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Abstract

:

Phosphorus (P) is an important nutrient affecting nodulation and nitrogen fixation in soybeans. To further investigate the relationship of phosphorus with soybean nodulation and nitrogen fixation, the seedling grafting technique was applied in this study to prepare dual-root soybean systems for a sand culture experiment. From the unfolded cotyledon stage to the initial flowering stage, one side of each dual-root soybean system was irrigated with nutrient solution containing 1 mg/L, 31 mg/L, or 61 mg/L of phosphorus (phosphorus-application side), and the other side was irrigated with a phosphorus-free nutrient solution (phosphorus-free side), to study the effect of local phosphorus supply on nodulation and nitrogen fixation in soybean. The results are described as follows: (1) Increasing the phosphorus supply increased the nodules weight, nitrogenase activity, ureide content, number of bacteroids, number of infected cells, and relative expression levels of nodule nitrogen fixation key genes (GmEXPB2, GmSPX5, nifH, nifD, nifK, GmALN1, GmACP1, GmUR5, GmPUR5, and GmHIUH5) in root nodules on the phosphorus-application side. Although the phosphorus-application and phosphorus-free sides demonstrated similar changing trends, the phosphorus-induced increases were more prominent on the phosphorus-application side, which indicated that phosphorus supply systematically regulates nodulation and nitrogen fixation in soybean. (2) When the level of phosphorus supply was increased from 1 mg/L to 31 mg/L, the increase on the P– side root was significant, and nodule phosphorus content increased by 57.14–85.71% and 68.75–75.00%, respectively; ARA and SNA were 218.64–383.33% and 11.41–16.11%, respectively, while ureide content was 118.18–156.44%. When the level of phosphorus supply was increased from 31mg/L to 61mg/L, the increase in the regulation ability of root and nodule phosphorus content, ARA, SNA, and ureide content were low for roots, and the value for nodules was lower than when the phosphorus level increased from 1 mg/L to 31 mg/L. (3) A high-concentration phosphorus supply on one side of a dual-root soybean plant significantly increased the phosphorus content in the aboveground tissues, as well as the roots and nodules on both sides. In the roots on the phosphorus-free side, the nodules were prioritized for receiving the phosphorus transported from the aboveground tissues to maintain their phosphorus content and functionality.
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1. Introduction


Phosphorus (P) is one of the three essential elements for plants and is the second most limiting element for plant growth. Currently, 40% of the world’s cropland lacks phosphorus, resulting in lower yields [1]. Phosphorus is a very important nutritional element that affects soybean growth and nodule nitrogen fixation. Proper application of phosphorus fertilizer can regulate root nodules growth, nitrogenase activity, and metabolic pathways, as well as enhance the capacity of nitrogen-fixing root nodules -promoting nitrogen by phosphorus [2,3,4,5,6,7,8,9].



The effect of phosphorus on nitrogen fixation mainly includes soybean plant growth [4,10], nodule formation [6,9], and nodule metabolism [3]. The promotion of phosphorus in nitrogen fixation is achieved by stimulating the growth of the host plant rather than by promoting the growth of rhizobia or the formation and function of nodules [11,12,13,14]. Additionally, the optimal phosphorus environment for host plant growth and the phosphorus requirements for symbiotic nitrogen fixation are determined by the development and function of the root nodules [15]. Current studies on phosphorus metabolism in nodules of leguminous crops are mainly focused on the analysis of compounds that affect nodule nitrogen fixation and indirectly explain the mechanism of phosphorus inhibition of nodule nitrogen fixation [3]. Several studies have suggested that low phosphorus stress inhibits nitrogen-fixing enzyme activity in legume nodules resulting from reduced nodule ATP energy [16], leghemoglobin content [13], Fe ion content [17], and excessive secretion of organic acids [18]. Other studies found that legume crops can adapt to low phosphorus stress by increasing root nodule phytase and phosphatase activities [19,20].



To better understand the phosphorus regulation of growth and phosphorus uptake in leguminous plants, split-root, and dual-root experiments were performed. In Shu et al. [21], the growth and P uptake of the root system significantly increased on the phosphorus-application side and remained stable on the phosphorus-free side after P (Ca10(PO4)6(OH)2, FePO4, C6H6O24P6Na12, or KH2PO4 was supplied to one side of the root system of Lupinusalbus. In Scott and Robson [22], supplying KH2PO4 to one side of the root system of subterranean clover significantly promoted P uptake by roots on the phosphorus-application side but not by roots on the phosphorus-free side and the shoots. However, Snapp and Lynch [23] found that a high-concentration of NH4H2PO4 supply to the roots on one side of Phaseolus vulgaris L. promoted P uptake on both the phosphorus-application side and phosphorus-free side.



In existing studies, the uneven distribution of phosphorus fertilizer in the soil due to the application method results in a wide variation in the fertilizer available to the root system, with some roots receiving phosphorus fertilizer to meet their needs, while others do not. The existing studies on the regulatory effect of P supply on nodulation and nitrogen fixation in soybeans have focused mainly on its local effect under single-root conditions through direct contact and seldom on its systemic effect. Most of the research has mainly focused on the study of phosphorus in nodule-regulating substances but less on the mode of regulation. Split-root and dual-root experiments are effective methods to study the mode of regulation. In the above-described method of rooting, the root system of the legume crop plant was divided into two parts so that neither subsystem remained intact, which may affect the accuracy of the experimental results. In this study, a grafting approach of soybean seedlings [24] was used to prepare a dual-root system in soybean plants. Soybean seedlings were grafted to obtain a double-rooted soybean plant with complete roots on both sides, and the test results were more accurate. The dual-root system of soybean plants received different concentrations of P nutrient solution in the root system on one side and phosphorus-free nutrient solution on the other side [21,25]. Nodule weight, nitrogenase activity, ureide concentration, and the expression levels of key genes related to nodulation and nitrogen fixation were measured, and the nodule ultrastructure was observed. This study systematically investigated the effects of P supply on soybean nodulation and nitrogen fixation, providing a reference that clarifies the regulatory mechanisms of nodulation and nitrogen fixation in soybean.




2. Materials and Methods


This study was conducted at the Experimental Base of Northeast Agricultural University, Harbin city, Heilongjiang Province, China (126°43′ E, 45°44′ N) from 10 June to 25 July 2020. Sand-cultured dual-root soybean systems were used. The tested soybean variety was Kenfeng 16(Glycine max L. cv.) obtained from Heilongjiang Academy of Land Agricultural Reclamation Science, Heilongjiang, China).



2.1. Experimental Treatments


Dual-root soybean plants were prepared according to the grafting method described by Xia et al. [24] and they were potted with river sand. The method is described in detail in S1. Figure 1 shows the root morphology of a dual-root soybean plant under P31/0 treatment at the initial flowering stage, with the phosphorus-application side on the left and the phosphorus-free side on the right.



From the VC stage (unfolded cotyledon stage) to the R1 stage (initial flowering stage), the dual-root soybean plants were irrigated with a P-containing nutrient solution on one side (P+ side) and a P-free nutrient solution on the other side (P− side). On the P+ side, the nutrient solution applied contained P at three different concentrations, 1 mg/L (P1), 31 mg/L (P31), and 61 mg/L (P61), which were denoted as the P1/0, P31/0, and P61/0 treatments, respectively. Using KH2PO4 as the P source, the nutrient solution was prepared as proposed by Hoagland and Arnon [26] Yao et al. [27]. The potassium level in the P1/0 and P31/0 treatments was adjusted to the same level as that of P61/0. The types and concentrations of nutrient solution (mg/L) are shown in Tables S1 and S2.



From the VE stage (emergence stage) to the VC stage, the plants were irrigated with distilled water once a day at 250 mL on each side. Then, 250 mL of P-containing nutrient solution was applied on the P+ side, and 250 mL of P-free nutrient solution was applied to the P− side, once a day at 7:00–8:00 during the VC stage to V4 stage (fourth trifoliate leaf stage) and twice a day at 7:00–8:00 and 17:00–18:00 from the V4 stage to the R1 stage. Starting from the VC stage, field-grown soybean nodules cryopreserved from the previous year were ground and added to the nutrient solution (approximately 5 g/L), which was inoculated in the plants continuously for 5 days. The reproductive stage was recognized as described by Fehr et al. [28].




2.2. Sampling and Measurement


Samples were taken once in the V4 and R1 stages. The shoots were cut along the grafting site between 8:00 and 10:00 on a sunny day. The underground roots on both sides were washed with distilled water to remove the sand. For the V4 stage, the nodules of average size within 5 cm of the root base were harvested and fixed in formalin and then dehydrated with alcohol and glacial acetic acid (FFA) solution for ultrastructural observation. For the R1 stage, all the root nodules were harvested and stored in a freezer at −80 °C to measure the relative gene expression levels of GmEXPB2, nifHDK, GmALN1, etc. The intact roots in the V4 and R1 stages were used to measure the nitrogenase activity of the nodules. Subsequently, the nodules were removed and dried at 65°C to measure the dry weight of the P content of each part, as well as the nodule ureide content. Each measurement was repeated 4 times, 2 biological replicates, for a total of 8 plants.



Nodule nitrogenase activity was measured using the acetylene reduction activity (ARA) assay described by Gremaud and Harper [29].



For the ultrastructural observation of nodules, the removed nodules were halved longitudinally, and these halves were cut into 1 × 3 mm rectangular slices longitudinally with a blade, followed by FAA fixation and dehydration. Finally, ultrathin sections were cut with an LKB-V microtome. A Hitachi-600 transmission electron microscope was used for observation and imaging. The fixation and slide preparation procedures followed Goodchild and Bergersen) [30].



The P contents in plants were measured by the molybdenum antimony anti-colorimetric method with CuSO4 and K2SO4 as catalysts and concentrated H2SO4 for digestion.



The nodule ureide content was measured following the method of Trijbels and Vogels [31].



For nodule RNA extraction and quantitative real-time reverse transcription-PCR (qRT-PCR) analysis, total RNA was extracted from root nodules using TRIzol reagent (Servicebio, Wuhan, China), and cDNA was synthesized using a RevertAid reverse transcription kit (Servicebio, Wuhan, China). The qRT-PCR analysis was performed by SYBR Green monitored qPCR (Servicebio, Wuhan, China), with the following reaction conditions: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, 60 °C for 15 s, and 72 °C for 30 s. The primer sequences used for qRT-PCR amplification are shown in Table S3. Three biological replications were included. In this study, 16S rRNA was used as the reference for nifD, nifH, and nifk genes in the calculation of the qRT-PCR data, as previously described by Sulieman et al. [32], while 18S rRNA was used as the reference for GmSPX5, GmACP1, GmUR5, GmPUR5, and GmHIUH5 genes in the calculation of the qRT-PCR data, as previously described by Carter et al. [33].




2.3. Statistical Analyses


All statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, Illinois). Before performing a one-way analysis of variance (ANOVA) on the data, all data were tested for normality, and Duncan’s multirange test was used with a significance level of p < 0.05.





3. Results


3.1. Effects of P Supply on P Content and Dry Matter Accumulation in Soybean Plants with Dual-Root Systems


Table 1 shows that the P content was significantly higher in nodules than in the roots and shoots and higher on the P+ side than on the P− side at V4 and R1 for all treatments. At the V4 and R1 stages, the P content in the roots and shoots was similar between the P31/0 and P61/0 groups, but both groups had significantly higher P than the P1/0 group. At the V4 stage, the nodule P content increased significantly with the P concentration supplied. At the R1 stage, the nodule P content on the P+ side was significantly higher after the P31/0 and P61/0 treatments than after the P1/0 treatment but did not show any significant differences between P31/0 and P61/0 treatments. On the P− side, the nodule P content was similar between all treatments. At the V4 and R1 stage, the nodule P content on the P− side increased by 85.71% and 57.14%, respectively, under the P31/0 treatment when compared with P1/0, and by 0% and 9.09%, respectively, and under the P61/0 treatment when compared with P31/0. The root P content on the P– side increased by 68.75% and 75.00%, respectively, under the P31/0 treatment when compared with P1/0, and by 29.63% and 25.00%, respectively, under the P61/0 treatment when compared with P31/0. Under a low P supply (P1/0), the P contents in the roots and nodules were similar between the P+ side and P− side in the R1 stage, during which the difference in the nodule P content between the two sides reached an extremely significant level. Under the P31/0 and P61/0 treatments, the P content in the roots and nodules was higher on the P+ side than on the P− side, and all differences reached extremely significant levels at the V4 stage. In the R1 stage, the P content difference between the two sides was extremely significant in the roots under both the P31/0 and P61/0 treatments and was significant in the nodules under P31/0, but it was nonsignificant in the nodules of the P61/0-treated plants. The root P content ratio between the two sides (P−/P+ ratio) was 1.00 under P1/0; the P−/P+ ratio under the P31/0 and P61 treatments was 0.62 and 0.54 in the V4 stage and 0.55 and 0.63 in the R1 stage, respectively. The P−/P+ ratio of the nodule P content was greater than 0.80 under all treatments. This finding indicated that the root system prioritized the P− side nodules for distribution of P transported from the shoots to ensure normal functioning of the nodules.



Table 2 reveals that the dry weight showed an increasing trend in all parts of the soybean plants with increasing P supply on the P+ side. At the V4 stage, the dry weight of the shoots was significantly different between all treatments; at the R1 stage, although the difference was nonsignificant between P31/0 and P61/0, the dry weight of the aboveground tissues under these two treatments was significantly higher than that under the P1/0 treatment. On the P+ side, the dry weights of roots and nodules showed marked differences between treatments; on the P− side, the differences were nonsignificant between the P31/0 and P61/0 treatments. The root and nodule dry weights showed no significant differences between the P+ side and the P− side under a low P supply (P1/0); however, they were higher on the P+ side than on the P− side under the P31/0 and P61/0 treatments, demonstrating extreme differences in the plants supplied with higher concentrations of P. The P−/P+ ratio of root dry weight at V4 the stage was 0.91 under the P1/0 treatment, 0.49 under the P31/0 treatment, and 0.50 under the P61/0 treatment, and 0.41 under both the P31/0 and P61/0 treatment at R1ste stage. The P−/P+ ratio of nodule dry weight at the V4 stage was 1.00 under P1/0 and 0.22 under both P31/0 and P61/0, and it was 0.27 and 0.23 under the P31/0 and P61/0 treatments at the R1. These results show that the higher P supply increased the dry weights of all parts of the soybeans, and the increase was more prominent in the roots and nodules that directly contacted the supplied P. Combined with the data in Table 2, the distribution of P to the P− side was prioritized by absorption and transport from the P+ side, to support the growth of the root system, and the root P content was maintained at a reduced level to ensure root development; moreover, nodule growth was suppressed to reserve a certain level of P for nodule development and normal physiological functioning. The effect of phosphorus supply on the number of root nodules in double-rooted soybeans is shown in Table S4.




3.2. Effect of P Supply on the Activity of Nitrogenase and the Nodule Ureide Content in Soybean Plants with Dual-Root Systems


Table 3 shows the specific nitrogenase activity (SNA) and acetylene reduction activity (ARA) on both sides of the dual-root soybean plants under different levels of P supply at the V4 and R1 stages. As Table 3 shows, both ARA and SNA increased with the P supply and showed significant differences between treatments on both sides of the dual-root system of soybean plants at the V4 and R1 stages. At the V4 stage, ARA and SNA on the P+ side increased by 2288.00% and 29.00%, respectively, under the P31/0 treatment when compared with P1/0, and by 52.43% and 19.44%, respectively, under the P61/0 treatment when compared with P31/0. On the P− side, P31/0 increased ARA and SNA by 383.33% and 16.11%, respectively, compared with P1/0, and P61/0 increased them by 36.21% and 10.46%, respectively, when compared with P31/0. At the R1 stage, ARA and SNA on the P+ side increased by 1568.33% and 56.12%, respectively, under P31/0 treatment, compared with P1/0, and by 60.64% and 10.23%, respectively, under P61/0, compared with P31/0. On the P− side, P31/0 increased ARA and SNA by 218.64% and 11.44%, respectively, compared with P1/0, and P61/0 increased them by 50.00% and 15.78%, respectively, compared with P31/0. The change in SNA with the enhancement in P supply was less prominent than that of ARA, suggesting that the decrease in ARA mainly resulted from the decreases in nodule dry weight and number. In addition, ARA and SNA did not show significant differences between the P+ and P− sides under the P1/0 treatment, but they were markedly higher on the P+ side than on the P− side, and the differences were extremely significant under the P31/0 and P61/0 treatments. The P−/P+ ratio of ARA was 0.96-0.98 under the P1/0 treatment and only 0.17–0.19 under the P31/0 and P61 treatments. The P−/P+ ratio of SNA was greater than 0.75 under all treatments. These results indicate that P deficiency could significantly inhibit ARA and suppress SNA less markedly in soybean.



Table 4 shows the ureide content of root nodules at the V4 and R1 stages in soybean plants supplied with different levels of P. Table 4 also reveals that nodule ureide content at the V4 and R1 stages showed a changing trend similar to those of SNA and ARA, shown in Table 3—namely, they increased with P supply and varied significantly between treatments on both sides. At the V4 and R1 stages, the ureide content on the P+ side increased by 234.31% and 281.03%, respectively, when the P supply was increased from P1/0 to P31/0. The ureide content on the P+ side increased by 7.92% from P31/0 to P61/0 at the V4 stage and decreased by 0.90% at the R1 stage. On the P− side, the ureide content at the V4 and R1 stages increased by 118.18% and 156.44% from P1/0 to P31/0 and by 6.02% and 9.27% from P31/0 to P61/0, respectively. In addition, the ureide content did not show any significant difference between the P+ and P− sides under the P1/0 treatment, but it was extremely significantly higher on the P+ side than on the P− side under the P31/0 and P61/0 treatments. The P−/P+ ratio of the ureide content was 0.97-0.87 under the P1/0 treatment and only 0.59-0.65 under the P31/0 and P61 treatments. The results indicate that P deficiency can severely inhibit the synthesis of ureides in soybean and more markedly increase the number of nodules that directly contact P.




3.3. Effect of P Supply on the Ultrastructure of Soybean Plants with Dual-Root Systems Root Nodules


Rhizobial infection of host cells is the first step in nodule development. Host cells can be classified as infected cells (ICs) and uninfected cells (UCs). Figure 2A shows a cross-section of the nodule ultrastructure under a transmission electron microscope (4000×) at the V4 stage on both sides of the dual-root soybean plants with different levels of P supply. A treatment comparison revealed that the number of ICs was largest under the P31/0 treatment and smallest under P1/0. There was a very slight difference in the area of nodule infection between P31/0 and P61/0. In contrast, the number of UCs showed the opposite changing pattern with the increase in P supply: it was largest under P1/0 and smallest under P31/0, and the number was slightly larger under P61/0 than under P31/0. In addition, there were more ICs on the P+ side than on the P− side. Rhizobia enter the host cell through an infection thread to form a bacteroid (Bt), and the rhizobia that have successfully invaded the host cells can divide to form multiple new Bts. Figure 2B shows that the number of Bts at the V4 stage was counted on the cross sections of nodules under a transmission electron microscope (20,000×) on both sides of the dual-root soybean plants with different levels of P supply. The number of Bts in root nodules was smallest under the P1/0 treatment and largest under the P31/0 treatment, and it was slightly smaller under P61/0 than under P31/0. In addition, the nodules on the P+ side had more Bts than those on the P− side. The results show that the numbers of ICs and Bts on both sides of the soybean root systems can be significantly affected by supplying P to only one side, and the changes increase with the increase in P supply. The effect of P supply on the number of IC, UC, and Bt nodules in double-root soybeans is shown in Table S5.




3.4. Effect of P Supply on the Expression of Key Genes Related to Nodulation and Nitrogen Fixation in Soybean Plants with Dual-Root Systems


Figure 3 shows the relative expression levels of key genes related to nodulation and nitrogen fixation in nodules on both sides of the dual-root soybean plants with different levels of P supply. Figure 3A shows that with P31/0 as a control, the expression levels of GmEXPB2, nifD, nifH, and GmPUR5 on the P+ side increased significantly with an enhanced P supply; GmSPX5nifK, GmALN1, and GmACP1 expressions were higher under P31/0 than under P1/0, and the difference in P31/0 vs. P61/0 was not significant. GmHIUH5 expression was significantly higher for P61/0 than P31/0, and the difference between P31/0 and P1/0 was not significant; GmUR5 was significantly higher for P31 than P61/0, and P61/0 was significantly higher than P1/0. In Figure 3B, with P31/0 as a control, the gene expression levels are presented.



The expression levels of GmEXPB2, GmSPX5, nifD, nifK, GmALN1, GmACP1, GmUR5, and GmPUR5 on the P− side showed a trend of first increasing and then decreasing with the increase in P supply. All three gene expression levels increased significantly when the P supply increased from 1 mg/L to 31 mg/L; however, after the P supply reached 31 mg/L, the GmEXPB2, nifH, and GmHIUH5 expression levels changed nonsignificantly, and GmSPX5, nifD, nifK, GmALN1, GmACP1, GmUR5, and GmPUR5 expression levels markedly decreased with the increase in P supply. In Figure 3C, compared with the P+ side (1.0), gene expression levels on the P− side were all low. In addition, the relative GmEXPB2 and GmACP1 expression decreased with the increase in P supply, showing an extremely significant difference between the two sides under P31/0 and P61/0 and no significant difference under P1/0. GmACP1 showed highly significant differences at all phosphorus supply levels. All expression levels of GmSPX5, nifD, nifK, and nifH increased with the increase in P supply. nifD and nifH showed extremely significant differences between the two sides under P1/0 and P31/0 but no significant difference under P61/0, while GmSPX5 and nifK showed an extremely significant difference between the two sides under all levels of P supply. Gene expressions of GmUR5, GmPUR5, and GmHIUH5 tended to increase and then decrease with increasing phosphorus supply levels. GmEXPB2 showed highly significant differences at the phosphorus supply levels of P31/0 and P61/0, and no significant differences at P1/0, while GmPUR5 and GmHIUH5 showed highly significant differences at all phosphorus supply levels. One-sided P supply significantly affected the relative expression levels of genes regulating nodulation and nitrogen fixation in soybean, and the demand for P to meet the needs of gene expression on the P+ side was greater than that on the P−side.





4. Discussion


4.1. Effects of P Supply on Nodulation and Nitrogen Fixation in Soybean Plants


Increasing a soybean’s P supply can significantly increase its dry weight, the number of nodules [10,13,34], and nodule nitrogenase activity [5,35,36]. In this study, we applied the grafting approach for soybean seedlings developed by Xia et al. [24] to prepare a dual-root system of soybean plants, which received different concentrations of P nutrient solution at the root system on the phosphorus-application side and phosphorus-free nutrient solution on the phosphorus-free side. We found that the increase in P supply significantly enhanced the dry weight, ARA, and SNA of nodules on the phosphorus-application side and indirectly affected these parameters on the phosphorus-free side of the dual-root soybeans, and the increases were more marked in the roots and nodules on the side in direct contact with a P supply. Le Roux et al. [18] found that low P treatment significantly reduced the content of ureides in soybean nodules. Magadlela et al. [37] found that the ureide content decreased in the nodules but increased in the roots of the legume tree after low P treatment. The present study found that increasing the P supply on only one side increased the ureide content in nodules on both sides of the dual-root soybeans, further confirming that P supply systemically affects nitrogen fixation in soybean nodules.



Isidra-Arellano et al. [38] reported that low P treatment reduced the number of curled root hairs and reduced the relative gene expression levels of PvNSP2, PvNIN, and PvFLOT2, which control the formation of infection threads in common beans. Gentili et al. [39] found that P at a moderate concentration most significantly stimulated cell divisions in the cortex, nodule primordia emergence, and initial nodule emergence in the roots of Alnusincana. In the present study, by observing the nodule ultrastructure of dual-root soybeans at the V4 stage, we found that as the P supply increased, the formation of nodule Bts and the number of ICs both increased. GmEXPB2 and GmSPX5 are associated with the formation and extension of cell walls during nodule formation and development in soybean [5,40]. Li et al. [40] found that high P treatment increased the relative expression of the GmEXPB2 gene in the nodules, but this effect was reversed after 14 days of treatment. Zhou et al. [41] found that P supply increased the relative gene expression level of GmEXPB2 in roots and leaves of transgenic soybean. GmSPX1 has been documented to exhibit no response to Pi starvation in soybean roots [42]. In the present study, the relative GmEXPB2 and GmSPX5 expression levels in soybean nodules were increased by a high P supply and decreased by a low P supply, which is consistent with previous studies. Nitrogenase is encoded by the nitrogen fixation gene nif. In a nitrogenase system, nifD and nifK are the structural genes encoding the MoFe protein subunit of the nitrogenase complex, and nifH encodes ferritin [43,44]. Nasr Esfahani et al. (2016) [45] stated that low P treatment reduces the relative expression levels of nifH and nifK and suppresses nitrogenase activity in nodules. Sulieman et al. [32] reported that low P treatment reduced the number and dry weight of root nodules and increased the relative expression levels of nifH, nifD, and nifK in soybean nodules. Our finding that low P supply reduced the relative expression levels of nifH, nifD, and nifK in soybean nodules contrasts with the findings of Sulieman et al. [32]. The inconsistency might be attributed to the fact that in this study, low P supply decreased ARA and SNA and, thus, suppressed the expression of genes regulating nodulation and nitrogen fixation in nodules. GmALN1 (Allantoinase 1), GmACP1 (Acid Phosphatase), GmUR5 (AIRS synthetase), GmPUR5(AIRS synthetase), and GmHIUH5 (hydroxyisourate hydrolase) are the key genes for ureide synthesis, and they are significantly expressed in soybean nodules [33]. Alamillo et al. [46] found that ALN gene expression also increased in Phaseolus vulgaris L. roots and in shoots in response to drought. Díaz-Leal et al. [47] found that nitrate stress reduced the ALN gene expression in roots, stems, and leaves of Phaseolus vulgaris L. The present study found that increasing the P supply on only one side increased the key genes for ureide synthesis in nodules on both sides of dual-root soybeans. It is worth mentioning that increasing the P supplied to only one side of the dual-root soybeans promoted the formation of nodule Bts, increased the number of ICs, and elevated the relative expression of regulatory genes for nodulation and nitrogen fixation (GmEXPB2, GmSPX5, nifH, nifD, nifK, GmALN1, GmACP1, GmUR5, GmPUR5, and GmHIUH5) on the phosphorus-free side in our study. From the perspectives of nodule structure and relative key gene expression, our findings further confirm that the local P supply can systemically regulate nodulation and nitrogen fixation in soybean.




4.2. Effects of P Supply Level on P Absorption and Transport in Soybean Plants


The level of P supply can affect the P absorption of soybean plants [35,48,49]. The P contents in the aboveground tissues and nodules of soybean increase with the increase in P supply [50]. In a study that supplied soybean plants with 0.005 and 0.025 mM KH2PO4, Georgiev and Tsvetkova [51] found that treatment with 0.025 mM KH2PO4 increased the P content in the root system but reduced the P content in the shoots of the plants. In the present study, applying high concentrations of P to only one side significantly increased the P content in the shoots, roots, and nodules on both sides of dual-root soybean plants. Under low P stress, nodules are prioritized for receiving P to ensure their growth [4,52,53]. In a study conducted by Qin et al. [8], where 5 or 250 μM KH2PO4 was applied to soybean roots under hydroponic conditions and 33P-labeled KH2PO4 was applied to the bottom of the root area without nodules, 5 μM KH2PO4 treatment resulted in a significantly higher 33P content in soybean nodules than 250 μM KH2PO4 treatment. Al-Niemi et al. [54] applied 0 and 5 mM KH2PO4 to common bean plants that had been supplied with 0.75 mM KH2PO4 until the V2 stage and then applied 33P-labeled KH2PO4 to the bottom area of the roots without nodules or to the entire root system. They found that P-free treatment promoted the transport of 33P from the roots and nodular surface into the nodules. In the present study, we also found that P transported from the aboveground tissues to the root system on the P− side might be prioritized for root nodules to maintain their function.



Using the root separation method to apply P to only one side of subterranean clover and Lupinusalbus, Scott et al. [22] Shu et al. [21] found that P uptake in the roots was enhanced on only the P-supply side and remained stable on the non-P-supply side. Burleigh et al. [55], Shen et al. [25], and Wouterlood et al. [56] applied high concentrations of P to one side and a low concentration or no P to the other side of chickpea, Lupinusalbus and truncatula plants, respectively, using the root separation method, and they found that the P uptake by the roots was enhanced on both sides. Compared with both sides of the roots supplied with phosphorus, the treatment with no phosphorus supply on one side of the roots inhibited Phaseolus vulgaris root growth on the phosphorus supply side (Bonser et al. [57]), while low levels of phosphorus on one side of the roots and normal levels of phosphorus on the other side inhibited normal phosphorus supply soybean root nodule growth on the low-level phosphorus supply side; however, the relative expression levels of genes PvNIN, PvRIC1, and PvRIC2, which regulate the formation of nodules by rhizobial symbiosis, were only upregulated on the low-phosphorus side, according to Isidra-Arellano et al. [58]. In our study, after supplying different concentrations of P for a long time on one side of the dual-root soybeans, the P content in the roots and nodules on the P− side significantly increased with the increase in P supply to the P+ side, which is different from the results of Scoot et al. [22] and Shu et al. [21]. Our experiment was conducted under sand culture conditions to eliminate soil phosphorus interference, which may account for the differences in the results.





5. Conclusions


	
In the dual-root soybean plants supplied with P on only one side, the nodule weight, ARA, SNA, ureide content, the number of Bts, the number of ICs, and relative expression levels of key genes related to nodulation and nitrogen fixation (GmEXPB2, GmSPX5, nifH, nifD, nifK, GmALN1, GmACP1, GmUR5, GmPUR5, and GmHIUH5) on the P+ side increased with the increase in P supply during the VC-R1 period. Those on the P− side showed the same pattern as those on the P+ side but less prominently. Therefore, P supply regulates soybean nodulation and nitrogen fixation.



	
When the level of phosphorus supply was increased from 1 mg/L to 31 mg/L, the increase on the P– side root was significant, and nodule phosphorus content increased by 57.14–85.71% and 68.75–75.00%; ARA and SNA were 218.64–383.33% and 11.41–16.11%, respectively, and ureide content was 118.18–156.44%. When the level of phosphorus supply was increased from 31 mg/L to 61 mg/L, the increases in the regulation ability of the root and nodule phosphorus content were only 0.00–9.09% and 25.00–29.63%, respectively; ARA and SNA were 36.21–50.00% and 10.46–15.78%, respectively, and ureide content was 6.02–9.27%.



	
When the dual-root soybean plants were supplied with different concentrations of P on one side, the P content in the roots and nodules on the P− side increased with the increase in P supply. These findings show that P can be transported to the roots and nodules on the non-supplied side through the shoots, and the nodules are prioritized to receive P.











Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/agronomy11112354/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: Primer sequences of key genes for nodulation and nitrogen fixation in soybean, Table S4: Effect of phosphorus supply on the number of nodules in double-root soybeans, Table S5: Effect of P supply on the number of IC, UC, and Bt in nodules of double-root soybeans.





Author Contributions


Conceptualization, H.L., C.M., and Z.G.; data curation, H.L.; funding acquisition, X.L. and Z.G.; investigation, X.W., Q.L., and S.L.; methodology, H.L. and S.D.; resources, C.M. and C.Y.; software, H.L.; writing—original draft preparation, H.L.; writing—review and editing, H.L. and C.M.; All authors have read and agreed to the published version of the manuscript.




Funding


We are grateful for the support from the National Key Research and Development Programme, Integration and Demonstration of High Quality, Simple, and Efficient Cultivation Techniques for Soybean (Grant Number 2020YFD1000903).




Data Availability Statement


Not Applicable.




Acknowledgments


We are grateful to the College of Agriculture of Northeast Agricultural University for providing laboratory space. We thank the American Journal Experts for their linguistic assistance during the preparation of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Vance, C.P.; Uhde-Stone, C.; Allan, D.L. Phosphorus acquisition and use: Critical adaptations by plantsfor securing a nonrenewable resource. New Phytol. 2010, 157, 423–447. [Google Scholar] [CrossRef]

	



Jakobsen, I. The role of phosphorus m nitrogen fixation by young pea plants (Pisum sativum). Physiol. Plant. 1985, 64, 190–196. [Google Scholar] [CrossRef]

	



Chen, Z.; Cui, Q.; Liang, C.; Sun, L.; Tian, J.; Liao, H. Identification of differentially expressed proteins in soybean nodules under phosphorus deficiency through proteomic analysis. Proteomics 2011, 11, 4648–4659. [Google Scholar] [CrossRef]

	



Sulieman, S.; Ha, C.V.; Schulze, J.; Tran, L.S. Growth and nodulation of symbiotic Medicago truncatula at different levels of phosphorus availability. J. Exp. Bot. 2013, 64, 2701–2712. [Google Scholar] [CrossRef]

	



Xue, Y.; Zhuang, Q.; Zhu, S.; Xiao, B.; Liang, C.; Liao, H.; Tian, J. Genome Wide Transcriptome Analysis Reveals Complex Regulatory Mechanisms Underlying Phosphate Homeostasis in Soybean Nodules. Int. J. Mol. Sci. 2018, 19, 2924. [Google Scholar] [CrossRef]

	



Taliman, N.; Dong, Q.; Echigo, K.; Raboy, V.; Saneoka, H. Effect of Phosphorus Fertilization on the Growth, Photosynthesis, Nitrogen Fixation, Mineral Accumulation, Seed Yield, and Seed Quality of a Soybean Low-Phytate Line. Plants 2019, 8, 119. [Google Scholar] [CrossRef] [PubMed]

	



Bulgarelli, R.G.; De Oliveira, V.H.; de Andrade, S.A.L. Arbuscular mycorrhizal symbiosis alters the expression of PHT1 phosphate transporters in roots and nodules of P-starved soybean plants. Theor. Exp. Plant Physiol. 2020, 32, 243–253. [Google Scholar] [CrossRef]

	



Qin, L.; Zhao, J.; Tian, J.; Chen, L.; Sun, Z.; Guo, Y.; Lu, X. The High-Affinity Phosphate Transporter GmPT5 Regulates Phosphate Transport to Nodules and Nodulation in Soybean. Plant Physiol. 2012, 159, 1634–1643. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Cheng, Z.; Zhang, X.-M.; Huang, P.; Fan, C.; Yu, G.; Chen, F.; Xu, K.; Chen, Q.; Miao, Y.; et al. Spatial Divergence of PHR-PHT1 Modules Maintains Phosphorus Homeostasis in Soybean Nodules. Plant Physiol. 2020, 184, 01209–02019. [Google Scholar] [CrossRef]

	



Israel, D.W. Investigation of the role of phosphorus in symbiotic dinitrogen fixation. Plant Physiol. 1987, 84, 835–840. [Google Scholar] [CrossRef]

	



Israel, D.W. Symbiotic dinitrogen fixation and host-plant growth during development of and recovery from phosphorus deficiency. Physiol. Plant. 1993, 88, 294–300. [Google Scholar] [CrossRef]

	



Tsvetkova, G.; Georgiev, G. Effect of phosphorus nutrition on the nodulation, nitrogen fixation and nutrient-use efficiency of Bradyrhizobiumjaponicun soybean (Glycine max L. Merr.) symbiosis. Bulg. J. Plant Physiol. 2003, 3, 315–335. [Google Scholar]

	



Miao, S.; Qiao, Y.; Han, X.-Z.; An, M. Nodule Formation and Development in Soybeans (Glycine max L.) in Response to Phosphorus Supply in Solution Culture1. Pedosphere 2007, 17, 36–43. [Google Scholar] [CrossRef]

	



Dong, Q.; Echigo, K.; Raboy, V.; Saneoka, H. Seedling growth, physiological characteristics, nitrogen fixation, and root and nodule phytase and phosphatase activity of a low-phytate soybean line. Plant Physiol. Biochem. 2020, 149, 225–232. [Google Scholar] [CrossRef]

	



Cassman, K.; Whitney, A.; Stockinger, K. Root Growth and Dry Matter Distribution of Soybean as Affected by Phosphorus Stress, Nodulation, and Nitrogen Source1. Crop. Sci. 1980, 20, 239–244. [Google Scholar] [CrossRef]

	



Sa, T.M.; Israel, D.W. Energy status and functioning of phosphorus-deficient soybean nodules. Plant Physiol. 1991, 97, 928–935. [Google Scholar] [CrossRef] [PubMed]

	



Tang, C.; Hinsinger, P.; Drevon, J.J.; Jaillard, B. Phosphorus Deficiency Impairs Early Nodule Functioning and Enhances Proton Release in Roots of Medicago truncatula L. Ann. Bot. 2001, 88, 131–138. [Google Scholar] [CrossRef]

	



Le Roux, M.; Khan, S.; Valentine, A. Nitrogen and carbon costs of soybean and lupin root systems during phosphate starvation. Symbiosis 2009, 48, 102–109. [Google Scholar] [CrossRef]

	



Mandri, B.; Drevon, J.J.; Adnane, B.; Oufdou, K.; Faghire, M.; Plassard, C.; Payre, H.; Ghoulam, C. Interactions between common bean genotypes and rhizobia strains isolated from moroccan soils for growth, phosphatase and phytase activities under phosphorus deficiency conditions. J. Plant Nutr. 2012, 35, 1477–1490. [Google Scholar] [CrossRef]

	



Araújo, A.P.; Plassard, C.; Drevon, J.J. Phosphatase and phytase activities in nodules of common bean genotypes at different levels of phosphorus supply. Plant Soil 2008, 312, 129. [Google Scholar] [CrossRef]

	



Shu, L.; Shen, J.; Rengel, Z.; Tang, C.; Zhang, F.; Cawthray, G. Formation of cluster roots and citrate exudation by Lupinusalbus in response to localized application of different phosphorus sources. Plant Sci. 2007, 172, 1017–1024. [Google Scholar] [CrossRef]

	



Scott, B.; Robson, A. The Distribution of Mg, P and K in the Split Roots of Subterranean Clover. Ann. Bot. 1991, 67, 251–256. [Google Scholar] [CrossRef]

	



Snapp, S.; Lynch, J. Phosphorus Distribution and Remobilization in Bean Plants as Influenced by Phosphorus Nutrition. Crop. Sci. 1996, 36, 929–935. [Google Scholar] [CrossRef]

	



Xia, X.; Ma, C.; Dong, S.; Xu, Y.; Gong, Z. Effects of nitrogen concentrations on nodulation and nitrogenase activity in dual root systems of soybean plants. Soil Sci. Plant Nutr. 2017, 63, 470–482. [Google Scholar] [CrossRef]

	



Shen, J.; Li, H.; Neumann, G.; Zhang, F. Nutrient uptake, cluster root formation and exudation of protons and citrate in Lupinusalbus as affected by localized supply of phosphorus in a split-root system. Plant Sci. 2005, 168, 837–845. [Google Scholar] [CrossRef]

	



Hoagland, D.R.; Arnon, D.I. The water culture method for growing plants without soil. Calif. Agric. Exp. Stn. Circ. 1950, 347, 33. [Google Scholar]

	



Yao, Y.; Wu, D.; Gong, Z.; Zhao, J.; Ma, C. Variation of nitrogen accumulation and yield in response to phosphorus nutrition of soybean (Glycine max L. Merr.). J. Plant Nutr. 2018, 41, 1138–1147. [Google Scholar] [CrossRef]

	



Fehr, W.R.; Caviness, C.E.; Burmood, D.T.; Pennington, J.S. Stage of Development Descriptions for Soybeans, Glycine Max (L.) Merrill1. Crop. Sci. 1971, 11, 929–931. [Google Scholar] [CrossRef]

	



Gremaud, M.F.; Harper, J.E. Selection and initial characterization of partially nitrate tolerant nodulation mutants of soybean. Plant Physiol. 1989, 89, 169–173. [Google Scholar] [CrossRef]

	



Goodchild, D.J.; Bergersen, F.J. Electron microscopy of the infection and subsequent development of soybean nodule cells. J. Bacteriol 1966, 92, 204–213. [Google Scholar] [CrossRef]

	



Trijbels, F.; Vogels, G.D. Degradation of allantoin by Pseudomonas acidovorans. Biochim. Acta 1966, 113, 292–301. [Google Scholar] [CrossRef]

	



Sulieman, S.; Kusano, M.; Ha, C.; Watanabe, Y.; Abdalla, M.; Abdelrahman, M. Divergent metabolic adjustments in nodules are indispensable for efficient N2 fixation of soybean under phosphate stress. Plant Sci. 2019, 289, 110249. [Google Scholar] [CrossRef]

	



Carter, A.M.; Tegeder, M. Increasing Nitrogen Fixation and Seed Development in Soybean Requires Complex Adjustments of Nodule Nitrogen Metabolism and Partitioning Processes. Curr. Biol. 2016, 26, 2044–2051. [Google Scholar] [CrossRef]

	



Silva, R.; Gomes de Faria, A.; Neto, A.; Pereira, T.; Dias, J.; Martins dos Santos, A.; Junior, A.; Freitas, G.; Nascimento, V. High P Availability in Brazilian Cerrado Soils Reduces Nodulation and Grain Yield of Soybean. Commun. Soil Sci. Plant Anal. 2019, 50, 1267–1277. [Google Scholar] [CrossRef]

	



Rotaru, V.; Sinclair, T. Interactive influence of phosphorus and iron on nitrogen fixation by soybean. Environ. Exp. Bot. 2009, 66, 94–99. [Google Scholar] [CrossRef]

	



Wang, Y.; Yang, Z.; Youbin, K.; Li, X.; Li, W.; Du, H.; Zhang, C. GmPAP12 Is Required for Nodule Development and Nitrogen Fixation Under Phosphorus Starvation in Soybean. Front. Plant Sci. 2020, 11, 450. [Google Scholar] [CrossRef]

	



Magadlela, A.; Steenkamp, E.; Valentine, A. Variable P supply affects N metabolism in a legume tree, Virgiliadivaricata, from nutrient-poor Mediterranean-Type ecosystems. Funct. Plant Biol. 2015, 43, 287–297. [Google Scholar] [CrossRef]

	



Isidra-Arellano, M.; Reyero-SaavedraI, M.; Sánchez-Correa, M.; Pingault, L.; Sen, S.; Joshi, T. Phosphate Deficiency Negatively Affects Early Steps of the Symbiosis between Common Bean and Rhizobia. Genes 2018, 9, 498. [Google Scholar] [CrossRef] [PubMed]

	



Gentili, F.; Wall, L.G.; Huss-Danell, K. Effects of phosphorus and nitrogen on nodulation are seen already at the stage of early cortical cell divisions in Alnusincana. Ann. Bot. 2006, 98, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zhao, J.; Tan, Z.; Zeng, R.; Liao, H. GmEXPB2, a Cell Wall b-Expansin, Affects Soybean Nodulation through Modifying Root Architecture and Promoting Nodule Formation and Development. Plant Physiol. 2015, 169, 2640–2653. [Google Scholar] [CrossRef]

	



Zhou, J.; Xie, J.; Liao, H.; Wang, X. Overexpression of β-expansin gene GmEXPB2 improves phosphorus efficiency in soybean. Physiol. Plant. 2013, 150, 194–204. [Google Scholar] [CrossRef]

	



Yao, Z.; Tian, J.; Liao, H. Comparative characterization of GmSPX members reveals that GmSPX3 is involved in phosphate homeostasis in soybean. Ann. Bot. 2014, 114, 477–488. [Google Scholar] [CrossRef] [PubMed]

	



Curatti, L.; Brown, C.S.; Ludden, P.W.; Rubio, L.M. Genes required for rapid expression of nitrogenase activity in Azotobactervinelandii. Proc. Natl. Acad. Sci. USA 2005, 102, 6291–6296. [Google Scholar] [CrossRef] [PubMed]

	



Esfahani, M.N.; Sulieman, S.; Schulze, J.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Tran, L. Approaches for enhancement of N2 fixation efficiency of chickpea (Cicer arietinum L.) under limiting nitrogen conditions. Plant Biotechnol. J. 2014, 12, 387–397. [Google Scholar] [CrossRef] [PubMed]

	



Nasr Esfahani, M.; Kusano, M.; Nguyen, K.H.; Watanabe, Y.; Ha, C.V.; Saito, K.; Sulieman, S.; Herrera-Estrella, L.; Tran, L.S. Adaptation of the symbiotic Mesorhizobium-chickpea relationship to phosphate deficiency relies on reprogramming of whole-plant metabolism. Proc. Natl. Acad. Sci. USA 2016, 113, 4610–4619. [Google Scholar] [CrossRef]

	



Alamillo, J.M.; Díaz-Leal, J.L.; Sánchez-Moran, M.V.; Pineda, M. Molec-ular analysis of ureide accumulation under drought stress in Phaseolus v-ulgaris L. Plant Cell Env. 2010, 33, 1828–1837. [Google Scholar] [CrossRef]

	



Díaz-Leal, J.L.; Gálvez-Valdivieso, G.; Fernández, J.; Pineda, M.; Alamillo, J.M. Developmental effects on ureide levels are mediated by tissue-specific regulation of allantoinase in Phaseolus vulgaris L. J. Exp. Bot. 2012, 63, 4095–4106. [Google Scholar] [CrossRef]

	



Vance, C.; Graham, P.; Allan, D. Biological Nitrogen Fixation: Phosphorus—A Critical Future Need? Nitrogen Fixat. Mol. Crop. Product. 2002, 38, 509–514. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hongling, Q.I.; Fengxia, L.U.; Han, M.; Wang, P. Differences in Phosphorus Absorption and Utilization Efficiency of Soybean in Mature Period under Phosphorus Stress. Agric. Biotechnol. 2014, 3, 24–27. [Google Scholar]

	



Xue, A.; Guo, X.; Zhu, Q.; Zhang, H.; Wang, H. Effect of Phosphorus Fertilization to P Uptake and Dry Matter Accumulation in Soybean with Different P Efficiencies. J. Integr. Agric. 2014, 13, 326–334. [Google Scholar] [CrossRef]

	



Georgiev, G.I.; Tsvetkova, G.E. Changes in phosphate fractions growth r-ate, nodulation and nitrogn2 fixation of phosphorus starved soybean pla-nts. J. Plant Nutr. 2011, 34, 2055–2068. [Google Scholar] [CrossRef]

	



Thuynsma, R.; Valentine, A.; Kleinert, A. Phosphorus deficiency affects the allocation of below-ground resources to combined cluster roots and nodules in Lupinusalbus. J. Plant Physiol. 2014, 171, 285–291. [Google Scholar] [CrossRef] [PubMed]

	



Lazali, M.; Drevon, J.J. The nodule conductance to O₂ diffusion increases with phytase activity in N₂-fixing Phaseolus vulgaris L. Plant Physiol. Biochem. 2014, 80, 53–59. [Google Scholar] [CrossRef] [PubMed]

	



Al-Niemi, T.S.; Kahn, M.L.; Mc De Rmott, T.R. Phosphorus uptake by bean nodules. Plant Soil 1998, 198, 71–78. [Google Scholar] [CrossRef]

	



Burleigh, S.H.; Harrison, M.J. The down-regulation of Mt4-like genes by phosphate fertilization occurs systemically and involves phosphate translocation to the shoots. Plant Physiol. 1999, 119, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Wouterlood, M.; Lambers, H.; Veneklaas, E. Plant phosphorus status has a limited influence on the concentration of phosphorus-mobilising carboxylates in the rhizosphere of chickpea. Funct. Plant Biol. 2005, 32, 153–159. [Google Scholar] [CrossRef]

	



Bonser, A.; Lynch, J.; Snapp, S. Effect of phosphorus deficiency on growth angle of basal roots in Phaseolus vulgaris. New Phytol. 1996, 132, 281–288. [Google Scholar] [CrossRef]

	



Isidra-Arellano, M.C.; Pozas-Rodríguez, E.A.; RocíoReyero-Saavedra, M.; Arroyo-Canales, J.; Ferrer-Orgaz, S.; Socorro Sánchez-Correa, M.; Cardenas, L.; Covarrubias, A.A.; Valdés-López, O. Inhibition of legume nodulation by Pi deficiency is dependent on the autoregulation of nodulation (AON) pathway. Plant J. 2020, 103, 1125–1139. [Google Scholar] [CrossRef]








[image: Agronomy 11 02354 g001 550] 





Figure 1. Roots of dual-root soybeans. 
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Figure 2. Ultrastructure of nodules on both sides of a dual-root soybean plant at V4 stage: (A) is under a transmission electron microscope 4000×, (B) is under a transmission electron microscope 20,000×; a+: P1/0 P+; a−: P1/0 P–; b+: P31/0 P+; b−: P31/0 P–; c+: P61/0 P+; c−: P61/0 P–; IC: infected cell; UC: uninfected cell; Bt: bacteroid. 
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Figure 3. (A) Relative gene expression on the phosphorus-application side (the P31/0 as control). (B) Relative gene expression on the phosphorus-free side(the P31/0 as control). (C) Relative expression of phosphorus-free genes side (phosphorus-application side as a control). Effects of P supply on the relative expression levels of key genes related to nodulation and nitrogen fixation on both sides of the dual-root soybean. In (A,B), different lowercase letters indicate the significant differences between treatments at the 5% level. In (C), *,** denotes a significant difference between the P+ side and the P− side, with P** indicating a significant difference at the 1% level; GmEXPB2 is nodulation-related key gene; nifD, nifH, and nifK are regulatory key genes of nitrogen fixation; GmALN1, GmACP1, GmUR5, GmPUR5, GmHIUH5. 
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Table 1. Effect of P supply on the P content of dual-root soybeans.
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Treatments

	

	
Roots

	

	
Nodules

	
Shoot(%)




	

	
P+(%)

	
P−(%)

	
IP–(%)

	
P−/P+

	
P+(%)

	
P−(%)

	
IP–(%)

	
P−/P+






	
V4

	
P1/0

	
0.07 ± 0.00 b

	
0.07 ± 0.00 b

	
85.71

	
1.00

	
0.20 ± 0.01 c**

	
0.16 ± 0.01 c

	
68.75

	
0.80

	
0.07 ± 0.01 b




	
P31/0

	
0.21 ± 0.01 a**

	
0.13 ± 0.01 a

	
0.62

	
0.32 ± 0.01 b**

	
0.27 ± 0.01 b

	
0.84

	
0.16 ± 0.01 a




	
0.00

	
29.63




	
P61/0

	
0.24 ± 0.02 a**

	
0.13 ± 0.01 a

	
0.54

	
0.44 ± 0.01 a**

	
0.35 ± 0.01 a

	
0.80

	
0.18 ± 0.01 a




	
R1

	
P1/0

	
0.07 ± 0.01 b

	
0.07 ± 0.00 b

	
57.14

	
1.00

	
0.16 ± 0.01 b

	
0.16 ± 0.01 c

	
75.00

	
1.00

	
0.09 ± 0.00 b




	
P31/0

	
0.20 ± 0.01 a**

	
0.11 ± 0.01 a

	
0.55

	
0.34 ± 0.01 a*

	
0.28 ± 0.01 b

	
0.82

	
0.21 ± 0.01 a




	
9.09

	
25.00




	
P61/0

	
0.19 ± 0.01 a**

	
0.12 ± 0.01 a

	
0.63

	
0.36 ± 0.01 a

	
0.35 ± 0.02 a

	
0.97

	
0.22 ± 0.01 a








Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between treatments at a significance level of 5%. Longitudinal comparison. * and ** denote a significant difference between the P+ side and the P− side at the 5% level and 1% level, respectively. IP– is the increment of P–.
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Table 2. Effect of P supply on the dry weight of dual-root soybeans.
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Treatments

	
Roots

	
Nodules

	

	
Shoots

(g/Plant)




	
P+(g/Plant)

	
P−(g/Plant)

	
P−/P+

	
P+(g/Plant)

	
P−(g/Plant)

	
P−/P+






	
V4

	
P1/0

	
0.78 ± 0.03 c

	
0.71 ± 0.01 b

	
0.91

	
0.01 ± 0.000 c

	
0.01 ± 0.001 b

	
1.00

	
1.78 ± 0.11 c




	
P31/0

	
1.72 ± 0.05 b**

	
0.84 ± 0.05 a

	
0.49

	
0.18 ± 0.006 b**

	
0.04 ± 0.001 a

	
0.22

	
3.99 ± 0.52 b




	
P61/0

	
1.87 ± 0.01 a**

	
0.93 ± 0.03 a

	
0.50

	
0.23 ± 0.011 a**

	
0.05 ± 0.001 a

	
0.22

	
5.39 ± 0.40 a




	
R1

	
P1/0

	
0.92 ± 0.04 c

	
0.80 ± 0.03 b

	
0.87

	
0.02 ± 0.003 c

	
0.02 ± 0.003 b

	
1.00

	
2.09 ± 0.04 b




	
P31/0

	
2.61 ± 0.01 b**

	
1.07 ± 0.03 a

	
0.41

	
0.22 ± 0.003 b**

	
0.06 ± 0.003 a

	
0.27

	
6.49 ± 0.71 a




	
P61/0

	
2.73 ± 0.03 a**

	
1.11 ± 0.04 a

	
0.41

	
0.31 ± 0.012 a**

	
0.07 ± 0.003 a

	
0.23

	
7.20 ± 0.26 a








Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side at the 1% level, respectively.
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Table 3. Effects of P supply on ARA and SNA in dual-root soybeans.
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Treatments

	

	
ARA

	

	
SNA




	
P+(C2H4 μmol−1h

−1Plant−1)

	
P-(C2H4 μmol−1h

−1Plant−1)

	
IP–

	
P−/P+

	
P+(C2H4 μmol−1

g−1h−1)

	
P-(C2H4 μmol−1

g−1h−1)

	
IP–

	
P−/P+






	
V4

	
P1/0

	
0.25 ± 0.01 c

	
0.24 ± 0.01 c

	
383.33

	
0.96

	
25.76 ± 0.87 c

	
24.96 ± 0.47 c

	
16.11

	
0.97




	
P31/0

	
5.97 ± 0.04 b**

	
1.16 ± 0.06 b

	
0.19

	
33.23 ± 0.31 b**

	
28.98 ± 0.54 b

	
0.87




	
36.21

	
10.46




	
P61/0

	
9.10 ± 0.35 a**

	
1.58 ± 0.01 a

	
0.17

	
39.69 ± 1.27 a**

	
32.01 ± 0.17 a

	
0.81




	
R1

	
P1/0

	
0.60 ± 0.01 c

	
0.59 ± 0.02 c

	
218.64

	
0.98

	
29.81 ± 0.49 c

	
29.81 ± 1.18 c

	
11.41

	
1.00




	
P31/0

	
10.01 ± 0.17 b**

	
1.88 ± 0.07 b

	
0.19

	
46.54 ± 0.34 b**

	
33.21 ± 0.82 b

	
0.75




	
50.00

	
15.78




	
P61/0

	
16.08 ± 0.76 a**

	
2.82 ± 0.16 a

	
0.18

	
51.30 ± 0.90 a**

	
38.45 ± 0.65 a

	
0.75








Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side at the 1% level, respectively. IP– is the increment of P–.
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Table 4. Effect of P supply on the ureide content in nodules of dual-root soybeans.
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Treatments

	
Ureide Content (mg/g DW)

	
IP–(%)

	
P−/P+




	
P+

	
P−






	
V4

	
P1/0

	
1.02 ± 0.02 c

	
0.99 ± 0.04 b

	
118.18

	
0.97




	
P31/0

	
3.41 ± 0.08 b**

	
2.16 ± 0.08 a

	
0.63




	
6.02




	
P61/0

	
3.68 ± 0.11 a**

	
2.29 ± 0.05 a

	
0.62




	
R1

	
P1/0

	
1.16 ± 0.01 b

	
1.01 ± 0.01 b

	
156.44

	
0.87




	
P31/0

	
4.42 ± 0.09 a**

	
2.59 ± 0.13 a

	
0.59




	
9.27




	
P61/0

	
4.38 ± 0.03 a**

	
2.83 ± 0.11 a

	
0.65








Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side at the 1% level, respectively. IP– is the increment of P–.
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