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Abstract

:

Rice varieties with ultra-high yields play an important role in grain production and global food security. However, little information is available on the source–sink relationships that underpin the grain quality and ultra-high-yield properties. Photosynthesis, carbohydrate accumulation and allocation, vascular bundle morphology, and nutrient uptake and characteristics were, therefore, compared in two ‘super rice’ varieties: Yongyou9 (control) and Yongyou12 (ultra-high yield) that differ in grain production. Yongyou12 had a significantly higher (18.8–21.4%) grain yield than Yongyou9, together with a substantial improvement in appearance-related qualities. The total dry weight and the ratio of panicle dry weight to total dry weight were significantly higher in Yongyou12 than Yongyou9, suggesting that the improved seed traits were related to higher assimilate accumulation and allocation in the ultra-high-yield variety. Yongyou12 had larger vascular bundles and greater numbers of vascular bundles in the panicle-neck internode, as well as higher levels of SUT1, SUT2, and CIN2 transcripts in the grains than Yongyou9. The contents of nitrogen, phosphorous, and potassium were similar in Yongyou12 and Yongyou9. We concluded that assimilate transport and nutrient utilization efficiency are the main factors underlying the higher yield and quality traits of the super rice variety Yongyou12.
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1. Introduction


Rice is one of the most important food crops in the world. More than 40% of the world’s population eats a rice-based diet, and rice production, therefore, plays a considerable part in assuring food security and energy supply [1]. At the same time, there are currently 820 million hungry people in the world [2]. By 2050, it is estimated that the global population will exceed 9 billion, and about 70% more food will be required for human consumption [3,4]. To provide adequate nutrition, the global food and agricultural system must make profound changes. Therefore, increasing agricultural productivity and sustainable rice-grain production is critical to reducing the risk of world hunger. The FAO indicates that about 85% of the growth in global crop output over the next ten years will be attributed to yield improvements resulting from more intensive inputs, investments in production technology, and better cultivation practices [5]. Further intensification of land use through multiple harvests per year will account for another 10%, and cropland area expansion is projected to account for only 5%, playing a much smaller role than it has over the last decade.



Aimed at ensuring food security, China’s super rice program has achieved good results during the past twenty years [6]. High-yield rice varieties are frequently reported, and the development of super rice has played a crucial role in ensuring food security [7,8,9]. The term ‘super rice’ refers to new rice varieties with huge yield potential that are bred by a combination of techniques, including ideal plant type shaping and heterosis utilization. In recent years, high-yield rice cultivation has demonstrated the super-high-yield potential of large-spike varieties, such as the indica-japonica super rice that created a 15 t hm−2 super-high-yield record [10,11,12]. These varieties have shown significantly greater yields than existing rice varieties when supported with super-high-yield cultivation techniques. In addition, super rice usually exhibits good quality traits, strong resistance capacity, and other excellent comprehensive traits [13]. However, there are still many problems that severely limit its yield potential and remain to be solved. It is thought that the high-yield potential of super rice is difficult to realize and repeat. Poor grain filling of inferior spikelets often leads to a low seed-setting rate of super rice, and the physiological mechanisms underlying its high yield are complex and difficult to clarify. For these reasons, super rice has not been readily accepted by farmers, and without corresponding integrated and convenient cultivation methods, it is far from achieving its full-yield potential.



Significant past work has been performed and various results were obtained regarding the high-yield potential of super rice varieties. Liu et al. [14] found that the elite hybrid rice Y-liangyou 900 had relatively higher radiation-use efficiency that further improved its yield. Similarly, Chang et al. [10] showed that Y-liangyou 900 had greater photosynthetic rates, leaf chlorophyll concentrations, leaf thickness, and leaf area, all which led to higher dry matter accumulation. Furthermore, its sturdier stems, shorter internode lengths on the lower stem, and higher sheath mass contributed to higher lodging resistance and stronger stem-lodging resistance. Super rice also exhibited larger root and shoot biomass, greater root length and volume throughout the growing season, higher root oxidation activity, and greater root zeatin plus zeatin-riboside content per plant at the early- and middle-growth stages [15]. These factors contributed to a larger sink size, shoot stay-green traits, greater biomass accumulation, and higher grain yield in the super rice varieties [16,17]. Previous research has also explored population-level dry matter production and the utilization of nutrient elements by super-high-yielding rice varieties to construct a developmental model and better understand underlying regulatory mechanisms [18,19]. This work has provided an important basis for research on rice cultivation techniques and has been indispensable for the promotion of rice production. However, less work has been performed to evaluate assimilate transport characteristics and their corresponding physiological mechanisms in super rice, particularly in terms of the microstructure of the neck-panicle internodes and related gene expression.



In this study, grain-filling properties, yield components and rice quality were compared between two varieties, Yongyou12 (super-high-yielding variety) and Yongyou9 (control variety). Photosynthetic rate, solar radiation interception, soluble sugar contents that indicated the activity of the source organ, grain-filling characteristics, and changes in hormone content of superior/inferior grains that reflected the sink strength were investigated. Most importantly, vascular bundle structures and the expression of genes directly related to carbohydrate transport were surveyed and evaluated. Here, we target revealing the physiological mechanism underlying the super-high yield formation of super rice and providing some indication for increasing the grain yield.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


This experiment was performed at the Fuyang base of the China National Rice Research Institute from 2018 to 2019. Two three-line hybrid super rice varieties (japonica) were selected: Yongyou12 (Yongjing2A × F5032) and Yongyou9 (Yongjing2A × K306093), both bred by the Ningbo Academy of Agricultural Sciences and Ningbo Seed Co., Ltd. in Zhejiang Province. Their seeds were sown on 28 May after germination at a constant temperature of 30 °C in a wet and dark incubator. Seedlings were transplanted as single plants to a paddy field on 22 June using row spacing of 25 cm × 20 cm. The flowering date and harvest date of Yongyou9 were respectively 5 September and 25 October in 2018. The development periods of Yongyou12 were similar with those of Yongyou9 in that the flowering date was 7 September while the maturation date was 2 November. The variation of growth stages between two experimental years was negligible while they were only delayed for two days in 2019.



The trial used a single factor randomized block design with a plot size of 25 m2 and four replications. The loam clay of the test field contained 36.9 g/kg of organic matter, 2.73 g/kg total nitrogen, 0.60 g/kg total phosphorus, 20.1 g/kg total potassium, 232 mg/kg alkaline nitrogen, 9.7 mg/kg ammonium nitrogen, 25.2 mg/kg available phosphorus, and 65 mg/kg available potassium with a pH of 6.5. Nitrogen in the form of urea was applied at the rate of 15 kg/667 m2, with a 5:3:2 ratio of base fertilizer:tiller fertilizer:ear fertilizer. Phosphorus pentoxide was applied once (7.5 kg/667 m2) at transplant. Potassium chloride was applied twice as base and ear fertilizer at a total rate of 15 kg/667 m2 split evenly between the two applications. Field managements including prevention and control of diseases, pests and weeds at some certain periods were performed according to conventional high-yield cultivation methods. The water in the paddy field was drained at the mid-tillering stage, whereas at other times, they were kept at a shallow layer. The solar radiation, precipitation, and daily mean temperature during the rice-growing season across the two testing years were recorded at a weather station close to the experimental site (Figure 1).




2.2. Determination of Grain Yields, Yield Components and Grain Quality


Rice plants were sampled at maturity, and actual yields were calculated based on actual grains harvested from 15-m2 plots. Twelve hills of rice plants in each plot were selected for measurement of yield components, including the number of effective panicles, the number of grains per panicle, the seed-setting rate, and the grain weight. The seed-setting rate was defined as the percentage of fully filled grains to total grains using the water flotation method. The theoretical grain yield was calculated by multiplication of yield components. The grain samples were sent to the Rice Quality Testing Center of the Chinese Rice Research Institute for rice quality testing after drying under natural sunlight.




2.3. Plant Height, Stem Tiller Dynamics, and Solar Radiation Interception Rate


Plant height and tiller numbers per plant were measured every seven days after transplant for about two months. Three fixed observation points were selected for each experimental plot in which ten neighboring hills were targeted for measurement of plant height and tiller numbers. Another ten hills were selected at the same time, and new tillers were tagged and counted at the same measurement frequency until no new tillers were observed.



From 9:00 to 11:00 am. on a sunny day at the full-heading stage, a portable luminance meter (IM-600, Topcon, Tokyo, Japan) was used to measure the inter-row light strength at the top of the canopy and at 100 cm, 75 cm, 50 cm, and 25 cm above the ground. The light energy interception rate at each measurement point was calculated as the ratio of light intensity at each height to that at the top of the canopy.




2.4. Photosynthesis and Dry Matter Accumulation


Photosynthetic measurements were conducted at mid-tillering, panicle initiation, full heading, and every 10 days from 10 days after flowering (DAF) to 60 DAF. The photosynthetic rate of the rice leaves was measured between 9:00 am. and 11:00 am. using a portable photosynthesis system (LI-6800, LI-COR, Lincoln, NE, USA). The top fully expanded leaves whose upper surfaces were exposed to the sunlight were selected and measured with six repetitions under the following conditions: photosynthetic photon flux density 1200 μmol/(m2∙s), ambient CO2 concentration 400 μmol/mol, flow rate 500 μmol/s, and temperature 30 °C [20].



Five hills of rice plants were harvested from each experimental plot and separated into leaves, panicles, stems, and sheaths. Leaf area was measured with a leaf area meter (LI-3000C, LI-COR, Lincoln, NE, USA). All samples were placed in a 105 °C oven for 60 min and then dried at 80 °C for 48 h to a constant weight. The specific leaf weight was defined as the ratio of leaf dry weight to leaf area.




2.5. Measurement of Grain Filling Rate


Two hundred rice panicles that developed uniformly and flowered on the same day were selected, tagged with plastic cards, and marked with the flowering date. Fifteen panicles were harvested on seven dates from flowering to maturity to investigate the weight of the superior and inferior grains. The superior and inferior grains were separated and classified, as described previously [21]. The grain-filling process was fitted using Richards’ growth equation W = A/(1 + Be−kt)1/N, and the grain-filling rate was calculated [22]. In the formula, W indicates the grain weight, A is the maximum grain weight, t is the time (days) after flowering, and B, K, and N are coefficients determined by regression analysis. Simulation was performed using Curve Expert 1.3 software (Digital River, Minnetonka, MN, USA).




2.6. Soluble Sugar Content Determination


The anthrone colorimetric method was used to determine the soluble sugar content at 0, 15, 30, and 45 DAF [23]. Dried samples (0.1 g) of flag leaf, grain, stem, and sheath were prepared, pulverized, and sieved. They were extracted with 10 mL 80% (v/v) methanol in an 80 °C water bath for 30 min. The extract was centrifuged at 2000 rpm for 15 min after cooling. The supernatant was collected, and the extraction process was repeated twice using the residue. A sample of the extraction solution (0.5 mL) was combined with 1.5 mL distilled water and 4 mL 0.2% (m/v) anthrone prepared with sulfuric acid, and the mixture was heated in boiling water for 15 min. Absorbance was recorded at 620 nm with a visible light spectrophotometer (Model 722S, Lengguang Technology, Shanghai, China). The total soluble sugar content was calculated with reference to the sugar contents and the absorbance of the standard curve.




2.7. Measurement of Plant Hormone Content


Fresh samples of superior and inferior grains harvested at ten intervals from 10 DAF to 50 DAF were quickly frozen in liquid nitrogen and stored at −80 °C for hormone measurements. Extractions of indoleacetic acid (IAA), gibberellin 3 (GA3), zeatin (ZR), and abscisic acid (ABA) were performed as described in Bollmark et al. [24] and Zhang et al. [25]. In brief, 0.5 g of fresh grain sample was homogenized on ice in 8 mL of 80% (v/v) methanol. The extracted solution was centrifuged at 2000 rpm for 15 min after digestion for 12 h at 4 °C. The extraction process was repeated twice with 5–10 mL of the same medium, and the supernatants were collected. The samples were evaporated, concentrated, and combined with 0.1 g of polyvinyl pyrrolidone to cross-link phenolic compounds and pigments. Impurities were removed after centrifugation at 10,000 rpm for 15 min at 4 °C, and the extract solution was vacuum dried. Samples were fully dissolved in 2 mL methanol and passed through micropore-filtering film (0.45 μm diameter). Samples (10 μL) were then injected for analysis by high-performance liquid chromatography (Alliance e2695, Waters, Millford, MA, USA).




2.8. Root-Bleeding Sap Determination


Three hills of rice plants were harvested as one sample at 0, 10, 20, 30, and 40 DAF and used to estimate the amount of root-bleeding sap. Plant stems were cut off about 12 cm aboveground at 6:00 pm. (the field water had been drained before sampling). Pre-weighed absorbent cotton was placed into a large glass tube, which was then placed above the bleeding stem and wrapped with plastic film. The absorbent cotton with absorbed wound fluid was retrieved at 8:00 am. the next day. The amount of bleeding sap was calculated by subtracting the cotton weight from the total weight and was expressed as the quantity per plant stem per hour [26].




2.9. Observation of Vascular Bundles


Panicle neck internode samples were obtained at the full-heading stage and fixed in 2.5% glutaraldehyde solution. The position used for microscopy observation was about 2 cm above the uppermost node. Transverse sections of paraffin-embedded tissue were prepared and stained with safranine and fast green, as described previously [27]. Sections of vascular bundles in the sheath were observed and photographed using a florescence microscope (Leica DM4000, Wetzlar, Germany). At least ten photographs displaying the intact tissues for each variety were taken at 20-fold and 200-fold eyepiece. The numbers of both large and small vessel bundles were counted, and their dimensions (diameter and area) were determined using Image J software (US National Institutes of Health, Bethesda, MD, USA) with the irregular delineation calculation tool.




2.10. Gene Expression Determination


The relative expression levels of three genes, including OsSUT1, OsSUT2 and the cell wall invertase gene, CIN2, were measured by RT-PCR for their possible role in assimilates transport and unloading from the stem and sheath to grain [28,29,30]. All primers are listed in Supplementary Table S1. The 2−ΔΔCT method, as described by Feng et al. [31], was used to calculate the relative gene expression levels using the mean value of three replicates.




2.11. Data Analysis


Analysis of variance was performed using SPSS software (version 11.5, IBM Corp., Armonk, NY, USA). When there was no significant effect of year, data from the two years were averaged. Differences among means were evaluated using the least significant difference test (LSD) at p = 0.05 level by one way analysis of variance (ANOVA). The correlation of the ratio of panicle weight to total weight/grain yield with the agronomy traits and physiological parameters were analyzed by linear regression.





3. Results


3.1. Grain Yield and Rice Quality


The mean temperature across the whole rice growth stage was 26.6 °C in 2018 and 26.3 °C in 2019, and there were no extreme high or low temperatures that could induce significant temperature stress (Figure 1c). Those climate conditions were generally favorable for growth and development of rice. The theoretical and actual grain yields of Yongyou12 averaged 13.27 t/hm2 and 11.27 t/hm2, significantly higher than those of Yongyou9 by 21.4–23.4% in 2018 and 16.1–19.4% in 2019 (Figure 2a,b). Effective panicle numbers of Yongyou12 were 18.9% lower than those of Yongyou9 in 2018 and 25.0% lower in 2019 (Figure 2c). The seed-setting rate and grain weight of Yongyou12 were also significantly lower than those of Yongyou9 (Figure 2e,f). However, the number of grains per panicle of Yongyou12 was significantly higher (95.0–107.4%) than that of Yongyou9 (Figure 2d). The solar radiation was similar between two experimental years; they were, respectively, 15.5 MJ/(m2∙d) in 2018 and 15.6 MJ/(m2∙d) in 2019 (Figure 1a). Thus, the lower grain yield in 2019 than 2018 might be due to the higher rainfall during the whole rice-growing period in 2019 than 2018 (Figure 1b).



Yongyou12 had a higher brown rice rate, milled rice rate, and head rice rate than Yongyou9, although only the difference in head rice rate was significant (Figure 3a–c). The chalky grain rate of Yongyou12 was higher than that of Yongyou9. The chalky degree of Yongyou12 was lower than that of Yongyou9, but this difference was not significant (Figure 3d,e). The gel consistency and amylose content of Yongyou12 were significantly lower than those of Yongyou9 by 5.3% and 4.9%, respectively (Figure 3f,g). In addition, there was no obvious difference in protein content between the two varieties (Figure 3h). Some other supplementary indicators of rice quality, including grain length, alkali-spreading value, and transparency are listed in Table S2 for reference.




3.2. Plant Morphology and Tillering Dynamics


The plant height of Yongyou12 was slightly higher than that of Yongyou9 (Figure 4a,c,d). Compared with the pendulous leaf morphology and remarkably accelerated leaf senescence of Yongyou9, the flag leaf of Yongyou12 showed a deeper dark green color and a more upright morphology (Figure 4a,c). Consistent with these differences, the light interception rate of the lower layer was significantly higher in Yongyou12 than in Yongyou9 at the late growth stage (Figure 4g). Although the panicle length of Yongyou12 was shorter than that of Yongyou9, the spikelet density was significantly greater (Figure 2d and Figure 4b). New tiller numbers were significantly higher in Yongyou12 than in Yongyou9 from 0–21 days after transplant, but effective tiller numbers were lower than in Yongyou9 (Figure 4e,f).




3.3. Production and Accumulation of Photoassimilates


As the growth stage advanced, the leaf dry weights in Yongyou12 and Yongyou9 increased before heading and decreased after heading (Figure 5a). Leaf dry weight was significantly higher in Yongyou12 than in Yongyou9 only after heading, whereas stem and sheath dry weights were significantly higher in Yongyou12 during the entire measurement period (Figure 5a,b). Similarly, panicle dry weight, total dry weight, and the ratio of panicle weight to total weight (harvest index) were always significantly higher in Yongyou12 than in Yongyou9, especially during the late grain-filling stage (Figure 5c,d). The net photosynthetic rate showed no significant difference between two varieties until the full-heading stage. It increased thereafter and reached the peak at 10 DAF and then decreased slowly in both varieties. Yongyou12 always kept a relatively higher photosynthetic rate than Yongyou9 during the whole grain-filling stage, while in most dates these differences were significant (Figure 5e). The specific leaf weight of Yongyou12 was slightly higher than that of Yongyou9, although this difference was not significant, and specific leaf weight increased until full heading and then gradually decreased (Figure 5f).




3.4. Grain-Filling Characteristics


Grain-filling parameters were fitted well by Richards’ equation with a coefficient of determination (R2) ranging from 0.977 to 0.998 (Table 1). The differences between the final grain weight (A value) of the superior and inferior grains of Yongyou12 and Yongyou9 were 2.71 g and 4.50 g, respectively. Based on the grain-filling dynamics, we can see that the grain weight and filling rate of the superior and inferior grains were significantly higher in Yongyou9 than in Yongyou12 (Figure 6). The superior and inferior grains of Yongyou9 and Yongyou12 all reached a maximum grain-filling rate at 14 DAF. The grain-filling rate of Yongyou9 decreased sharply and was basically 0 after 35 DAF. The grain-filling rate of inferior grains in Yongyou12 decreased relatively slowly compared with the others (Figure 6b). In the early grain-filling stage, the grain-filling rate of Yongyou9 was higher than that of Yongyou12, but this pattern was reversed at the late grain-filling stage (from 28 DAF to harvest).




3.5. Plant Hormones


In general, the hormone contents of inferior grains of Yongyou12 were higher than that of superior grains, whereas the relative hormone contents of Yongyou9 superior and inferior grains differed depending on the grain-filling period (Figure 7). The GA3 content was significantly higher in superior and inferior Yongyou12 grains than in Yongyou9 grains at 40 DAF, but GA3 differences were not significant at most times during grain filling (Figure 7a). The ZR content was significantly higher in superior and inferior Yongyou12 grains than in Yongyou9 grains, except at 20 DAF (Figure 7b). The IAA content in Yongyou12 first increased and then decreased as grain filling proceeded. The IAA content in inferior grains of Yongyou9 showed a similar pattern, although IAA content peaked later in the grain-filling period (Figure 7c). By contrast, the IAA content in superior grain of Yongyou9 declined continuously throughout the whole grain-filling period. Differences in the content of IAA between superior and inferior grains were greater than those of other hormones. Inferior grains of Yongyou9 had ABA contents comparable to those of superior grains, although this difference was not significant at most time points (Figure 7d). The ABA content of superior grain in Yongyou12 was similar to that in Yongyou9. By contrast, the ABA content of inferior grain in Yongyou12 was lowest at initial grain filling and significantly higher at late grain filling (Figure 7d).




3.6. Soluble Sugar Content


As grain filling progressed, soluble sugar content increased in flag leaves of both rice varieties (Figure 8). Except at 30 DAF, there was little difference in leaf soluble sugar content between the varieties (Figure 8a). The soluble sugar content of Yongyou9 stems and sheaths was higher than that of Yongyou12 during the entire grain-filling period, especially at 30 DAF, and this difference reached a significant level (Figure 8b). By contrast, the grain soluble sugar content was significantly higher in Yongyou12 than in Yongyou9 throughout the grain-filling period, particularly at 30–45 DAF (Figure 8c).




3.7. Gene Expression of SUT and Cell Wall Invertase Genes


Figure 9 shows the relative expression of genes encoding the sucrose transporters, SUT1 and SUT2, as well as the cell wall invertase, CIN2, in rice stems and grains during the grain-filling stage. The expression level of SUT1 was similar in both varieties at 15 DAF, but it was significantly higher in Yongyou12 than Yongyou9 at 30 to 40 DAF (Figure 9a). In contrast to SUT1, the expression level of SUT2 was higher in the early stage of filling and lower in the later stage. However, SUT2 expression was still significantly higher in Yongyou12 than in Yongyou9 (Figure 9b). Expression of CIN2 was significantly higher in Yongyou12 than inYongyou9 at 15–45 DAF (Figure 9c). In both stem sheaths and grains, the expressions of SUT1, SUT2, and CIN2 were almost always significantly higher in Yongyou12 than in Yongyou9 on a given measurement date.




3.8. Number and Size of Vascular Bundles


The number and size of vascular bundles in the panicle neck internode of Yongyou12 and Yongyou9 are shown in Figure 10. The numbers of large (LVB) and small (SVB) vascular bundles in the panicle neck internode were significantly higher in Yongyou12 than in Yongyou9 (Figure 10a,b,e,h). In particular, the number of small vascular bundles was almost three-fold higher in Yongyou12 (Figure 10h). The mean diameter of LVB in the panicle neck internode was significantly larger in Yongyou12 than in Yongyou9, and the area of the LVB showed the same trend (Figure 10f,g). There were no clear differences in the diameter or area of the SVB between the two varieties (Figure 10i,j).




3.9. Root-Bleeding Sap


Changes in root injury flow through time were basically the same for both cultivars, and the highest values were recorded at 10 DAF (Figure 11). However, Yongyou12 produced more root-bleeding sap than Yongyou9 throughout most of the grain-filling period. The largest difference in root-bleeding sap between the two varieties was observed during late grain filling at 30 DAF, and values then declined to a minimum at 40 DAF for both varieties. In addition, root system senescence occurred earlier and faster in Yongyou9 than in Yongyou12, and its root-bleeding sap was markedly decreased by 30 DAF.




3.10. Correlation of the Ratio of Panicle Weight to Total Weight/Grain Yield with the Agronomy Traits and Physiological Parameters


As it was shown in Table 2, the agronomy traits including the dry weight of leaves, panicle, sheath, and stem were very significantly and positively correlated with the ratio of panicle weight to total weight. While physiological parameters, including the net photosynthetic rate, soluble sugars in panicle, hormone contents of GA3/ZR, expression levels of SUT1/SUT2/CIN2 in stem and grain, numbers of LVB/SVB, and diameter of LVB in the panicle neck internode were correlated very significantly and positively with the ratio of panicle weight to total weight. Furthermore, these agronomy traits, physiological parameters, and the ratio of panicle weight to total weight were significantly or very significantly and positively correlated with the grain yield.




3.11. Distribution of Nitrogen, Phosphorus, and Potassium Content in Rice Plants


There was little difference between Yongyou12 and Yongyou9 in total leaf nitrogen and potassium contents, whereas the total leaf phosphorus content was significantly higher in Yongyou9 than in Yongyou12, especially from tillering to the full-heading stage (Figure 12a,d,g). There was little difference between the varieties in total nitrogen content of stems and sheaths (Figure 12b). However, the total phosphorus and total potassium contents of Yongyou9 stems and sheaths were slightly higher than that of Yongyou12, and this difference reached a significant level on some measurement dates (Figure 12e,h). The panicle nitrogen content was significantly higher in Yongyou12 than in Yongyou9 at heading and maturity (Figure 12c). By contrast, the panicle phosphorus and potassium contents were significantly lower in Yongyou12 than in Yongyou9 at heading. The difference in panicle potassium content was reversed at maturity, but there was no significant difference in panicle phosphorus content at maturity (Figure 12f,i).





4. Discussion


Increasing the rice yield per unit area is one of the most important means by which both our country and the world can guard against a future food crisis. This experiment showed that the yield potential of super rice Yongyou12 was clearly and significantly higher than that of Yongyou9 (16.1% to 21.4%) (Figure 2a,b). Undoubtedly, the larger number of grains per panicle in Yongyou12 was the main factor that accounted for its significantly higher yield, and this trait made up for its deficiencies in panicle number per plant, seed-setting rate, and grain weight (Figure 2). Moreover, the smaller difference in relative grain weight between superior and inferior grains could also have contributed to high yield formation in Yongyou12 (Figure 2 and Figure 6a). According to previous research, many rice varieties that have large panicles complete the grain-filling process asynchronously because of their superior and inferior grains [32,33,34]. Although the grain-filling rate of inferior grains was lower than that of superior grains in Yongyou12 and all grains in Yongyou9, the decrease in filling rate was slow, and grain filling remained vigorous during the late grain-filling period (Figure 6b). Hormones, including GA3 and ZR, which are closely associated with grain filling, may have played a role in this phenomenon [35,36,37]. Contents of both hormones were significantly higher in inferior Yongyou12 grains than in other grains, especially at the late grain-filling stage, and their change trend was generally consistent with the grain-filling rate (Figure 6b and Figure 7b,c,d). This result agreed with previous studies in which sink capacity (total spikelet numbers) and the degree of grain filling determined yield [14,38,39]. Furthermore, the main way to increase the number of spikelets in ultra-high-yielding cultivated rice was to develop rice with large panicles [14,40,41]. In this study, we also found that new tillers originated more rapidly after transplant but were fewer in number in Yongyou12 than in Yongyou9 (Figure 4e). Possible interventions, such as greater fertilizer supply at the initiation of the tillering process, might be an option to promote panicle numbers and ultimately improve the grain yield [33,42].



Studies have shown that the process of yield formation in rice is actually the process of accumulation and transport of carbohydrates or dry matter. Hua et al. [43] showed that the rate of dry matter accumulation in an ultra-high-yield rice population was relatively slow before jointing but relatively high after jointing and after heading. Pan et al. [44] showed that an ultra-high-yield rice population accumulated more dry matter at full heading, during grain filling, and at maturity. Wang et al. [45] observed that the carbohydrate accumulation of Yongyou12 was low at the jointing stage and increased at all other growth periods thereafter. Different varieties have different patterns of dry matter accumulation. However, as a rule, the greater the dry matter accumulation from heading to maturity, the higher the ultimate grain yield [46]. Our results were consistent with this pattern, and Yongyou12 had a significant advantage in dry matter weight (Figure 5a–d). Given that Yongyou12 has a similar plant height to Yongyou9 and fewer tillers, it may develop a stronger and more resistant single stem. We can verify this point based on post-anthesis soluble sugar content, which was significantly lower in stems and sheaths of Yongyou12. Dry matter accumulation, which is composed of structural carbohydrates (lignin, cellulose, etc.) and non-structural carbohydrates (sucrose, fructose, other soluble sugars, starch, etc.), showed the opposite pattern and was significantly higher in Yongyou12 (Figure 5c). Based on the fact that starch in stems and sheaths would be largely broken down into sucrose to supply grain filling after flowering, the remaining structural carbohydrates must have increased and remained higher in Yongyou12 than Yongyou9 [47,48,49]. In addition, Yongyou12 had a much more plentiful carbohydrate supply, as indicated by its higher photosynthetic rate, solar radiation interception, and leaf soluble sugars, and these factors also contributed to yield formation (Figure 4g, Figure 5e and Figure 8a; Table 2).



Clearly, the increased number of grains per panicle was not the only factor responsible for the high yield of Yongyou12. Many rice varieties with large panicles and high biomass accumulation fail to show obvious yield advantages in field production, and this is believed to reflect the capacity for assimilate transport in rice [42,50,51]. Yield formation can be severely inhibited because seed-setting rate and kernel weight, especially the former, are seriously limited when the assimilate transport rate is too low. Obviously, the assimilate transport capacity of Yongyou12 is higher than that of Yongyou9, and the total dry weight of Yongyou12 from 0–60 DAF was significantly higher than that of Yongyou9. Previous studies have suggested that high biomass could contribute to a lower assimilate transport rate [51,52,53]. However, in this experiment, the conversion rate of assimilates was significantly higher in Yongyou12, mainly because of the following phenomena. First, the proportion of panicle to total weight was significantly higher in Yongyou12 than in Yongyou9; the former was 60% and the latter was 55% (Figure 5c). Second, although there was little difference in leaf soluble sugar content between Yongyou12 and Yongyou9, soluble sugars were significantly lower in stems and sheaths of Yongyou12 and significantly higher in grains (Figure 8). Both results could be inferred from differences in the numbers and sizes of internode vascular bundles (especially large vascular bundles), which function directly as transmission channels for the assimilate stream (Figure 10). The vascular system of the panicle neck internode is closely involved in the uploading, transport, and conversion of assimilates from the rice leaf, sheaths, and stem to the grains and determines the transport efficiency of assimilates [46]. There have been very few previous studies on internode microstructure and vascular bundle size. Third, the expression of genes related to sucrose transport and conversion (SUT1, SUT2, and CIN2) in stem sheaths and grains was significantly higher in Yongyou12 than in Yongyou9 (Figure 9), consistent with potentially higher rates of sucrose transport and unloading of assimilates from stems and sheaths to grains. Thus, Yongyou12 appears to have a more fluent carbohydrate transport stream due to better vascular system development and higher expression of genes associated with assimilate transport and finally contributed to its significantly higher grain yield (Table 2).



In this experiment, we also observed that there were no clear differences between Yongyou9 and Yongyou12 in nitrogen, phosphorus, or potassium content per plant. In many growth periods, the nitrogen, phosphorus, and potassium contents were lower in tissues of Yongyong12 than Yongyou9, although grain yield was significantly higher in the former than in the latter (Figure 2a,b and Figure 12). This result indicated that the high yield of Yongyou12 super rice was independent of large nutrient inputs, given that its absorption of nutrients was slightly lower than that of Yongyou9. On the other hand, this result also showed that under the same nutritional conditions, Yongyou12 had a higher yield and a higher assimilate conversion rate. These findings were distinct from those of Huang et al. [54] considering that newly developed elite varieties need high nitrogen inputs and nitrogen application increased yield by 60–65% in their experiment. These authors did not observe the phenomenon that large-spike varieties rely more on chemical fertilizers. Improving the conversion efficiency of rice assimilates may be an important direction for rice breeding in China and may be conducive not only to increasing rice yield but also to improving the efficiency of resource utilization.




5. Conclusions


In conclusion, the ultra-high-yield variety, Yongyou12, exhibited significantly larger panicles, higher grain yield, and improved rice quality compared with its control, Yongyou9. Much greater biomass accumulation in leaves, sheaths and stems, and panicles, as well as more balanced development between superior and inferior grains, were also observed in Yongyou12. These traits were inseparable from the higher solar radiation interception and leaf photosynthetic rates that produced much more plentiful carbohydrates and assimilates for grain filling. Most importantly, Yongyou12 showed higher assimilate transport than its control, as its panicle dry weight to total dry weight ratio was significantly higher. The expression of genes responsible for sucrose transport (SUT1, SUT2, and CIN2), was significantly higher in Yongyou12, and the numbers and sizes of vascular bundles in panicle neck internodes were significantly greater. These features accelerated assimilate translocation and ultimately contributed to the improved grain yield of the super-high-yielding rice variety Yongyou12.
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Figure 1. The solar radiation (a), precipitation (b), and daily mean temperature (c) during the rice growing season across the two testing years, 2018 and 2019. Arrows indicate the mean heading time. 
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Figure 2. Rice-grain yield and its components in 2018 and 2019: (a) theoretical grain yield; (b) actual grain yield; (c) total panicle numbers per area; (d) grain numbers per panicle; (e) seed-setting rate; (f) grain weight. Error bars denote ± standard deviation (n = 3). Different letters within the same year indicate a significant difference at the 0.05 probability level. 
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Figure 3. Grain quality of Yongyou9 and Yongyou12: (a) brown rice rate; (b) milled rice rate; (c) head rice rate; (d) chalky grain percentage; (e) chalky degree; (f) gel consistency; (g) amylose content; (h) protein content. Error bars denote ± standard deviation (n = 3). Different letters indicate a significant difference at the 0.05 probability level. 
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Figure 4. Rice plant morphology, plant height, tiller numbers, and canopy solar radiation: (a) and (b) plant morphology and panicle morphology; (c) field performance of rice; (d) plant height; (e) new tiller numbers; (f) tiller numbers per plant; (g) canopy light interception. Error bars denote ± standard deviation (n = 3). 
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Figure 5. Photosynthetic assimilate production characteristics of rice: (a) leaf dry weight; (b) sheath and stem dry weight; (c) panicle dry weight; (d) total dry weight; (e) net photosynthetic rate; (f) specific leaf weight. MT, PI, and FH denote mid-tillering, panicle initiation, and full-heading stage, respectively; DAF denotes days after flowering; Y9 and Y12 indicate rice varieties, Yongyou9 and Yongyou12, respectively; HI indicates the ratio of panicle weight to total weight (harvest index). Error bars denote ± standard deviation (n = 3). 
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Figure 6. Changes in grain weight and grain-filling rate through time: (a) kernel weight; (b) grain-filling rate. Y9 and Y12 denote the rice varieties, Yongyou9 and Yongyou12, respectively; S and I indicate superior and inferior grains, respectively. 
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Figure 7. Changes in hormone contents in rice grains after flowering: (a) GA3 contents; (b) ZR contents; (c) IAA contents; (d) ABA contents. Error bars denote ± standard deviation (n = 3). 
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Figure 8. Changes in total soluble sugar content of rice flag leaves (a), stems and sheaths (b), and panicles (c) after flowering. Error bars denote ± standard deviation (n = 3). 
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Figure 9. Gene expression of SUT1 (a), SUT2 (b), and CIN2 (c) in stems and grain after rice flowering. Error bars denote ± standard deviation (n = 3). Different letters indicate a significant difference within the same measurement period at the 0.05 probability level. 
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Figure 10. The numbers and size of vascular bundles in the panicle neck internodes of rice: (a–d) large vascular bundles (LVB) and small vascular bundles (SVB) inside the internode; (e) number of LVB; (f) diameter of LVB; (g) area of LVB; (h) number of SVB; (i) diameter of SVB; (j) area of SVB. Plant tissue sections were stained using 1% safranine and 0.5% fast green, and the dimensions (diameter and area) of the vascular bundles were analyzed with Image J software. Error bars denote ± standard deviation (n = 10). Different letters indicate a significant difference at the 0.05 probability level. 
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Figure 11. Amount of bleeding sap collected from rice roots after flowering. Error bars denote ± standard deviation (n = 3). 
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Figure 12. Changes in the contents of nitrogen (a–c), phosphorus (d–f), and potassium (g–i) in rice leaves, stems and sheaths, and panicles. Error bars denote ± standard deviation (n = 3). Different letters indicate a significant difference at the 0.05 probability level. 
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Table 1. Parameters of grain filling fitted by Richards’ equation.
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Variety

	
Grain Types

	
A

	
b

	
k

	
m

	
R2






	
Yongyou9

	
Superior grains

	
27.75

	
2.80

	
0.26

	
1.43

	
0.998




	
Inferior grains

	
23.25

	
4.73

	
0.35

	
1.77

	
0.977




	
Yongyou12

	
Superior grains

	
23.13

	
1.50

	
0.21

	
0.87

	
0.994




	
Inferior grains

	
20.42

	
1.72

	
0.16

	
0.75

	
0.984








A indicates the final growth weight (mg) of a grain calculated by Richards’ (1959) growth equation. b, k, and m are coefficients determined by regression analysis, and R2 is the coefficient of determination.
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Table 2. Correlations of the Ratio of Panicle Weight to Total Weight/grain Yield with the Agronomy Traits and Physiological Parametersa.
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	Correlated with
	Ratio of Panicle Weight to Total Weight
	Grain Yield





	Agronomy traits
	
	



	     Dry weight
	
	



	             Leaves
	0.862 **
	0.751 *



	             Sheaths and stems
	0.838 **
	0.796 *



	             Panicle
	0.984 **
	0.824 *



	             Total
	0.972 **
	0.815 *



	     Ratio of panicle to total
	/
	0.858 *



	     Plant height
	0.588
	0.559



	     Specific leaf weight
	0.406
	0.530



	Physiological parameters
	
	



	     Net photosynthetic rate
	0.868 **
	0.942 **



	     Soluble sugar in panicle
	0.890 **
	0.905 **



	     Hormone contents
	
	



	             GA3
	0.826 **
	0.852 *



	             ZR
	0.835 **
	0.861 *



	             IAA
	0.621
	0.669



	             ABA
	0.598
	0.605



	Expression levels of the genes in stem
	
	



	     SUT1
	0.918 **
	0.928 **



	     SUT2
	0.925 **
	0.942 **



	     CIN2
	0.921 **
	0.945 **



	Vascular bundle characteristics
	
	



	     LVB/SVB numbers
	0.904 **/0.915 **
	0.886 **/0.867 **



	     LVB/SVB diameter
	0.922 **/0.589
	0.895 **/0.607







Correlations were analyzed through the grain filling period for the ratio of panicle weight to total weight, while those were analyzed at final harvest for grain yield. * indicates significant at the 0.05 probability level. ** indicates Significant at the 0.01 probability level. 
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