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Abstract

:

Meteorological factors are one of the important factors that determine maize kernel weight and grain nutritional quality. Analyzing the influence of meteorological factors before and after anthesis on maize kernel weight and nutritional quality components is of great significance for improving corn yield and quality. Therefore, five different maize hybrids and conducted continuous experiments from 2018 to 2021 were selected in this study, to explore the response of maize kernel weight and grain nutritional quality to meteorological factors in different growth periods, and to quantify the linear relationship between grain nutritional quality parameters, grain weight, and meteorological factors. The main results were as follows: the 100-grain weight reached the maximum value of 39.53 g in 2018; the contents of crude protein, total starch, and crude fat in grains reached the maximum in 2018, 2020, and 2018, respectively, which were 9.61%, 69.2%, and 5.1%. Meteorological factors significantly affected the maize grain weight (p < 0.05). Before anthesis, total sunshine duration, average temperature, relative humidity, and the accumulated temperature had strong effects on grain weight. After anthesis, average daily temperature, total rainfall, temperature difference, accumulated temperature, average daily highest temperature, and total sunshine hours had strong effects on grain weight. There was also a significant correlation between grain weight and grain nutritional quality components (p < 0.05). The multivariate polynomial equation analysis revealed that further potential for maize grain weight could be exploited by adjusting the content of each quality component of the kernels under the current test conditions. Meteorological elements can indirectly affect the 100-grain weight through their relationship with the nutritional quality of the grains, with accumulated temperature before anthesis, average temperature after anthesis, and accumulated temperature after anthesis having the greatest indirect effect on the 100-grain weight. Therefore, the effects of pre-anthesis accumulation temperature, post-anthesis average temperature, and post-anthesis accumulation temperature on the nutritional quality of the grains can be harmonized by the application of hybrids of different lengths of vegetation and by adjusting the sowing time in agricultural production. Ultimately, maize grain weight can be increased on the basis of optimizing the content of various quality components in the grains.
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1. Introduction


With the improvement of people’s living standards, the requirements of crop yield and quality have become higher and higher. As a multi-purpose crop and as the largest grain crop in China, maize’s yield and nutritional quality are related to the food security of the country and the quality of life of residents [1,2]. The grain weight of maize is closely related to the grain nutritional quality attributes, and different nutritional components make crop grain weight different. Generally, the starch content, protein content, and oil content of maize grains at the physiological maturity stage are 60–72%, 8–11%, and 4–6%, respectively [3], and the yield and quality are greatly affected by environmental conditions [4,5,6]. Yu et al. [7] concluded that the balanced use of pre-anthesis and post-anthesis heat resources in heat-limited areas and achieving adequate accumulation of pre-anthesis population biomass are key. In heat-rich areas, tapping into post-anthesis material production, building suitable density populations, and delaying post-anthesis leaf senescence are central. According to the study of Tao et al. [8], photosynthesis will be inhibited under high temperature stress, which will reduce the supply of photosynthates to grains, leading to a significant decrease in grain weight and even grain yield. Babel et al. [9] found that the impact of climate change on maize yield per unit area could be alleviated by supplementary irrigation and adjustment of sowing date, and a 16-day earlier sowing date is expected to increase the yield by 17.9%. Walne et al. [10] believe that biomass resources are preferentially distributed in roots under low temperature and in leaves under high temperature, and the optimal temperature for root growth is lower than that for root development and aboveground growth and development. Lu et al. [11] showed that drought would reduce the content of starch and increase the content of crude protein in the grain of many crops. During the period from anthesis to grain filling, adequate irrigation can also improve the grain yield and protein content of maize, and the appropriate low temperature is conducive to the increase of the crude fat content of maize, at this stage [12]. Barutcula et al. [13] found that water stress at grain filling stage reduced grain yield, but had little effect on grain protein and oil content, while Ali et al. [14] believed that water stress would increase grain crude fat content, at later vegetative growth stage. In addition, environmental temperature also affects grain nutritional quality. Yang et al. [15] found that heat stress in maize could inhibit grain weight and grain starch accumulation by reducing starch synthetase activity, and increase grain protein content by increasing glutamate synthetase activity. Mayer et al. [16] found that extreme high temperature could change the protein composition of grain endosperm by increasing the relative abundance of glutelins and β-plus γ-zeins and decreasing the relative abundance of α-zeins. The above research results showed that climate factors had a significant impact on maize yield and quality, but the previous findings were mostly single meteorological elements within one to two years and under abnormal climate conditions, and the formation of crop yield and quality was the result of the interaction of multiple meteorological factors under normal climate conditions.



In order to define the relationship among meteorological factors, grain weight, and grain nutritional quality, this study was carried out in a continuous monitoring trial at the same location for four years. The effects of meteorological factors on maize grain weight and grain nutrient quality were analyzed, and the quantitative relationship between nutrient quality components of grain and grain weight and meteorological factors was determined at the same time. It provides an important basis for the adoption of rational cultivation methods to harmonize meteorological elements, grain weight, and nutritional quality of the grains in the agricultural production process and to make better use of climatic resources.




2. Materials and Methods


2.1. Description of Research Location


Field experiment were carried out at the Tumet Right Banner Experimental Station of the Inner Mongolia Agricultural University, China (40°59′51″ N, 110°57′76″ E) during 2018–2021. The soil type of the test field was sandy loam, and the 0–30 cm soil layer basic fertility of the test area during the test is containing 22.27 g kg−1 organic matter, 103.75 mg kg−1 available nitrogen, 15.76 mg kg−1 available phosphorus, and 219.60 mg kg−1 available potassium (pH 8.23). The previous crop was maize. Based on the pH value (determined in H2O), the soil can be classified as alkaline. The main meteorological factors during the maize growth period are given in Figure 1, and the main growth duration of different maize hybrids is given in Table 1. The average annual accumulated temperature for maize growth was 2997.5 °C in 2013–2017, the average annual rainfall during the growing season was 343.2 mm in 2013–2017, and the average annual total sunshine hours during the growing season were 1417.0 h in 2013–2017.




2.2. Experimental Design


Five common maize hybrids, Zhongdan 2 (ZD2), Danyu 13 (DY13), Yedan 13 (YD13), Xianyu 335 (XY335), and Denghai 618 (DH618), were selected. The random block design is adopted. Each hybrid was repeated three times. The length and width of the plot are 6 m and 6 m, respectively, a plot area is 36 m2, and the total site area is 540 m2. The crops were planted with equal row spacing of 0.6 m and with 37 cm spacing between plants in a row. Soil tillage practices: subsoiling with a depth of 35 cm. The planting density was 45,000 plants ha−1. The dosages of pure N (ammonium phosphate dibasic, 18%; urea, 46%), P (ammonium phosphate dibasic, 46%), and K (potassium sulphate, 50%) were 225 kg ha−1, 210 kg ha−1, and 202.5 kg ha−1. Ammonium phosphate dibasic and potassium sulphate were applied as basal fertilizer before seeding. The proportion of nitrogen (urea, 46%) top-dressing was 30% at V6 (sixth leaf) and 70% at V12 (twelfth leaf), respectively. The trial area was irrigated with drip irrigation four times during the whole growing period: at V6, V12, R1 (silking), and R2 (blister). Each irrigation was 750 m3 ha−1. The other management measures were the same as those typically used in large-scale farming.




2.3. Meteorological Data Collection


The TRM-ZS2 full-factor automatic weather station was used to measure and record daily average temperature, total rainfall, daily average highest temperature, daily average lowest temperature, total sunshine hours, daily average relative humidity, daily temperature difference, and cumulative temperature (≥10 °C) before anthesis (s1–s8) and after anthesis (s9–s16) in the experimental area. The daily measurements were recorded.




2.4. Measurement


Ten ears were randomly selected from each plot for natural air drying at the physiological maturity stage. Then, 100 grains from the middle of the ear were selected for calculating the 100-grain weight (converted to 14% moisture content).



At physiological maturity, a representative cob was selected, and the middle grains of the cob were placed into an oven at 105 °C for 30 min, then dried to a constant weight at 60 °C, and crushed for measurement. The whole nitrogen content of the grains was determined using the semi-micro Kjeldahl method (crude protein content of the grains = whole nitrogen content of the grains × 6.25); the crude fat content was determined by the Soxhlet extraction-residue method, and the total starch content was determined by the anthrone sulfate colorimetric method.




2.5. Statistical Analysis


Microsoft Excel 2019 (Microsoft, Inc., Redmond, WA, USA) was used for data processing, and SAS 9.4 (SAS Institute Inc., Raleigh, CA, USA) statistical software was used for data variance, path analysis, stepwise regression, correlation analysis, and multivariate polynomial equation fitting. A one-way ANOVA was used to compare the grain weight and nutritional quality components of the grains among five hybrids in each year during the same growth stage. A two-way ANOVA was used to investigate the effect of climatic conditions on the grain weight and nutritional quality components of the grains among five hybrids. LSD (Least-Significant Different) and Duncan’s method was used for the significance test. The stepwise regression method was used for multiple linear regression, and Pearson’s correlation was used for correlation analysis. Additionally, Sigmaplot 12.5 (Systat Software, Inc., San Jose, CA, USA) was used to create the figures.





3. Results


3.1. Variation of the 100-Grain Weight of Maize under Different Meteorological Elements


ANOVA and LSD test results indicated that there were highly significant different in the 100-grain weight among years, hybrids, and hybrids × year (p < 0.01) (Table 2). According to Figure 2, there was no significant difference in the mean grain weight of the five hybrids in 2018 and 2019, and no significant difference in the mean grain weight of the five hybrids in 2020 and 2021 (p > 0.05), while there were significant differences in 2018 and 2019 from 2020 and 2021, respectively. The mean grain weight of 5 hybrids in 2018 was significantly increased by 12.41% and 9.86% compared with 2020 and 2021, and the mean grain weight of five hybrids in 2019 was significantly increased by 11.69% and 9.16% compared with 2020 and 2021 (p < 0.05). The grain weight of DH618 was the highest among hybrids in all years, and the range of grain weight among hybrids was significantly different between different years, especially in 2020. Compared with other hybrids, DH618 grain weight increased by 24.41%, 25.44%, 31.54%, and 16.25% (2022).




3.2. Variation of Grain Nutritional Quality of Maize under Different Meteorological Elements


ANOVA and LSD test results indicated that the crude protein content, total starch content, and crude fat content of grains were significantly different among years, hybrids, and year × hybrids (p < 0.01) (Table 3). As shown in Figure 3, the average crude protein content in grains of the five hybrids was the highest in 2018, which was significantly increased by 5.41%, 12.09%, and 4.95% compared with that in 2019–2021 (p < 0.05). In 2018 and 2020, the grain crude protein content of DY13 was the highest among hybrids, the grain crude protein content of YD13 was the highest among hybrids in 2019, and the grain crude protein content of ZD2 was the highest among hybrids in 2021. The mean value of total starch content in grains of the five cultivars in 2020 was the highest, significantly increasing by 0.92%, 0.56%, and 0.50% compared with 2018, 2019, and 2021 (p < 0.05), respectively. The total starch content among hybrids was the highest in DH618. The range of total starch content among hybrids was significantly different in different years, with the most significant difference between hybrids in 2018 and 2021. The average crude fat content of grains in 2018 was the highest, significantly increasing by 8.41%, 10.20%, and 7.72% compared with 2019–2021, respectively (p < 0.05). The crude fat content of grains among hybrids is the highest in YD13, and the range of crude fat content among hybrids is also significantly different between different years. The difference was the largest in 2021.




3.3. Correlation between the 100-Grain Weight and Grain Nutritional Quality


The correlation analysis between the 100-grain weight and grain nutritional quality showed (Figure 4) that the 100-grain weight was significantly negatively correlated with grain crude protein content (−0.4200), extremely significantly negatively associated with grain crude fat content (−0.8108), and exceptionally significantly positively correlated with grain total starch content (0.6268), in 2018. In 2019, there was no significant correlation between the 100-grain weight and grain crude protein content, but a significant negative correlation with grain crude fat content (−0.4224), and a very significant positive correlation with grain total starch content (0.4747). In 2020, there was no significant correlation between the 100-grain weight and grain crude protein content, but a very significant negative correlation with grain crude fat content (−0.5982), and a significant positive correlation with grain total starch content (0.4389). In 2021, the 100-grain weight was significantly negatively correlated with crude protein content (−0.3786), significantly negatively correlated with crude fat content (−0.4866), and significantly positively associated with total starch content (0.5059). The comprehensive analysis of each year showed that the grain weight was negatively correlated with the content of crude protein and crude fat, and positively correlated with the content of total starch.




3.4. Multiple Linear Regression Analysis of Meteorological Elements and the 100-Grain Weight


In order to clarify the contribution of meteorological elements before and after anthesis to grain weight, eight meteorological parameters before and after anthesis were used to carry out stepwise regression of grain weight. The results are shown in Table 4 and Table 5. The multiple linear equations between grain weight (y) and before anthesis meteorological factors (s) was y = 213.22 − 1.81 s1 + 0.03 s5−3.19 s6 − 0.02 s8, in which the average temperature, total sunshine duration, relative humidity, and the accumulated temperature had strong effects on grain weight. The multiple linear equations of grain weight (y) and post-anthesis meteorological factors (s) were y = 427.27 + 40.64 s9 + 0.10 s10 − 52.87 s11 − 0.09 s13 + 10.68 s15 + 0.07 s16, in which average temperature, total rainfall, temperature difference, accumulated temperature, daily highest temperature, and total sunshine hours had strong effects on grain weight.




3.5. Multiple Linear Regression Analysis of Grain Nutritional Quality and Meteorological Elements


In order to clarify the contribution degree of pre-anthesis and post-anthesis meteorological elements to grain nutritional quality, eight meteorological elements at two periods—before and after anthesis—were used to perform stepwise regression. The results are shown in Table 6, Table 7 and Table 8. The multivariate linear equation between grain crude protein content (g1) and meteorological elements (Table 6) was g1 = −29.73 − 6.78 s1 + 0.03 s2 + 5.02 s3 + 1.79 s4 + 0.18 s6 + 0.02 s10. The pre-anthesis average temperature, post-anthesis total rainfall, pre-anthesis average daily highest temperature, pre-anthesis average daily lowest temperature, pre-anthesis relative humidity, and post-anthesis total rainfall had strong effects on the crude protein content in grains. The multivariate linear equation of total starch content in grain (g2) and meteorological factors (Table 7) was g2 = 170.05 + 11.43 s1 − 13.65 s3 + 6.63 s7 − 0.01 s13 − 0.91 s14 + 0.01 s16. The pre-anthesis average temperature, pre-anthesis average daily highest temperature, and pre-anthesis temperature difference, as well as the post-anthesis total sunshine hours, post-anthesis relative humidity, and post-anthesis accumulated temperature, had strong effects on the total starch content in grains. The multivariate linear equation of crude fat content (g3) and meteorological elements (Table 8) was g3 = −4.08 + 7.06 s1 − 5.48 s4 + 0.01 s5 − 5.64 s7 − 0.01 s8 + 0.02 s10 − 24.09 s11 + 25.05 s12 − 0.01 s13 + 27.64 s15. The pre-anthesis average temperature, pre-anthesis average daily lowest temperature, pre-anthesis total sunshine hours, pre-anthesis temperature difference, and pre-anthesis accumulated temperature, as well as post-anthesis the total rainfall, post-anthesis average daily highest temperature, post-anthesis average daily lowest temperature, post-anthesis total sunshine hours, and post-anthesis temperature difference, had strong effects on the crude fat content of grains.




3.6. Path Analysis of Meteorological Factors, Grain Nutritional Quality, and the 100-Grain Weight


Based on the results of stepwise regression, path coefficient analysis was conducted using meteorological factors (s) at two periods—before anthesis and after anthesis—grain nutritional quality (g), and grain weight (y) (Table 9). The results showed that the direct effect of grain crude protein content on the 100-grain weight is negative (−0.037). Among the indirect effect of meteorological factors on the 100-grain weight through the crude protein content of the grain, the indirect effect of average temperature after anthesis (s9) was the largest (−0.031). The direct effect of total grain starch content on the 100-grain weight was positive (0.294). The indirect effect of meteorological factors on the 100-grain weight through the total starch content of the grain, the indirect effect of accumulated temperature before anthesis (s8) was the largest (−0.165). The direct effect of the grain’s crude fat content on the 100-grain weight was negative (−0.419). The indirect effect of meteorological factors on 100-grain weight through the content of crude fat in the grain, the indirect effect of accumulated temperature after anthesis (s16) was the largest, which was 0.203.




3.7. Quantitative Analysis of Grain Nutritional Quality and the 100-Grain Weight


In order to further quantitatively analyze the relationship between grain nutritional quality and the 100-grain weight, taking grain crude protein content (g1), grain total starch content (g2), and grain crude fat content (g3) as independent variables and grain weight as the dependent variable (y), a ternary quadratic polynomial regression equation was obtained: y = −1412.173 − 678.929 g1 + 58.400 g2 + 980.618 g3 − 0.706 g12 + 9.426 g1g2 − 0.529 g22 + 10.419 g3g1 − 13.942 g3g2 − 12.535g32 (R2 = 0.690). By deriving this polynomial, it is clear that when the contents of crude protein, total starch, and crude fat in grains were 9.68%, 69.35%, and 4.75%, respectively, the maximum weight of 100 grains could reach 47.03 g. By reducing the dimension of this equation (Figure 5), within the test range, with the increase of grain crude protein content, the 100-grain weight first increased and then decreased. Before reaching the peak, the grain crude protein content increased by one percentage point, and the grain weight increased by 2.25 g. With the increase of total starch content in grains, the grain weight first decreased slightly and then increased rapidly. After the lowest point, the total starch content in grains increased by one percentage point, and the grain weight increased by 3.45 g. The grain weight gradually decreased with the increase of crude fat content. Before reaching the lowest point, the grain weight decreased by 3.63 g for every 1% grain crude fat content increase.




3.8. Quantitative Analysis of Meteorological Elements and Grain Nutritional Quality


In order to further quantitatively analyze the relationship between meteorological elements and grain nutritional quality, in view of the results of path analysis, the cumulative temperature before anthesis (s8), average temperature after anthesis (s9), and cumulative temperature after anthesis (s16) were taken as independent variables, and the contents of crude protein (g1), total starch (g2), and crude fat (g3) in grains of various hybrids were taken as dependent variables for regression analysis, obtaining the regression equation of the ternary quadratic polynomial: g1 = 8.495 − 0.004 s8 + 2.533 s9 − 0.034 s16 + 0.001 s9s8 − 0.151 s92 + 0.002 s16s9 (R2 = 0.906), g2 = 74.516 + 0.034 s8−13.245 s9 + 0.138 s16 − 0.003 s9s8 + 0.527 s92 − 0.003 s16s9 (R2 = 0.795), g3 = −36.968 − 0.003 s8 + 1.235 s9 + 0.040 s16 + 0.001 s9s8 − 0.071 s92 + 0.001 s16s9 (R2 = 0.739). By deriving this polynomial, it is clear that within the test range, when the accumulated temperature before anthesis (s8), the average temperature after anthesis (s9), and the accumulated temperature after anthesis (s16) were 1635.90 °C, 21.04 °C, and 1294.00 °C, respectively, the optimal value of the grain crude protein content was 9.86%; at 1697.50 °C, 19.01 °C, and 1561.84 °C, respectively, the optimum value of total starch content in grains was 71.83%; at 1835.51 °C, 20.88 °C, and 1367.25 °C, respectively, the optimum value of crude fat content in grains was 6.06%. According to the dimension reduction treatment of this equation (Figure 6), within the test range, the grain crude protein content gradually linearly increases with the increase of pre-anthesis accumulated temperature. For every 1 °C increase of pre-anthesis accumulated temperature, the grain crude protein content increases by 0.0015 percentage points; with the rise in average temperature after anthesis, the content of crude protein in grains increases gradually; with the rise of accumulated temperature after anthesis, the crude protein content of grains gradually slightly decreased. For every 1 °C increase of accumulated temperature after anthesis, the crude protein content of grains decreased by 0.0001 percentage points. With the increase of pre-anthesis accumulated temperature, the total starch content in grains gradually linearly decreased. With the rise in pre-anthesis accumulated temperature by 1 °C, the total starch content in grains decreased by 0.0030 percentage points; with the increase of average temperature after anthesis, the total starch content in grains decreased gradually; with the increase of accumulated temperature after anthesis, the total starch content of grains steadily increased. For every 1 °C increase of accumulated temperature after anthesis, the total starch content of grains increased by 0.0010 percentage points. With the increase of pre-anthesis accumulated temperature, the crude fat content of grains gradually increased. For every 1 °C increase of pre-anthesis accumulated temperature, the crude fat content of grains increased by 0.0017 percentage points; with the rise of average temperature after anthesis, the content of crude fat in grains decreased first and then increased; with the increase of accumulated temperature after anthesis, the crude fat content of grains linearly gradually reduced. For every 1 °C increase of accumulated temperature after anthesis, the crude protein content of grains decreased by 0.0016 percentage points.





4. Discussion


Crop yield and quality were the core of crop cultivation and genetic breeding discipline research. Achieving the highest yields and quality was the main objective of crop genetic improvement and regulation of cultivation environments and practices [17]. Crop yield and quality were formed in the same process of accumulation and distribution of photosynthetic products, so there was an inseparable relationship between yield and quality. Genetically determined yield potential and product physicochemical traits vary greatly from crop to crop and hybrid, coupled with the interaction of genetic factors and environment, making the relationship between yield and quality complex and variable. Maize yield is made up of the number of ears, the number of grains on the ears and the grain weight, and different meteorological elements play different roles in yield [18]. Under the condition of a certain number of ears, kernel number per ear and kernel weight of maize determine the yield of maize, of which the contribution was influenced by various factors, such as environmental conditions, genotype, and yield level [19]. The number of grains depends on the rate of flowering and fertilization and the extent to which photosynthetic products are transferred to the grains after fertilization. Flowering and fertilization are very sensitive to environmental conditions and if the period is characterized by water deficit or unfavorable climatic conditions, such as excessive precipitation, humidity, low temperatures, and nutritional deficiencies, the fruit set is reduced, resulting in grain number deficiency. Grain weight was a comprehensive reflection of the external growth and development and internal physiological and metabolic status of maize, an essential prerequisite for crops to achieve high yield [20] and was also susceptible to the impact of the ecological environment [21,22]. For example, high-temperature stress at the filling stage can affect the source-sink ratio of grains, reduce the filling rate of grains, and significantly reduce grain weight [23,24,25]. Although low-temperature stress has no significant effect on grain volume, it can also considerably reduce grain weight [26]. In addition, inappropriate soil water conditions can also affect the growth and development of the ear and the accumulation of grain inclusions in maize [27,28]. Light and temperature radiation are closely related to plant biomass and grain weight, and insufficient light and temperature resources also affect grain dry matter accumulation and yield formation [29,30]. This paper shows that the yield components of each maize hybrid responded differently to meteorological factors in different growing years, which led to differences in grain yield between maize hybrids in different growing years (Figure S1). Under normal climatic conditions, the pre-anthesis meteorological elements of total sunshine hours, average temperature, relative humidity, and accumulated temperature have a strong influence on grain weight, while the post-anthesis meteorological elements of average daily temperature, total rainfall, temperature difference, accumulated temperature, average daily highest temperature, and total sunshine hours have a strong influence on grain weight.



The content of grain quality components was one of the most important indicators for evaluating the nutritional quality of grains [31]. There have been studies on the relationship between 100-kernel weight and the content of crude protein, total starch, and crude fat in grains. For example, Chen et al. [4] studied the quality traits of maize hybrids under national review and the 100-grain weight was positively correlated with the crude starch content. It was significantly negative correlated with crude protein and lysine content and negatively correlated with crude fat content. This study also found that there was a highly significant positive correlation between the 100-grain weight and total starch content, a highly significant negative correlation with crude fat content, and an overall significant negative correlation with the crude protein content of the grains. Nutrient quality components in grain are synthesized by further conversion of glucose, the initial product of photosynthesis. Yang et al. [15] found that different amounts of glucose are required for the formation of different organic compounds in the grains. In other words, maize hybrids with a high starch content in the kernel must have a higher grain weight than those with a high crude protein and crude fat content in the kernel, when the glucose produced by photosynthesis is equal. It can be seen that if the crude protein and crude fat content of the grains are increased, their yield will be affected unless the photosynthetic efficiency of the crop is further improved and the material production capacity of the crop is enhanced. Based on this, a quantitative analysis of the crude protein, total starch, and crude fat content of the grains in relation to the 100-grain weight showed that the maximum 100-grain weight of 47.03 g was achieved when the crude protein, total starch, and crude fat content of the grains were 9.68%, 69.35%, and 4.75%, respectively. Under the current test conditions, the maximum 100-grain weight of each hybrid in each year was only 44.36 g. It can be found that the grain weight potential of maize hybrids can still be further exploited by optimizing the content of each quality component of the grain.



As mentioned earlier, both environmental and cultivation practices have a significant impact on crop yield and quality, and it is generally accepted that unfavorable environmental conditions tend to increase grain crude protein content and that agronomic practices that increase grain crude protein content also tend to result in lower crop yields [32]. However, the relationship between grain weight and crude protein content of the grains is not linear. A suitable ecological environment and reasonable cultivation measures are conducive to both increasing grain weight and improving the nutritional quality of the grains, such as combining reasonable fertilization with reasonable irrigation [33]. Meteorological factors stress at different growth stages also can cause differences in grain content, starch structure, and nutritional quality [34,35,36]. Mariem et al. [37] concluded that drought led to a significant reduction in starch content in maize grain and a significant increase in amino acid and mineral content. In turn, Shi et al. [38] concluded that drought stress increased starch content in grain and the clear protein, glutenin, and alcoholic protein in the protein fraction were significantly reduced. Regarding this, Chen et al. [39] believed that the difference might be caused by the difference in stress period (joining, tasseling, flowering, fruit-bearing period, etc.), water control method (pot planting, pond planting, etc.), duration of stress, etc. Mayer et al. [16] also found that heat stress during the growth period of maize grains would increase the protein content after encountering extremely high-temperature conditions at the early stage of grain growth. Martínez et al. [40] found that the amylose percentage and amylose/total starch ratio of grains were significantly affected by environmental conditions, and the lowest temperature during the active grain filling period was an environmental factor that could better explain the differences in grain starch composition. This study shows that pre-anthesis cumulative temperature, mean post-anthesis temperature, and post-anthesis cumulative temperature can indirectly influence the 100-grain weight through their relationship with grain nutritional quality, but that these three meteorological elements have different effects on different nutritional quality components. The after-anthesis average temperature had the greatest indirect effect on crude protein content, the before-anthesis accumulated temperature had the greatest indirect effect on total starch content, and the after-anthesis accumulated temperature had the greatest indirect effect on crude fat content. As for the differences in the response of grain starch and crude protein contents to temperature, we believe that these differences may be caused by starch and protein deposition in endosperm tissues [21] and the different sensitivity of enzyme systems related to material transformation to heat stress. The quantitative analysis of pre-anthesis accumulated temperature, post-anthesis average temperature, and post-anthesis accumulated temperature was found that the current test under the condition of grain crude protein, crude fat, and total starch content and there is still a large gap between the theoretical value Therefore, the effects of pre-anthesis accumulation temperature, post-anthesis average temperature, and post-anthesis accumulation temperature on the nutritional quality of the grains can be harmonized by the selection of suitable sowing periods and the application of hybrids of different growth stages. Ultimately, maize grain weight can be increased on the basis of optimizing the content of various quality components in the grains. Additionally, previous studies have found that in maize kernels, drought stress modified the food and feed quality by increasing the concentrations of nitrogen, magnesium, zinc, and prolamin and by reducing concentrations of potassium and glutelin [41]. The changes in rain-fall patterns at critical growth maize stages seemed to be a more important factor than temperature in regulating the response of maize cultivars in terms of grain yield and quality to various fertilization regimes [42]. In this study, the relationship between grain nutritional quality fractions and rainfall was small, which we believe may be due to the fact that supplemental irrigation and other measures during cultivation reduced the effect of rainfall on grain nutritional quality fractions. Wang et al. [43] reported that shading improved protein content but limited starch deposition and suggested that the lower IAA content led to reduced starch and protein synthase activity. In this study, the relationship between radiation and grain nutritional quality fractions was also small, which may be due to the fact that this experiment was conducted in only one ecological zone and the differences in radiation levels were small. Future research could be carried out in multiple ecological zones over a number of years to further refine the pattern of response of the nutritional quality components of the grains to meteorological elements.



Given the relationship between grain weight and nutritional quality and meteorological factors, it is easy to see that it is possible to improve the nutritional quality of maize seeds while ensuring high yields by adapting hybrids to their ecological suitability and creating optimum conditions for the interaction of genetic and non-genetic factors through the regulation of cultivation techniques under different ecological conditions.




5. Conclusions


Among the pre-anthesis meteorological elements, total sunshine hours, mean temperature, relative humidity, and the cumulative temperature had a strong effect on grain weight; among the post-anthesis meteorological elements, mean daily temperature, total rainfall, temperature difference, cumulative temperature, mean daily highest temperature, and total sunshine hours had a strong effect on grain weight. There was a significant correlation (p < 0.05) between the 100-grain weight and the nutritional quality components of the kernels, and the grain weight potential of each maize hybrid can be further explored by optimizing the grain quality component content. For example, in the process of increasing the total starch content of the grains, the weight of the grains also increases significantly. Average post-anthesis temperature, pre-anthesis accumulated temperature, and post-anthesis accumulated temperature can have a greater indirect effect on the 100-grain weight through their relationship with the nutritional quality components of the grains, but these three meteorological elements have different effects on the different nutritional quality components, with the average post-anthesis temperature having the greatest negative indirect effect on the crude protein content of the grains, the pre-anthesis accumulated temperature having the greatest negative indirect effect on the total starch content of the grains, and the post-anthesis accumulated temperature having the greatest positive indirect effect on the crude fat content of the grains. Therefore, the effects of pre-anthesis accumulation temperature, post-anthesis average temperature, and post-anthesis accumulation temperature on the nutritional quality of the grains can be harmonized by the selection of suitable sowing periods and the application of hybrids of different growth stages. Ultimately, maize grain weight can be increased on the basis of optimizing the content of various quality components in the grains.
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Figure 1. Daily values of main meteorological factors in the analyzed years during the growth period in the experimental area. 
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Figure 2. The difference of the 100-grain weight of maize hybrids in different years. Note: In the boxplot, the solid line represents the median, the dotted line represents the average, and the top and bottom of the box represent the upper and lower quartiles. Different letters indicate significant difference (p < 0.05). 
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Figure 3. The difference of grain nutritional quality of maize hybrids in different years. Note: In the boxplot, the solid line represents the median, the dotted line represents the average, and the top and bottom of the box represent the upper and lower quartiles. Different letters indicate significant difference (p < 0.05). 
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Figure 4. Correlation analysis between grain nutritional quality and the 100-grain weight. Note: “n” = the number of samples. “*” significant at p < 0.05, “**” significant at p < 0.01. 
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Figure 5. Regression analysis of grain nutritional quality and the 100-grain weight. 
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Figure 6. Regression analysis of selected meteorological factors and grain nutritional quality. 
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Table 1. The main growth duration days of different periods of analyzed maize hybrids.
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Period

	
Hybrid

	
Years




	
2018

	
2019

	
2020

	
2021






	
Sowing period

	
All

	
4/21

	
4/23

	
4/26

	
4/29




	
Sowing period–Silking period

	
ZD2

	
84 d

	
86 d

	
83 d

	
82 d




	
DY13

	
84 d

	
88 d

	
83 d

	
82 d




	
YD13

	
82 d

	
86 d

	
86 d

	
84 d




	
XY335

	
80 d

	
84 d

	
78 d

	
79 d




	
DH618

	
78 d

	
82 d

	
75 d

	
76 d




	
Silking period–Mature period

	
ZD2

	
58 d

	
73 d

	
71 d

	
74 d




	
DY13

	
60 d

	
75 d

	
71 d

	
74 d




	
YD13

	
63 d

	
73 d

	
67 d

	
73 d




	
XY335

	
67 d

	
75 d

	
75 d

	
74 d




	
DH618

	
66 d

	
75 d

	
75 d

	
75 d




	
Harvest period

	
All

	
10/1

	
10/6

	
10/7

	
10/15
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Table 2. ANOVA results for the 100-grain weight measured between the growing year and hybrids.
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	Source of Variation
	DF
	100-Grain Weight (F-Value)





	Years (Y)
	3
	150.30 **



	Hybrids (H)
	4
	280.48 **



	Y × H
	12
	3.19 **



	Error MS
	100
	1.19







Note: “**” significant at p < 0.01.
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Table 3. ANOVA results for grain nutritional quality measured between the growing year and hybrids.
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	Source of Variation
	DF
	Grain Crude Protein Content (F-Value)
	Grain Total Starch Content (F-Value)
	Grain Crude Fat Content (F-Value)





	Years (Y)
	3
	61.56 **
	9.20 **
	44.08 **



	Hybrids (V)
	4
	5.10 **
	14.30 **
	85.60 **



	Y × V
	12
	2.72 **
	2.70 **
	4.47 **



	Error MS
	100
	0.088
	0.219
	0.030







Note: “**” significant at p < 0.01.
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Table 4. Multiple linear regression analysis of pre-anthesis meteorological factors and the 100-grain weight.
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	Model
	B (Coefficient)
	Standard Error
	F-Value
	Pr > F





	Intercept
	213.22
	23.36
	83.33
	<0.0001



	s1
	−1.83
	0.83
	4.86
	0.044



	s5
	0.03
	0.01
	35.69
	<0.0001



	s6
	−3.19
	0.44
	52.09
	<0.0001



	s8
	−0.02
	0.01
	6.85
	0.019







Note: Variables s2, s3, s4, and s7 were removed. The significance of the variables retained in the model was less than 0.1. s1–s8 represent the eight meteorological factors (average temperature, total rainfall, average daily highest temperature, average daily lowest temperature, total sunshine hours, relative humidity, temperature difference, and accumulated temperature (≥10 °C)) before the anthesis, the same below.
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Table 5. Multiple linear regression analysis of the 100-grain weight and after anthesis meteorological factors.
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	Model
	B (Coefficient)
	Standard Error
	F-Value
	Pr > F





	Intercept
	427.27
	156.12
	7.49
	0.017



	s9
	40.64
	14.94
	7.40
	0.018



	s10
	0.10
	0.05
	4.15
	0.062



	s11
	−52.87
	18.23
	8.41
	0.012



	s13
	−0.09
	0.03
	7.16
	0.019



	s15
	10.68
	4.08
	6.85
	0.021



	s16
	0.07
	0.01
	27.50
	0.000







Note: Variables s12 and s14 were removed. s9–s16 represent the eight meteorological factors (average temperature, total rainfall, average daily highest temperature, average daily lowest temperature, total sunshine hours, relative humidity, temperature difference, and accumulated temperature (≥10 °C)) after the anthesis, the same below.
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Table 6. Multiple linear regression analysis of meteorological elements and crude protein content in grains.
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	Model
	B (Coefficient)
	Standard Error
	F-Value
	Pr > F





	Intercept
	−29.73
	17.59
	2.86
	0.115



	s1
	−6.78
	3.57
	3.60
	0.080



	s2
	0.03
	0.01
	5.42
	0.037



	s3
	5.02
	2.66
	3.58
	0.081



	s4
	1.79
	0.87
	4.21
	0.061



	s6
	0.18
	0.09
	4.27
	0.059



	s10
	0.02
	0.01
	7.37
	0.018







Note: Variables s5, s7, s8, s9, s11, s12, s13, s14, s15, and s16 are excluded.
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Table 7. Multiple linear regression analysis of meteorological factors and total starch content in grains.
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	Model
	B (Coefficient)
	Standard Error
	F-Value
	Pr > F





	Intercept
	170.05
	34.87
	23.79
	0.000



	s1
	11.43
	4.12
	7.68
	0.016



	s3
	−13.65
	4.72
	8.37
	0.013



	s7
	6.63
	2.14
	9.60
	0.009



	s13
	−0.01
	0.00
	6.82
	0.022



	s14
	−0.91
	0.31
	8.54
	0.012



	s16
	0.01
	0.00
	11.84
	0.004







Note: Variables s2, s4, s5, s6, s8, s9, s10, s11, s12, and s15 are excluded.
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Table 8. Multiple linear regression analysis of meteorological factors and grain crude fat content.
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	Model
	B (Coefficient)
	Standard Error
	F-Value
	Pr > F





	Intercept
	−4.08
	8.78
	0.22
	0.653



	s1
	7.06
	1.08
	42.74
	0.000



	s4
	−5.48
	1.12
	23.79
	0.001



	s5
	0.01
	0.00
	9.05
	0.015



	s7
	−5.64
	0.75
	56.67
	<0.0001



	s8
	−0.01
	0.00
	31.84
	0.000



	s10
	0.02
	0.00
	195.46
	<0.0001



	s11
	−24.99
	4.84
	26.68
	0.001



	s12
	25.05
	4.89
	26.20
	0.001



	s13
	−0.01
	0.00
	185.68
	<0.0001



	s15
	27.64
	5.08
	29.67
	0.000







Note: Variables s2, s3, s6, s9, s14, and s16 are excluded.
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Table 9. Path analysis of meteorological factors, grain nutritional quality, and the 100-grain weight.
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Index

	
Direct Path Coefficient

	
Indirect Path Coefficient




	
g1 − y

	
g2 − y

	
g3 − y






	
g1

	
−0.037

	

	
−0.217

	
−0.213




	
g2

	
0.294

	
0.027

	

	
0.282




	
g3

	
−0.419

	
−0.019

	
−0.198

	




	
s1

	
−0.293

	
−0.009

	
−0.060

	
−0.019




	
s5

	
0.055

	
−0.013

	
−0.073

	
−0.200




	
s6

	
−0.017

	
−0.002

	
−0.050

	
−0.171




	
s8

	
−0.202

	
−0.012

	
−0.165

	
−0.177




	
s9

	
1.835

	
−0.031

	
−0.119

	
−0.131




	
s10

	
2.254

	
−0.020

	
−0.060

	
−0.154




	
s11

	
−1.719

	
−0.029

	
−0.113

	
−0.110




	
s13

	
−1.995

	
−0.007

	
0.020

	
−0.049




	
s15

	
0.358

	
0.030

	
0.120

	
0.113




	
s16

	
0.515

	
0.001

	
0.072

	
0.203








Note: y stands for the 100-grain weight; g1 − g3 showed the contents of crude protein, total starch, and crude fat in grains.
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