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Abstract

:

The quality and starch properties of rice are significantly affected by nitrogen. The effect of the nitrogen application rate (0, 180, and 230 kg ha−1) on the texture of cooked rice and the hierarchical structure and physicochemical properties of starch was investigated over two years using two japonica cultivars, Bengal and Shendao505. Nitrogen application contributed to the hardness and stickiness of cooked rice, reducing the texture quality. The amylose content and pasting properties decreased significantly, while the relative crystallinity increased with the increasing nitrogen rates, and the starch granules became smaller with an increase in uneven and pitted surfaces. The proportion of short-chain amylopectin rose, and long-chain amylopectin declined, which increased the external short-range order by 1045/1022 cm−1. These changes in hierarchical structure and grain size, regulated by nitrogen rates, synergistically increased the setback viscosity, gelatinization enthalpy and temperature and reduced the overall viscosity and breakdown viscosity, indicating that gelatinization and pasting properties were the result of the joint action of several factors. All results showed that increasing nitrogen altered the structure and properties of starch, eventually resulting in a deterioration in eating quality and starch functional properties. A moderate reduction in nitrogen application could improve the texture and starch quality of rice while not impacting on the grain yield.
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1. Introduction


Rice (Oryza sativa L.) is the only staple food that is consumed mostly in the form of whole grains after cooking [1]. Rice quality is a very complex trait including four aspects; namely, milling quality, appearance quality, cooking and eating quality, and nutritional quality [2,3]. Among these, cooking and eating quality has become the principal characteristic of concern for breeders and consumers [4]. Genetic, environmental, and agronomical factors have been reported to be mainly responsible for variation in rice composition and eating quality [5,6].



Nitrogen fertilizer application is a typical agronomic strategy used to increase yield [7] and to regulate rice quality [8] because both the yield and quality are directly determined by grain filling. Previous research showed that nitrogen application affected the grain filling of rice by prolonging the duration of the grain-filling period, regulating the starch biosynthesis process [9], resulting in variation in the hierarchical structure and physicochemical properties of starch [10,11], and, ultimately, influencing the grain plumpness [12].



Nitrogen fertilizer application improves the grain yields of rice but reduces the eating quality of rice. This may be caused by an increased number of spikelets per unit area, resulting in less photosynthate for each grain, and a higher percentage of inferior grains that are not totally filled. The starch quality and eating quality will certainly decline as a result of the undeveloped inferior grains [12]. Increases in nitrogen fertilizer application cannot be used to linearly increase rice yield in production practices [13]. Furthermore, high nitrogen levels are not only inconsistent with sustainable agricultural production but also increase risks, such as pests and diseases, lodging, and soil organic matter loss [14]. However, it should be possible to achieve a stable yield and high quality by appropriately reducing the amount of reduced N fertilizer.



Starch, which is approximately 90% of the endosperm weight, plays a crucial role in the eating quality and texture characteristics of cooked rice [1,6,11]. Starch consists of two main molecular components, amylose and amylopectin. The content of amylose [15] and the distribution of amylopectin [16,17] have been proven to be closely related to the quality and texture properties of cooked rice. The differences in starch include variation in the morphology of granules (shape, size, and presence of compound granules), surface attributes (surface pores), the existence of non-starch components (proteins, lipids, and cell wall remnants), and molecular composition and conformation (size and quantity of amylose and amylopectin, type and degree of crystallinity), as described elsewhere [18,19,20,21,22], and are responsible for the quality and texture properties of cooked rice.



Extensive reports have been published regarding the effect of nitrogen fertilizer on the properties of starch derived from diverse biological sources, including studies of common buckwheat [23,24], wheat [25], maize [26], and rice [8,27]. In a soft super rice production experiment, moderate nitrogen fertilizer reduction was found to improve the quality while still maintaining the yield [13]. However, there is limited information on how nitrogen affects eating quality and the characteristics of japonica rice starch.



We hypothesized that the nitrogen application rate may change the starch properties and cooked rice texture properties by altering the starch granules’ size and fine structure of amylopectin, as well as the ratio of amylose and amylopectin. A controlled field nitrogen experiment was conducted in Panjin, Liaoning, China. The objectives were to evaluate the effect of a reduction in the nitrogen application rate on (i) the composition of the grain and textural properties, (ii) the fine structure of amylopectin, and (iii) the thermal and pasting properties of rice starch. The results will enhance the understanding of rice starch, and how to improve the starch quality and rice quality to conform to the concept of sustainable agriculture by reducing nitrogen application.




2. Materials and Methods


2.1. Rice Plants and Experimental Design


Three replicates of two japonica rice cultivars, Bengal and Shendao 505 (SD505), were cultivated in the field at Xi’an farm in Panjin, Liaoning province, China (122°31′ E, 41°22′ N) during the rice cultivation season in 2020 and 2021. The Liaohe River Delta plain is a major rice growing region where the rice planted takes up 15% of the land in Liaoning. With the advantages of river irrigation and climate, rice produced in Panjin has a better quality and palatability than rice from other places. The soil type is littoral saline paddy soil with 26.4 g kg−1 of organic matter, 82.57 mg kg−1 of available nitrogen, 13.28 mg kg−1 of available phosphorus, 215.83 mg kg−1 of available potassium and a pH of 8.10. The daily temperature and precipitation from transplanting to harvesting are shown in Figure S1 for 2020 and 2021.



The experiment setup employed a split plot design, with nitrogen application level as the main plot and cultivar as the split plot. Seeds were sown on 18 April 2020 and 20 April 2021 and sequentially transplanted on 25 May 2020 and 26 May 2021, respectively. Three seedlings per hill with a spacing of 30 cm × 18 cm were transplanted. The plot dimensions were 17 m × 3 m. A total nitrogen amount of 0, 180, and 230 kg ha−1 was applied as basal, striking root, and tillering fertilizers with proportions of 65%, 15%, and 20%, respectively. Phosphorus (90 kg ha−1 as superphosphate) and 50% potassium (110 kg ha−1 as K2SO4) were applied and incorporated as a basal fertilizer before transplanting. The other potassium was applied during the tillering period. Other practices were carried out according to local recommendations. The total nitrogen application of 230 kg ha−1 was the application practice of local farmers.




2.2. Starch Isolation


The rice grains were processed using a rice huller, followed by three rounds of grinding into fine flour using a DFT-small-sized flour milling machine (Xuanfeng, Shenyang, China). The rice flour was sieved (100-mesh) and stored for further use.



Starch isolation was conducted based on the method described by Zhu et al. (2016) with minor modifications. To eliminate protein in the rice flour, 5 g of the sample was steeped in a pH 9–11 aqueous solution (40 mL) of sodium hydroxide containing 0.05% of alkaline protease (200 u g−1 enzyme activity Macklin/Macklin Shanghai, Shanghai, China) at a temperature of 42 °C for 24 h. The starch slurry obtained was then sieved through a 200-mesh sieve, and the residue collected on the mesh was mixed with 30 mL of deionized water. After stirring for 2 min, further sieving was carried out to minimize the presence of residue. The filtrates were combined with the initial filtrate, discarding any residue remaining on the mesh. The combined starch slurry filtrates were centrifuged at 4000 g for 20 min. After discarding the supernatant, the faint yellow upper layer was removed, and the remaining precipitate was re-suspended in 20 mL of deionized water. Centrifugation at 4000 g for 20 min was repeated, followed by the removal of the supernatant. To ensure the thorough removal of impurities, the centrifugation process was repeated five times. Subsequently, the starch was dried at 35 °C under ambient pressure and filtered through a 200-mesh sieve. The flour and starch samples were placed into plastic zip-lock bags and stored at 4 °C until further use.




2.3. Grain Yield and Compositions


The grain yield was assessed by harvesting all plants within a 3 m2 site (except border plants) in each plot. The recorded yield values were adjusted to 14.5% moisture content uniformly before statistical analysis.



The total starch content (TSC) was measured using a commercial kit (Megazyme International Ireland Ltd. Co., Wicklow, Ireland) and the AOAC Method 996.11 (AACC Method 76-13.01). The apparent amylose content (AAC) was measured using the iodine colorimetric method [28]. The AAC was determined by measuring the absorbance at 620 nm utilizing a standard curve established with corn amylopectin and potato amylose as a reference. The crude protein content (PC) was estimated from the nitrogen content of the rice flour using the Kjeldahl method employing a nitrogen analyzer (Tecator Kjeltec 8400, FOSS, Hoganas, Sweden). The nitrogen content was converted to PC by multiplying it by 5.95 (the protein conversion coefficient of rice).




2.4. Texture Profile Analysis of Cooked Rice (TPA)


The polished rice (5 g) was placed into an aluminum cylinder with 7.5 g of water, rinsed after 0.5 min, and then soaked for 30 min. The rice was cooked with an electric cooker by heating it to 100 °C for 30 min followed by 10 min of steaming. The rice was gently stirred to loosen it, and then it was transferred to a cooling device for 30 min with a filter paper cover and kept at room temperature for 90 min.



A texture profile analyzer (CT3-10K Brookfield, San Jose, CA, USA) was employed to measure the texture attributes of the cooked rice using a two-cycle compression, force versus distance program [16], according to the method of previous research [29] with some modification. A complete kernel was selected from the middle of the aluminum can and arranged on the base plate. A 20 mm long cylindrical probe (TA4/1000) was positioned 5 mm above the base plate with a TA-RT-KIT fixture, 50% target deformation, and 0.5 mm/s testing speed at a 5 g trigger load. The test was repeated on 10 individual samples for increased reliability and accuracy.




2.5. Observations and Measurements of Starch


2.5.1. Starch Granule Morphology


The morphology of starch granules was studied by scanning electron microscopy (SEM-S4800, Hitachi, Tokyo, Japan). Rice starch was affixed to specimen stubs and coated with a layer of gold. Microscopic images were captured at an accelerating voltage of 5.0 kV and a magnification of ×2000.




2.5.2. Particle size Analysis


The granule size was established using a laser diffraction particle size analyzer (Master ZS90 2000, Malvern, UK) according to a method described previously [30]. The starch was placed in absolute ethyl alcohol and stirred at a speed of 2000 rpm. The instrument was capable of measuring particle sizes ranging from 0.1 to 2000 mm. The distribution of granule size was characterized in terms of volume, number, and surface distribution.




2.5.3. X-ray Diffraction (XRD) Analysis


XRD patterns were scanned using a D8 Advance X-ray diffractometer (Bruker-AXS, Karlsruhe, Germany). The starch samples were analyzed under the following conditions: a current of 40 mA, a voltage of 40 kV, and a diffraction angle (2θ) range of 3–40° with a scanning speed of 4° min−1. The degree of relative crystallinity was calculated by using MDI Jade 6.5 (Material Data, Inc., Livermore, CA, USA).




2.5.4. Fourier Transform Infrared (FTIR) Analysis


The starch was analyzed with a Fourier transform infrared spectrometer (Bruker VETEX80, Ettlingen, Germany) following the method of a previous study [31]. To investigate structural variations at a molecular level, the spectra were deconvolved (Lorentzian assumed line shape, k factor of 1.9, half-width 19 cm−1) by OMNIC software 8.2 (THERMO Nicolet, Waltham, MA, USA) over a range from 1200 to 800 cm−1. Intensity measurements at 1045, 1022, and 995 cm−1 were performed on the deconvoluted spectra.




2.5.5. Amylopectin Chain-Length Distribution (CLD)


Acetate buffer (pH 4.4, 0.6 M) and isoamylase (Sigma-Aldrich, Shanghai, China 1400U, 10 mL) were used to debranch the starch (5 mg, 1% w/v) at 37 °C after it had been dissolved in a boiling water bath for 60 min. The branch chain-length distribution of amylopectin was assessed with an ICS-5000 high-performance anion-exchange chromatograph (ICS5000+, Thermo Fisher Scientific, San Jose, CA, USA) using a DionexTM CarboPacTM PA100 anion-exchange column (4.0 × 250 mm; Dionex) according to the method described by Zhou et al. (2015).The experimental conditions included a flow rate of 0.4 mL min−1, an injection volume of 5 μL, and a solvent system consisting of 0.2 M NaOH and 0.2 M NaAc.




2.5.6. Determination of Pasting and Thermal Properties


The starch pasting properties were tested using a rapid viscosity analyzer (RVA) (Model 3D, Newport Scientific, Warriewood, Australia) according to the method of Lu and Lu [32]. Briefly, rice flour at a concentration of 12% (w/w) was mixed at a constant stir speed of 160 g using the standard profile. The temperature profile employed was as follows: the start temperature was 50 °C held for 1 min, followed by heating to 95 °C at 11.84 °C/min, held at 95 °C for 2.5 min, and then cooling at the same speed to 50 °C and held for 1 min.



The thermal properties were investigated by a differential scanning calorimetry (DSC) with a Model 200 F3 Maia (Netzsch, Selb, Germany). Using an empty aluminum pan as a reference, the ratio of the weight of starch to water was 1:3 for each sample, which was sealed in a hermetic aluminum pan and scanned from 30 to 95 °C at a heating rate of 10 °C/min after overnight equilibration at room temperature [33]. The thermal transitions of starch samples were defined as To (onset temperature), Tp (peak of gelatinization temperature), and Tc (conclusion temperature), and ΔH referred to the enthalpy of gelatinization.




2.5.7. Swelling Power and Water Solubility


Swelling power and water solubility were measured according to the method of Zhu et al. [33]. The starch was weighed (W0) and mixed with water (2%, w/v) then heated in a water bath at 95 °C for 30 min. The sample was cooled, centrifuged at 8000 g for 10 min, the supernatant was discarded, the colloid was weighed (W1), and the sediments were dried to a consistent weight (W2). The swelling power = W1/W2 (g g−1) and the solubility (%) = (1 − W2/W0) × 100%.





2.6. Statistical Analysis


All the data reported are presented as the average of three replicate observations unless otherwise specified. Duncan’s new multiple range test was used to analyze the variance of the experimental group means (p < 0.05) using the data processing system DPS 9.50 (Ruifeng, Hangzhou, China). Graphs were produced using Origin 2021 (OriginLab, Northampton, MA, USA).





3. Results and Discussion


3.1. Effect of N Rates on Yield


The yields of the two cultivars in the two years are shown in Figure 1A. The application of nitrogen significantly increased the yield of grain, consistent with previous studies [10,13,18]. The two-year average for the yield of Bengal was increased by 50 and 48%, and SD505 increased by 60 and 87% in the N1 and N2 treatments compared with the N0 treatment, respectively. There is significant difference in N0, N1, and N2, but the difference is non-significant for the N1 and N2 treatment in both years, indicating that a moderate reduction in nitrogen application did not have a significant effect on grain yield, which means that a moderate reduction in nitrogen application could maintain the yield at a stable level. The differences between the results for the two seasons may be due to factors such as the weather conditions. The grain yield increased with increasing N fertilizer application but the yield increments gradually decreased, and after reaching a certain N application level, the grain yield declined [34,35]. High nitrogen application means a high input, higher risk of pests and diseases, is environmentally unfriendly, and contributes to lodging and other crop failure risks.




3.2. Protein, Total Starch, and Apparent Amylose Content


Nitrogen application significantly increased the protein content and decreased the AAC, as shown in Figure 1C,D. Applying N fertilizer prolonged the filling period and increased the filling rate. N also affected the enzymes related to starch and protein synthesis, consequently affecting the synthesis and accumulation of starch and protein [36]. Amylose content was influenced by the status of starch accumulation, and decreased with poor grain filling [37].



Nitrogen significantly increased the protein content of polished rice [11], increasing from 6.6 to 7.9% on average as the nitrogen applied increased from N0 to N2. This may be due to the activities of key enzymes in nitrogen metabolism involved in grain filling [38] or the availability of nitrogen and amino acids. The examination of the genotypic differences in response to nitrogen application showed that SD505 was more sensitive to nitrogen application than Bengal and had a higher protein content. Rice flour from SD505 showed a higher protein content, increasing by 5.7–11.7% and 20.9–26.0% in N1 and N2, in the two years, respectively, compared with that produced without nitrogen application, while a 2.9–3.5% and 15.1–19.0% increase was observed in Bengal.



The trend of AAC was opposite to that of protein content. Both total starch content and AAC tended to decrease with increasing N application, with a slight average decrease of 1.3% in the total content and an average decrease of 4.7% in the AAC. The change in amylose content was partly attributed to a subtle decrease in the total starch content and mostly attributed to the ratio of amylose to amylopectin. This phenomenon is consistent with the results reported previously [39,40]. Consistent with previous reports [6,27], an increase in the nitrogen application rate decreased the amylose content gradually. These changes in amylose, even if seemingly minor may have a substantial effect on starch functionality, as a variation of 1% in the amylose content significantly alters the gelatinization and thus pasting properties [41]. The AAC in 2020 was lower than that in 2021 for both the cultivars, which could be attributed to variations in the environmental conditions (e.g., temperature and light) during grain development [42]. Previous research has established that environmental stresses, specifically temperature, during the grain-filling stage induce modifications in the starch composition of rice grains [43]. For example, the temperature post anthesis significantly affects amylose synthesis [44]. Therefore, the starch content and amylose content may vary between years and should be compared in the same season.



In terms of the chemical composition of the grains, the application of N fertilizer led to an increase in protein content and a decrease in amylose content, which is consistent with the results of previous studies [30].




3.3. TPA of Cooked Rice


The TPA is a common instrument which is used to obtain the force-displacement curve by a double-compression test, providing a direct link between the mechanical properties of food and its texture profile [1,45]. The TPA parameters of cooked rice at different nitrogen application rates were significantly different, especially for hardness and stickiness (Figure 1). Hardness, cohesiveness gumminess, and chewiness progressively increased, while stickiness and adhesiveness decreased with an increase in the nitrogen application rate (Supplementary Table S1), consistent with the results of Singh et al. [27]. According to the hardness and stickiness data, no significant difference was found between the N1 and N0, but there was a significant difference between the N2 and N0, suggesting that rice texture can be improved with moderate nitrogen reduction. Hardness can be expressed in terms of the maximum force on the first compression and stickiness is the negative force of the first cycle. These two attributes of cooked rice were the two main texture attributes, which have been related to the amount and type of leached starch molecules [46]. During cooking, rice absorbs water and the starch granules swell and are ruptured, which results in starch leaching out and induces a decrease in rice hardness. The amylose and short-chain amylopectin leached during cooking are considered to contribute to the hardness and stickiness of cooked rice, respectively [1]. Cooked rice with a higher hardness has been recognized as being correlated to a higher AAC, which prevents swelling and helps maintain the integrity of swollen starch granules [47]. In contrast, in this study, N0 showed a lower hardness, which is a strong indication that hardness is not only related to AAC but is a complex trait affected by many factors. The significant differences in texture parameters among nitrogen application rates could be attributed to the amylose content, fine amylopectin structure, granule size, and the content of protein which adhered to the starch surface. The decrease in the average granule size of starch with an increase in the nitrogen application rate may be one of the reasons for the increase in hardness (see Section 3.4.2). Rice cultivars with larger granules have been reported to have a lower hardness [27].




3.4. Effect on the Structure of Starch


3.4.1. Granule Morphology


The variability in the morphological attributes of starch granules is contingent upon both the cultivars and the environmental conditions [48]. In the present investigation, the morphological characteristics of the extracted starch were thoroughly assessed utilizing a SEM and the micrographs are shown in Figure 2. For all the treatments the starch granules were in irregular polyhedral shapes and packed tightly together. Nitrogen application affected the appearance and morphology of starch in both cultivars. The granules of starch without nitrogen application (N0) were more uniform with a relatively smooth surface. This is in line with previous reports [30,49]. Indentations and pores were observed on the surface of the granules, and these became uneven with increasing nitrogen application. More small granules adhered to the larger ones in the N1 and N2 treatments. The changes in the morphology of the granules were ascribed to the difference in the grain filling processes, consequently leading to changes in various starch properties.




3.4.2. Granule Size Distribution


Starch granule size distribution is an important factor that influences rice eating and cooking quality [50,51]. The effect of the nitrogen application rate on the fine structure of amylopectin and amylose formation likely contributes to the diversity of starch granule size [52]. The effect of different nitrogen application rates on starch granule volume, number, and surface area distribution is shown in Figure 3. Generally, the number distribution of granule size displayed a unimodal trend [30] with a peak at approximately 0.7 μm. The volume and surface area distribution of starch granule size displayed a bimodal pattern [27,29,53,54] with peaks at approximately 1 and 7 μm, respectively. Following the size classification described previously [29], starch granule sizes were grouped into A-type granule (≤2.6 μm) and B-type granule (>2.6 μm) categories in Table 1. Compared with those in N0, the starch granules in N1 and N2 exhibited a smaller size, including the surface, number, volume-weighted mean diameter for d (0.1), d (0.5), and d (0.9) in Table 2. As exhibited in previous research, a significantly higher content of small granules was observed with an increasing nitrogen application rate, and the mean particle size fell. Previous literature has reported that nitrogen levels could affect granule distribution by affecting the grain filling process, prolonging the duration [3], and delaying the development of amyloplasts [55]. Waduge [56] suggested that large granules appeared first during the grain-filling period and were decomposed into medium-size starch granules and small starch granules later. This may explain the increasing percentage of A-type granules in N1 and N2.




3.4.3. X-ray Diffraction (XRD) and Relative Crystallinity (RC)


The XRD patterns and relative crystallinity (RC) at different nitrogen application levels were significantly different, as shown in Figure 4. The starches of all samples showed an A-type crystallinity displaying strong reflection peaks at 15.1° and 23° (2θ), and unresolved doublet peaks at 17° and 18°, which confirmed results with natural cereal starches [57]. Starches with nitrogen treatment showed a higher RC value than those without nitrogen and the value increased with the nitrogen rate. The results suggest that the application of nitrogen did not change the crystal type of rice starch, but enhanced the relative crystallinity of starch gradually, supporting the results of Zhu et al. [6]. The intensity increase may be due to the reduced amylose content, the ratio of short- to long-chain amylopectin [58], and the smaller granule size [59], which led to the compact arrangement of lattices and the formation of double-helix structures. These findings were consistent with the observed changes in starch helical structures and crystallinity regions (Section 3.4.4). The results in this study were similar to Cheetham’s finding [60], that relative crystallinity was positively correlated with a small granule proportion and the ratio of short- to long-chain amylopectin, while negatively correlated with AAC and average chain length, causing crystalline lamellae to be formed by amylopectin.




3.4.4. Fourier Transform Infrared Spectrum (FTIR)


FTIR was used to evaluate the short-range ordered structure in the external region of the starch granules [61]. The absorbance at 1045, 1022, and 995 cm−1 from the deconvoluted FTIR spectra were three typical characteristic bands of native starch, which were sensitive to the crystalline regions, amorphous regions, and the bonding in the helical structures in the carbohydrate, respectively [18,25] (see Figure 5). Hence, the ratios of 1045/1022 cm−1 and 995/1022 cm−1 can serve as quantitative indices to determine the degree of short-range molecular order in the external region of the granules [62,63].



The higher ratio of 1045/1022 cm−1 indicates that the starch with an ordered structure was more able to resist enzymes and acids. The short-range ordered degree affects the hydrolysis, digestion, and gelatinization of starch [64,65]. In the present study, starch from the control group presented the lowest R1045/1022 cm−1 value (0.66–0.71), followed by the nitrogen fertilizer treatment groups N1 (0.72) and N2 (0.73–0.78). The absorbance ratios of 1045/1022 cm−1 and 995/1022 cm−1 increased along with the nitrogen application levels (Table 1), indicating that nitrogen significantly promotes crystalline regions and boosts the packing or winding of helical structure formation. The short-range molecular order of double helix structures in starch is necessary for the formation of crystalline lamellae, while the long chains of amylopectin form a complete crystalline structure [11,60]. Starch in the N2 treatment showed a high absorbance ratio of 1045/1022 and 995/1022, suggesting that these starches exhibited more double-helix structures within the crystalline lamella of starch granules [63], which correspond with higher crystallinity inferred from XRD. However, crystallinity by XRD reflects the order of the whole granule structure, while the FTIR spectra showed structure characteristics only 2 μm deep from the granule surface [24,66].




3.4.5. Amylopectin Chain-Length Distribution (CLD)


Amylopectin chains were grouped into A chains (DP 6–12), B1 chains (DP 12–24), B2 chains (DP 24–36), and B3 chains (DP > 36) [30,67]. The change in debranched amylopectin chain length distribution profiles with different nitrogen application levels is shown in Figure 6. Parameters of amylopectin were compiled and are depicted in Table 2. The study’s findings revealed that the distribution of amylopectin chain length peaked at DP12, regardless of the nitrogen fertilizer treatment. A difference in the chromatograms of all the treatments was not observed.



Nitrogen fertilizer significantly decreased the average chain length, by increasing the proportion of short A and B1 chains while decreasing the B2 and B3 chain proportion slightly. This further elevated the (A + B1)/(B2 + B3) ratio, which was found at a high ratio in cereal crop starch (Bertoft, 2017). The differences between samples treated with N fertilizer and their controls N1–N0 and N2–N0 show the same trend, which is an increase in the B1 chain (DP 10–20) and a decrease in the proportion of mid to long chains. The change was observed more in N2–N0 than N1–N0. We can speculate that it might be due to the extension of the grain-filling period by the nitrogen treatment; most of the inferior grains developed late with poor plumpness, when the short chain branches had not developed into longer chain branched amylopectin. Short chains (A + B1 chains) form double helices that are involved in crystal formation in the starch granules [68] in accordance with the results for double-helix structure and crystalline structure above. Short A chains in amylopectin were positively correlated with relative crystallinity. The trend is more obvious in the N2 treatment compared with other treatments. The functional qualities of starch depend on the amylopectin fine structure, and the length of the amylopectin chain is closely related to the starch’s crystal structure and pasting properties [16,30,69].




3.4.6. Pasting Properties of Starch by RVA


The RVA response curve and characteristic values correctly reflect the gelatinization properties of rice flour under hydrothermal conditions by visually depicting the molecular changes of starch granules during gelatinization and swelling [53]. The pasting properties of starch were significantly different for rice from the three treatments (Table 3). The peak viscosity, trough viscosity, breakdown, and final viscosity were significantly decreased with the increasing nitrogen rate, consistent with previous research [6,10]. The peak viscosity typically signifies the highest swelling degree of the starch when heating [70]. A higher peak viscosity shows a greater water absorption capacity and swelling ability of the starch, which may result in a more viscous texture of cooked rice. The reduced overall viscosity of starch with nitrogen treatment may not only be correlated with the decline in amylose content, but also ascribed to the proportion of B3 chains declining [71]. In Li’s report, the amylose content was positively related to the final viscosity [72]. Final viscosity refers to the ultimate viscosity achieved during gelatinization, which is closely associated with the stickiness and texture of rice. The results indicate that an increase in nitrogen fertilizer application leads to a reduction in the final viscosity of starch, suggesting that rice samples with nitrogen fertilization exhibit lower viscosity compared to the control group. This finding is consistent with the results obtained from TPA.



The gelatinization temperature (GT) is the minimum temperature for pasting starch, which is related to the stability of starch granules. The higher GT in the N2 treatment may be ascribed to the higher crystallinity structure, external short-range order molecular structure, and double helix structure of starch.



Eating and cooking quality was significantly positively correlated with breakdown and negatively correlated with setback viscosity values [53]. High breakdown viscosity is a negative parameter and shows the rupture of starch granules while heating and swelling in water during gelatinization [73,74]. Setback viscosity may be driven by the leached amylose rearrangement during cooling and reflects the retrogradation of the starch paste [75]. Inhibiting granule swelling and maintaining the swollen starch granules are both possible with amylose [76]. The high breakdown viscosity and low setback viscosity value indicated that cooked rice with the highest palatability was neither too hard nor too sticky, which is in accordance with the texture parameters in Section 3.3. The pasting properties in the N1 treatment resulted in better eating and cooking quality than that in N2.




3.4.7. Thermal Properties of Starch by DSC


The thermal characteristics of starch in different nitrogen fertilizer treatment measured by DSC are illustrated in Table 3. The gelatinization temperatures (T0, Tp, Tc, and ΔT) and enthalpy were significantly increased along with the nitrogen fertilizer rates, thereby indicating the varying degree of crystallinity within the starch granules at different nitrogen fertilizer rates. Enthalpy reflects the energy required to gelatinize the starch. It is a measure of crystallinity and the loss of the double helix and molecular order in starch granules during paste heating [52]. The gelatinization temperature refers to the stability of the starch structure. With a large number of short chain amylopectin molecules, the starch in the N2 treatment may have formed more double helix structures, and, as a result, the starch granules were more compact and displayed a higher degree of molecular order. Although there was not a significant difference between the samples, it is possible that the more crystalline structures and higher degree of polymerization in amylopectin chains led to an increase in the melting point or gelatinization [77,78]. The gelatinization of starch has been shown to be influenced by interactive factors, including granule morphology, amylose/amylopectin ratio, the structure of starch molecules, and the content of minor components [79].




3.4.8. Swelling Power and Solubility


Swelling power reflects the ability of starch granules to bind to water, and solubility signifies the dissolution of starch molecules in water at a certain temperature. These two parameters define the interaction between starch and water molecules and are responsible for several factors. The solubility of starch in the different treatments of the two varieties ranged from 16.5% to 21.7%, with a swelling range of 15–18.1%, both with an increasing trend with the application of nitrogen. Compared to the N0 treatment, the solubility and swelling of starch in the N2 treatment increased 1.58 and 2.93 percentage points on average, respectively. The highest levels of starch solubility were observed in the N2 treatments with lower amylose content. The granules’ swelling may have been caused by prior water uptake into the amorphous region, which contains a large proportion of amylose. Amylose’s double helix can inhibit the further access of solvents and swelling of granules and, therefore, hinder the hydration of amorphous regions and the entire starch granule [76,80,81]. In addition, both water solubility and swelling power are determined by the size and surface morphological characteristics of starch granules. A high swelling power was observed in starches with smaller granules because of their high affinity for water. The starch granules with nitrogen treatment showed uneven surfaces and holes or pores appeared on the granule surface, which made it easier for water molecules to permeate into the interior of the granules and combine with more starch molecules to form hydrogen bonds, resulting in an increase in swelling power and solubility (Figure 1 and Supplemental Figure S3). Starch in the N2 treatment with more A-type granules had a larger surface area and more polar groups to combine with water, showing the highest solubility and swelling power. Whereas starches in the N0 treatment with a higher content of amylose and higher B3-chain content in the amylopectin showed a loose package of the double-helix structure and microcrystalline structure, leading to the suppression of the starch solubility and exhibiting a lower swelling power [29,82].





3.5. Relationship between Starch Structure Characteristics and Functional Properties


The Pearson correlation coefficient for starch structure and properties is shown in a plot (Figure 7). As the proportion of amylopectin increased, more helical structures formed, which were the basis of the crystalline lamellae, and improved the degree of order and the relative crystallinity of starch granules [72]. That means the starch with high nitrogen treatment has a more stable structure.



The gelatinization of starch has been found to be influenced by interactive factors, including granule morphology, amylose/amylopectin ratio, the microstructure of starch and the trace composition of the flour [79]. It has been shown [83] that the presence of short amylopectin chains (DP 6~12) induces lower gelatinization temperatures. Other literature has indicated that long chains formed stable double helices which span at least two crystalline lamellae, requiring a higher temperature to disorder the structure [84]. Tao [85] suggested that gelatinization temperatures decrease with DP < 60 amylopectin chains. In the present study, in contrast, the gelatinization temperatures rose with an increase in the proportion of amylopectin chain DP < 21.



Starch granules swell during gelatinization and pasting. Amylose suppresses the granules’ expansion, and it has been considered as an acknowledged explanation for differences in eating quality. However, it is not that simple, and amylose content alone is insufficient to explain pasting properties. These may be attributed to super long debranched amylopectin, which, like amylose, leaches out and forms a network around the granules, inhibiting further swelling and maintaining the swollen starch granules [85]. The small granules with more surface area had a high affinity for water. The difference in the granule size and the fine structure of amylopectin affected the pasting and gelatinization properties, which may lead to the variations of texture and eating quality. When heated in hot water, proteins play an important role in gelatinization and the thermodynamic properties of starch, besides leached amylose which inhibited the starch granules from swelling. The increase in protein bodies in the high N-application treatment adhered to the surface of amyloplasts and inhibited starch gelatinization [86].



In fact, the structure, size, and fine distribution of starch granules were not separate from each other, but closely related to each other [22]. They contribute to the changes in starch water absorption, gelatinization, and thermal and other characteristics in synergy. The other components of grain also act in combination with starch during gelatinization. This is a rather complex yet integrated system, and, most of the time, multiple factors rather than one or two factors determine the physicochemical properties of starch.





4. Conclusions


Two cultivars of japonica rice were employed to investigate grain yield and eating quality and their associations with starch structure and properties at three nitrogen application rates. The nitrogen application level significantly affects the composition and structure of starch, regulating the starch properties and texture quality of cooked rice. With nitrogen treatments (N1 and N2) the yield was increased by 49~87%; starch granules’ size decreased, and the surface of the starch granules became uneven and porous. With a greater relative crystallinity and a higher external short-range order, the structure of long branch-chain amylopectin was lower, and the proportion of short branch amylopectin was higher. Gelatinization enthalpy and temperatures rose, and viscosity declined. All of these changes in structure and proportion led to a harder texture and deteriorated the eating and cooking quality. The change in functional properties contributed to multiple factors synergistically and antagonistically in terms of the structure and contents, such as the granule size, fine structure of amylopectin, compositions, and hierarchical structure. Overall, a moderate reduction in nitrogen application improves rice texture and starch quality without affecting grain yield.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods12132601/s1, Table S1: The TPA parameters of cooked rice in different nitrogen application rates; Figure S1: Temperature and precipitation in 2020 and 2021 during rice cultivation; Figure S2: FTIR spectrum in different nitrogen rates from Bengal (A and C) and SD505 (B and D) in 2020 (A and B) and 2021 (C and D); Figure S3: Solubility in different nitrogen rates from Bengal and SD505.





Author Contributions


Y.L.: conceptualization, methodology, software, writing—original draft. C.L.: investigation. J.L. (Junfeng Liu): data curation. C.Z.: resources, writing—reviewing and editing. Z.W.: validation. S.G.: visualization. J.L. (Jiaxin Liu): validation. N.A.: validation. S.W.: conceptualization, supervision, funding acquisition. G.X.: resources. R.J.H.: writing—reviewing and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the China National Key Research and Development Program (2016YFD0300104) and the China Scholarship Council (202108210260).




Data Availability Statement


The data used to support the findings of this study can be made available by the corresponding author upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, H.; Gilbert, R.G. Starch molecular structure: The basis for an improved understanding of cooked rice texture. Carbohydr. Polym. 2018, 195, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Custodio, M.C.; Cuevas, R.P.; Ynion, J.; Laborte, A.G.; Velasco, M.L.; Demont, M. Rice quality: How is it defined by consumers, industry, food scientists, and geneticists? Trends Food Sci. Technol. 2019, 92, 122–137. [Google Scholar] [CrossRef]

	



Lu, D.; Xin, S.; Cai, X.; Yan, F.; Lu, W.; Shi, Y.C. Effects of heat stress during grain filling on the structure and thermal properties of waxy maize starch. Food Chem. 2014, 143, 313–318. [Google Scholar] [CrossRef] [PubMed]

	



Sun, M.M.; Abdula, S.E.; Lee, H.J.; Cho, Y.C.; Han, L.Z.; Koh, H.J.; Cho, Y.G. Molecular aspect of good eating quality formation in Japonica rice. PLoS ONE 2011, 6, e18385. [Google Scholar] [CrossRef] [PubMed]

	



Falade, K.O.; Semon, M.; Fadairo, O.S.; Oladunjoye, A.O.; Orou, K.K. Functional and physico-chemical properties of flours and starches of African rice cultivars. Food Hydrocoll. 2014, 39, 41–50. [Google Scholar] [CrossRef]

	



Zhu, D.; Zhang, H.; Guo, B.; Xu, K.; Dai, Q.; Wei, C.; Zhou, G.; Huo, Z. Effects of nitrogen level on structure and physicochemical properties of rice starch. Food Hydrocoll. 2017, 63, 525–532. [Google Scholar] [CrossRef]

	



Sano, O.; Ito, T.; Saigusa, M. Effects of co-situs application of controlled-availability fertilizer on fertilizer and soil nitrogen uptake by rice (Oryza sativa L.) in paddy soils with different available nitrogen. Soil Sci. Plant Nutr. 2008, 54, 769–776. [Google Scholar] [CrossRef]

	



Zhou, T.Y.; Li, Z.K.; Li, E.P.; Wang, W.L.; Yang, J.C. Optimization of nitrogen fertilization improves rice quality by affecting the structure and physicochemical properties of starch at high yield levels. J. Integr. Agric. 2021, 21, 1576–1592. [Google Scholar]

	



Wu, Q.; Wang, Y.Z.; Chen, T.T.; Zheng, J.L.; Sun, Y.D.; Chi, D.C. Soil nitrogen regulation using clinoptilolite for grain filling and grain quality improvements in rice. Soil Tillage Res. 2020, 199, 104547. [Google Scholar] [CrossRef]

	



Hu, Y.; Cong, S.; Zhang, H. Comparison of the Grain Quality and Starch Physicochemical Properties between Japonica Rice Cultivars with Different Contents of Amylose, as Affected by Nitrogen Fertilization. Agriculture 2021, 11, 616. [Google Scholar] [CrossRef]

	



Huang, S.-J.; Zhao, C.-F.; Zhu, Z.; Zhou, L.-H.; Zheng, Q.-H.; Wang, C.-L. Characterization of eating quality and starch properties of two Wx alleles japonica rice cultivars under different nitrogen treatments. J. Integr. Agric. 2020, 19, 988–998. [Google Scholar] [CrossRef]

	



Zhao, C.; Liu, G.M.; Chen, Y.; Jiang, Y.; Shi, Y.; Zhao, L.T.; Liao, P.Q.; Wang, W.L.; Xu, K.; Dai, Q.G.; et al. Excessive Nitrogen Application Leads to Lower Rice Yield and Grain Quality by Inhibiting the Grain Filling of Inferior Grains. Agriculture 2022, 12, 962. [Google Scholar] [CrossRef]

	



Zhu, D.W.; Zhang, H.C.; Guo, B.W.; Xu, K.; Dai, Q.G.; Wei, H.Y.; Gao, H.; Hu, Y.J.; Cui, P.Y.; Huo, Z.Y. Effects of nitrogen level on yield and quality of japonica soft super rice. J. Integr. Agric. 2017, 16, 1018–1027. [Google Scholar] [CrossRef]

	



Akhtar, K.; Wang, W.; Ren, G.; Khan, A.; Feng, Y.; Yang, G. Changes in soil enzymes, soil properties, and maize crop productivity under wheat straw mulching in Guanzhong. China Soil Tillage Res. 2018, 182, 94–102. [Google Scholar] [CrossRef]

	



Zhou, L.-J.; Sheng, W.-T.; Wu, J.; Zhang, C.-Q.; Liu, Q.-Q.; Deng, Q.-Y. Differential expressions among five Waxy alleles and their effects on the eating and cooking qualities in specialty rice cultivars. J. Integr. Agric. 2015, 14, 1153–1162. [Google Scholar] [CrossRef]

	



Li, H.; Prakash, S.; Nicholson, T.M.; Fitzgerald, M.A.; Gilbert, R.G. Instrumental measurement of cooked rice texture by dynamic rheological testing and its relation to the fine structure of rice starch. Carbohydr. Polym. 2016, 146, 253–263. [Google Scholar] [CrossRef] [PubMed]

	



Peng, Y.; Mao, B.; Zhang, C.; Shao, Y.; Wu, T.; Hu, L.; Hu, Y.; Tang, L.; Li, Y.; Tang, W.; et al. Influence of physicochemical properties and starch fine structure on the eating quality of hybrid rice with similar apparent amylose content. Food Chem. 2021, 353, 129461. [Google Scholar] [CrossRef]

	



Chen, Z.; Li, P.; Du, Y.; Jiang, Y.; Cai, M.; Cao, C. Dry cultivation and cultivar affect starch synthesis and traits to define rice grain quality in various panicle parts. Carbohydr. Polym. 2021, 269, 118336. [Google Scholar] [CrossRef]

	



Goldstein, A.; George, A.; Vamadevan, V.; Tetlow, I.; Kirkensgaard, J.J.K.; Mortensen, K.; Blennow, A.; Hebelstrup, K.H.; Bertoft, E. Influence of diurnal photosynthetic activity on the morphology, structure, and thermal properties of normal and waxy barley starch. Int. J. Biol. Macromol. Struct. Funct. Interact. 2017, 98, 188–200. [Google Scholar] [CrossRef]

	



Vamadevan, V.; Bertoft, E. Structure-function relationships of starch components. Starch—Stärke 2015, 67, 55–68. [Google Scholar] [CrossRef]

	



Vamadevan, V.; Bertoft, E. Observations on the impact of amylopectin and amylose structure on the swelling of starch granules. Food Hydrocoll. 2020, 103, 105663. [Google Scholar] [CrossRef]

	



Zhu, F. Relationships between amylopectin internal molecular structure and physicochemical properties of starch. Trends Food Sci. Technol. 2018, 78, 234–242. [Google Scholar] [CrossRef]

	



Gao, L.; Wan, C.; Wang, J.; Wang, P.; Gao, X.; Eeckhout, M.; Gao, J. Relationship between nitrogen fertilizer and structural, pasting and rheological properties on common buckwheat starch. Food Chem. 2022, 389, 132664. [Google Scholar] [CrossRef] [PubMed]

	



Gao, L.; Bai, W.; Xia, M.; Wan, C.; Wang, M.; Wang, P.; Gao, X.; Gao, J. Diverse effects of nitrogen fertilizer on the structural, pasting, and thermal properties of common buckwheat starch. Int. J. Biol. Macromol. 2021, 179, 542–549. [Google Scholar] [CrossRef]

	



Ran, L.; Yu, X.; Li, Y.; Zou, J.; Deng, J.; Pan, J.; Xiong, F. Analysis of development, accumulation and structural characteristics of starch granule in wheat grain under nitrogen application. Int. J. Biol. Macromol. 2020, 164, 3739–3750. [Google Scholar] [CrossRef]

	



Kaplan, M.; Karaman, K.; Kardes, Y.M.; Kale, H. Phytic acid content and starch properties of maize (Zea mays L.): Effects of irrigation process and nitrogen fertilizer. Food Chem. 2019, 283, 375–380. [Google Scholar] [CrossRef]

	



Singh, N.; Pal, N.; Mahajan, G.; Singh, S.; Shevkani, K. Rice grain and starch properties: Effects of nitrogen fertilizer application. Carbohydr. Polym. 2011, 86, 219–225. [Google Scholar] [CrossRef]

	



Williams, P.; Kuzina, F.; Hlynka, I. Rapid colorimetric procedure for estimating the amylose content of starches and flours. Cereal Chem. 1970, 47, 411–420. [Google Scholar]

	



Zhu, D.; Fang, C.; Qian, Z.; Guo, B.; Huo, Z. Differences in starch structure, physicochemical properties and texture characteristics in superior and inferior grains of rice varieties with different amylose contents. Food Hydrocoll. 2021, 110, 106170. [Google Scholar] [CrossRef]

	



Zhou, T.; Zhou, Q.; Li, E.; Yuan, L.; Wang, W.; Zhang, H.; Liu, L.; Wang, Z.; Yang, J.; Gu, J. Effects of nitrogen fertilizer on structure and physicochemical properties of ‘super’ rice starch. Carbohydr. Polym. 2020, 239, 116237. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, Y.; Wang, R.; Liu, X.; Zhang, Y.; Zhang, H.; Chi, C. Impact of long-term storage on multi-scale structures and physicochemical properties of starch isolated from rice grains. Food Hydrocoll. 2022, 124, 107255. [Google Scholar] [CrossRef]

	



Lu, D.; Lu, W. Effects of protein removal on the physicochemical properties of waxy maize flours. Starch—Stärke 2012, 64, 874–881. [Google Scholar] [CrossRef]

	



Zhu, D.; Zhang, H.; Guo, B.; Xu, K.; Dai, Q.; Wei, C.; Zhou, G.; Huo, Z. Physicochemical properties of indica-japonica hybrid rice starch from Chinese varieties. Food Hydrocoll. 2017, 63, 356–363. [Google Scholar] [CrossRef]

	



Dong, Z.; Wu, L.; Chai, J.; Zhu, Y.; Chen, Y.; Zhu, Y. Effects of Nitrogen Application Rates on Rice Grain Yield, Nitrogen-Use Efficiency, and Water Quality in Paddy Field. Commun. Soil Sci. Plant Anal. 2015, 46, 1579–1594. [Google Scholar] [CrossRef]

	



Wang, W.; Lu, J.; Ren, T.; Li, X.; Su, W.; Lu, M. Evaluating regional mean optimal nitrogen rates in combination with indigenous nitrogen supply for rice production. Field Crops Res. 2012, 137, 37–48. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhang, Y.-Y.; Song, N.-Y.; Chen, Q.-L.; Sun, H.-Z.; Peng, T.; Huang, S.; Zhao, Q.-Z. Response of grain-filling rate and grain quality of mid-season indica rice to nitrogen application. J. Integr. Agric. 2021, 20, 1465–1473. [Google Scholar] [CrossRef]

	



Lu, H.; Hu, Y.; Wang, C.; Liu, W.; Ma, G.; Han, Q.; Ma, D. Effects of High Temperature and Drought Stress on the Expression of Gene Encoding Enzymes and the Activity of Key Enzymes Involved in Starch Biosynthesis in Wheat Grains. Front. Plant Sci. 2019, 10, 1414. [Google Scholar] [CrossRef]

	



Deng, F.; Wang, L.; Mei, X.F.; Li, S.X.; Pu, S.L.; Li, Q.P.; Ren, W.J. Polyaspartic acid (PASP)-urea and optimised nitrogen management increase the grain nitrogen concentration of rice. Sci. Rep. 2019, 9, 313. [Google Scholar] [CrossRef]

	



Champagne, E.T.; Bett-Garber, K.L.; Thomson, J.L.; Fitzgerald, M.A. Unraveling the Impact of Nitrogen Nutrition on Cooked Rice Flavor and Texture. Cereal Chem. 2009, 86, 274–280. [Google Scholar] [CrossRef]

	



Gunaratne, A.; Sirisena, N.; Ratnayaka, U.K.; Ratnayaka, J.; Kong, X.; Arachchi, L.P.V.; Corke, H. Effect of fertiliser on functional properties of flour from four rice varieties grown in Sri Lanka. J. Sci. Food Agric. 2011, 91, 1271–1276. [Google Scholar] [CrossRef]

	



Hurkman, W.J.; Mccue, K.F.; Altenbach, S.B.; Korn, A.; Tanaka, C.K.; Kothari, K.M.; Johnson, E.L.; Bechtel, D.B.; Wilson, J.D.; Anderson, O.D. Effect of temperature on expression of genes encoding enzymes for starch biosynthesis in developing wheat endosperm. Plant Sci. 2003, 164, 873–881. [Google Scholar] [CrossRef]

	



Asaoka, M.; Okuno, K.; Fuwa, H. Effect of environmental temperature at the milky stage on amylose content and fine structure of amylopectin of waxy and nonwaxy endosperm starches of rice (Oryza sativa L.). Agric. Biol. Chem. 1985, 49, 373–379. [Google Scholar]

	



Arikit, S.; Wanchana, S.; Khanthong, S.; Saensuk, C.; Thianthavon, T.; Vanavichit, A.; Toojinda, T. QTL-seq identifies cooked grain elongation QTLs near soluble starch synthase and starch branching enzymes in rice (Oryza sativa L.). Sci. Rep. 2019, 9, 8328. [Google Scholar] [CrossRef] [PubMed]

	



Yao, D.; Wu, J.; Luo, Q.; Li, J.; Zhuang, W.; Xiao, G.; Deng, Q.; Lei, D.; Bai, B. Influence of high natural field temperature during grain filling stage on the morphological structure and physicochemical properties of rice (Oryza sativa L.) starch. Food Chem. 2020, 310, 125817. [Google Scholar] [CrossRef]

	



Friedman, H.H.; Whitney, J.E.; Szczesniak, A.S. The Texturometer—A New Instrument for Objective Texture Measurement. J. Food Sci. 1963, 28, 390–396. [Google Scholar] [CrossRef]

	



Rewthong, O.; Soponronnarit, S.; Taechapairoj, C.; Tungtrakul, P.; Prachayawarakorn, S. Effects of cooking, drying and pretreatment methods on texture and starch digestibility of instant rice. J. Food Eng. 2011, 103, 258–264. [Google Scholar] [CrossRef]

	



Wang, W.; Ge, J.; Xu, K.; Gao, H.; Liu, G.; Wei, H.; Zhang, H. Differences in starch structure, thermal properties, and texture characteristics of rice from main stem and tiller panicles. Food Hydrocoll. 2020, 99, 105341. [Google Scholar] [CrossRef]

	



Patindol, J.A.; Siebenmorgen, T.J.; Wang, Y.J. Impact of environmental factors on rice starch structure: A review. Starch—Stärke 2015, 67, 42–54. [Google Scholar] [CrossRef]

	



Yang, Y.; Guoqiang, L.; Xurun, Y.; Yunfei, W.; Fei, X. Rice starch accumulation at different endosperm regions and physical properties under nitrogen treatment at panicle initiation stage. Int. J. Biol. Macromol. 2020, 160, 328–339. [Google Scholar] [CrossRef]

	



SPark, H.; Wilson, J.D.; Seabourn, B.W. Starch granule size distribution of hard red winter and hard red spring wheat: Its effects on mixing and breadmaking quality. J. Cereal Sci. 2009, 49, 98–105. [Google Scholar]

	



Wang, W.; Cui, W.; Xu, K.; Gao, H.; Wei, H.; Zhang, H. Effects of Early- and Late-Sowing on Starch Accumulation and Associated Enzyme Activities During Grain Filling Stage in Rice. Rice Sci. 2021, 28, 191–199. [Google Scholar]

	



Wani, A.A.; Singh, P.; Shah, M.A.; Schweiggert-Weisz, U.; Gul, K.; Wani, I.A. Rice Starch Diversity: Effects on Structural, Morphological, Thermal, and Physicochemical Properties—A Review. Compr. Rev. Food Sci. Food Saf. 2012, 11, 417–436. [Google Scholar] [CrossRef]

	



Tang, S.; Zhang, H.; Liu, W.; Dou, Z.; Zhou, Q.; Chen, W.; Wang, S.; Ding, Y. Nitrogen fertilizer at heading stage effectively compensates for the deterioration of rice quality by affecting the starch-related properties under elevated temperatures. Food Chem. 2019, 277, 455–462. [Google Scholar] [CrossRef]

	



Xiong, R.; Xie, J.; Chen, L.; Yang, T.; Tan, X.; Zhou, Y.; Pan, X.; Zeng, Y.; Shi, Q.; Zhang, J.; et al. Water irrigation management affects starch structure and physicochemical properties of indica rice with different grain quality. Food Chem. 2021, 347, 129045. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Z.; Tang, S.; Li, G.H.; Liu, Z.H.; Ding, C.Q.; Chen, L.; Wang, S.H.; Ding, Y.F. Application of Nitrogen Fertilizer at Heading Stage Improves Rice Quality under Elevated Temperature during Grain-Filling Stage. Crop Sci. 2017, 57, 2183–2192. [Google Scholar] [CrossRef]

	



Waduge, R.N.; Xu, S.; Bertoft, E.; Seetharaman, K. Exploring the surface morphology of developing wheat starch granules by using atomic force microscopy. Starch—Stärke 2013, 65, 398–409. [Google Scholar] [CrossRef]

	



Nawaz, M.A.; Gaiani, C.; Fukai, S.; Bhandari, B. X-ray photoelectron spectroscopic analysis of rice kernels and flours: Measurement of surface chemical composition. Food Chem. 2016, 212, 349–357. [Google Scholar] [CrossRef]

	



Singh, N.; Nakaura, Y.; Inouchi, N.; Nishinari, K. Fine Structure, Thermal and Viscoelastic Properties of Starches Separated fromIndica Rice Cultivars. Starch—Stärke 2007, 59, 10–20. [Google Scholar] [CrossRef]

	



Lindeboom, N.; Chang, P.R.; Tyler, R.T. Analytical, biochemical and physicochemical aspects of starch granule size, with emphasis on small granule starches: A review. Starch—Stärke 2004, 56, 89–99. [Google Scholar] [CrossRef]

	



Cheetham, N.W.; Tao, L. Variation in crystalline type with amylose content in maize starch granules: An X-ray powder diffraction study. Carbohydr. Polym. 1998, 36, 277–284. [Google Scholar] [CrossRef]

	



Bernazzani, P.; Sanchez, R.F.; Woodward, M.; Williams, S. Determination of the glass transition temperature of thin unsupported polystyrene films using interference fringes. Thin Solid Film. 2008, 516, 7947–7951. [Google Scholar] [CrossRef]

	



Gul, K.; Singh, A.; Sonkawade, R. Physicochemical, thermal and pasting characteristics of gamma irradiated rice starches. Int. J. Biol. Macromol. 2016, 85, 460–466. [Google Scholar] [CrossRef] [PubMed]

	



Warren, F.J.; Gidley, M.J.; Flanagan, B.M. Infrared spectroscopy as a tool to characterise starch ordered structure—A joint FTIR–ATR, NMR, XRD and DSC study. Carbohydr. Polym. 2016, 139, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Cai, J.; Man, J.; Huang, J.; Liu, Q.; Wei, W.; Wei, C. Relationship between structure and functional properties of normal rice starches with different amylose contents. Carbohydr. Polym. 2015, 125, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Lin, L.; Wang, J.; Wang, Z.; Liu, Q.; Wei, C. In vitro digestion properties of heterogeneous starch granules from high-amylose rice. Food Hydrocoll. 2016, 54, 10–22. [Google Scholar] [CrossRef]

	



Qin, F.; Man, J.; Xu, B.; Hu, M.; Gu, M.; Liu, Q.; Wei, C. Structural properties of hydrolyzed high-amylose rice starch by α-amylase from Bacillus licheniformis. J. Agric. Food Chem. 2011, 59, 12667–12673. [Google Scholar] [CrossRef]

	



Patindol, J.; Gu, X.; Wang, Y.-J. Chemometric analysis of cooked rice texture in relation to starch fine structure and leaching characteristics. Starch—Stärke 2010, 62, 188–197. [Google Scholar] [CrossRef]

	



Bertoft, E. Understanding Starch Structure: Recent Progress. Agronomy 2017, 7, 56. [Google Scholar] [CrossRef]

	



Wang, K.; Wambugu, P.W.; Zhang, B.; Henry, R.J. The biosynthesis, structure and gelatinization properties of starches from wild and cultivated African rice species (Oryza barthii and Oryza glaberrima). Carbohydr. Polym. Sci. Technol. Asp. Ind. Important Polysacch. 2015, 129, 92–100. [Google Scholar] [CrossRef]

	



Tarahi, M.; Shahidi, F.; Hedayati, S. Physicochemical, Pasting, and Thermal Properties of Native Corn Starch-Mung Bean Protein Isolate Composites. Gels 2022, 8, 693. [Google Scholar] [CrossRef]

	



Ji, Z.; Yu, L.; Liu, H.; Bao, X.; Wang, Y.; Chen, L. Effect of pressure with shear stress on gelatinization of starches with different amylose/amylopectin ratios. Food Hydrocoll. 2017, 72, 331–337. [Google Scholar] [CrossRef]

	



Li, H.; Xu, M.; Chen, Z.; Li, J.; Wen, Y.; Liu, Y.; Wang, J. Effects of the degree of milling on starch leaching characteristics and its relation to rice stickiness. J. Cereal Sci. 2021, 98, 103163. [Google Scholar] [CrossRef]

	



Adebowale, K.O.; Olu-Owolabi, B.I.; Olawumi, E.K.; Lawal, O.S. Functional properties of native, physically and chemically modified breadfruit (Artocarpus artilis) starch. Ind. Crops Prod. 2005, 21, 343–351. [Google Scholar] [CrossRef]

	



Kong, X.; Zhu, P.; Sui, Z.; Bao, J. Physicochemical properties of starches from diverse rice cultivars varying in apparent amylose content and gelatinisation temperature combinations. Food Chem. 2015, 172, 433–440. [Google Scholar] [CrossRef]

	



Simi, C.K.; Abraham, T.E. Physicochemical rheological and thermal properties of Njavara rice (Oryza sativa) starch. J. Agric. Food Chem. 2008, 56, 12105–12113. [Google Scholar] [CrossRef]

	



Sang, Y.; Bean, S.; Seib, P.A.; Pedersen, J.; Shi, Y.-C. Structure and functional properties of sorghum starches differing in amylose content. J. Agric. Food Chem. 2008, 56, 6680–6685. [Google Scholar] [CrossRef]

	



Aboubacar, A.; Moldenhauer, K.A.; McClung, A.M.; Beighley, D.H.; Hamaker, B.R. Effect of growth location in the United States on amylose content, amylopectin fine structure, and thermal properties of starches of long grain rice cultivars. Cereal Chem. 2006, 83, 93–98. [Google Scholar] [CrossRef]

	



Krueger, B.; Knutson, C.; Inglett, G.; Walker, C. A differential scanning calorimetry study on the effect of annealing on gelatinization behavior of corn starch. J. Food Sci. 1987, 52, 715–718. [Google Scholar] [CrossRef]

	



Yuan, T.; Ye, F.; Chen, T.; Li, M.; Zhao, G. Structural characteristics and physicochemical properties of starches from winter squash (Cucurbita maxima Duch.) and pumpkin (Cucurbita moschata Duch. ex Poir.). Food Hydrocoll. 2022, 122, 107115. [Google Scholar] [CrossRef]

	



Lin, L.; Cai, C.; Gilbert, R.G.; Li, E.; Wang, J.; Wei, C. Relationships between amylopectin molecular structures and functional properties of different-sized fractions of normal and high-amylose maize starches. Food Hydrocoll. 2016, 52, 359–368. [Google Scholar] [CrossRef]

	



Zhu, D.; Qian, Z.; Wei, H.; Guo, B.; Xu, K.; Dai, Q.; Zhang, H.; Huo, Z. The effects of field pre-harvest sprouting on the morphological structure and physicochemical properties of rice (Oryza sativa L.) starch. Food Chem. 2019, 278, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Chung, H.-J.; Liu, Q.; Lee, L.; Wei, D. Relationship between the structure, physicochemical properties and in vitro digestibility of rice starches with different amylose contents. Food Hydrocoll. 2011, 25, 968–975. [Google Scholar] [CrossRef]

	



Noda, T.; Nishiba, Y.; Sato, T.; Suda, I. Properties of Starches from Several Low-Amylose Rice Cultivars. Cereal Chem. 2003, 80, 193–197. [Google Scholar] [CrossRef]

	



Witt, T.; Doutch, J.; Gilbert, E.P.; Gilbert, R.G. Relations between molecular, crystalline, and lamellar structures of amylopectin. Biomacromolecules 2012, 13, 4273–4282. [Google Scholar] [CrossRef]

	



Tao, K.; Li, C.; Yu, W.; Gilbert, R.G.; Li, E. How amylose molecular fine structure of rice starch affects functional properties. Carbohydr. Polym. 2019, 204, 24–31. [Google Scholar] [CrossRef]

	



Shi, S.; Zhang, G.; Chen, L.; Zhang, W.; Wang, X.; Pan, K.; Li, L.; Wang, J.; Liu, J.; Cao, C.; et al. Different nitrogen fertilizer application in the field affects the morphology and structure of protein and starch in rice during cooking. Food Res. Int. 2023, 163, 112193. [Google Scholar] [CrossRef]








[image: Foods 12 02601 g001 550] 





Figure 1. Effect of nitrogen application rate on yield (A), total starch 1 (B), protein 2 (C), amylose content of rice (D), swelling power (E), and TPA attributes (F). Mean ± SD values followed by the same letters do not differ significantly at p < 0.05. 1 Data expressed on the basis of white rice. 2 Data expressed on the basis of total starch content. 
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Figure 2. Scanning electric microscope (SEM) images of Bengal (A–C,a–c) and SD505 (D–F,d–f) starch in 2020 (A–F) and 2021 (a–f). N0 (A,D,a,d), N1 (B,E,b,e), and N2 (C,F,c,f). The arrows indicate the surface characteristics of starch granules. 
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Figure 3. Effect of nitrogen rates on the granule size distribution of starch in volume, number, and surface percentage in Bengal (A) and SD 505 (B). 
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Figure 4. X-ray diffraction patterns of starches at different nitrogen rates from Bengal (A,C) and SD505 (B,D). 
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Figure 5. Deconvolved FTIR profile at different nitrogen rates from Bengal (A,C) and SD505 (B,D) in 2020 (A,B) and 2021 (C,D). 
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Figure 6. Changes in the chain-length distribution of amylopectin from Bengal (A,C) and SD505 (B,D) in response to N application levels. N1–N0, N2–N0 represent the differences between samples treated with N fertilizer (N1 and N2) and their control (N0), respectively. 
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Figure 7. Correlations analysis of the structural and physicochemical properties and grain composition of japonica starches. N, nitrogen application rate; TSC, total starch content; AAC, apparent amylose content; PC, protein content; D [4, 3], volume-weighted mean diameter; A-type, small granule starch proportions; RC, relative crystallinity; 1045/1022, ratio of 1045/1022 cm−1; ΔH, gelatinization enthalpy; Tc, concluding gelatinization temperature; PV, peak viscosity; TV, trough viscosity; BD, breakdown viscosity; FV, final viscosity; PT, pasting temperature; SB, setback viscosity; SP, swelling power; S, water solubility; ACL, average chain length; S/L, the ratio of short chains and long chains. 
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Table 1. Granule size distribution and FTIR ratio of starch at different nitrogen rates.
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Year

	
Cultivars

	
Treatment

	
D [3, 2]

(μm)

	
D [4, 3]

(μm)

	
d (0.1)

(μm)

	
d (0.5)

(μm)

	
d (0.9)

(μm)

	
A-Type (%)

	
B-Type (%)

	
1045/1022

(cm−1)

	
995/1022

(cm−1)






	
2020

	
Bengal

	
N0

	
4.26 ± 0.12 c

	
7.33 ± 0.15 c

	
1.2 ± 0.04 e

	
6.5 ± 0.01 d

	
11.76 ± 0.04 c

	
14.75 ± 0.05 c

	
85.25 ± 0.05 d

	
0.66 ± 0.02 c

	
0.65 ± 0.01 d




	
N1

	
4.04 ± 0.01 d

	
6.85 ± 0.08 d

	
1.29 ± 0.03 d

	
5.83 ± 0.05 e

	
11.87 ± 0.06 c

	
16.62 ± 0.01 b

	
83.38 ± 0.01 e

	
0.72 ± 0 b

	
0.67 ± 0 c




	
N2

	
4.85 ± 0.07 b

	
6.76 ± 0.14 d

	
1.27 ± 0 d

	
5.74 ± 0.02 f

	
12.38 ± 0.29 b

	
17.81 ± 0.02 a

	
82.19 ± 0.02 f

	
0.73 ± 0.01 b

	
0.7 ± 0 b




	
SD505

	
N0

	
4.92 ± 0 b

	
8.54 ± 0.01 a

	
1.74 ± 0 a

	
7.45 ± 0.02 a

	
13.62 ± 0.14 a

	
11.28 ± 0.07 f

	
88.72 ± 0.07 a

	
0.68 ± 0.02 c

	
0.71 ± 0.01 b




	
N1

	
5.5 ± 0.05 a

	
8.39 ± 0.01 a

	
1.51 ± 0.01 b

	
7.12 ± 0 b

	
13.33 ± 0.18 a

	
12.57 ± 0.07 e

	
87.43 ± 0.07 b

	
0.73 ± 0.01 b

	
0.74 ± 0.01 a




	
N2

	
5.55 ± 0.01 a

	
7.63 ± 0.07 b

	
1.37 ± 0.02 d

	
6.85 ± 0.04 c

	
13.49 ± 0.31 a

	
13.51 ± 0.05 d

	
86.49 ± 0.05 c

	
0.76 ± 0 a

	
0.76 ± 0 a




	
2021

	
Bengal

	
N0

	
4.31 ± 0.03 f

	
7.21 ± 0.05 c

	
1.26 ± 0.01 c

	
6.13 ± 0.03 d

	
11.82 ± 0.01 c

	
16.08 ± 0.03 c

	
83.92 ± 0.03 d

	
0.68 ± 0.02 d

	
0.65 ± 0.01 d




	
N1

	
4.82 ± 0.03 d

	
6.95 ± 0.16 d

	
1.24 ± 0.04 cd

	
5.81 ± 0.02 e

	
11.94 ± 0.03 c

	
16.83 ± 0.02 b

	
83.17 ± 0.02 e

	
0.74 ± 0.01 b

	
0.72 ± 0.01 c




	
N2

	
4.69 ± 0.02 e

	
6.67 ± 0.19 e

	
1.2 ± 0.02 d

	
5.77 ± 0.02 e

	
12.45 ± 0.03 b

	
17.73 ± 0.05 a

	
82.27 ± 0.05 f

	
0.77 ± 0 ab

	
0.74 ± 0 b




	
SD505

	
N0

	
6.28 ± 0.04 a

	
8.45 ± 0.04 a

	
1.53 ± 0.01 a

	
6.93 ± 0.02 a

	
12.72 ± 0.01 b

	
12.63 ± 0.04 f

	
87.37 ± 0.04 a

	
0.71 ± 0.03 c

	
0.71 ± 0.01 c




	
N1

	
4.9 ± 0.04 c

	
8.21 ± 0.02 a

	
1.49 ± 0.02 ab

	
6.72 ± 0.04 b

	
13.42 ± 0.42 a

	
12.77 ± 0.01 e

	
87.23 ± 0.01 b

	
0.76 ± 0.01 ab

	
0.74 ± 0 b




	
N2

	
5.2 ± 0.02 b

	
7.78 ± 0.06 b

	
1.46 ± 0.01 b

	
6.38 ± 0.08 c

	
13.74 ± 0.07 a

	
13.33 ± 0.05 d

	
86.67 ± 0.05 c

	
0.78 ± 0.01 a

	
0.75 ± 0 a








The cumulative diameter values of d (0.1), d (0.5), and d (0.9) signify the diameter at which 10, 50, and 90% of particles, respectively, fell within the specific size range. D [3, 2] and D [4, 3] were calculated by mean diameter based on surface and volume, respectively. Values are present as means ± SD (n = 3); different letters within the same column differ significantly (p < 0.05).
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Table 2. Distribution of amylopectin at different nitrogen application levels of rice.
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Cultivars

	
Year

	
Treatment

	
A (%)

	
B1 (%)

	
B2 (%)

	
B3 (%)

	
ACL (DP)

	
A + B1/B2 + B3

	
A + B1 (%)






	
Bengal

	
2020

	
N0

	
29.93 e

	
49.22 c

	
10.70 b

	
10.14 a

	
19.44 a

	
3.80 e

	
79.15 f




	
N1

	
30.01 d

	
49.19 d

	
10.71 b

	
10.09 b

	
19.40 b

	
3.81 e

	
79.20 d




	
N2

	
30.18 c

	
49.15 e

	
10.75 a

	
9.91 c

	
19.34 c

	
3.84 d

	
79.34 d




	
2021

	
N0

	
30.19 c

	
49.32 f

	
10.54 c

	
9.95 c

	
19.31 d

	
3.88 c

	
79.51 c




	
N1

	
30.31 b

	
49.49 b

	
10.38 d

	
9.83 d

	
19.23 e

	
3.95 b

	
79.80 b




	
N2

	
30.61 a

	
49.49 a

	
10.34 e

	
9.55 e

	
19.12 f

	
4.03 a

	
80.10 a




	
SD505

	
2020

	
N0

	
29.59 f

	
48.64 d

	
10.93 a

	
10.84 a

	
19.72 a

	
3.59 f

	
78.23 f




	
N1

	
29.80 e

	
48.83 c

	
10.84 ab

	
10.52 b

	
19.56 b

	
3.68 e

	
78.63 e




	
N2

	
29.83 d

	
48.90 b

	
10.75 b

	
10.51 b

	
19.57 b

	
3.70 d

	
78.73 d




	
2021

	
N0

	
30.16 c

	
48.95 b

	
10.60 c

	
10.28 c

	
19.43 c

	
3.79 c

	
79.11 c




	
N1

	
30.32 b

	
49.11 a

	
10.58 c

	
9.98 d

	
19.32 d

	
3.86 b

	
79.44 b




	
N2

	
30.54 a

	
49.11 a

	
10.54 c

	
9.81 e

	
19.23 e

	
3.91 a

	
79.64 a








Values are presented as the means of three repetitions; different letters within the same column and same year differ significantly (p < 0.05).
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Table 3. Effects of nitrogen fertilizer on the pasting properties and thermal properties of rice starch in 2020 and 2021.
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Year

	
Cultivars

	
Treatment

	
Pasting Properties

	
Thermal Properties




	
PV

(cp)

	
TV

(cp)

	
BD

(cp)

	
FV

(cp)

	
SB

(cp)

	
PT

(℃)

	
ΔH

(J/g)

	
T0

(℃)

	
Tp

(℃)

	
Tc

(℃)






	
2020

	
Bengal

	
N0

	
3303 ± 22.23 a

	
1874 ± 37.67 a

	
1429 ± 15.51 a

	
3001 ± 46.68 a

	
1127 ± 12.33 a

	
71.27 ± 0.45 b

	
6.88 ± 0.08 e

	
61.28 ± 1.02 c

	
68.70 ± 0.22 bc

	
76.23 ± 0.09 d




	
N1

	
3165.67 ± 78.41 ab

	
1883.33 ± 101.21 a

	
1282.33 ± 120.48 ab

	
2996 ± 83.33 a

	
1112.67 ± 22.4 a

	
71.88 ± 0.02 ab

	
7.51 ± 0.07 b

	
62.13 ± 0.87 abc

	
68.93 ± 0.17 ab

	
76.37 ± 0.12 d




	
N2

	
3028.33 ± 124.63 bc

	
1876.67 ± 87.75 a

	
1151.67 ± 44.31 bc

	
3013.67 ± 137.91 a

	
1137 ± 50.46 a

	
71.88 ± 0.02 ab

	
7.67 ± 0.08 a

	
62.53 ± 0.54 abc

	
69.17 ± 0.12 ab

	
76.90 ± 0.22 b




	
SD505

	
N0

	
3040.33 ± 44.73 bc

	
1899.33 ± 67.37 a

	
1141 ± 84.75 bc

	
2994.67 ± 50.61 a

	
1095.33 ± 105 a

	
71.50 ± 0.39 b

	
7.12 ± 0.07 d

	
61.56 ± 0.49 bc

	
68.10 ± 0.08 d

	
76.63 ± 0.12 c




	
N1

	
2955.33 ± 67.43 c

	
1859 ± 24.71 a

	
1096.33 ± 69.43 cd

	
2924.67 ± 17.44 ab

	
1065.67 ± 28.41 a

	
72.63 ± 0.67 a

	
7.31 ± 0.02 c

	
63.03 ± 0.41 ab

	
68.57 ± 0.17 c

	
77.00 ± 0.08 b




	
N2

	
2763.33 ± 47.13 d

	
1791 ± 5.35 a

	
972.33 ± 42.28 d

	
2791 ± 89.29 b

	
1000 ± 89.5 a

	
72.60 ± 0.04 a

	
7.48 ± 0.06 b

	
63.63 ± 0.25 a

	
68.97 ± 0.17 ab

	
77.17 ± 0.12 a




	
2021

	
Bengal

	
N0

	
3063.33 ± 20.4 a

	
1985 ± 32.95 a

	
1078.33 ± 51.19 ab

	
3169.67 ± 25.95 a

	
1184.67 ± 17.25 a

	
71.22 ± 0.34 ab

	
6.83 ± 0.05 e

	
62.47 ± 0.05 a

	
68.17 ± 0.09 b

	
74.43 ± 0.26 d




	
N1

	
2836.67 ± 34.74 bc

	
1863.33 ± 24.85 bc

	
973.33 ± 39.19 c

	
2983.67 ± 38.85 ab

	
1120.33 ± 21.3 bc

	
71.23 ± 0.4 ab

	
7.07 ± 0.05 cd

	
62.33 ± 0.17 a

	
68.47 ± 0.25 b

	
75.33 ± 0.17 c




	
N2

	
2721 ± 20.4 d

	
1730.33 ± 13.89 d

	
990.67 ± 17.15 c

	
2863.33 ± 33.08 d

	
1133 ± 21.23 b

	
71.78 ± 0.02 a

	
7.27 ± 0.12 ab

	
62.70 ± 0.22 a

	
69.03 ± 0.12 a

	
76.43 ± 0.21 a




	
SD505

	
N0

	
3063.33 ± 91.58 a

	
1961 ± 111.08 ab

	
1102.33 ± 35.37 a

	
3069 ± 104.01 ab

	
1108 ± 10.2 bc

	
70.70 ± 0.39 b

	
6.96 ± 0.11 de

	
62.37 ± 0.17 a

	
69.10 ± 0.08 a

	
75.37 ± 0.12 c




	
N1

	
2856.33 ± 28.22 b

	
1773.33 ± 52.56 cd

	
1083 ± 33.08 ab

	
2892 ± 41.98 bc

	
1118.67 ± 14.38 bc

	
70.95 ± 0.04 b

	
7.14 ± 0.02 bc

	
62.37 ± 0.12 a

	
69.30 ± 0.08 a

	
75.63 ± 0.21 bc




	
N2

	
2752.33 ± 20.37 cd

	
1742.33 ± 8.06 cd

	
1010 ± 24.91 bc

	
2821 ± 22.2 d

	
1078.67 ± 25.93 c

	
71.28 ± 0.33 ab

	
7.36 ± 0.06 a

	
62.77 ± 0.05 a

	
69.40 ± 0.24 a

	
75.87 ± 0.05 bc








Values are presented as means ± SD (n = 3); different letters within the same column and same year differ significantly (p < 0.05).
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