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Abstract


Lodging is one of the main factors causing yield loss of maize under high-density planting conditions. Root lodging as an important lodging type has received little attention. Plant growth regulators (PGRs) and nitrogen fertilizer can coordinate the relationship between root lodging and yield. This two-year field experiment was conducted with two nitrogen levels of N225 (225 kg ha−1) and N300 (300 kg ha−1) at a high planting density (90,000 plants ha−1) during the maize growth season from 2019 to 2020. Plant growth regulator (Yuhuangjin, the mixture of 3% DTA-6 and 27% ethephon) was sprayed at the V8 stage. The results showed that PGRs significantly decreased plant height, improved root distribution and dry weight, enhanced photosynthetic rate and activities of photosynthetic carboxylase in ear leaves, and improved root bleeding sap and root activities after the silking stage. N225 combined with PGRs reduced the occurrence of root lodging and was conducive to photosynthate accumulation and root nutrient supply; it coordinated root regulation and morphological and physiological shoot functions, and played a crucial role in reducing root lodging and improving maize yield.
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1. Introduction


Low planting density of maize in Northeast China leads to a low average yield per unit area. Therefore, increasing planting density is the key factor to achieve high and stable yield of maize crops [1,2,3]. However, when the planting density exceeds a certain range, the population structure of maize changes, plant height, ear height and internode length increase, and the stalk becomes thin and delicate [4,5,6]. Too much density can also cause the root system to be smaller and thinner: the number of aerial roots and total roots decreases significantly, the angle between aboveground nodal roots and the ground increases significantly, and the dry weight ratio of the root system in the topsoil layer increases, while that in the deep soil layer decreases [7,8]. The above causes an increase in the lodging rate and decrease in grain quality and yield of maize [9,10]. This is accompanied by an increase in competition between root and canopy under high-density conditions, resulting in disharmony between source and sink, and hindering material and energy transfer between root and canopy. Many tillage methods such as intertillage and subsoiling are often used to improve the surface soil environment, promote root downscaling, reduce root crowding at the surface layer, and regulate the root quality of a high-density population [11]. However, the effect is greatly affected by soil fertility, variety characteristics, inter-seasonal rain, and heat distribution, which seriously restrict the application and popularization of the technology.



Plant growth regulators (PGRs) have great advantages in many methods of population structure optimization. It has been previously shown that spraying PGRs during the five to nine leaf stages could significantly decrease internode length and plant height, increase stem diameter at the base internode, and enhance lodging resistance of maize [12,13,14], resulting in significantly increased grain production. At present, most of the studies on PGRs focus on the above-ground part, such as plant morphology, while the research on the root system is relatively less [15]. As a tall stalk crop, maize has a strong root system, which can not only provide sufficient water and nutrients for its aboveground growth, but also effectively support its tall growth aboveground and prevent lodging [16,17,18]. There are few reports on whether PGRs can change root–shoot architecture to prevent root lodging.



The rational operation of nitrogen fertilizer is the focus of crop management in current agricultural production. As the nutrient element most demanded by maize, proper nitrogen application is conducive to regulating crop growth and development, improving photosynthetic performance, and achieving high quality and yield [19]. In the northeast plain of China, the agricultural system is heavily dependent on nitrogen application, and the yield is increased by a large amount of nitrogen application [20]. Excessive application of nitrogen fertilizer reduces nitrogen use efficiency, increases the lodging risk of maize, and causes yield loss [21].



Based on the above analysis and our previous studies, we hypothesized that the PGRs under appropriate nitrogen levels and varieties could reduce the risk of root lodging and increase the yield of maize. To verify this hypothesis, we established a 2-year field maize experiment in the Northeast China Plain, located in a semi-humid area, to examine the effects of PGRs and nitrogen fertilizer levels on (1) plant agronomic characters and photosynthetic characteristics of ear leaf; (2) root morphological characters, root activity, and endogenous hormone in root bleeding sap; and (3) root lodging resistance and grain yield. This paper will offer a basis for further increasing planting density, reducing lodging, reducing fertilizer application, and achieving a high yield of spring maize in northeast China.




2. Materials and Methods


2.1. Experimental Site


The field experiment was conducted in 2019 and 2020 at the Field Experimental Station of Jilin Academy of Agricultural Sciences at Huadian Country, Jilin Province, China (42.58° N, 126.44° E). The soil type at the experimental site is alluvial soil, the contents of organic matter, total N, available P, and available K in the 0–20 cm soil layer were 18.42 g kg−1, 1.86 g kg−1, 25.53 mg kg−1, and 171.78 mg kg−1, respectively. The climatic conditions of this region are humid and cool areas. The weather conditions of 2019 and 2020 are shown in Figure 1.




2.2. Experimental Design


The tested maize (Zea mays L.) varieties were Dika159 (DK159) and Xianyu335 (XY335), which are two of the main high-yield cultivars used in local production. Yuhuangjin (the mixture of 3% DTA-6 and 27% ethephon,) was used as the plant growth regulator (provided by Haolun Co., Ltd., Fujian, China), PGRs treatment (PGR) and water control treatment (CK) were set. Nitrogen fertilizer application was carried out in two levels: 225 kg hm−2 (N225 in Figures 2–4 and Tables 1–4) and 300 kg hm−2 (N300 in Figures 2–4 and Tables 1–4). The experiment was laid out as a re-split trial design, the main plot treatment was variety, nitrogen fertilizer level was in the sub-plot, and the PGRs treatment was randomly distributed in the sub-plot. The length of the test plot was 10 m, the row spacing was 0.6 m, and the area was 10 rows, with 3 replicates.



The experiment was sown on 27 April 2019 and 28 April 2020, and harvested on 27 September 2019 and 26 September 2020, respectively. Half of the nitrogen fertilizer and 120 kg hm−2 P2O5 and 130 kg hm−2 K2O were used at seed sowing, and the other half of nitrogen was applied at the jointing stage. PGR was sprayed at a rate of 450 L hm−2 at the V8 stage. We sprayed PGR and water (CK) evenly onto the surface of the maize leaves using knapsack sprayers between 4:00 p.m. and 6:00 p.m.




2.3. Equipment and Methodology


2.3.1. Stalk Traits


Stalk traits were measured at 10 days after silking. Ten maize plants were randomly selected and cut at the ground in each plot. The plant height (from the ground to the top of the plant), the ear height (from the ground to the first ear-bearing node of the plant), and the center of gravity (from the ground to the fulcrum of the balance location) were measured with a ruler. The ear height coefficient was calculated using Equation (1):


Ear height coefficient (%) = ear height/plant height × 100



(1)








2.3.2. Photosynthetic Characters of Ear Leaf


Photosynthetic characters of ear leaf were measured at 10 days and 30 days after silking. Five representative plants were selected from each treatment. The net photosynthetic rate (Pn) was measured by photosynthetic instrument (Li-Cor 6400, LI-COR Biosciences, Lincoln, NE, USA) from 10:00 a.m. to 12:00 a.m. with red and blue light source leaf chamber under 1500 µmol m−2 s−1 of artificial light and the CO2 concentration in the leaf chamber was set at 400 umol mol−1. Leaf photosynthetic enzyme activity including ribulose-1,5-bisphosphate carboxylase (RuBPCase) and phosphoenolpyruvate carboxylase (PEPCase) activities was measured according to the method of Li Hesheng [22] and Qi qige [23], respectively.




2.3.3. Root Morphological Traits, Root Dry Weight, and Root Activity


Root morphological traits were measured at 10 days after silking. Roots were obtained by profile sample method [24]; five plants were selected and 0–40 cm soil and roots were excavated in a horizontal area with a radius of 20 cm from the center of the maize plant. The roots in the soil layer were washed with water to remove impurities. The total number of roots were counted manually. Afterwards, the root crowns were placed on a plate covered with graph paper. The root length, maximum horizontal distribution width (A), and the minimum horizontal distribution width (B) of roots under 20 cm below the ground were measured. Root breadth area was calculated using Equation (2):


Root breadth area (cm2) = π × A/2 × B/2



(2)







The roots were put into the oven and dried at 75 °C until a constant weight was reached and then the dry weight material was weighted.



Root TTC reducing activity was measured at 10 days and 30 days after silking. The roots were obtained by the above profile method, washed with clean water, and the root activity was determined by TTC reduction method [25].




2.3.4. The Bleeding Sap Rate and Endogenous Hormones Flow


Root-bleeding sap collection was carried out according to the method of Chen [26]. On a sunny morning from 8:00 a.m. to 11:00 a.m. at 10 days and 30 days after silking, the ground part of 5 maize plants was cut off at 8 cm above the ground, then covered with a centrifuge tube containing degreasing cotton and secured with plastic wrap to collect the root-bleeding sap. The centrifuge tubes were collected after three hours, and the weight was measured [27]. The bleeding sap rate was calculated as the weight increase in the centrifuge tube per hour per plant (g h−1 plant−1). The root bleeding sap was stored in a refrigerator at −80 °C and used for the subsequent determination. Endogenous hormones flow was measured by indirect enzyme-linked immunosorbent assay method (ELISA, [28]).




2.3.5. Root Lodging Rate and Grain Yield


The number of lodged plants were counted in each plot before harvest. If the plant leaned more than 30° with straight and unbroken culms from the vertical axis, we classified it as root lodged [29]. The root lodging rate in each plot was calculated using Equation (3):


Root lodging rate (%) = number of root lodged plants/total number of plants × 100



(3)







At R6 stage, the yield was measured by randomly collecting ten ears from the middle four rows in each plot. The yield was determined with a fixed 14% grain water content.





2.4. Statistical Methods


The mean value was compared by the analysis of variance (ANOVA) to analyze the significant differences between samples with different treatments (p < 0.05). The interaction effect between variety, N level, and PGRs treatment was analyzed using the general linear model (GLM). The effects of variety, N level, PGRs treatment, and their interactions were taken as fixed factors and effects of field replicate as random. Year effects on different parameters were not analyzed due to the large difference in root lodging rates between two years. Correlations between different parameters were conducted with Pearson’s correlation. All the above statistical analyses were performed by SPSS 19.0 procedures (SPSS Inc., Chicago, IL, USA). A redundancy analysis (RDA) was determined by CANOCO 5 software package to confirm vital factors that contributed to the root lodging state. The figures were created in Microsoft Excel 2010.





3. Results


3.1. Agronomic Characteristics of Maize Stalk


Variety (V), N rate (N), and PGRs treatment (P) had significant effects on plant height, ear height, and center of gravity height in both years. PGRs treatment also had significant effects on the ear height coefficient. V × P had significant effects on plant height in both years and V × P also had significant effects on the center of gravity height in 2020 (Table 1). Compared with N225, the plant, ear, center of gravity height, and ear height coefficient of N300 were higher by 2.84%, 6.65%, 3.57%, and 4.09% in 2019 and by 3.17%, 5.61%, 8.46%, and 1.97% in 2020, respectively. Compared with the water treatment, PGR decreased the plant, ear, center of gravity height, and ear height coefficient by 6.91%, 18.98%, 14.47%, and 13.04% in 2019, and 5.91%, 15.70%, 15.83%, and 10.61% in 2020.




3.2. Photosynthetic Characteristics of Ear Leaves


According to Table 2, Variety (V), N rate (N), and PGRs treatment (P) had significant effects on the net photosynthetic rate (Pn), RuBPCase, and PEPCase activity of ear leaf at 10 days (T1) and 30 days (T2) after silking. V × N had significant effects on PEPCase at T2 and Pn at T1, respectively, in 2019 and 2020. V × P had more significant correlations in Pn and RuBPCase than in the PEPCase in two years. N × P and V × N × P had significant effects on PEPCaes at T1 in 2020. Pn decreased with the increase in nitrogen fertilizer. Pn under N200 was higher by 9.43–18.34% than N300 and PGR significantly increased the Pn at 10 days after silking (T1) and 30 days after silking (T2). Compared with the water treatment, PGR increased Pn by 9.58% and 11.45% in 2019 and 2020. The RuBPCase and PEPCase activity decreased with the increase in nitrogen fertilizer; RuBPCase and PEPCase activity under N225 was higher by 4.87–9.05% and 5.53–10.99% than N300, respectively. PGR significantly increased the RuBPCase and PEPCase activity at the T1 and T2 stages. Compared with the water treatment, PGR increased RuBPCase and PEPCase activity by 6.33%, 9.56%, and 14.50%, 9.87% in 2019 and 2020. Under the combined effects of nitrogen fertilizer and chemical control, Pn, RuBPCase, and PEPCase activity of PGR treatment under N225 were higher than that under other treatments.




3.3. The Root Characteristics of Maize


Variety (V), N rate (N), and PGRs treatment (P) had significant effects on total root number (TRN), root length (RL), root breadth area (RBA), and root dry weight (RDW) in both years (Table 3). N × P had significant effects on RBA in 2019. Nitrogen fertilizer and PGR treatment affected the root morphological characters of DK159 and XY335. Compared with N225, the total root number (TRN), root length (RL), root breadth area (RBA), and root dry weight (RDW) of DK159 under N300 decreased by 8.38%, 12.32%, 5.17%, and 10.46%, and those of XY335 decreased by 6.48%, 12.47%, 7.04%, and 11.71%, respectively. PGR treatment significantly affected the root morphological characteristics. Compared with water treatment, the mean values of TRN, RL, RBA, and RDW of DK159 under PGR across both N rates increased by 11.97%, 11.81%, 7.01%, and 13.64%, and those of XY335 increased by 12.46%, 11.79%, 7.57%, and 12.72%, respectively.




3.4. The Root Activity of Maize


According to Figure 2, Variety (V), N rate (N), and PGRs treatment (P) had significant effects on root activity. N × P had significant effects on root activity at T1 in 2019. The root TTC reducing activity at T2 was higher than that at T1 of both two maize varieties. Root activity decreased with the increase in nitrogen fertilizer; root activity under N225 was higher by 14.63–33.66% than N300; and PGR significantly increased the root activity at both 10 days and 30 days after silking. Compared with the water treatment, PGR increased root activity by 24.36% and 23.60% in 2019 and 2020. Under the combined effects of nitrogen fertilizer and chemical control, root activity under N225 and PGR was higher than that under other treatments.




3.5. The Root Bleeding Sap


According to Figure 3, Variety (V), N rate (N), and PGRs treatment (P) had significant effects on root bleeding sap (RBS). N × P had significant effects on RBS at T1 in 2019. V × N and V × P had significant effects on RBS at T2 in 2020. RBS at 30 days after silking was higher than that at 10 days after silking of both maize varieties. RBS decreased with the increase in nitrogen fertilizer; RBS under N225 was higher by 5.92–10.74% than N300; and PGR significantly increased the RBS at both stages. Compared with the water treatment, PGR increased RBS by 14.55% and 12.63% in 2019 and 2020. Under the combined effects of nitrogen fertilizer and chemical control, RBS under N225 was higher than that under other treatments.




3.6. The Endogenous Hormones of Maize Root Bleeding Sap


Variety (V) and PGR treatment (P) had significant effects on IAA, GA, and CTK, while N rate (N) had significant effects on GA and CTK, and V × P had significant effects on plant height in both years. V × N had significant effects on IAA in 2019, N × P had significant effects on GA in 2019 and 2020, and V × N × P had significant effects on GA in 2019 (Table 4). The flow of IAA, GA, and CTK of root bleeding sap was different between the two cultivars (Table 4). As the nitrogen fertilizer of DK159 increased, the flow of IAA increased by 5.21%, and the flow of GA and CTK decreased by 9.58% and 13.36%, but the endogenous hormones of XY335 all decreased in varying degrees. After PGR treatment, the endogenous hormones of DK159 and XY335 under N225 and N300 were all changed. Taking the N300 as an example, the IAA flow of DK159 was increased by 77.49% and the GA and CTK were decreased by 30.80% and 42.21%. The IAA flow of XY335 was increased by 70.92% and the GA and CTK were decreased by 28.19% and 56.94%.



Variety (V), N rate (N), and PGR treatment (P) had significant effects on GA/IAA, CTK/IAA, and CTK/GA, V × P had significant effects on CTK/GA in both years. N × P had significant effects on GA/IAA and CTK/GA in 2019 and V × N × P had significant effects on CTK/GA in 2019 (Table 4). PGR treatment had different degrees of influence on the ratio of endogenous hormones. The GA/IAA ratio and CTK/IAA ratio were decreased by 56.72–72.29% and 2.27–21.62%; the CTK/GA ratio was increased by 108.13–198.40%. PGR altered the balance between the endogenous hormones.




3.7. Yield and Lodging Rate


In 2020, strong wind weather occurred at the end of August, so the lodging rate in 2020 was significantly higher than that in 2019 (Figure 4). Variety (V), N rate (N), and PGR treatment (P) had a more significant effect on the root lodging rate. N rates had no significance on grain yield, which was associated with decreased yield due to lodging. In both years, the root lodging rate (RLR) under PGR was lower than that under CK. Compared with CK, the RLR of DK159 and XY335 in 2019 were reduced significantly by 50.17% and 61.93.%. Those of DK159 and XY335 in 2020 were reduced significantly by 55.59% and 46.52%. RLR increased with the increase in nitrogen fertilizer and RLR under N225 was lower by 21.9–22.4% than N300.



The yield of DK159 and XY335 decreased by 5.81% and 3.65% with the increase in nitrogen fertilizer, respectively (Figure 3). After PGR treatment, the yield of the two cultivars increased in varying degrees. Taking N225 as an example, the yield of DK159 and XY335 under PGR increased by 10.28% and 10.09%, respectively, in 2019; those of DK159 and XY335 increased by 19.00% and 25.62%, respectively, in 2020.




3.8. Correlation Analysis


The relationships among the grain yield, root lodging rate, and root–shoot traits of maize in 2019 and 2020 were examined by RDA. According to the results (Figure 5), the root lodging rate (RLR) was positively correlated with the plant height (PH), ear height (EH), center of gravity height (CGH), and ear height coefficient (EPC). Conversely, the root lodging rate was negatively correlated with total root number (TRN), root length (RL), root breadth area (RBA), and root dry weight (RDW). The grain yield (GY) was negatively correlated with RLR, PH, EH, CGH, and EPC. However, GY was positively correlated with TRN, RL, RBA, and RDW. The RDA showed that all shoot–root variables evaluated significantly explained the variation of root lodging and grain yield in 2019 and 2020, respectively. In particular, the root lodging rate had significant correlations with PH and RBA. In 2019, PH and RBA were vital factors that contributed to more than 80% of the total variation. In 2020, PH and RBA were vital factors that contributed to more than 85% of the total variation.



There was a significant or extremely significant positive correlation between the GA/IAA ratio and the shoot agronomic traits (Table 5). We also found that CTK/GA ratio was negative and significantly correlated with the shoot traits but was positive and significantly correlated with the root traits (Table 5 and Table 6).



Both photosynthetic index of ear leaf, root activity, and root bleeding sap were significantly positive correlated with grain yield of maize. Root lodging rate was not significantly correlated with yield in the slight-lodging year of 2019. In the serious-lodging year of 2020, photosynthetic index of ear leaf, root activity, and root bleeding sap were also significantly positively correlated with grain yield of maize, but root lodging rate was significantly negatively correlated with yield. Root activity and root bleeding sap had more significant correlations in the slight-lodging year but the photosynthetic index of ear leaf had more significant correlations in the serious-lodging year (Table 7).





4. Discussion


4.1. Effects of PGRs and Nitrogen Fertilizer on Root Lodging Resistance


At present, maize production relied on increasing the population number to obtain high yield [30]. The increase in planting density led to changes in light, temperature, water, nutrients, and space conditions required for maize growth. On the one hand, the plant was affected by shade effect: the leaf area, chlorophyll content and photosynthetic rate decreased, the plant was prone to premature senescence and death, and the photosynthetic capacity and assimilate accumulation capacity decreased. On the other hand, the activity, absorption capacity, and synthesis capacity of the root system decreased. The combined effect of the two factors resulted in a decrease in single plant quality and an increase in lodging risk in the high-density population, which was not conducive to the realization of a high yield of maize.



There are two kinds of maize lodging. In addition to stem lodging, root lodging is also a common disaster in maize production, especially under the climate and natural environment in Northeast China. Root quality is one of the key factors that cause plant lodging and yield decline under high-density conditions. Specific performance was as follows: with the increase in the density, the layer number, root total number, root length, root dry weight, root volume, root surface area, and active absorption area of maize root decreased, and as the growth period advanced, the decline was more and more obvious [8,31]. Rational application of nitrogen fertilizer can significantly increase the root dry weight, root length, and root absorption area of maize [32]. Plant growth regulators can increase root absorption capacity by improving root morphology [33]. At the same time, it is beneficial to maintain the function of the aboveground growth and prevent the occurrence of lodging.



Zhang et al. [34] indicated root lodging resistance was positively correlated with stem lodging resistance in maize. However, Xue et al. [35] showed that there was no correlation between root and stem lodging resistances. In this study, RDA analysis showed that root lodging rate was not only significantly positively correlated with root morphology traits but also significantly negatively correlated with plant stalk agronomic traits; plant height (PH) and root breadth area (RBA) were the most important factors that affected root lodging. Synergistic regulation of root–shoot traits is of great significance for root resistance.




4.2. Effects of PGRs and Nitrogen Fertilizer on Photosynthetic Traits of Plants


Photosynthesis is the physiological basis of crop growth, development, and yield formation. The improvement of photosynthetic capacity plays an important role in increasing grain yield. Increasing the planting density is beneficial to increase the light interception rate of the population and improve the photosynthetic capacity of the population, but excessive density would accelerate leaf senescence and reduce the photosynthetic capacity of the population [36]. Nitrogen fertilizer is an important factor regulating crop photosynthesis. The rational application of nitrogen fertilizer can take advantage of the appropriate planting density to give full play to the population advantages for photosynthetic production [37]. Nitrogen application could increase NR and GS activities in ear leaves and delay the decline in chlorophyll content in leaves after anthesis, significantly increase leaf area index and leaf photosynthetic rate, and provide the basis for high yield [38]. PGRs treatment significantly increased chlorophyll content and photosynthetic carboxylase activity in leaves and significantly increased photosynthetic rate [39]. In this study, maize yield was significantly or extremely significantly positively correlated with Pn, RuBP carboxylase, and PEP carboxylase activities in ear position leaves. The Pn, RuBP carboxylase, and PEP carboxylase decreased with the increase in nitrogen application rate. PGRs significantly increased the net photosynthetic rate and photosynthetic carboxylase activity in leaves. The results of this study also showed that nitrogen application of 225 kg·hm−2 at high density and PGRs treatment could improve the activity of maize leaf source, prolong the duration of photosynthetic function of maize leaf, and lay the foundation for the improvement of maize yield.




4.3. Effects of PGRs and Nitrogen Fertilizer on Root Traits and Root Bleeding Sap


Rational application of nitrogen fertilizer could significantly increase root dry weight and root length, coordinate the production, accumulation, and transport of photosynthetic substances between root, leaf, and grains, and increase grain yield [40]. Roots played an important role in water and nutrient absorption and lodging resistance during the whole growth period of maize, and the number of roots and bending resistance were higher under the nitrogen application rate of 120 kg·hm−2 than without nitrogen application [41]. In this study, the total root number (TRN), root length (RL), root breadth area (RBA), and root dry weight (RDW) of DK159 and XY335 decreased with an increase in the application of nitrogen fertilizer. PGRs increased the above root indexes in different degrees and effectively improved the root traits of maize under high density, which played a positive role in preventing lodging and premature senescence. Nitrogen application of 225 kg·hm−2 and PGRs treatment effectively promoted root growth and development, which was beneficial to improve lodging resistance and coordinate the functional balance between root and aboveground parts, so as to provide a guarantee for the improvement of yield.



The hormone system is the most important information system in plants. As a signal substance produced by plants themselves, the hormone system participates in the regulation of plant growth and development. Roots not only produce endogenous hormones (CTK, ACC) but also receive endogenous hormones (IAA, GA, etc.) produced from the aboveground plant and transported to the root system. The interaction pathway is mainly realized through bleeding sap. Therefore, plants can regulate the root–canopy function by regulating root bleeding flow and endogenous hormone content [42]. Studies show that root hormones not only play an important role in regulating root growth, development, and function, but also act as signal carriers to participate in regulating the growth, development, and metabolism of the aboveground plant. Nitrogen had a great influence on the intensity of root bleeding sap and insufficient nitrogen application significantly reduced the intensity of root bleeding sap in each period, thus leading to a significant decline in root absorption capacity, insufficient dry matter accumulation, and reduced yield [43]. PGR affected plant growth and development through external application of plant growth regulators to regulate endogenous hormone content of plants [44]. The flow of three endogenous hormones in root bleeding was measured in this experiment, the results indicate that with the increase in nitrogen fertilizer, the flow of IAA increased, GA and CTK decreased for DK159, while the flow of IAA, GA, and CTK of XY335 decreased. The endogenous hormone change may be related to the variety characteristics. Under the condition of high density, the population was closed, the canopy light and temperature conditions deteriorated, and the competition between nutrients and water in the rhizosphere intensified, resulting in the internal physiological metabolism of the plant disorder. Furthermore, the individual plant quality decreased and then affected the production and transport of endogenous hormones, resulting in the change in endogenous hormone content in the root system. After PGRs treatment, the flow of IAA and CTK significantly increased, while the flow of GA significantly decreased. These changes promoted plant growth and increased root quality, which was of great significance to yield under high-density conditions.



Plant physiological activities are regulated by a variety of endogenous hormones and it is not the absolute content of certain hormones but the relative content of various hormones that determines the physiological effects [45]. In this study, Pearson’s correlation analysis showed that the GA/IAA ratio was significantly positively correlated with the stem agronomic traits; the CTK/GA ratio was significantly negatively correlated with the stem traits but was significantly positively correlated with the root traits. The change in the ratio of endogenous hormones in the maize root system changes the balance level of hormones, and the balance level is different in different treatments, which may be related to the influence of PGR on the synthesis period, synthesis site, and transport route of hormones.




4.4. Effects of PGRs and Nitrogen Fertilizer on Grain Yield


Maize grain yield increased with the increase in nitrogen application rate, but when the nitrogen application rate reached a certain level, the yield showed a downward trend [46]. PGRs improved ear characters and increased the yield of maize [47]. Otie [48] studied the effects of multiple chemical control agents and different nitrogen application rates on maize growth and yield and the results showed that maize yield was high under the combined effect of 180 kg·hm−2 nitrogen fertilizer and chemical control. In this study, the average yield of maize in 2020 was significantly lower than that in 2019, which was related to strong wind weather in the test area in late-August 2020, which was in the maize filling period. PGRs treatment significantly reduced root lodging rate and increased yield. Under the nitrogen application rate of 225 kg·hm−2 and PGRs treatment, the maximum yield was 15,306.34 kg·hm−2. It should be pointed out that the root lodging rate of XY335 was higher between the two varieties; in both years, the difference in the root lodging rate between DK159 and XY335 was extremely significant. It can be seen that the negative correlation between the yield and the root lodging rate is significant, which is not only due to the difference between varieties but is also related to the fact that root lodging was more likely to be caused by the humid and rainy climate in the test location.





5. Conclusions


N225 application in combination with PGRs significantly decreased the height of plants and improved root distribution and dry weight. The change in stem and root morphology was effectively affected by the balance levels of endogenous hormones and reduced the occurrence of root lodging. N225 combined with PGRs obviously enhanced the photosynthetic rate and activities of photosynthetic carboxylase in leaves and improved root bleeding sap and root activities after the silking stage. As a result, it was conducive to photosynthate accumulation and root nutrient supply and provided a material basis for yield formation. Therefore, nitrogen fertilizer and PGRs management might be an appropriate approach in high-density planting of maize production because this approach can coordinate and regulate root and shoot morphological and physiological functions and plays a crucial role in reducing root lodging and improving maize yield.
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Figure 1. Daily mean temperature and daily precipitation in 2019 (A) and 2020 (B) growing seasons. 






Figure 1. Daily mean temperature and daily precipitation in 2019 (A) and 2020 (B) growing seasons.



[image: Agronomy 12 02892 g001]







[image: Agronomy 12 02892 g002] 





Figure 2. Effects of PGRs and nitrogen fertilizer on the root TTC reducing activity at 10 days after silking (A,D) and 30 days after silking (B,E) in 2019 and 2020. Effects of Variety (V), N rates (N), PGRs (P), and their interaction effects in 2019 (C) and 2020 (F) were listed (T1 represents 10 days after silking; T2 represents 30 days after silking). The vertical bars denote the mean ± the standard error of the mean; ns means non-significant; ** and *** indicate significance at p < 0.01 and < 0.001 probability levels, respectively. Different lowercase letters represent significant differences among treatments (p < 0.05). 
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Figure 3. Effects of PGRs and nitrogen fertilizer on root bleeding sap at 10 days after silking (A,D) and 30 days after silking (B,E) in 2019 and 2020. Effects of Variety (V), N rates (N), PGRs (P), and their interaction effects in 2019 (C) and 2020 (F) were listed (T1 represents 10 days after silking; T2 represents 30 days after silking). The vertical bars denote the mean ± the standard error of the mean; ns means non-significant; *, **, and *** indicate significance at p < 0.05, < 0.01 and < 0.001 probability levels, respectively. Different lowercase letters represent significant differences among treatments (p < 0.05). 
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Figure 4. Effects of PGRs on grain yield and root lodging rate in 2019 (A) and 2020 (C). Effects of Variety (V), N rates (N), PGRs (P), and their interaction effects in 2019 (B) and 2020 (D) were listed (GY represents grain yield; RLR represents root lodging rate). The vertical bars denote the mean ± the standard error of the mean; ns means non-significant; * and *** indicate significance at p < 0.05 and <0.001 probability levels, respectively. 
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Figure 5. The redundancy analysis (RDA) used to identify the relationships among the grain yield, root lodging rate, and the maize shoot-root traits. (A) The relationships between grain yield, root lodging rate (blue arrows), and the maize shoot-root traits (red arrows) in 2019; (B) the relationships between grain yield, root lodging rate (blue arrows), and the maize shoot-root traits (red arrows) in 2020 (GY: grain yield; RLR: root lodging rate; PH: plant height; EH: ear height; CGH: center of gravity height; EPC: ear height coefficient; TRN: total root number; RL: root length; RBA: root breadth area; RDW: root dry weigh). 
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Table 1. Effects of PGRs and nitrogen fertilizer on the agronomic characteristics of maize stalk.
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	Variety
	N Rates

(kg·hm−2)
	Treatments
	Plant Height

(cm)
	Ear Height

(cm)
	Center of Gravity Height

(cm)
	Ear Height Coefficient (%)





	2019
	
	
	
	
	
	



	DK159
	N225
	PGR
	280 d
	120 d
	106 e
	43.0 d



	
	
	CK
	318 c
	152 b
	128 c
	47.8 b



	
	N300
	PGR
	292 d
	130cd
	114 d
	44.7 c



	
	
	CK
	323 c
	165 ab
	137 b
	51.0 a



	XY335
	N225
	PGR
	329 bc
	140 c
	129 c
	42.6 d



	
	
	CK
	340 ab
	170 ab
	141 ab
	50.0 a



	
	N300
	PGR
	338 ab
	148 b
	124 c
	43.8 d



	
	
	CK
	350 a
	177 a
	147 a
	51.4 a



	Variety (V)
	
	
	***
	***
	***
	ns



	N rates (N)
	
	
	*
	*
	*
	ns



	PGRs (P)
	
	
	***
	***
	***
	***



	V × N
	
	
	ns
	ns
	ns
	ns



	V × P
	
	
	**
	ns
	ns
	ns



	N × P
	
	
	ns
	ns
	ns
	ns



	V × N × P
	
	
	ns
	ns
	ns
	ns



	2020
	
	
	
	
	
	



	DK159
	N225
	PGR
	303 e
	128 d
	104 e
	42.4 c



	
	
	CK
	333 c
	154 ab
	138 b
	46.4 b



	
	N300
	PGR
	311 d
	133 bc
	119 d
	42.6 c



	
	
	CK
	343 bc
	163 a
	141 b
	47.6 a



	XY335
	N225
	PGR
	339 bc
	141 d
	126 d
	41.6 d



	
	
	CK
	351 ab
	165 a
	140 b
	47.2 a



	
	N300
	PGR
	353 ab
	151 cd
	135 c
	42.7 d



	
	
	CK
	361 a
	174 a
	156 a
	48.2 b



	Variety (V)
	
	
	***
	***
	***
	ns



	N rates (N)
	
	
	***
	*
	***
	ns



	PGRs (P)
	
	
	***
	***
	***
	***



	V × N
	
	
	ns
	ns
	ns
	ns



	V × P
	
	
	***
	ns
	*
	ns



	N × P
	
	
	ns
	ns
	ns
	ns



	V × N × P
	
	
	ns
	ns
	ns
	ns







Different lowercase letters represent significant differences among treatments (p < 0.05); ns means non-significant; *, **, and *** indicate significance at p < 0.05, < 0.01, and < 0.001 probability levels, respectively.













 





Table 2. Effects of PGRs and nitrogen fertilizer on the photosynthetic characteristics of ear leaves.
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Variety

	
N Rates

(kg·hm−2)

	
Treatments

	
Pn

(µmol·m−2·s−1)

	
RuBPCase Activity

(µmolprotein·h−1·mg−1)

	
PEPCase Activity

(µmolprotein·h−1·mg−1)




	
T1

	
T2

	
T1

	
T2

	
T1

	
T2






	
2019

	

	

	

	

	

	

	

	




	
DK159

	
N225

	
PGR

	
66.4 a

	
49.5 a

	
169.9 a

	
131.0 a

	
95.0 a

	
68.9 a




	

	

	
CK

	
60.7 c

	
46.6 b

	
158.8 bc

	
117.5 cd

	
87.3 b

	
65.9 b




	

	
N300

	
PGR

	
63.5 b

	
43.2 c

	
163.8 ab

	
120.7 bc

	
90.7 b

	
65.8 b




	

	

	
CK

	
57.4 d

	
39.2 d

	
148.9 de

	
115.3 de

	
81.5 cd

	
60.6 cd




	
XY335

	
N225

	
PGR

	
61.8 bc

	
47.7 ab

	
153.0 cd

	
123.3 b

	
83.5 c

	
61.0 c




	

	

	
CK

	
56.9 d

	
43.1 c

	
143.7 ef

	
118.6 cd

	
75.8 ef

	
55.5 e




	

	
N300

	
PGR

	
54.3 e

	
39.5 d

	
145.0 e

	
112.6 e

	
78.5 de

	
58.2 d




	

	

	
CK

	
49.5 f

	
36.1 e

	
138.7 f

	
107.2 f

	
72.6 f

	
49.7 f




	
Variety (V)

	

	

	
**

	
**

	
***

	
**

	
*

	
***




	
N rates (N)

	

	

	
***

	
**

	
**

	
***

	
**

	
***




	
PGRs (P)

	

	

	
***

	
***

	
***

	
***

	
**

	
***




	
V × N

	

	

	
ns

	
ns

	
ns

	
ns

	
ns

	
*




	
V × P

	

	

	
*

	
ns

	
**

	
ns

	
ns

	
ns




	
N × P

	

	

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
V × N × P

	

	

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
2020

	

	

	

	

	

	

	

	




	
DK159

	
N225

	
PGR

	
63.7 a

	
44.2 a

	
154.8 a

	
131.9 a

	
90.1 a

	
59.4 a




	

	

	
CK

	
56.7 cd

	
39.9 b

	
142.1 cd

	
116.2 bc

	
82. 0c

	
56.9 b




	

	
N300

	
PGR

	
58.5 bc

	
38.8 bc

	
145.5 bc

	
118.9 b

	
86.0 b

	
56.0 b




	

	

	
CK

	
52.8 e

	
34.9 de

	
137.3 e

	
103.8 d

	
75.5 d

	
49.8 cd




	
XY335

	
N225

	
PGR

	
59.6 b

	
40.9 b

	
149.1 b

	
117.5 bc

	
81.7 c

	
52.0 c




	

	

	
CK

	
54.4 de

	
36.4 cd

	
142.9 cd

	
103.4 d

	
75.0 d

	
47.3 de




	

	
N300

	
PGR

	
52.0 e

	
35.2 de

	
138.9 e

	
111.6 c

	
77.2 d

	
47.2 e




	

	

	
CK

	
45.9 f

	
32.2 e

	
134.8 f

	
95.7 e

	
72.8 e

	
41.3 f




	
Variety (V)

	

	

	
***

	
**

	
***

	
**

	
***

	
**




	
N rates (N)

	

	

	
**

	
**

	
***

	
**

	
***

	
**




	
PGRs (P)

	

	

	
***

	
***

	
***

	
***

	
***

	
***




	
V × N

	

	

	
*

	
ns

	
ns

	
ns

	
ns

	
ns




	
V × P

	

	

	
ns

	
*

	
*

	
ns

	
ns

	
ns




	
N × P

	

	

	
ns

	
ns

	
ns

	
ns

	
*

	
ns




	
V × N × P

	

	

	
ns

	
ns

	
ns

	
ns

	
*

	
ns








Different lowercase letters represent significant differences among treatments (p < 0.05); T1 represents 10 days after silking; T2 represents 30 days after silking; ns means non-significant; *, **, and *** indicate significance at p < 0.05, < 0.01, and < 0.001 probability levels, respectively.













 





Table 3. Effects of PGRs and nitrogen fertilizer on the root characteristics of maize.
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	Varieties
	N Rates

(kg·hm−2)
	Treatments
	Total Root Number
	Root Length

(cm)
	Root Breadth Area

(cm2)
	Root Dry Weight

(g)





	2019
	
	
	
	
	
	



	DK159
	N225
	PGR
	59 a
	1769a
	494 a
	28.1 a



	
	
	CK
	55 b
	1584 bc
	472 bc
	24.8 b



	
	N300
	PGR
	56 b
	1575 bc
	482 ab
	25.0 b



	
	
	CK
	48 de
	1362 de
	440 de
	20.7 d



	XY335
	N225
	PGR
	55 b
	1625 b
	453 cd
	25.2 b



	
	
	CK
	50 cd
	1473 cd
	427 e
	22.9 c



	
	N300
	PGR
	53 bc
	1397 d
	438 de
	21.6 cd



	
	
	CK
	46 e
	1254 e
	392 f
	18.2 e



	Variety (V)
	
	
	***
	***
	***
	***



	N rates (N)
	
	
	***
	***
	***
	***



	PGRs (P)
	
	
	***
	***
	***
	***



	V × N
	
	
	ns
	ns
	ns
	ns



	V × P
	
	
	ns
	ns
	ns
	ns



	N × P
	
	
	ns
	ns
	*
	ns



	V × N × P
	
	
	ns
	ns
	ns
	ns



	2020
	
	
	
	
	
	



	DK159
	N225
	PGR
	60 a
	1688 a
	488 a
	26.6 a



	
	
	CK
	54 bc
	1540 b
	460 b
	24.4 bc



	
	N300
	PGR
	56 b
	1487 b
	463 b
	25.1 ab



	
	
	CK
	49 e
	1345 c
	429 c
	22.3 de



	XY335
	N225
	PGR
	52 cd
	1535 b
	452 b
	24.9 ab



	
	
	CK
	48 e
	1362 c
	431 c
	21.5 de



	
	N300
	PGR
	50 de
	1376 c
	420 c
	22.5 cd



	
	
	CK
	43 f
	1219 d
	388 d
	20.4 e



	Variety (V)
	
	
	***
	***
	***
	***



	N rates (N)
	
	
	***
	***
	***
	***



	PGRs (P)
	
	
	***
	***
	***
	***



	V × N
	
	
	ns
	ns
	ns
	ns



	V × P
	
	
	ns
	ns
	ns
	ns



	N × P
	
	
	ns
	ns
	ns
	ns



	V × N × P
	
	
	ns
	ns
	ns
	ns







Different lowercase letters represent significant differences among treatments (p < 0.05); ns means non-significant; * and *** indicate significance at p < 0.05 and < 0.001 probability levels, respectively.













 





Table 4. Effects of PGRs and nitrogen fertilizer on the endogenous hormones of root bleeding sap.
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	Variety
	N Rates

(kg·hm−2)
	Treatments
	IAA

(μL h−1pl−1)
	GA

(μL h−1pl−1)
	CTK

(μL h−1pl−1)
	GA/IAA
	CTK/IAA
	CTK/GA





	2019
	
	
	
	
	
	
	
	



	DK159
	N225
	PGR
	514.8 b
	198.9 d
	594.7 a
	0.39 d
	1.16 b
	3.01 b



	
	
	CK
	291.1 c
	309.7 a
	425.2 c
	1.07 a
	1.47 a
	1.38 e



	
	N300
	PGR
	542.3 ab
	188.1 de
	518.8 b
	0.35 d
	0.96 d
	2.79 c



	
	
	CK
	305.5 c
	271.8 b
	364.8 d
	0.89 b
	1.20 b
	1.34 f



	XY335
	N225
	PGR
	556.9 a
	137.8 f
	548.6 b
	0.25 e
	0.99 c
	3.98 a



	
	
	CK
	320.7 c
	292.6 ab
	399.7 c
	0.91 b
	1.25 b
	1.37 e



	
	N300
	PGR
	538.0 ab
	162.6 ef
	516.1 b
	0.30 e
	0.96 d
	3.18 b



	
	
	CK
	314.8 c
	226.5 c
	328.8 e
	0.72 c
	1.04 c
	1.45 d



	Variety (V)
	
	
	*
	***
	**
	***
	**
	***



	N rates (N)
	
	
	ns
	**
	***
	***
	***
	**



	PGRs (P)
	
	
	***
	***
	***
	***
	***
	***



	V × N
	
	
	*
	ns
	ns
	ns
	ns
	ns



	V × P
	
	
	ns
	ns
	ns
	ns
	ns
	**



	N × P
	
	
	ns
	***
	ns
	***
	ns
	**



	V × N × P
	
	
	ns
	*
	ns
	ns
	ns
	*



	2020
	
	
	
	
	
	
	
	



	DK159
	N225
	PGR
	572.4 b
	222.9 cd
	614.9 a
	0.39 d
	1.08 b
	2.78 b



	
	
	CK
	329.9 d
	349.5 a
	437.8 c
	1.06 a
	1.34 a
	1.25 e



	
	N300
	PGR
	614.1 ab
	212.4 d
	536.4 b
	0.35 d
	0.87 c
	2.56 c



	
	
	CK
	350.8 cd
	306.3 b
	375.8 de
	0.90 b
	1.11 b
	1.23 e



	XY335
	N225
	PGR
	660.9 a
	154.2 e
	567.7 b
	0.23 e
	0.86 c
	3.73 a



	
	
	CK
	400.3 c
	330.6 ab
	411.8 cd
	0.83 b
	1.03 b
	1.25 e



	
	N300
	PGR
	618.2 ab
	181.7 de
	533.9 b
	0.29 e
	0.86 c
	2.98 b



	
	
	CK
	383.5 cd
	255.6 c
	338.8 e
	0.67 c
	0.88 c
	1.33 d



	Variety (V)
	
	
	*
	***
	*
	**
	**
	*



	N rates (N)
	
	
	ns
	**
	**
	*
	*
	*



	PGRs (P)
	
	
	***
	***
	***
	***
	**
	***



	V × N
	
	
	ns
	ns
	ns
	ns
	ns
	ns



	V × P
	
	
	ns
	ns
	ns
	ns
	ns
	*



	N × P
	
	
	ns
	**
	ns
	ns
	ns
	ns



	V × N × P
	
	
	ns
	ns
	ns
	ns
	ns
	ns







Different lowercase letters represent significant differences among treatments (p < 0.05); ns means non-significant; *, **, and *** indicate significance at p < 0.05, < 0.01, and < 0.001 probability levels, respectively; IAA: 3-Indoleacetic acid; GA: gibberellin; CTK: cytokinin.













 





Table 5. Pearson’s correlation coefficients and their statistical significance of endogenous hormones ratio and plant agronomic traits.
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	Plant Height
	Ear Height
	Center of Gravity Height
	Ear Height Coefficient





	GA/IAA
	0.459 *
	0.653 **
	0.606 **
	0.788 **



	CTK/IAA
	−0.051
	0.242
	0.263
	0.431 *



	CTK/GA
	−0.595 **
	−0.693 **
	−0.584 **
	−0.826 **







Correlation coefficient values with “*” means significant difference (p < 0.05) and with “**” means very significant difference (p < 0.01).













 





Table 6. Pearson’s correlation coefficients and their statistical significance of endogenous hormones ratio and root physical traits.
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	Total Root Number
	Root Length
	Root Breadth Area
	Root Dry Weight





	GA/IAA
	−0.277
	−0.295
	−0.265
	−0.338



	CTK/IAA
	−0.090
	0.167
	−0.074
	0.116



	CTK/GA
	0.616 **
	0.494 *
	0.428 *
	0.511 *







Correlation coefficient values with “*” means significant difference (p < 0.05) and with “**” means very significant difference (p < 0.01).













 





Table 7. Pearson’s correlation coefficients and their statistical significance of grain yield and ear leaf and root indicators.






Table 7. Pearson’s correlation coefficients and their statistical significance of grain yield and ear leaf and root indicators.














	
	Pn
	RuBPCase
	PEPCase
	Root

Activity
	Root Bleeding Sap
	Root Lodging Rate





	Grain yield in 2019
	0.846 **
	0.894 **
	0.869 **
	0.924 **
	0.953 **
	−0.669



	Grain yield in 2020
	0.862 **
	0.905 **
	0.940 **
	0.914 **
	0.847 **
	−0.912 **







Correlation coefficient values with “**” mean very significant difference (p < 0.01).
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