phorus supply levels from the initial flowering stage (R1) to the seed-filling stage (R5).
From the perspective of the growth process, the dry weight and number of soybean nodules
in each treatment showed different trends. When the phosphorus supply level increased
from 1 mg/L to 31 mg/L, the number of soybean nodules showed a trend of increasing first
and then decreasing with the progress of the growth process, and the peak value appeared
in the initial pod stage (R3). When the phosphorus supply level was further increased
to 41 mg/L and above, it showed a linear growth trend, and the peak appeared in the
seed-filling stage (R5). The dry weight of nodules showed a gradually increasing trend
with the advancement of the reproductive process. By comparing the number of nodules
and the dry weight of nodules, it was found that the number of nodules decreased under
the phosphorus supply level of 1 mg/L-31 mg/L from the initial pod stage to the seed
filling stage, but the dry weight of nodules increased. From the perspective of phosphorus
supply level, the number of nodules and dry weight of soybean nodules all increased
with increasing phosphorus supply level. When the phosphorus supply level increased to
41 mg/L, the number of nodules and dry weight of soybean did not increase significantly
when the phosphorus supply level was increased again.
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Table 1. Effects of different phosphorus supply levels on soybean nodule number and nodule

dry weight.
Treatments R1 R3 R5

P1 66 + 8.25 ¢ 70 +£10.53 ¢ 48 +2.65¢

P11 67 +7.17 ¢ 79 +9.02 be 57 +0.88 ¢

Nodule Number P21 70 + 0.88 bc 92 £+ 13.97 be 66 £+ 10.09 ¢
(Per Plant) P31 85+ 4.63b 124 £13.92 bc 120 £7.22b
P41 120 £ 2.89 a 142 £ 722 ab 191 £549a
P51 124 +2.03a 197 £ 1759 a 207 +10.39 a

P1 0.10 = 0.01e 0.12 +0.07d 0.134+0.01c¢

P11 0.10 £0.01e 0.18 £0.01d 0.26 + 0.06 ¢
Nodule Weight P21 0.15+0.01d 0.52 +0.01c¢ 0.72 £ 0.02b
(g/Plant) P31 0.25+0.01 ¢ 0.69 £ 0.15 bc 1.02+0.19b
P41 0.26 +0.01b 0.77 + 0.05 ab 141 +0.16a

P51 0.28 £ 0.01 a 0.88 + 0.07 a 142 +£0.06 a

The data are represented as the mean values =+ standard error and independent measurements with three replicates.
Different lowercase letters indicate the differences between treatments at a significance level of 5%.

Table 2 shows soybean SNA and ARA under different phosphorus levels from the
initial flowering stage (R1) to the seed-filling stage (R5). From the perspective of the growth
process, SNA and ARA showed different trends. SNA showed a linear downward trend
with the progress of the growth process at the phosphorus supply level of 1 mg/L-41 mg/L,
while at the phosphorus supply level of 51 mg/L, SNA showed a trend of first increasing
and then decreasing, and the maximum value appeared in the initial pod stage (R3). ARA
showed a linear downward trend with the growth process under the phosphorus supply
level of 1 mg/L, first increasing and then decreasing under the phosphorus supply levels
of 11 mg/L and 51 mg/L, and the peak appeared at the initial pod stage (R3), while the
phosphorus supply levels from 21 mg/L to 41 mg/L showed a linear upward trend. From
the perspective of phosphorus supply level, SNA and ARA showed similar trends in the
R1 and RS stages; both showed a unimodal curve with the increase in phosphorus supply
level, and the maximum appeared at the phosphorus supply level of 31 mg/L-41 mg/L.
SNA and ARA in the R3 stage increased with the increase in phosphorus supply level, and
the maximum values appeared at the 51 mg/L phosphorus supply level.

Table 2. Effects of different phosphorus supply levels on soybean SNA and ARA.

Treatments R1 R3 R5

P1 2762 +181d 13.96 £ 0.82¢ 7.83+0.23d

P11 45.63 £6.85¢ 31.72+1.04d 2225+217c¢
SNA(CyHy pmol g! P21 78.82 4+ 3.97 ab 3374+ 0.10d 33.08 £ 0.22 ab
Nodule Dry Mass h™1) P31 92.04 £ 8.50 a 42.01 £0.14 ¢ 3497 £ 0.05a
P41 7328 343D 51.27 £ 6.39b 32.79 £+ 0.40 ab

P51 7112+ 151b 76.36 + 0.62 a 31.06 £ 1.80b

P1 3.00£0.29d 1.35+0.12d 0.86 +£0.02d

P11 3.70 £0.50d 5.67+£0.39d 544 +0.55d

ARA(C,H4 umol h! P21 11.96 £ 0.74 c 17.60 £ 0.16 cd 2392 +0.77 ¢
Plant™1) P31 2263 +249a 29.13 + 2.07 bc 35.82+047b

P41 18.79 £ 0.09b 39.80 +7.47Db 46.07 £4.92 a
P51 19.82 + 0.43 ab 66.89 + 13.61 a 4430 +4.52 ab

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.2. Effect of Different Phosphorus Supply Levels on Soybean Nitrogen Absorption and Distribution

3.2.1. The Effect of Different Phosphorus Supply Levels on the Abundance of °N in
Soybean Plants

Table 3 shows that the abundance of >N in soybean plants showed different changes
with the progress of the growth process. The abundance of '°N in shoots and roots showed
a decreasing trend from the R1-R5 stage and an increasing trend from the R5-R8 stage.
Since 1N is mainly derived from the labeled fertilizer nitrogen, it means that from the
initial flowering stage to the seed-filling stage, as the nodules grew and provided nitrogen,
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the fertilizer nitrogen absorbed by the shoots and roots gradually became unable to meet
their own needs, and an increasing amount of nitrogen was fixed through the nodules. To
obtain nitrogen, as the nodules continue to decline from the seed-filling stage to the mature
stage, the nitrogen absorbed by the shoots and roots comes from fertilizer nitrogen, which
in turn causes the >N abundance to rise in the R8 stage, completing a round of major
nitrogen supply. It can also be seen from the data of different treatments in each growth
period in the table that the abundance of °N in each part of soybean increased first and
then decreased with the increase in phosphorus supply level, and the phosphorus supply
level peaked at 11 mg/L and then increased. The abundance of >N at the phosphorus
supply level was significantly reduced.

Table 3. 1N abundance (%) in plant organs of soybean under different phosphorus supply levels.

Stages Treatments Shoot Root Nodule
P1 227 +0.01b 241+ 0.01b 112+ 0.03a
P11 233+0.01a 254+0.01a 115+ 0.04a
P21 207+ 001 231+ 001c 0.96 + 0.03 b
Rl P31 1.97 +0.01d 228+0.01d 0.94 + 0.09 b
P41 1.55 + 0.01 1.96 + 0.01 f 0.78 + 0.02 ¢
P51 1.65+ 0.01 e 197 + 001 e 0.87 + 0.03 be
P1 1.89 + 0.01 ¢ 207+ 001 ¢ 0.87 + 0.01 abc
P11 1.99 + 0.01 a 2174001 a 0.92 +0.01a
P21 191+ 0.01b 214+ 0.01b 0.90 + 0.01 ab
R3 P31 1.74 +0.01d 2.04+0.01d 0.81 = 0.03 be
P41 1.74 +0.01d 204+ 001d 0.83 + 0.04 abc
P51 1.50 + 0.01 e 1.86 + 0.01 e 0.77 + 0.06 ¢
P1 138+ 0.01 ¢ 139+ 0.01b 0.67 + 0.02 ab
P11 146 +0.01 a 145 +0.02a 0.69 + 0.01 ab
P21 141+ 001 b 133+ 0.01 ¢ 0.68 + 0.01 a
R5 P31 1.2540.01d 126 +0.01d 0.62 +0.01b
P41 119+ 0.01 e 118+ 0.01 e 0.65 + 0.05 ab
P51 118+ 0.01 e 115+ 0.01 e 0.66 + 0.03 ab
P1 241+004a 242 +0.02a ;
P11 253 +0.04a 249 +0.04a -
P21 222 4 0.05b 213+ 001b ;
R8 P31 1,95+ 0.10 ¢ 194+ 0.09b -
P41 215+ 0.05b 201+ 0.17b ;
P51 2.1 + 0.01 be 1.96 + 0.05b -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.2.2. Proportion of Nitrogen Sources in Various Organs of Soybean under Different

Phosphorus Supply Levels

Table 4 shows the proportion of nitrogen sources in soybean organs under different
phosphorus supply levels. It can be seen from the table that the sources of nitrogen in
different parts of soybean showed different changes with different growth stages. From
the R1 stage to the R5 stage, the proportion of fertilizer nitrogen absorbed by each part of
the soybean showed a downward trend and increased from the R5 stage to the R8 stage
(except nodules). The proportion of nitrogen fixation from nodules and the proportion of
nitrogen absorbed from fertilizers in each part showed an opposite trend with the growth
process, and the nitrogen source of each part of the soybean showed different changes with
changes in the level of phosphorus supply. In addition, from Table 4, it can be seen that
the nitrogen sources of different parts of soybean show different changing rules with the
phosphorus supply level. Among them, in the R1 stage, the shoots showed that when the
phosphorus supply level increased from 1 mg/L to 31 mg/L, the nitrogen source from
fertilizer nitrogen accounted for 53.58-65.52% (>50%), and from a nodule, nitrogen fixation
accounted for 34.48-46.42% (<50%). When the phosphorus supply level was 41 mg/L to
51 mg/L, the nitrogen source from fertilizer nitrogen accounted for 39.57-42.67% (<50%),
and from nodule nitrogen fixation accounted for 57.33-60.43% (>50%). When the phos-
phorus supply level increased from 1 mg/L to 21 mg/L in the R3 stage, the nitrogen in
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the shoots that came from fertilizer nitrogen accounted for 50.08-54.21%, and the nitrogen
fixation from nodules accounted for 45.79-49.20%; however when the phosphorus supply
level was 31 mg/L-51 mg/L, nitrogen from fertilizers accounted for 37.91-45.85%, and
nitrogen from nodules accounted for 54.15-62.09%When the phosphorus supply level
increased from 1 mg/L to 51 mg/L in the R5 stage, the shoot nitrogen from fertilizer
nitrogen accounted for 27.18-36.50%, and the nitrogen fixation from nodules accounted
for 63.50-72.81%. By comparing the changes in nitrogen sources in each treatment in the
R1-R5 stages, it can be seen that the main nitrogen supply under low phosphorus treatment
will gradually change from fertilizer nitrogen to nitrogen fixation by the nodules as the
growth stage progresses. At the R8 stage, the nitrogen in the shoots was 52.68-68.22% from
fertilizers and 27.65-47.32% from nodules, The nitrogen source of roots in each growth stage
was as follows: when the phosphorus supply level increased from 1 mg/L to 51 mg/L at
the R1 stage, the nitrogen source of fertilizer nitrogen accounted for 53.01-72.47%, and the
nitrogen fixation from nodules accounted for 27.53-46.99%. During the R3 period, nitrogen
from fertilizers accounted for 49.99-60.36%, and nitrogen fixation from nodules accounted
for 39.64-50.01%, indicating that nitrogen in the roots with different phosphorus levels
from the initial flowering stage to the initial pod’s stage was the main nitrogen supply for
fertilizers. In the R5 period, when the phosphorus supply level increased from 1 mg/L
to 51 mg/L, nitrogen from fertilizers accounted for 26.14-36.04%, and nitrogen fixation
from nodules accounted for 63.96-73.86%. In the R8 period, when the phosphorus supply
level increased from 1 mg/L to 51 mg/L, the nitrogen of the roots that came from fertilizer
nitrogen accounted for 52.41-68.68%, and the nitrogen fixation from nodules accounted for
29.26-47.59%. The nitrogen source from nodules showed that from the R1-R5 stages, nitro-
gen from self-fixation accounted for 73.95-91.63%, and nitrogen from fertilizer accounted
for only 8.37-26.04%.

Table 4. The proportion of nitrogen sources in different parts of soybean under different phosphorus

supply levels (%).
Shoot Root Nodule
Stages Treatments Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen
Derived from Derived from Derived from Derived from Derived from Derived from
the Fertilizer Atmosphere the Fertilizer Atmosphere the Fertilizer Atmosphere
P1 63.58 £0.14b 3642+ 0.14e 68.11 £0.16 b 31.89 £0.16 e 2521 +£0.16a 74.79 £0.09 ¢
P11 6552 +025a 3448 +£0.25f 7247 £0.06 a 27.53 4 0.06 f 2604 +125a 7395+ 125¢
P21 56.90 £0.20 ¢ 4310+£0.20d 64.88 £0.03 ¢ 3512+ 0.03d 19.89 £ 0.88 b 80.11 £0.88b
Rl P31 53.58 £0.02d 46.42 £0.02 ¢ 64.03 £0.19d 3597 £0.19 ¢ 1894 £297b 81.06 £2.97b
P41 3957 £0.15f 6043 £0.15a 53.01 £0.13f 46.99 £ 0.13 a 13.84 £0.69d 86.16 £ 0.69 a
P51 42.67 £0.10 e 5733 £0.10b 53.50 £0.02 e 46.50 £ 0.02b 16.70 = 1.09 bce 83.30 £ 1.09 ab
P1 50.80 £ 0.30 ¢ 49.20 & 0.30c 56.78 + 0.07 ¢ 43.22 +£0.07 ¢ 16.75 £ 0.38 abc 83.25 £ 0.38 abc
P11 5421 £0.38 a 4579 £ 0.38 e 60.36 £ 0.06 a 39.64 £0.06 e 1843 +0.27 a 81.57 £0.27 ¢
R3 P21 5151+ 0.16 b 4849+ 0.16 d 59.10 £ 0.16 b 40.90 £ 0.16 d 17.58 £ 0.40 ab 82.42 £ 0.40 be
P31 4572+ 0.05d 54.28 + 0.05b 55.74 +£ 0.27 d 4426 +0.27b 14.67 £ 0.84 bc 85.33 £ 0.84 ab
P41 45.85 +0.07d 5415+ 0.07b 55.85 £0.35d 4415+ 0.35b 15.53 4+ 1.24 abc 84.47 £ 1.24 abc
P51 3791+ 0.04e 62.09 £0.04a 49.99 £ 0.08 e 50.01 & 0.08 a 1353 £1.94c 8647 £194a
P1 34.03+£0.12¢ 65.97 £0.12¢ 34.00 £0.12b 66.00 £0.10d 9.89 £ 0.58 ab 90.11 £ 0.59 ab
P11 36.50 £0.22a 6350 £0.22e 36.04 £ 0.69 a 63.96 £ 0.69 e 10.78 £ 045 a 89.22 £ 045D
RS P21 34.88 £0.07b 65.12 £ 0.07d 3215+£0.17 ¢ 67.85+£0.17 ¢ 10.38 + 0.26 ab 89.62 + 0.26 ab
P31 29.30 +£0.19d 7070 £0.19Db 29914+ 0.22d 70.09 £0.22Db 8.37+0.28b 91.63 £ 0.28 a
P41 2742 +0.15e 7258 £0.15a 2710+ 0.14 e 72.89 £0.80 a 9.33 £1.83 ab 90.67 £ 1.83 ab
P51 27.18 £0.08 e 7281 £0.08a 2614 +0.26e 7386 £0.26a 9.57 +1.16 ab 90.43 + 1.16 ab
P1 6822+130a 3178 +£1.30¢ 68.68 £ 0.67 a 31.32+£0.67b - -
P11 7235+ 1.38a 27.65 £1.38 ¢ 70.74 +£1.33 a 29.26 £1.33b - -
P21 61.77 £ 1.57b 3823 +1.57b 58.73 £ 0.36 b 41.27 £ 0.36 a - -
k8 P31 5268 +343c  4732+343a  5241+300b 4759 +3.00a - -
P41 59.69 £ 1.62b 40.31 £ 1.62b 5495+ 5.70 b 45.05+5.70 a - -
P51 58.28 + 0.42 bc 41.71 £ 0.42 ab 5320+ 1.71b 4680+ 1.71a - -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.
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3.2.3. Nitrogen Accumulation and Nodule Nitrogen Fixation in Different Parts of Soybean
under Different Phosphorus Supply Levels

According to the dry matter accumulation in each part of the soybean and the nitrogen
content per gram of dry matter, the nitrogen accumulation in each part can be identified,
and the nitrogen accumulation in each part multiplied by the nitrogen fixation rate of
the nodule (Table 4) can be obtained. Table 5 shows that the nitrogen accumulation in
all parts of soybean increased linearly with the growth process, and the nitrogen fixation
in nodules increased from the R1 stage to the R5 stage and decreased from the R5 stage
to the R8 stage (except nodules). The different phosphorus supply treatments generally
showed a significant increase with increasing phosphorus supply levels. Table 5 shows that
the nitrogen content of the shoots and roots reached a maximum when the phosphorus
supply level increased from 1 mg/L to 31 mg/L at the R1 stage, and then the phosphorus
supply level showed a decreasing trend. In the R3 stage, when the phosphorus supply level
increased to 21 mg/L, there was no significant upward trend in increasing the phosphorus
supply level. The R5 and R8 stages increased with the increase in the phosphorus supply
level, but when the phosphorus supply level increased to 3141 mg/L, there was no
significant upward trend in increasing the phosphorus supply level. The initial flowering
stage was 31 mg/L, the initial pod stage was 21 mg/L, and the seed-filling stage and
maturity stage were both 31 mg/L-41 mg/L. However, the nitrogen accumulation in
nodules increased with increasing phosphorus supply levels from the R1 stage to the RS
stage. When the phosphorus supply level increased by 41 mg/L, there was no significant
increasing trend when the phosphorus supply level was increased. It can also be concluded
from Table 5 that the nitrogen fixation amount of the shoot increases to a maximum of 41
mg/L in the R1 stage, and there is a downward trend when the phosphorus supply level is
increased again. From the R3 stage to the R5 stage, it increased with increasing phosphorus
supply level, and there was no significant increase between 31 mg/L and 51 mg/L in the R3
stage. There was no significant increase between 41 mg/L and 51 mg/L in the R5 stage. In
the R8 stage, when the phosphorus supply level increased to 31 mg/L, the maximum level
increased, and the phosphorus supply level showed a decreasing trend. This indicated
that it was not the case that the higher the concentration of phosphorus supply was, the
better the accumulation of nitrogen fixation in soybean nodules. The phosphorus supply
level of 31 mg/L-41 mg/L was the most suitable phosphorus supply level to promote the
efficient utilization of nitrogen fixation by nodules in the shoots of soybean. The nitrogen
fixation amount by nodules in soybean was the largest in the 31 mg/L treatments in the R1,
R3, and R8 stages, while it was 41 mg/L in the R5 stage. The nitrogen fixation of nodules
showed that from the R1-R5 stages, it increased with the progression of the growth period
and increased with the increase in the phosphorus supply level in the same period, but
there was no significant difference when the phosphorus supply level reached 31 mg/L
in the R1 stage and no significant increase when the phosphorus supply level reached
41 mg/L in the R3 and R5 stages.

Table 5. Nitrogen accumulation and nodule nitrogen fixation in different parts of soybean under
different phosphorus supply levels (mg).

Shoot Root Nodule
Stages  Treatments Nitrogen Nodule Nitrogen Nodule Nitrogen Nodule
. Nitrogen . Nitrogen . Nitrogen
Accumulation Lg Accumulation Lg Accumulation LS

Fixation Fixation Fixation
P1 115.89 £4.40 ¢ 4220+ 1.46d 4757 +2.39 a 1518 £ 0.80 b 2.88 +0.23d 215+ 0.17c¢
P11 130.85 £9.18 ¢ 45.16 + 3.46d 30.62 +0.81¢ 843 +0.23d 347 +0.30d 257 £0.26 ¢
Rl P21 160.71 +5.04 b 69.24 +1.87 ¢ 36.78 +1.98b 1292 +0.71 ¢ 6.29 +0.26 ¢ 5.03+0.16 b
P31 228.20 + 12.27 a 105.93 £ 5.65b 48.60 +0.31a 1748 £ 0.14 a 10.19 £ 0.34b 8.28 £ 0.55a
P41 22462 +6.12a 135.74 + 3.86 a 36.55 + 1.63b 1717 £ 0.79 a 10.50 + 0.66 ab 9.05+£0.61a
P51 209.76 + 15.56 a 120.28 £9.10b 31.38 £ 0.69 ¢ 14.59 + 0.32 bc 11.58 £ 0.54 a 9.65 £ 0.56 a
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Table 5. Cont.

Shoot Root Nodule
Stages  Treatments Nitrogen Nodule Nitrogen Nodule Nitrogen Nodule
Accumulation N.l trofg’en Accumulation N.l trogen Accumulation N.l trogen
Fixation Fixation Fixation

P1 21525 £593b 109.03 +£3.14d 70.37 £ 3.62b 30.41 £1.52¢ 496 £0.33d 413 +026d
P11 342.50 £ 1947 b 156.84 +9.11 cd 70.60 £1.10Db 2798 £ 046 ¢ 756 +£0.30d 6.17 £0.23d
P21 523.62 £51.90a  253.83 £ 24.76 bc 84.30 £3.28 a 3448 £1.42b 23.75 £ 0.69 ¢ 19.57 £ 0.53 ¢

R3 P31 54399 £91.92a  295.34 £ 50.67 ab 89.23 £3.65a 3948 +1.48a 30.06 £ 6.79 be 25.68 4 5.94 bc
P41 580.62 £31.39a  314.44 +17.18ab 85.69 £2.36 a 37.82 £0.76 ab 37.60 £2.11 ab 31.72 £1.37 ab
P51 620.71 + 86.00 a 385.32 £53.19a 71.36 £ 0.66 b 35.68 + 0.33 b 4292 +26l1a 3701+ 141a
P1 35259 £17.24d 232.64 £11.78 e 90.12 £ 8.83b 59.48 £5.84c 6.65+0.52 ¢ 597 £0.43 ¢
P11 709.27 +28.87 ¢ 450.28 £17.11d 98.52 + 6.85 ab 63.07 £4.83 ¢ 12.45+247 ¢ 11.13 £227 ¢
P21 919.26 £91.54b 598.51 £ 59.18 ¢ 105.06 + 9.12 ab 71.27 £ 6.06 be 3787 +£1.75b 3393 +151b

R5 P31 1046.43 +£9.18 b 739.81 + 6.68 b 119.72 +7.01a 83.94 + 5.10 ab 48.97 £7.83b 44.83 £7.08b
P41 1412.70 +- 68.32a  1025.37 £ 49.56 a 123.97 = 6.26 a 90.37 £+ 4.23a 69.74 £822a 63.16 £7.09 a
P51 142514 £ 78.06 a  1037.73 £56.37a  102.40 £ 7.08 ab 75.65 + 5.34 abc 7719+ 554 a 69.76 £4.70 a
P1 365.04 £ 640 e 115.86 +2.70 d 80.63 = 1.64 ¢ 2527 £1.03 ¢ - -
P11 91296 £54.74d  253.77 £26.37d 94.43 +£2.10 bc 27.64 £1.56 ¢ - -
P21 138897 £ 63.41c  532.34 £42.69c  113.47 £+ 7.86 abc 46.77 £2.86b - -

R8 P31 194942 +160.16ab  927.12 +123.85a 14547 £ 713 a 69.06 £4.48a - -
P41 202257 +£70.08a 815.01 £41.46ab 125.81 +16.35ab 55.20 £ 5.60 ab - -
P51 1711.01 £73.11b  713.99 £33.22b  106.95 & 23.99 ab 49.28 +9.24b - -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.3. Comparisons between ARA, RNNF %, and Naccumulation of Nodules

Figure 1 shows the changing trend of the soybean ARA nitrogen fixation rate and
nitrogen fixation amount of soybean nodules under different phosphorus supply levels
at different growth stages. In terms of the growth process, the ARA, the nitrogen fixation
rate of the whole nodule, and the nitrogen fixation amount of the whole nodule of soybean
in the R1, R5, and RS stages increased first and then decreased with the increase in the
phosphorus supply level, peaked at 31 mg/L-41 mg/L phosphorus supply level.
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Figure 1. Variation trends of ARA, root nodule nitrogen fixation rate, and root nodule nitrogen
fixation in soybean under different phosphorus supply levels. (a): initial flowering period; (b): initial

pod stage; (c): filling period; (d): mature period.

3.4. Correlations Analysis between Different Phosphorus Supply Levels and Soybean ARA,
Nitrogen Fixation Rate of Nodules, and Nitrogen Fixation of Nodules

Table 6 shows the correlation between the phosphorus supply level at different growth
stages and ARA, whole nodule nitrogen fixation rate, and whole nodule nitrogen fixation
amount. The correlation performance changes in each growth period were consistent, which
all showed that the level of phosphorus supply was significantly positively correlated with
ARA, the nitrogen fixation rate of the whole nodule, and the nitrogen fixation rate of the
whole nodule (R > 0.803). There was a very significant positive correlation (R > 0.791) in
the nitrogen fixation of the nodules of the whole plant, while the nitrogen fixation rate of
the whole plant nodules and the nitrogen fixation of the whole plant nodules had a very
significant positive correlation (R? > 0.847) in the R1 to R5 stages and were significantly
positively correlated with the nitrogen fixation amount of whole nodules in the R8 stage
(R? =0.725).
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Table 6. Correlation of different phosphorus supply levels, ARA, nitrogen fixation rate of nodules,
and nitrogen fixation of nodules.

Whole Nodule Nitrogen
Stages Phosphorus Supply Level ARA Fixation Rate

nodule nitrogen fixation amount 0.913 ** 0.876 ** 0.966 **
R1 whole nodule nitrogen fixation rate 0.902 ** 0.791 ** -
ARA 0.978 ** - -

nodule nitrogen fixation amount 0.987 ** 0.930 ** 0.847 **
R3 whole nodule nitrogen fixation rate 0.883 ** 0.977 ** -
ARA 0.966 ** - -

nodule nitrogen fixation amount 0.992 ** 0.981 ** 0.875 **
R5 whole nodule nitrogen fixation rate 0.847 ** 0.837 ** -
ARA 0.971 ** - -

RS nodule nitrogen fixation amount 0.952 ** - 0.725*
whole nodule nitrogen fixation rate 0.803 ** - -

* denote a significant difference at the 5% level; ** denote a significant difference at the 1% level.

4. Discussion

Most studies have shown that phosphorus can promote nodule growth and nitroge-
nase activity in leguminous crops, showing that with the increase in phosphorus supply, the
number and dry weight of nodules and the activity of nodule nitrogenase in leguminous
crops are significantly increased [26-33]. In this experiment, it was found that 41 mg/L was
the optimum phosphorus supply level for soybean nodule growth, and low phosphorus
concentration (1 mg/L-31 mg/L) promoted the phenomenon of “survival of the fittest”
in soybean nodules. This is generally consistent with the results of Miao et al. [34] and
Jemo et al. [29], who found that soybean nodule dry weight, nodule number, and nodule
nitrogenase all decreased with the decrease in phosphorus supply level, and Yao et al. [23]
found that phosphorus levels that were too high or too low inhibited the nitrogen fixation of
soybean nodules; this was similar to the conclusion of Tsvetkova et al. [35] and Magadlela
et al. [7] that low phosphorus concentration inhibited the nitrogen fixation of nodules by
inhibiting the growth and phosphorus absorption of soybean plants, but differed from
the conclusion of Almeida et al. [13] that low phosphorus concentration can stimulate the
growth of soybean nodules and inhibit nitrogen fixation by nodules. This may be due to
the different levels of low-phosphorus stress or the change in the direction of phosphorus
transport caused by low-phosphorus stress. This indicates that different phosphorus supply
levels will significantly affect the nitrogen fixation of soybean nodules. In addition, this
experiment also found that the sources of nitrogen in different parts of soybean showed
different trends with the growth period and phosphorus supply concentration. Among
them, from the initial flowering stage to the filling stage, the main body of nitrogen supply
in the low phosphorus treatment (1 mg/L-31 mg/L) will gradually change from fertilizer
nitrogen to nodule nitrogen fixation, while the main body of nitrogen supply in the high
phosphorus treatment (41 mg/L-51 mg/L) will always be nodule nitrogen fixation and
will be transformed into fertilizer nitrogen at the mature stage. The main nitrogen supply
of soybean roots at different levels of phosphorus supply from the initial flowering to the
initial pods and maturity stage was fertilizer nitrogen, and the main nitrogen supply at
the seed filling stage was nodule nitrogen fixation (as shown in Figure 2). This is different
from the findings of Raji et al. [36], Schulze et al. [37], and Cavard et al. [38] that under soil
culture conditions, the phosphorus supply level had no significant effect on the nitrogen fix-
ation rate of leguminous nodules and is also different from the research conclusion drawn
by Magadlela et al. [28] that 40-50% of the nitrogen nutrition absorbed by plants comes
from symbiotic nitrogen fixation. This may be because the soil itself contains a certain
amount of phosphorus under soil culture conditions, which affects the phosphorus supply
gradient of the experimental setup. Then increased, the level of phosphorus indicators
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with a decreasing trend, while the indicators in the R3 stage increased with the increase
in phosphorus supply level. This shows that the phosphorus supply level required for
nitrogen fixation of nodules at different growth stages is different. The phosphorus supply
level of 31 mg/L—41 mg/L in the R1 and R5-R8 stages is the optimal phosphorus supply
level to promote nitrogen fixation of soybean nodules, while the R3 stage is the period
when the nodule grows vigorously. The phosphorus supply required for nitrogen fixation
by nodules was significantly higher than that in other growth periods. From the changing
trend of each index, the nitrogen fixation of ARA and the nitrogen fixation of the whole
plant showed the same change rule in each growth period. This shows that both ARA and
15N tracer methods determined by the acetylene reduction method are effective methods
for determining nitrogen fixation in nodules. At the 1 mg/L-11 mg/L phosphorus supply
level, ARA and the nitrogen fixation rate of the whole root nodule showed opposite trends.
This result indicated that the low phosphorus supply would stimulate nodule nitrogen fixa-
tion, resulting in the opposite trend of the nitrogen fixation rate of ARA and whole nodules
under the phosphorus supply level of 1 mg/L-11 mg/L. In addition, through the acetylene
reduction method in this experiment, it was concluded that the nitrogen fixation of soybean
nodules in different growth stages has different requirements for phosphorus supply. The
initial flowering stage and seed-filling stage were 31 mg/L—-41 mg/L, and the initial pod
stage was 51 mg/L. The 1N tracer method showed that the optimal phosphorus supply
concentration for promoting nitrogen accumulation and efficient utilization of nitrogen
fixation in soybean nodules at each growth stage was 31 mg/L—41 mg/L. The optimum
phosphorus concentrations for nitrogen fixation of soybean nodules at different growth
stages measured by the two methods are relatively close, which indicates that the acetylene
reduction method and the >N tracer method are both effective methods for determining
the nitrogen fixation capacity of soybean nodules.

P1-P31 P41-P51

i Proportion of nitrogen sources

Nitrogen derived ~ Nitrogen derived ~ Nitrogen derived ~ Nitrogen derived
from the from from the from

e

P1-P51

Nitrogen derived from
the fertilizer

53.01%-72.47%
49.99%-60.36%
26.14%-36.04%

52.41%-68.68%

fertilizer atmosphere fertilizer atmosphere
53.58%-65.50%  34.48%-46.42%  39.57%-42.67% = 57.33%-60.43%

Shoot
g

50.08%-5421%  45.79%-49.20%  37.91%-45.85%  54.15%-62.09% R3

P1-P31 l

Nitrogen derived from the fertilizer Nitrogen derived from atmosphere RS

27.18%-36.50% 63.50%-72.81% l
52.68%-68.22% 27.65%-47.32% RS
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atmosphere Root Nodule P1-P51
27.53%-46.99% Nitrogen derived from  Nitrogen derived from
the fertilizer atmosphere
39.64%-50.05%
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13.53%-18.43% 81.57%-86.47% R3
29.26%-47.59% +
8.37%-10.78% 89.22%-91.63% RS

Figure 2. The proportion of nitrogen sources in soybean organs in different growth stages under
different phosphorus supply levels.
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5. Conclusions

1. The optimum phosphorus supply level for soybean nodule growth is 41 mg/L, and
the acetylene reduction method also shows that the nitrogen fixation of soybean nodules at
different growth stages has different requirements for phosphorus supply level, which is
31 mg/L-41 mg/L at the initial flowering and seed filling stages and 51 mg/L at the initial
pod stage.

2. The nitrogen source in different parts of soybean showed different trends with
different growth periods and phosphorus supply concentrations. Among them, from the
initial flowering stage to the seed filling stage, the main body of the nitrogen supply of
soybean shoots in the low phosphorus treatment (1 mg/L-31 mg/L) will gradually change
from fertilizer nitrogen to nodule nitrogen fixation, while the main body of the nitrogen
supply of soybean shoots in the high phosphorus treatment (41 mg/L-51 mg/L) will always
be nodule nitrogen fixation and will be transformed into fertilizer nitrogen at the mature
stage. The main nitrogen supply of soybean roots at different levels of phosphorus supply
from the initial flowering to the initial pods and maturity stage was fertilizer nitrogen,
and the main nitrogen supply at the seed filling stage was nodule nitrogen fixation. The
nitrogen supply to the main body of soybean nodules is always nodule nitrogen fixation.

3. Different phosphorus supply levels can significantly affect the nitrogen fixation of
soybean nodules (R2 > 0.803), and both the acetylene reduction method and the I5N tracer
method can be used to determine the nitrogen fixation ability of soybean nodules.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12112802/s1, Table S1: The elements of P or K in
different P level treatments; Table S2: Concentrations of elements in nutrient medium of the sand
culture; Table S3: Amount of nutrient solution for soybean at different growth stages.
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