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Abstract

:

Phosphorus (P) deficiency and low P use efficiency (PUE) are limiting factors in rice (Oryza sativa L.) production. Understanding the agronomic and physiological traits of P-tolerant rice varieties is crucial for improving PUE. However, the agronomic and physiological traits of rice varieties differing in tolerance to low P have not been fully studied or comprehensively explored. Two varieties with strong tolerance to low P (STVs, low P tolerance index > 0.9) and two with weak tolerance to Low P (WTVs, low P tolerance index < 0.5) were grown hydroponically with normal P level (NP, 8.02 mg L−1) and low P level (LP, 0.401 mg L−1) in year 2020 and 2021. Results showed that, compared with NP, the LP significantly decreased grain yield, but enhanced P translocation efficiency (PTE), internal P use efficiency (IPE), and P harvest index (PHI) in all the varieties. The STVs showed better performance than the WTVs. Specifically, the STVs exhibited a 131.33% higher grain yield, 15.95% higher PTE, 41.6% higher IPE, and 8.84% higher PHI compared to the WTVs. The STVs also exhibited superior shoot traits, including increased productive tillers, leaf area index (LAI), leaf photosynthetic rate, shoot biomass, contents of indole-3-acetic acid (IAA) and zeatin (Z) and zeatin riboside (ZR) in leaves, non-structural carbohydrates (NSC) remobilization during grain filling, and content of NSC per spikelet, when compared to the WTVs under the LP treatment. Additionally, the STVs demonstrated better root traits, such as higher root biomass, root oxidative activity (ROA), root acid phosphatase (RAP) activity, and greater root IAA and Z + ZR contents. These shoot and root traits exhibited highly positive correlations with grain yield, PTE, and IPE. In conclusion, the STVs maintain higher grain yield and PUE under the LP treatment, due mainly to their improved root and shoot agronomic and physiological traits, which provide valuable references for selecting for P-efficient rice varieties.
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1. Introduction


Chemical fertilizers play a pivotal role in bolstering food production. However, the conflict between the excessive fertilizer input and the environment protection has intensified. The persistent emphasis on augmenting food production through heightened fertilizer inputs has triggered a swift and sustained surge in fertilizer consumption [1,2,3]. Phosphorus (P) is an essential nutrient in plant growth and development. Its deficiency has become a critical factor constraining crop growth, development, and yield performance [4,5]. To fulfill the escalating food requirements of an expanding global population, there has been a consistent rise in phosphate fertilizer consumption. At present, the worldwide annual demand for phosphate fertilizer has soared to 500 million tonnes. It is projected that from the current period until 2030, the application of phosphate fertilizer will experience an annual increase averaging about 200 million tonnes [6,7]. Moreover, P constitutes one of the essential trio of nutrients, serving critical physiological and biochemical functions in crops [8,9]. Globally, around 43% of arable land is P-deficient, and nearly two-thirds of China’s cultivated soil suffers from P insufficiency [10]. There are reports showing that 70% to 90% of inorganic P in soil binds as organic or inorganic complexes with metal cations, precipitating as insoluble compounds adhering to soil particles. This process hampers P use efficiency (PUE) of for crops [9,11,12]. Consequently, P deficiency stands as a key constraint to heightening crop productivity. Enhancing the uptake and utilization of available P in soil for crops is a pressing challenge in current agricultural practices, which has profound implications for ensuring food security, embracing sustainable and eco-friendly agriculture, and fostering sustainable development.



In rice production, the primary approach to enhance crop P uptake is by increasing the application of phosphorus fertilizer or altering the method of P fertilizer application [13]. While applying P fertilizer can temporarily address the P deficiency in crops, it is not the most ideal solution from a long-term perspective. It is reported that enhancing the diversity of soil microorganisms constitutes a critical approach to increase soil available phosphorus. These microorganisms are capable of secreting various compounds that promote the dissolution of insoluble phosphorus compounds in the soil [14,15]. For instance, earlier work has shown that Bacillus could increase the content of soil available P by secreting organic acids to dissolve phosphate in soil rhizosphere [16,17]. Subsequent studies demonstrate that the functions of plant rhizosphere microbes are intricately regulated by their root system [18]. In other words, a superior root performance can recruit beneficial microorganisms, leading to enhanced nutrient uptake through a synergistic coordination between roots and rhizosphere microbes. Notably, plant root performance is strongly linked to shoot activity, as numerous studies have shown a close relationship between the root and shoot that influences their developments [19]. Briefly, identifying and selecting excellent plant traits is a crucial strategy in P uptake and utilization.



Indica rice is widely cultivated in southern China, and approximately 60% of the total rice production in this country comes from indica rice [20]. However, excessive P input is a prominent problem, leading to a low PUE and environmental pollution. In response to this challenge, agronomists consider the adoption of P-efficient indica rice varieties as an important strategy to reduce P input, improve grain yield, and promote environmental sustainability [21,22]. Given that root and shoot traits directly or indirectly drive the release of soil available P content, it is therefore that substantial attention should be directed toward unraveling the relationship between PUE and plant traits in indica rice, particularly under the limited P conditions.



There are reports showing that substantial variations exist in P uptake and utilization among rice genotypes [23,24,25]. These observations underscore a significant potential for augmenting PUE in rice by adoption of P-efficient varieties. In general, methods such as hydroponic culture, soil culture, and sand culture are used for the preliminary screening of genotypes with high PUE [26,27]. However, previous studies focused mainly on the seedling stage to select the rice genotypes with high PUE under various P treatments. However, few studies were carried out to investigate the effect of P treatments during the whole growing season on grain yield formation and its underlying mechanism [26,27,28]. It is suggested that rice varieties that exhibit better yield performance under low P condition, i.e., strong tolerance to low P, could serve as a significant evaluation indicator for screening P-efficient varieties. Although some plant traits related to P-efficient rice varieties have been elucidated in previous studies, the coverage is not yet comprehensive, especially concerning plant hormones [21,28]. For example, there are reports showing that elevated auxin content in roots under low P conditions can uptake more P in soil by shaping the root morphology [29,30]. Furthermore, other observations suggest that elevated cytokinins levels in roots enhance both root and shoot activities, thereby improving the adaptability of rice plants under low P conditions [31,32]. Therefore, elucidating changes in hormones in response to low P conditions can serve as a robust complement to understanding the plant traits of rice varieties with strong tolerance to low P.



The purpose of this study was to investigate the agronomic and physiological performances of indica rice varieties with varying tolerance to low P. We examined changes in shoot and root morphological and physiological traits throughout the rice growth season, including shoot biomass, leaf area index, photosynthetic rate, root dry weight, root oxidation activity, and hormonal contents in roots and leaves. Furthermore, we determined their correlations with grain yield and PUE. Such a study would provide valuable insights and a theoretical basis for the selection and breeding of P-efficient rice varieties.




2. Materials and Methods


2.1. Plant Materials and Growing Conditions


A hydroponic study was conducted at Yangzhou University research farm in Jiangsu, China (32°30′ N, 119°25′ E) throughout the rice growing season from May to October in 2020 and was repeated in 2021. We selected 12 representative indica rice varieties widely cultivated in Jiangsu Province over the past 80 years, all of which could normally ripen in Yangzhou. The rice varieties information is listed in Table S1. Based on the low P tolerance index [LPTI, (grain yield of a variety under LP/grain yield of a variety under NP) × grain yield of a variety under LP]/mean grain yield of all tested varieties under LP), all tested varieties were classified into two categories: strong tolerance to low P varieties (STVs, the LPTI > 0.9) and weak tolerance to low P varieties (WTVs, the LPTI < 0.5). In this study, the STVs of IIyou 084 (IIY 084) and Yangdao 2 (Y2) and the WTVs of Huangguaxian (HGX) and IR24 were selected for hydroponic cultivation. We adopted the hydroponic culture method described by Mae and Ohira et al. [33] (Table S2). On May 12 of both years, seedlings were planted on the seedbed, and we selected three-leaf seedlings with consistent growth to transplant into the concrete tank on June 8. Two seedlings were planted per hill, with a hill spacing of 20 cm × 16 cm. Each tank had a volume of 6.4 m3 (8.0 m in length, 2.0 m in width, and 0.4 m in height).




2.2. Experimental Design


Two P treatments were set: the normal P content (NP, control) and low P content (LP, 1/20 P content of the NP), where the significant differences among rice varieties were observed under the condition of 1/20 normal P in our early studies. The concentrations for NP and LP were 8.02 mg L−1 and 0.401 mg L−1, respectively. Other nutrient formulations were the same in both LP and NP. Phosphorus and potassium supply were controlled using H3PO4 and KCl. The nutrient solution was continuously circulated using a pump to ensure proper ventilation in the concrete tank and uniform nutrient absorption by rice. The solution was changed every 7 days. Daily adjustments to maintain a pH of 5.0 were made by adding H2SO4 or NaOH. In case of rain, the nutrient solution was changed the next day. The plot size was 16.0 m2 with three replications for each P treatment.




2.3. Sampling and Measurement


2.3.1. Tiller Number, Leaf Area, and Shoot Biomass


The number of tillers per 10 hills in each treatment was recorded every 7 days from mid-tilling onwards. Plant samples were collected at growth stages of middle tillering (MT), panicle initiation (PI), heading (HD), and maturity (MA) for the measurement of leaf area and plant dry matter. Leaf area was measured immediately after separation from the stem following the method outlined by Zhang et al. [34]. In each plot, plants from five hills were taken and divided into leaves, stems (including culms and sheaths), panicles (only at HD and MA), and roots. Plant dry matter weight was determined by drying rice tissues, including roots, stems, leaves, and panicles (at HD and MA only), in an oven at 75 °C until a constant weight was achieved.




2.3.2. Phosphorus Content and Non-Structural Carbohydrate Remobilization


The dried samples of rice plant organs were used to determine both P and non-structural carbohydrates (NSC) content. The measurement of P accumulation was using the method described by Deng et al. [21]. The NSC content in the stem (including culms and sheaths) at the heading time and maturity was determined using the method of anthrone proposed by Yoshida et al. [35]. The subsequent formulas were employed to calculate phosphorus translocation efficiency (PTE), internal phosphorus use efficiency (IPE) and phosphorus harvest index (PHI), NSC remobilization, and NSC contribution to the grain.


  P T E   %   =   P h − P m   P m   × 100  



(1)






  P H I   %   =   P g   P t m   × 100  



(2)






  IPE   ( kg    kg  − 1   ) =   G y   P t m   × 100  



(3)






NSC remobilization (%) = (NSC in the stem at HD − NSC in the stem at maturity)/NSC in the stem at heading × 100



(4)






NSC contribution to the grain (%) = (NSC in the stem at heading − NSC in the stems at maturity)/grain yield



(5)




where Ph and Pm are stems, sheath, and leaf phosphorus content (kg m−2) at the heading and maturity, respectively, and Gy, Pg and Ptm represent grain yield (g m−2), P accumulation in the grain, and P accumulation in the above-ground tissues at maturity (g m−2), respectively.




2.3.3. Leaf Photosynthetic Rate


The measurement of leaf photosynthesis was conducted at four the growth stages: middle tillering, panicle initiation, heading, and maturity using a gas exchange analyzer (Li-Cor 6800, LI-COR, Lincoln, NE, USA) on a sunny morning between 9:00 and 11:00 when photosynthetic active radiation above the canopy was 1300 to 1500 μmol m−2 s−1. The canopy photosynthetic rate was defined as the CO2 efflux rate (μmol m−2 s−1). Ten leaves were measured at each measurement time for each treatment.




2.3.4. Root Traits and Phytohormones


Plants of three hills were randomly selected from each plot to measure root oxidation activity (ROA), root acid phosphatase (RAP) activity, and the content of indole-3-acetic acid (IAA), and zeatin (Z) and zeatin riboside (ZR) at middle tillering, panicle initiation, heading, and maturity. Rice roots were thoroughly rinsed, and sections from each root sample were used to assess ROA, following the alpha-naphthylamine (α-NA) method described by Ramasamy et al. [36]. For RAP activity determination, fresh root tissue was pulverized with liquid nitrogen to create a fine powder. A 0.1 g sample was mixed with 8 mL extraction buffer (0.2 mol L−1 sodium acetate buffer, pH 5.8) and homogenized. The resulting homogenate underwent centrifugation at 4 °C for 20 min at a speed of 12,000× g, and the supernatant was collected. Enzyme activity analysis was performed on the supernatant using an assay kit (Cominbio Biotechnology Co., Ltd., Suzhou, China), following the provided instructions. The quantification of IAA and Z + ZR in roots and leaves was determined using high-performance liquid chromatography-mass spectrometry (HPLC-MS), as described by Pan et al. [37].




2.3.5. Final Harvest


In both years, the assessment of grain yield and its components were conducted on 15−17 October. A sample size of 10 randomly selected plants (excluding border plants) from each plot was used to determine the number of panicles per square meter, percentage of filled grains, and grain weight. All plants (except border plants) from a 3 m2 area selected in each plot were used to determine grain yield, which was subsequently adjusted for a moisture content of 14%.





2.4. Statistical Analysis


The statistical analysis package SAS/STAT (version 9.2; SAS Institute, Cary, NC, USA) was used for conducting the analysis of variance. Plots were made using Origin software (version 2021; OriginLab, Northampton, MA, USA). Means were tested by least significant difference at p < 0.05 (LSD 0.05). In our statistical analysis, we employed the Tukey test to determine the LSD. The statistical model included factors such as year, variety, P treatment, and the interactions of year × variety, year × P treatment, and variety × P treatment to explain sources of variation. The Pearson correlation was calculated and graphed using R package in version 4.1.1: “https://cran.r-project.org (accessed on 9 October 2023)”.





3. Results


3.1. Grain Yield and PUE


Compared with the NP, the LP resulted in significant decreases in the number of total spikelets and grain yield of both types of rice varieties. The STVs (Y2 and IIY 084) exhibited higher grain yield compared to the WTVs (HGX and IR24) under LP (Table 1). The decrease in grain yield of the STVs was smaller under the LP compared to that of the WTVs, due mainly to a greater number of total spikelets and a higher percentage of filled grains for the STVs. On average, grain yield, the number of total spikelets and the percentage of filled grains were 131.33%, 79.46%, and 14.11%, respectively, more or higher for the STVs than for the WTVs (Table 1).



Similar to grain yield, the STVs exhibited higher P accumulation (PA) compared to the WTVs under LP (Figure 1). The more P accumulation for the STVs was due mainly to stronger P uptake before jointing. Additionally, the STVs demonstrated not only greater total P uptake but also higher P translocation efficiency (PTE), internal phosphorus use efficiency (IPE), and a higher phosphorus harvest index (PHI). These values were 15.95%, 41.6%, and 8.84%, respectively, higher in the STVs than in the WTVs (Table 2).




3.2. Non-Structural Carbohydrates (NSC) Remobilization


The NSC remobilization and NSC contribution to the grain were significantly reduced by LP compared to NP, whereas an adverse result was observed in NSC per spikelet (Table 3). The NSC accumulation was more in the STVs than in the WTVs at heading and maturity. The NSC remobilization, NSC contribution to the grain, and NSC per spikelet were significantly higher in the STVs than in the WTVs under LP, which were 35.94%, 22.24%, and 51.60%, respectively, higher in the STVs than in the WTVs, on average (Table 3).




3.3. Tiller Number, Leaf Area Index, and Leaf Photosynthetic Rate


The tiller number was higher in the STVs than in the WTVs at the main growth stage. A similar result was observed for the percentage of productive stems and tillers (PPST) (Table 4).



Compared with those under NP, the leaf photosynthetic rate and leaf area index of two types of rice varieties were significantly reduced under LP (Figure 2). The leaf photosynthetic rate and leaf area index were 42.41% and 84.22%, respectively, greater in the STVs than in the WTVs (Figure 2).




3.4. Shoot and Root Dry Weight


Compared with NP, LP significantly decreased straw (leaf + stem) dry matter weight at heading and maturity in both types of rice varieties. The STVs exhibited higher straw dry matter weight at heading and maturity, respectively, compared to the WTVs at the two P treatments. Moreover, the matter translocation efficiency from heading to maturity was greater in the STVs than in the WTVs, particularly at the LP treatment (Table 5).



The shoot dry weight and root dry weight were significant higher in the STVs than in the WTVs under LP, which were 106.00% and 53.14% higher in the STVs than in the WTVs, on average (Figure 3A–D). A gradual decline in the root-shoot ratio was observed from middle tillering to maturity for both types of varieties. The root-shoot ratio of the STVs was 39.75% lower than that of the WTVs under LP (Figure 3E,F).




3.5. Root Oxidative Activity and Root Acid Phosphatase Activity


At each growth stage, LP exhibited a significant decrease in root oxidative activity and an increase in root acid phosphatase activity compared to NP (Figure 4). The root oxidative activity and acid phosphatase activity were significantly higher for the STVs than for the WTVs under LP, which were 21.02% and 69.14% higher for the former than for the latter, on average (Figure 4).




3.6. Indole-3-Acetic Acid and Zeatin + Zeatin Riboside Contents in Roots and Leaves


Indole-3-acetic acid (IAA) content in roots and leaves decreased gradually from mid-tillering to maturity. Compared with NP, LP significantly reduced IAA content in leaves and roots for the WTVs and IAA content in leaves for the STVs, whereas it markedly increased IAA content in roots for the STVs (Figure 5). The contents of IAA in roots and leaves were higher in the STVs than in the WTVs at the same growth stage. The IAA contents in roots and leaves were 52.54% and 19.86% higher in the STVs than in the WTVs, on average (Figure 5).



As shown in Figure 6, the zeatin + zeatin riboside (Z + ZR) contents in roots exhibited a gradual increase from mid-tillering to heading, and it was subsequently decreased at maturity, whereas Z + ZR contents in leaves decreased gradually from mid-tillering to maturity (Figure 6). Compared to NP, LP significantly reduced Z + ZR contents in both roots and leaves. The STVs exhibited higher leaf and root Z + ZR contents in relative to the WTVs at the same growth stage (Figure 6).




3.7. Correlations of Rice Morphological and Physiological Traits with PUE


The shoot dry weight, leaf photosynthetic rate, leaf index area, the contents of IAA and Z + ZR in leaves at mid-tillering significantly or very significantly and positively correlated with phosphorus translocation efficiency (PTE), internal phosphorus use efficiency (IPE) and phosphorus accumulation (PA). Root traits, including root dry weight, ROA, RAP activity, root IAA and Z + ZR contents at mid-tillering, also significantly or very significantly and positively correlated with phosphorus translocation efficiency, internal phosphorus use efficiency and phosphorus accumulation (Figure 7A). Similar results were obtained at panicle initiation, heading, maturity and these plant traits were significantly correlated with phosphorus translocation efficiency, internal phosphorus use efficiency and phosphorus accumulation (Figure 7B–D).





4. Discussion


Prior to this study, little information is known about agronomic and physiological performances in indica rice varieties differing in tolerance to LP. In the present study, we observed that the STVs showed superior grain yield compared to the WTVs, which was primarily attributed to their less reduction in the total number of spikelets under LP treatment (Table 1). In addition, LP significantly decreased the grain yield in both types of varieties compared to NP (Table 1). Although the percentage of filled grains and grain weight improved under LP, they could not compensate for the decrease in the total number of spikelets. Notably, the STVs exhibited a smaller reduction in grain yield than the WTVs under LP, indicating that the STVs showed better stability in responses to LP.



Phosphorus (P) uptake efficiency and utilization efficiency are two key traits conferring the efficient use of P in crops [38,39]. Our results in this study showed that the STVs exhibited greater P accumulation at maturity compared to the WTVs (Figure 1). Such difference could be attributed to their P accumulation at the middle and early growth stages, especially during the period from tillering to jointing. It is believed that greater PTE after heading is highly associated with IPE [23]. In this study, the STVs demonstrated a greater PTE after heading, leading to a higher IPE compared to the WTVs (Table 2). These results indicate that the STVs can obtain a synergistic improvement in P uptake and utilization, especially under the LP condition. Therefore, we argue that adopting the STVs is an effective approach to achieve the dual goals of higher yield and PUE under limited P application. Furthermore, we observed a significant increase in PTE for all varieties under LP in 2021 compared to 2020. This may be due to the higher matter translocation efficiency resulting from the larger sink size in 2021 (Table 1 and Table 5). It is reported that rice varieties with larger sink can facilitate the remobilization of nutrients and photo-assimilates from vegetative organs to grains [4]. Hence, a larger sink size, particularly evident in the STVs under LP, can serves as a crucial indicator for achieving higher PTE.



In addition, significant interactions were observed between varieties, treatments, and years, particularly the varieties × P treatments, regarding the grain yield, PTE, and IPE (Table 1 and Table 2). This result indicates that the differences in these values among the varieties are significantly magnified by P treatments. A reasonable explanation is attributed to the better stability in the STVs in response to low P stress compared to the WTVs. In summary, the STVs could maintain superior plant traits, such as root morphology and shoot activity, to mitigate the negative effects caused by LP. These observations also suggest that the adoption of the STVs provides better resilience against externally induced stressors.



It is proposed that the morpho-physiological changes of roots and shoots account for the differences of grain yield and PUE in response to low P stress [40,41,42,43]. However, little is known about the mechanism underlying the high grain yield and high PUE of the STVs, particularly under the LP treatment. Herein, we summarized several potential explanations. Firstly, compared with the WTVs, the STVs possessed higher leaf IAA and Z + ZR contents (Figure 2C,D). Recent studies have demonstrated that an increased IAA content can decrease the inclination of the flag leaf and expand its width [44]. Moreover, higher Z + ZR content can facilitate the more nitrogen remobilized to the upper parts. This process can optimize the canopy structure and leaf N distribution for photosynthetic production, as evidenced by larger leaf area index (LAI) and greater photosynthetic rate in the STVs. [45,46,47]. These results, in turn, resulted in elevated shoot dry weight, particularly at jointing stage, thus providing more photo-assimilates for the formation of large sink size in the STVs (Figure 3A,B). Secondly, the STVs exhibited superior root traits compared to the WTVs, including higher root dry weight, greater ROA, enhanced RAP activity and higher root IAA and Z + ZR contents (Figure 3C,D, Figure 4 and Figure 5). Previous studies have shown that higher root IAA and Z + ZR contents in rice during early and late growth stages have a distinct advantage in sink size formation and grain filling, respectively, through producing more photo-assimilates and increasing endosperm cell proliferation [48,49,50,51]. Hence, we speculate that the superiority in IAA and Z + ZR levels is the important physiological basis for greater sink size and filled grains in the STVs. Moreover, elevated levels of root IAA and Z + ZR are widely reported to significantly enhance root architecture and activity, along with higher RAP activity, providing both quantitative and qualitative improvements to the roots of the STVs [29,30,31]. This situation is beneficial to maximize the root capability to uptake P, leading to more P accumulation for shoot development [52,53,54]. Thirdly, there was higher NSC per spikelet at the heading and greater NSC remobilization during grain filling in the STVs than in the WTVs (Table 3). It is generally believed that rice varieties with higher NSC per spikelet is conducive for spikelets to derive the photo-assimilates stored in vegetative organs, facilitating the NSC remobilization during grain filling [55,56]. Furthermore, there are reports also showing that NSC remobilization is very positively correlated with HI, further contributing to the plant internal P utilization efficiency [25]. Therefore, we conclude that more NSC per spikelet and greater NSC remobilization can serve as the important indicators for achieving increased filled-grain percentage, greater nutrient remobilization including P, and higher HI, thus generating improved IPE in the STVs under LP. Additionally, these above-mentioned traits were highly correlated with grain yield and PUE, which can be served as important indicators for selecting P-efficient varieties in rice production.



It should be noted that, under low P stress, the STVs may exert substantial long-term benefits on soil P cycling and its bioavailability. In this study, we observed that the STVs had higher root oxidation activity and acid phosphatase activity under LP. It is hypothesized that changes in these root physiological traits contribute to P solubilization, mineralization, and desorption by influencing rhizosphere microbes. This process can effectively optimize the distribution of phosphorus in the soil, especially the available P status [57,58]. On the other hand, due to the superior performance in P uptake and utilization, the adoption of the STVs can reduce the need for P fertilizer input, contributing to the improvement in soil properties [59]. Consequently, this situation enhances the soil capability to retain P or other nutrients. Therefore, the adoption of the STVs bears considerable scientific and practical significance in enhancing phosphorus availability in low-phosphorus soils and fortifying the sustainability of agricultural ecosystems.




5. Conclusions


In both types of rice varieties, LP significantly reduced grain yield and increased PUE (e.g., PTE and IPE) compared to NP. The reduction in grain yield was smaller in the STVs than in the WTVs. A higher grain yield and improved PUE for the STVs were attributed mainly to the improvement in shoot and root morpho-physiological traits, including photosynthetic rate, productive tillers, LAI, NSC remobilization, root biomass, ROA, and RAP activity, and the contents of IAA and Z + ZR in roots and leaves. These improved agronomic and physiological performances in the STVs can be served as the references for selecting strong tolerance to LP or P-efficient varieties in rice production.
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Figure 1. Phosphorus accumulation of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. BJ, JH, and HM represent before-jointing, jointing-heading, and heading-maturity. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column during the same growth period are significant at p = 0.05 level. 
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Figure 2. Leaf photosynthetic rate (A,B) and LAI (C,D) of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column at the same growth stage are significant at p = 0.05 level. 
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Figure 3. Shoot dry weight (A,B), root dry weight (C,D), and the ratio of root to shoot (E,F) of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column at the same growth stage are significant at p = 0.05 level. 
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Figure 4. Root oxidation activity (A,B) and root acid phosphatase activity (C,D) of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column at the same growth stage are significant at p = 0.05 level. 
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Figure 5. Indole-3-acetic acid (IAA) content in roots (A,B) and leaves (C,D) of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column at the same growth stage represent significance at p = 0.05 level. 
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Figure 6. Zeatin + zeatin riboside (Z + ZR) contents in roots (A,B) and leaves (C,D) of indica rice varieties differing in tolerance to LP in 2020 and 2021. NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Vertical bars represent standard deviation of the mean (n = 3). Different letters above the column at the same growth stage are significant at p = 0.05 level. 
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Figure 7. Correlation analysis of plant traits with grain yield, internal P use efficiency (IPE), P translocation efficiency (PTE), and P accumulation (PA) at the growth stages of mid-tillering (A), panicle initiation (B), heading (C) and maturity (D). SDW, shoot dry weight; RDW, root dry weight; Pn, leaf photosynthetic rate; LAI, leaf area index; ROA, root oxidation activity; RAP, root acid phosphatase, IAA, indole-3-acetic acid; Z + ZR, zeatin + zeatin riboside; *, significant at p = 0.05 level, **, significant at p = 0.01 level, ***, significant at p = 0.001 level. 
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Table 1. Grain yield and its components of indica rice varieties differing in tolerance to LP in 2020 and 2021.
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Year/Treatment

	
Variety

	
Panicles per

(m2)

	
Spikelet per

Panicle

	
Total Spikelets

(×103 m2)

	
1000-Grain Weight (g)

	
Filled Grains (%)

	
Grain Yield

(g m−2)






	
2020

	

	

	

	

	

	

	




	
NP

	
HGX

	
310.17 c

	
108.87 d

	
33.77 d

	
24.48 e

	
67.82 d

	
561.69 e




	

	
IR24

	
294.98 d

	
113.17 d

	
33.39 d

	
24.08 f

	
59.18 e

	
476.48 f




	

	
Y2

	
291.98 d

	
161.57 a

	
47.18 c

	
25.43 c

	
76.75 c

	
921.09 c




	

	
IIY 084

	
392.24 a

	
156.86 b

	
61.53 a

	
24.99 d

	
83.13 ab

	
1278.45 a




	
LP

	
HGX

	
252.89 f

	
95.68 e

	
24.2 e

	
24.96 d

	
70.23 d

	
424.44 fg




	

	
IR24

	
254.77 f

	
86.91 f

	
22.15 f

	
24.84 d

	
66.14 d

	
364.05 g




	

	
Y2

	
282.78 e

	
121.59 c

	
34.38 d

	
26.46 b

	
79.89 bc

	
726.60 d




	

	
IIY 084

	
324.48 b

	
152.37 b

	
49.44 b

	
26.85 a

	
86.68 a

	
1150.66 b




	
2021

	

	

	

	

	

	

	




	
NP

	
HGX

	
313.90 c

	
116.33 d

	
36.5 cd

	
24.95 e

	
70.40 d

	
640.78 e




	

	
IR24

	
308.80 c

	
115.03 d

	
35.52 d

	
24.38 g

	
61.50 e

	
524.39 f




	

	
Y2

	
303.61 c

	
166.32 a

	
50.51 b

	
25.21 c

	
79.22 c

	
999.41 c




	

	
IIY 084

	
393.35 a

	
165.35 a

	
65.03 a

	
25.06 d

	
82.56 b

	
1319.31 a




	
LP

	
HGX

	
255.46 e

	
99.35 e

	
25.71 e

	
24.65 f

	
72.93 d

	
451.62 g




	

	
IR24

	
259.30 e

	
91.02 f

	
23.57 f

	
25.07 d

	
71.40 d

	
410.91 g




	

	
Y2

	
288.90 d

	
127.00 c

	
37.87 c

	
26.96 a

	
83.68 b

	
775.02 d




	

	
IIY 084

	
329.40 b

	
158.41 b

	
52.16 b

	
26.68 b

	
86.89 a

	
1196.22 b




	
Analysis of variance

	

	

	

	

	

	




	
Year (Y)

	
**

	
**

	
**

	
*

	
*

	
**




	
Treatment (T)

	
**

	
**

	
**

	
**

	
**

	
**




	
Variety (V)

	
**

	
**

	
**

	
**

	
**

	
**




	
Y × T

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Y × V

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
T × V

	
**

	
**

	
*

	
**

	
*

	
NS




	
Y × T × V

	
NS

	
NS

	
NS

	
**

	
NS

	
NS








NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. Different letters indicate statistical significance at p = 0.05 level within the same column. *, significant at p = 0.05 level. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.













 





Table 2. Phosphorus translocation efficiency (PTE), internal phosphorus use efficiency (IPE), and phosphorus harvest index (PHI) of indica rice varieties differing in tolerance to LP in 2020 and 2021.
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Year/Treatment

	
Variety

	
PTE (%)

	
IPE (kg kg−1)

	
PHI (%)






	
2020

	

	

	

	




	
NP

	
HGX

	
34.54 d

	
99.40 h

	
39.97 h




	

	
IR24

	
28.74 e

	
127.09 g

	
41.02 g




	

	
Y2

	
41.12 c

	
139.19 f

	
42.16 f




	

	
IIY 084

	
40.93 c

	
164.77 e

	
50.54 e




	
LP

	
HGX

	
45.50 b

	
246.90 d

	
53.47 d




	

	
IR24

	
41.27 c

	
306.18 c

	
56.86 c




	

	
Y2

	
48.00 b

	
360.33 b

	
58.19 b




	

	
IIY 084

	
51.12 a

	
403.91 a

	
63.83 a




	
2021

	

	

	

	




	
NP

	
HGX

	
38.21 d

	
110.27 h

	
40.95 f




	

	
IR24

	
37.32 d

	
128.52 g

	
40.09 f




	

	
Y2

	
42.06 c

	
152.18 f

	
43.11 e




	

	
IIY 084

	
41.51 c

	
171.90 e

	
46.21 d




	
LP

	
HGX

	
51.12 b

	
274.38 d

	
55.53 c




	

	
IR24

	
42.18 c

	
316.41 c

	
59.00 b




	

	
Y2

	
52.71 ab

	
411.35 b

	
61.05 a




	

	
IIY 084

	
57.08 a

	
445.47 a

	
61.60 a




	
Analysis of variance

	

	

	




	
Year (Y)

	
**

	
NS

	
**




	
Treatment (T)

	
**

	
**

	
**




	
Variety (V)

	
**

	
**

	
**




	
Y × T

	
**

	
*

	
NS




	
Y × V

	
NS

	
**

	
NS




	
T × V

	
**

	
**

	
NS




	
Y × T × V

	
NS

	
NS

	
*








NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. Different letters indicate statistical significance at p = 0.05 level within the same column. *, significant at p = 0.05 level. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.













 





Table 3. Non-Structural Carbohydrates (NSC) remobilization and NSC per spikelet of indica rice varieties differing in tolerance to LP in 2020 and 2021.






Table 3. Non-Structural Carbohydrates (NSC) remobilization and NSC per spikelet of indica rice varieties differing in tolerance to LP in 2020 and 2021.





	
Year/Treatment

	
Variety

	
NSC at HD (kg·m−2)

	
NSC at MA (kg·m−2)

	
NSC Remobilization (%)

	
NSC Contribution to the Grain (%)

	
NSC per Spikelet (mg Spikelet−1)






	
2020

	

	

	

	

	

	




	
NP

	
HGX

	
0.20 e

	
0.17 e

	
18.84 e

	
5.88 e

	
5.76 e




	

	
IR24

	
0.13 g

	
0.11 g

	
16.16 f

	
4.04 f

	
3.84 g




	

	
Y2

	
0.39 b

	
0.28 b

	
28.99 c

	
15.03 b

	
8.09 b




	

	
IIY 084

	
0.45 a

	
0.29 a

	
34.23 b

	
10.61 c

	
6.94 c




	
LP

	
HGX

	
0.16 f

	
0.13 f

	
21.85 d

	
8.49 d

	
6.40 d




	

	
IR24

	
0.10 h

	
0.09 h

	
17.80 e

	
6.26 e

	
4.48 f




	

	
Y2

	
0.37 d

	
0.24 d

	
34.98 b

	
21.87 a

	
9.27 a




	

	
IIY 084

	
0.43 c

	
0.26 c

	
40.16 a

	
15.46 b

	
8.34 b




	
2021

	

	

	

	

	

	




	
NP

	
HGX

	
0.19 d

	
0.17 d

	
13.19 f

	
4.59 e

	
5.30 d




	

	
IR24

	
0.14 f

	
0.12 e

	
13.70 f

	
3.99 e

	
4.00 e




	

	
Y2

	
0.41 b

	
0.27 a

	
34.10 c

	
16.38 b

	
8.22 b




	

	
IIY 084

	
0.42 a

	
0.25 b

	
40.02 ab

	
12.69 c

	
6.65 c




	
LP

	
HGX

	
0.17 e

	
0.13 e

	
25.16 d

	
9.84 d

	
6.71 c




	

	
IR24

	
0.13 g

	
0.10 f

	
20.27 e

	
8.40 d

	
5.45 d




	

	
Y2

	
0.38 c

	
0.24 c

	
37.77 bc

	
23.68 a

	
9.17 a




	

	
IIY 084

	
0.41 ab

	
0.23 c

	
44.05 a

	
16.45 b

	
8.03 b




	
Analysis of variance

	

	

	

	

	




	
Year (Y)

	
NS

	
**

	
*

	
**

	
NS




	
Treatment (T)

	
**

	
**

	
**

	
**

	
**




	
Variety (V)

	
**

	
**

	
**

	
**

	
**




	
Y × T

	
*

	
*

	
*

	
*

	
NS




	
Y × V

	
**

	
**

	
*

	
NS

	
*




	
T × V

	
*

	
**

	
NS

	
**

	
NS




	
Y × T × V

	
NS

	
*

	
*

	
NS

	
NS








NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. Different letters indicate statistical significance at p = 0.05 level within the same column. *, significant at p = 0.05 level. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.













 





Table 4. Number of tillers and the percentage of productive stems and tillers (PPST) of indica rice varieties differing in tolerance to LP in 2020 and 2021.






Table 4. Number of tillers and the percentage of productive stems and tillers (PPST) of indica rice varieties differing in tolerance to LP in 2020 and 2021.





	
Year/Treatment

	
Variety

	
Number of Tillers and Main Stems (m−2)

	
PPST(%)




	
Mid-Tillering

	
Panicle Initiation

	
Heading

	
Maturity






	
2020

	

	

	

	

	

	




	
NP

	
HGX

	
392.13 a

	
525.18 a

	
508.37 a

	
317.05 a

	
68.27 d




	

	
IR24

	
345.78 b

	
450.39 b

	
417.20 b

	
310.55 a

	
61.30 e




	

	
Y2

	
389.16 a

	
535.45 a

	
508.37 a

	
311.50 a

	
55.99 f




	

	
IIY 084

	
333.50 b

	
418.26 c

	
400.16 c

	
312.25 a

	
71.69 c




	
LP

	
HGX

	
208.96 d

	
386.53 d

	
357.12 d

	
269.87 c

	
83.95 a




	

	
IR24

	
163.96 e

	
317.63 e

	
308.81 e

	
272.84 c

	
68.34 d




	

	
Y2

	
257.34 c

	
411.21 cd

	
401.00 c

	
295.87 b

	
71.77 c




	

	
IIY 084

	
215.49 d

	
322.61 e

	
317.68 e

	
312.12 a

	
81.84 b




	
2021

	

	

	

	

	

	




	
NP

	
HGX

	
398.31 a

	
524.74 b

	
508.37 a

	
317.90 b

	
68.50 e




	

	
IR24

	
350.20 b

	
451.29 c

	
417.20 b

	
305.69 c

	
62.02 f




	

	
Y2

	
386.43 a

	
536.27 a

	
508.37 a

	
306.50 c

	
55.99 g




	

	
IIY 084

	
333.81 c

	
416.79 d

	
398.00 c

	
390.00 a

	
71.70 c




	
LP

	
HGX

	
208.02 e

	
383.13 e

	
357.12 d

	
268.63 e

	
83.88 a




	

	
IR24

	
163.45 f

	
316.67 f

	
308.81 e

	
274.45 d

	
69.98 d




	

	
Y2

	
254.80 d

	
411.41 d

	
401.00 c

	
297.66 c

	
70.78 cd




	

	
IIY 084

	
217.92 e

	
323.29 f

	
315.00 e

	
309.68 c

	
81.25 b




	
Analysis of variance

	

	

	

	

	




	
Year (Y)

	
NS

	
NS

	
NS

	
NS

	
NS




	
Treatment (T)

	
**

	
**

	
**

	
**

	
**




	
Variety (V)

	
**

	
**

	
**

	
**

	
**




	
Y × T

	
NS

	
NS

	
NS

	
NS

	
NS




	
Y × V

	
NS

	
NS

	
NS

	
NS

	
NS




	
T × V

	
**

	
**

	
**

	
**

	
**




	
Y × T × V

	
NS

	
NS

	
NS

	
NS

	
NS








NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. Different letters indicate statistical significance at p = 0.05 level within the same column. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.













 





Table 5. Matter accumulation and translocation of indica rice varieties differing in tolerance to LP in 2020 and 2021.






Table 5. Matter accumulation and translocation of indica rice varieties differing in tolerance to LP in 2020 and 2021.





	
Year/Treatment

	
Variety

	
Stem + Leaf Dry

Matter at Heading (g/m2)

	
Stem + Leaf Dry

Matter at Maturity (g/m2)

	
Dry Matter

Translocation Amount (g/m2)

	
Dry Matter

Translocation Rate (%)






	
2020

	

	

	

	

	




	
NP

	
HGX

	
894 d

	
815 d

	
79 e

	
8.85 f




	

	
IR24

	
866 e

	
775 e

	
91 e

	
10.5 e




	

	
Y2

	
1283 a

	
1152 a

	
131 c

	
10.22 ef




	

	
IIY 084

	
1222 b

	
1066 b

	
156 b

	
12.76 d




	
LP

	
HGX

	
717 g

	
601 g

	
116 d

	
16.13 b




	

	
IR24

	
617 h

	
528 h

	
89 e

	
14.41 c




	

	
Y2

	
817 f

	
654 f

	
163 b

	
19.92 a




	

	
IIY 084

	
1037 c

	
839 c

	
198 a

	
19.08 a




	
2021

	

	

	

	

	




	
NP

	
HGX

	
903 d

	
811 d

	
91 f

	
10.09 e




	

	
IR24

	
875 e

	
775 e

	
100 ef

	
11.4 d




	

	
Y2

	
1284 a

	
1146 a

	
138 d

	
10.73 de




	

	
IIY 084

	
1217 b

	
1048 b

	
169 c

	
13.89 c




	
LP

	
HGX

	
705 g

	
596 g

	
109 e

	
15.47 b




	

	
IR24

	
619 h

	
525 h

	
94 f

	
15.19 b




	

	
Y2

	
824 f

	
644 f

	
180 b

	
21.82 a




	

	
IIY 084

	
1038 c

	
821 c

	
217 a

	
20.93 a




	
Analysis of variance

	

	

	

	




	
Year (Y)

	
NS

	
*

	
*

	
*




	
Treatment (T)

	
**

	
**

	
**

	
**




	
Variety (V)

	
**

	
**

	
**

	
**




	
Y × T

	
NS

	
NS

	
NS

	
NS




	
Y × V

	
NS

	
NS

	
NS

	
NS




	
T × V

	
**

	
**

	
*

	
**




	
Y × T × V

	
NS

	
NS

	
NS

	
NS








NP and LP represent the normal P level and the low P level, respectively. HGX and IR24 are rice varieties with weak tolerance to low P, and Y2 and IIY 084 are rice varieties with strong tolerance to low P. Different letters indicate statistical significance at p = 0.05 level within the same column. *, significant at p = 0.05 level. **, significant at p = 0.01 level. NS means not significant at the p = 0.05 level.
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