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Diethyl Aminoethyl Hexanoate Increase Relay Strip Intercropping Soybean Grain by Optimizing Photosynthesis Aera and Delaying Leaf Senescence
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Insufficient and unbalanced biomass supply inhibited soybean [Glycine max (L.) Merr.] yield formation in the maize-soybean relay strip intercropping (IS) and monoculture soybean (SS). A field experiment was conducted to explore the soybean yield increase mechanism of DA-6 in IS and SS treatments. In this 2-year experiment, compact maize “Denghai 605” and shade-tolerant soybean “Nandou 25” were selected as cultivated materials. DA-6 with four concentrations, i.e., 0 mg/L (CK), 40 mg/L (D40), 60 mg/L (D60), and 80 mg/L (D80), were sprayed on soybean leaves at the beginning of flowering stage of soybean. Results showed that DA-6 treatments significantly (p < 0.05) increased soybean grain yield, and the yield increase ratio was higher in IS than SS. The leaf area index values and net photosynthesis rate of IS peaked at D60 and were increased by 32.2–49.3% and 24.1–27.2% compared with the corresponding CK. Similarly, DA-6 treatments increased the aboveground dry matter and the amount of soybean dry matter accumulation from the R1 stage to the R8 stage (VDMT) and highest at D60 both in IS and SS. D60 increased the VDMT by 29.0–47.1% in IS and 20.7–29.2% in SS. The TRG at D60 ranged 72.4–77.6% in IS and 61.4–62.5% in SS. The MDA content at D60 treatment was decreased by 38.3% in IS and 25.8% in SS. The active grain-filling day in IS was about 7 days longer than in SS. In D60 treatment, the Vmean and Vmax increased by 6.5% and 6.5% in IS and 5.7% and 4.3% in SS compared with the corresponding CK. Although the pod number and hundred-grain weight were significantly (p < 0.05) increased by DA-6 treatments, the grains per pod were maintained stable. The pod number and hundred-grain weight were increased by 30.1–36.8% and 4.5–6.7% in IS and 6.3–13% and 3.6–5.6% in SS. Thus, the grain yield at D60 was increased by 36.7–38.4% in IS and 21.7–26.6% in SS. DA-6 treatments significantly (p < 0.05) increased soybean grain yield and peaked D60 treatments both in IS and SS.
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INTRODUCTION

Soybean (Glycine max L. Merr.), a vital legume economic crop with high protein concentration and rich nutritional value, has been widely planted worldwide (Baghdadi et al., 2016). The unbalance between the increasing soybean demand and population expansion and the limited cultivable land area has imperiled the food security of the world (Kai et al., 2020). Intercropping systems, two or more crops planted on the same farmland, have many advantages such as better exploitation of sunlight, water, nutrients, and other environmental resources and higher land equivalent ratio (Li B. et al., 2020). The IS increases the compensation effect of gramineous and leguminous intercropping (Li S. et al., 2020), improves resource utilization in the spatiotemporal niche (Ahmed et al., 2020), increases farmland productivity with less environmental costs, and provides a potential approach to achieving sustainable agriculture development (Darch et al., 2018). This system produced additional soybean yields when maintaining the stability of maize yield production (Chen et al., 2019). However, the higher maize shading during the co-growth period inhibited the vegetative growth and yield formation of relay intercropped soybean (Raza et al., 2019b).

Soybean is sensitive to the changes in light quantity and quality, especially during germination to flowering stage (Yang et al., 2014). The long period of maize shading decreased the PAR) and red/far-red (R:FR) ratio of the soybean canopy, which decreased the soybean carbohydrate synthesis and accumulation and wreaked the vegetative soybean growth (Ahmed et al., 2018). The maize shading inhibited soybean growth and aggravated the resource competition between vegetative and reproductive organs, increasing flower, and pod abortion and abscission (Ahmed et al., 2018). The change in the leave photosynthesis process directly influenced the soybean assimilate supply availability and determined the soybean yield formation processes (Yang et al., 2018; Raza et al., 2019a). Although after maize was harvested, with the recovery of soybean canopy illumination, the growth of relay intercropped soybean was compensated and the yield of relay intercropped soybean was lower than monoculture soybean (Yang et al., 2014). Improving the photosynthesis capacity of the soybean leaf after the flowering stage is an efficient way to maintain the high assimilate supply levels and increase soybean grain yield in the maize-soybean relay strip intercropping and monoculture systems.

Reasonable agricultural practices, such as applying chemical additives, microorganisms, and agronomic practices, could improve crop photosynthetic capacity and carbon-nitrogen metabolism to increase grain yield production (Ba et al., 2020). Diethyl aminoethyl hexanoate is an artificial tertiary amine plant growth regulator with low molecular weight and highly bioactive, which promotes germination and seedling establishment from aged soybean seeds by enhancing the hydrolysis of triacylglycerol and the conversion of fatty acids to sugars (Zhou W. et al., 2019). DA-6 belongs to the cytokines (CKs), which enhance chlorophyll and nucleic acid levels, thus stimulating photosynthesis and cell division (He et al., 2014). It is widely applied in maize (Qi et al., 2013), soybean (Liu et al., 2019), wheat (Wen et al., 2019), and microalgae (Salama et al., 2017) due to its excellent characteristics of environmentally friendly and efficient production enhancement. Spraying DA-6 on soybean at the seeding growth and flowering stages increases soybean pod setting by promoting soybean photosynthesis performance and regulating sucrose and starch metabolism (Qi et al., 2013; Liu et al., 2019). Our previous studies proved that the foliar application of the DA-6 on soybean at the flowering stage performs better on increasing soybean yield than the application of 6-benzylaminopurine and uniconazole (Luo et al., 2020). However, the mechanisms of DA-6 regulate the photosynthetic function and material accumulation and distribution to increase the yield of relay intercropped soybean is still unclear.

With that goal in mind, we hypothesized that DA-6 improved soybean photosynthesis capacity and promoted biomass translocation into grains, promoting the soybean after-flower growth and increasing soybean grain yield, and the yield increase mechanisms in IS and SS patterns were different. Therefore, the aim of this study was to investigate the effects of DA-6 with different patterns on soybean yield and yield components, to evaluate the impact of DA-6 on leaf photosynthesis capacity and pod formation in two patterns, and to investigate the association between leaf senescence and grains formation in different patterns after spraying DA-6. Explore the yield increase mechanisms of DA-6 in soybean could promote the application of DA-6 in maize-soybean relay strip intercropping system.



MATERIALS AND METHODS


Plant Material and Growth Conditions

A field experiment was conducted between 2019 and 2020 in Chong’zhou Modern Agricultural Research and Development Base, Sichuan Province, China. The field soil was a light loam with 7.42 pH, 26.25 g kg–1 organic matter, 1.25 g kg–1 total nitrogen (N), 95.03 mg kg–1 available potassium, and 16.47 g kg–1 available phosphorus. Meteorological data were recorded by a weather station situated at the experimental site (Figure 1). Nanchong Academy of Agricultural Sciences in Sichuan Province and Shandong Denghai Seeds Co. Ltd provided the shade-tolerant soybean “Nan Dou 25” (ND25) and compact maize “DengHai 605,” respectively. Sangon Biotech (Shanghai) Co. Ltd provided the plant growth promoter DA-6 (purity ≥ 98%).


[image: image]

FIGURE 1. Daily air temperature and precipitation during the maize and soybean growing period in Chongzhou in 2019 and 2020.


The experiment used a two-factor split-plot experiment design with three replications. Factor A was planting patterns, i.e., IS and SS; Factor B was four DA-6 concentration treatments i.e., including 0 mg/L (CK), 40 mg/L (D40), 60 mg/L (D60), and 80 mg/L (D80). DA-6 was sprayed on soybean leaves at the soybean flowering stage with a spraying dose of 450 L ha–1. DA-6 was sprayed on two sides of soybean leaves at 4:00–6:00 p.m. on a sunny and no wind day.

The IS pattern used wide-narrow row planting, where the narrow row spacing of maize was 40 cm, the wide row spacing was 160 cm, two rows of soybean planted in the wide row, the row spacing in the soybean strip was 40 cm, the spacing between maize and soybean was 60 cm, the bandwidth was 2 m, and the plots measured 6 m × 6 m (Chen et al., 2019). Maize was sowed with 17 cm hole distance and 58,500 plants ha–1 of density on April 15, 2019, and April 7, 2020, respectively. Soybean was sowed with 8.5 cm hole distance and 117,000 plants ha–1 of density on June 19, 2019, and June 15, 2020. The chemical fertilizer amount for soybean were P2O5 63 kg ha–1 and K2O 52.5 kg ha–1 and for maize were 240 kg N ha–1, P2O5 105 kg ha–1, and K2O 112.5 kg ha–1. All P and K fertilizers for crops were used as base fertilizers. The N for maize was divided into base fertilizer (120 kg N ha–1) and topdressing (120 kg N ha–1) at the maize anthesis-silking stage.



Soybean Leaf Area Parameters

At the beginning flowering stage (R1), the beginning of pod stage (R3), and the beginning of seed stage (R5), three similar soybeans in each plot were continuously selected to measure the leaf area parameter of soybean by the scanning pixel method described by O’Neal et al. (2002), then the soybean LAI (the one-sided proportion of leaf area per unit ground area) was calculated.



Soybean Leaf Chlorophyll Content and Net Photosynthesis Rate

Third upmost fully expanded leaves of three soybeans were selected in each plot to measure the soybean chlorophyll content at the R1, blooming flower stage (R2), R3, blooming pod stage (R4), and R5 stages. Chlorophyll pigments were extracted by grinding 0.1 g leaves in 10 ml 80% acetone in the dark at room temperature. Then the spectrophotometer (DU-730; BeckMan Coulter, California, United States) was used to measure the absorbance of the solution at wavelengths of 649 and 665 nm. The chlorophyll content was calculated by the method described by Yao et al. (2017).

Five similar soybean plants were selected in each plot for long-term investigation of the soybean photosynthesis parameters at the R1, R2, R4, and the grain-filling stages (R6). The photosynthesis parameters of third upmost fully expanded leaves of the soybeans were measured between 9:00 and 11:00 a.m. on a sunny day by using the portable photosynthesis system (LI-6400XT; LI-COR Inc., Lincoln, NE, United States). The leaf chamber settings were 1,000 mol m–2 s–1 photon flux density, 500 μmol s–1 flow rate, and 30°C leaf temperature as described by Luo et al. (2020).



Soybean Leaf Reactive Oxygen and Antioxidant Enzymes Activity

At the R4 and R6 stages, third upmost fully expanded leaves of three plants in each plot were immediately frozen in liquid nitrogen. All the spectrophotometric analyses were conducted using the spectrophotometer (DU-730; BeckMan Coulter, California, United States). The activities of the enzymes of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and the content of superoxide anion (O2–), hydrogen peroxide (H2O2), and malondialdehyde (MDA) were measured using the assay kit (Solarbio, Beijing, China) according to the description of the manufacturer.

Glutathione reductases activity was determined by the method described by Xu et al. (2016), where absorbance change at 340 nm caused by NADPH oxidation was recorded. APX activity was determined by measuring the change in absorbance at 290 nm as the method described by Jin et al. (2008). The content of glutathione (GSH) and oxidized glutathione (GSSG) was measured using the assay kit (Solarbio) which used the 5,5’-Dithiobis- 2-nitrobenzoic acid ss (DTNB)-GR method to measure the absorbance at 412 nm according to the description of the manufacturer.



Soybean Dry Matter Distribution and Grain-Filling Process

Three similar plants were sampled in each plot at the R1, R3, R5, and the fully mature (R8) stages to measure the weight of the soybean aboveground dry matter. The soybean from the cotyledon scar were cut and the plants were divided into different organs (including stem, leaf, and pod), then dried the plants at a constant temperature of 80°C after 105°C inactivation for 30 min, eventually the biomass weight on an electronic balance was recorded.

The dry matter distribution index was calculated as described by Luo et al. (2020) using the following formula. DMA was the soybean total dry matter accumulation from the R1 stage to the R8 stage. VDMT was the amount of soybean dry matter transferred into grains from the R1 stage to the R8 stage. TR was the dry matter transportation ratio of VDMT to the dry matter of the vegetative organ at the R4 stage. TRG was the grains contribution ratio of VDMT.
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where, DMR1 and DMR8 were the soybean dry matter at the R1 and R8 stages. VDMR4 and VDMR8 were the dry matter of the soybean vegetative organ at the R4 and R8 stages. YR8 was the soybean grain yield at the R8 stage.

The soybean grain-filling process was investigated from 40 days after soybean flowering to the full maturity stage (R8), at a 7-day interval, where the soybean grains were separated from pod and then the constant weight after drying the soybeans at a suitable temperature was recorded. Using the formula W = A/(1 + Be−kt) to fit the soybean grain-filling process, the grain-filling parameters were calculated using the derived formula described by He et al. (2020), where, the W (mg) is the grain weight, A (mg) is the upper asymptote of the grain weight, B and k are the coefficients determined by the curvature, and t (day) is the day after anthesis. Then, the grain-filling process parameters were calculated using the following formula. Tmax was the time required to reach the maximum grain-filling rate. T was the duration time when W was achieved at the 99% of A. Vmax and Vmean were the maximum and mean grain-filling rates, and Wmax was the grain weight at maximum grain-filling rate. D was the active grain-filling period and defined as the period when W was between 5% to 95% of A.
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Soybean Yield and Yield Components

At the full maturity stage, 15 consecutive plants were randomly selected to measure the yield components of soybeans, including the number of pods and grains per plant and hundred-grain weight. The whole soybean plants of 6 m long strip were collected to measure the actual yield of soybean when the water content of the seed was about 13.5% after threshing and drying to record the weight and calculate the yield per hectare.



Statistical Analyses

The normality of data distribution and the uniformity of variance were tested using the Shapiro-Wilk test and Levine’s test. The differences between treatments were examined using the analysis of variance (ANOVA) followed by the Fisher’s test, and the significant differences were considered at p < 0.05 level. The data analyses and picture drawing used Excel software (Microsoft Office Standard 365, Microsoft, Redmond, WA, United States) and Origin Pro 2021 (Learning version) (Origin Lab., Hampton, MA, United States).




RESULTS


DA-6 Increases Soybean Photosynthesis Area and Net Photosynthesis Rate

Although the LAI continuously increased from the R1 to R5 stages, LAI was higher in SS than in IS (Figure 2). Importantly, LAI was significantly (p < 0.05) enhanced by DA-6 treatments, and the LAI peaked at D60 in both IS and SS. In D60 treatment, the LAI was increased by 32.2–49.3% in IS and 23.6–25.2% in SS compared with the corresponding CK.
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FIGURE 2. Spraying DA-6 affects the total leaf area of soybean in the 2019 and 2020 growing seasons. (A,B) On the right corner of the picture represent the 2019 and 2020 growing seasons, respectively. The bar and error bars represent the mean soybean leaf area of three replicates and the standard deviation of the mean, respectively. Different letters indicate significant differences between treatments at 0.05 probability levels by Fisher LSD multiple comparisons in the same planting pattern. * indicates statistical significance at 0.05 probability levels (p < 0.05).


The Pn value increased and then decreased with the advance of growth periods, and the Pn value in SS was higher than in SS from the R1 to R5 stages (Figure 3). Pn was significantly (p < 0.05) increased by DA-6 treatments, and the Pn peaked at D60 in both IS and SS. At the R6 stage, Pn was significantly higher in IS than in SS. In D60 treatment, the Pn was increased by 24.1–27.2% in IS and 17.1–19.8% in SS compared with the corresponding CK.
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FIGURE 3. Spraying DA-6 affects the net photosynthesis rate of soybean in the 2019 and 2020 growing seasons. (A,B) On the right corner of the picture represent the 2019 and 2020 growing seasons, respectively. The bar and error bars represent the mean soybean leaf area of three replicates and the standard deviation of the mean, respectively. Different letters indicate significant differences between treatments at 0.05 probability levels by Fisher LSD multiple comparisons in the same planting pattern. * indicates statistical significance at 0.05 probability levels (p < 0.05).




DA-6 Enhances the Activity of Soybean Antioxidant Metabolism

The values of O2– and H2O2 were decreased by DA-6 treatments, O2– and H2O2 values were lower in IS than in SS (Figures 4A–C). The MDA value was significantly (p < 0.05) decreased by DA-6 treatments, and the Pn value was lowest at D60 in both IS and SS. At the R6 stage, D60 significantly decreased the MDA values by 38.3% in IS and by 25.8% in SS compared with the corresponding CK.
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FIGURE 4. Spraying DA-6 affects reactive oxygen species and membrane lipid peroxidation products content, and the SOD, CAT, and POD enzymes activities of soybean. (A–C) O2–, H2O2 and MDA content in soybean leaves. (D–F) enzymes activity of SOD, POD, and CAT in soybean leaves. The bar and error bars represent the mean soybean leaf area of three replicates and the standard deviation of the mean, respectively. Different letters indicate significant differences between treatments at 0.05 probability levels by Fisher LSD multiple comparisons in the same planting pattern.


The values of SOD, POD, and CAT were increased by DA-6 treatments, and the SOD, POD, and CAT values at CK were higher in IS than in SS (Figures 4D–F). The SOD values were highest at D80 and D60 in IS and SS, respectively. The values of POD and CAT were significantly enhanced by DA-6 treatments and peaked at D60 in both IS and SS.



DA-6 Improves Soybean Biomass Distribution and Grain-Filling Processes

Aboveground dry matter increased from the R1 stage and peaked at the R5 stage, and aboveground dry matter was higher in SS than in IS (Figure 5). DA-6 treatments significantly (p < 0.05) increased aboveground dry matter and peaked at D60 in both IS and SS. In D60 treatment, at the R8 stage, the aboveground dry matter was increased by 27.2–32.6% in IS and 8.5–15.6% in SS compared with the corresponding CK.
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FIGURE 5. Spraying DA-6 affects the aboveground dry matter weight of soybean in the 2019 (A) and 2020 (B) growing seasons. The bar and error bars represent the mean soybean leaf area of three replicates and the standard deviation of the mean, respectively. * indicates statistical significance at 0.05 probability levels (p < 0.05). Different letters indicate significant differences between treatments at 0.05 probability levels by Fisher LSD multiple comparisons in the same planting pattern.


The values of DMA, VDMT, TR, and TRG were increased by DA-6 treatments (Table 1). DMA, VDMT, TR, and TRG values were higher in IS than in SS. In D60 treatment, the DMA and VDMT values were increased by 34.2–51.4% and 29.0–47.1% in IS, and increased by10.0–32.5% and 20.7–29.2% in SS, compared with the corresponding CK. The values of TR and TRG were peaked at D60 in both IS and SS. In D60 treatment, the TR and TRG values reached 54.1–55.4% and 72.4–77.6% in IS.


TABLE 1. Spraying DA-6 affects the dry matter accumulation and distribution of soybean after anthesis.

[image: Table 1]
The grain-filling processes of all treatments fitted the logistic growth curve equations (Figure 6). The Tmax and D were independent with the DA-6 treatments, Tmax and D were higher in IS than in SS (Table 2). The D was about 7 days longer in IS than in SS. The Wmax, Vmax, and Vmean were increased by DA-6 treatments, and Wmax, Vmax, and Vmean were higher in SS than in IS. The Vmax and Vmean were peaked at D60 in both IS and SS. In D60 treatment, the Vmean and Vmax increased by 6.5% and 6.5% in IS and 5.7% and 4.3% in SS compared with the corresponding CK.


[image: image]

FIGURE 6. Spraying DA-6 affects the grain filling process of soybean. (A) Hundred-grain weight fit curve of soybean. (B) Grain filling rate fit curve of soybean. Black and red lines indicate relay intercropping soybean and monoculture soybean, respectively. The solid line, scribe line, dashed-dotted line, and dotted line mean the CK, D40, D60, and D80 treatment, respectively.



TABLE 2. Spraying DA-6 affect the grain filling parameters of soybean.

[image: Table 2]


DA-6 Increases Soybean Pod Number and Yield

The soybean pod number, hundred-grain weight, and grain yields were significantly (p < 0.05) increased by DA-6 treatments, grain yield peaked at D60 in both IS and SS (Table 3). Independent with DA-6 treatments, the grain per pod was higher in IS than in SS. In D60 treatment, the soybean grain yield increased by 36.7–38.4% in IS and 21.7–26.6% in SS compared with the corresponding CK. The pod number was highest at D60 in IS. In D60 treatments, the pod number increased by 30.1–36.8% compared with corresponding CK. The pod number in SS peaked at D60 and D80 in 2019 and 2020, respectively. The pod number at D60 and D80 were increased by 13% and 6.3% compared with corresponding CK in 2019 and 2020, respectively. The hundred-grain weight peaked at D60 in both IS and SS. In D60 treatment, the hundred-grain weight was increased by 4.5–6.7% in IS and 3.6–5.6% in SS compared with the corresponding CK.


TABLE 3. Spraying DA-6 affects the yield and yield components of soybean.
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DISCUSSION


DA-6 Increased the Soybean Leaf Photosynthetic Capacity to Promote Pod Formation During the Flowering-Podding Stage

The number of pod per plant, number of grains per plant, and hundred-grain weight were positively related to the soybean grain yield (Liu et al., 2019). Results in this experiment showed that the better-promoted effect of D60 on soybean pod number and hundred-grain weight resulting in the soybean yield was increased by 36.7–38.4% in IS and 21.7–26.6% in SS, and the soybean grains per pod showed no significant change (Table 3). The process of flower development into mature pods during the flowering and podding stage determines the number and quality of the soybean pod. Nutrition competition among sourced and sink organs caused flowers and pod abortion and abscission, decreasing soybean pod number and grain yield (Raza et al., 2020). Nitrogen application at the R1 stage increased the soybean grain yield by promoting biomass accumulation during the soybean reproductive growth stage (Zhou H. et al., 2019). Similarly, results in this experiment showed that the DA-6 significantly (p < 0.05) increased the soybean aboveground dry matter (Figure 5), and the yield and yield components of soybean (Table 3). The yield increase ratio and pod number increase ratio of soybeans were higher in IS than in SS, which was correlated with higher DMA and VDMT in IS than in SS (Table 1). Much of the yield variation of grain crops, including soybean, was associated with the variation in pod number per plant, hundred-grain weight, and seeds per plant (Egli, 2015). Similarly, Liu et al. (2019) found that the application of DA-6 increased the soybean podding set ratio by promoting biomass accumulation. The significant increase in soybean biomass accumulation resulted in a significant increase in soybean pod number in IS. From the results that the dry matter weight in IS was rapidly increased after spraying with DA-6, we suggested that the effect of DA-6 treatment on promoting the soybean after-flower growth was higher in IS than in SS. Previous studies found that after the maize has been harvested, the compensatory photosynthetic growth soybean in later periods alleviates the soybean flowers and pod abortion and abscission caused by insufficient assimilate accumulation in relay intercropped soybeans (Fan et al., 2019). We suggested that the application of DA-6 promotes the compensatory growth of relay intercropped soybean after the restoration of canopy illumination, thereby increasing the synthesis and accumulation of carbohydrates and promoting pod formation.

Leaves were essential photosynthetic organs, where the dry matter accumulation of plants depended on the capacity of the leaves to capture the light energy and convert it to chemical energy (Ba et al., 2020). The photosynthetic characteristics of crops are closely related to the photosynthesis area, photosynthesis efficiency, and photosynthesis time and are essential determinants of dry matter production in soybean (An et al., 2019). In this experiment, D60 increased the soybean LAI (Figure 2) to increase the canopy photosynthesis area, which may increase the amount of intercepted photosynthetically active radiation and the energy transformation capacity of the canopy. Moreover, further analyzing the variation in soybean leaf number and average leaf area showed that the leaf number significantly increased in IS and the change in soybean leaf number in SS showed no significant difference (Supplementary Figure 1). The increase in soybean leaf number in IS was consistent with Zhou T. et al. (2019), who found that the intercropped soybeans produced abundant newly trifoliate leaves after the maize harvest since the recovery of canopy light condition. We suggested that DA-6 increased soybean LAI primarily by promoting the leaf number of relay intercropped soybean and the average leaf area of monoculture soybean.

Photosynthesis is a complex process in plant chloroplasts that convert light into chemical energy through photosynthetic pigments (Yao et al., 2017). DA-6 significantly (p < 0.05) increased the soybean total chlorophyll content and Pn of soybean after the R1 stage (Figure 3 and Supplementary Figure 2), which were crucial photosynthesis parameters that reflect the efficiency of the crop synthesis carbohydrate. The enhancement of soybean chlorophyll content in IS was better than in SS, which contributed to the significant change in Pn in IS after spraying with DA-6. The increase in chlorophyll content and Pn of the relay intercropped soybean after the restoration of soybean canopy illumination is consistent with Fan et al. (2018). Wen et al. (2019) also found that the application of tertiary amine bioregulators promoted photosynthesis pigment synthesis and larger chloroplasts, increasing soybean photosynthesis rates and carbohydrate concentrations. Thus, we suggested that the application of DA-6 showed a better promoting effect on chlorophyll in IS than in SS, which results in the higher Pn in IS after the R1 stage.

Diethyl aminoethyl hexanoate showed a higher promoting effect on the photosynthesis efficiency of relay intercropped soybean, which contributed to the growth of relay intercropped soybean after the flowering stage. The application of DA-6 promoting the soybean photosynthetic function after-flower stage alleviates defective material and energy accumulation of soybean and improves pod and grain formation. DA-6 significantly (p < 0.05) increased the photosynthesis area and net photosynthesis rate of soybean to improve the carbohydrate synthesis of the leaves during the soybean flowering and podding stage, ultimately promoting flower and pod formation increasing soybean pod number. And, the increase in soybean pod number enhanced the ability of sink organs, which may promote the biomass translocation from source organs and contribute to the soybean grain yield formation.



DA-6 Delayed the Leaf Senescence to Improve the Soybean Grain-Filling Process at the Later Stages

Soybean grain number and weight were essential components of soybean yield and were influenced by the soybean grain-filling process. This experiment showed that DA-6 increased the hundred-grain weight of relay intercropped soybean and maintained the stability of seed number per pod when the pod number was significant at p < 0.05 (Table 3). The grain-filling rate and duration time were essential indicators that reflect the ability of the soybean grain-filling process. TR and TRG were essential indicators to reflect the ability of the soybean to translocate the carbohydrate source to sink organs and its contribution to grain formation (Luo et al., 2020; Kelly et al., 2021). Results in this experiment showed the Vmax and Vmean values of soybean were increased in DA-6 treatments (Table 2), which was correlated with higher DMA and VDMT in DA-6 treatments (Table 1). He et al. (2020) also proved that increasing Vmax and V mean optimized the crop grain-filling process and weight of wheat grains. And the D values were about 7 days longer in IS than in SS, which may suggest that the soybean had a longer active grain-filling day in IS than in SS. An extended period of photosynthesis during the leaf senescence process, which always happens during the grain-filling stage, is essential for promoting soybean grain-filling processes (Egli, 2010). We suggested that DA-6 promoted the biomass translocation into grains and increased the Vmax and Vmean of relay intercropped soybean to promote soybean grains formation. And the increase in pod number may benefit the biomass translocation since the pod was an essential sink organ that affects the transportability of assimilates. Thus, the grains per pod were stable while the pod number and hundred-grain weight were significantly (p < 0.05) increased by DA-6 treatments in IS.

The premature leaves senescence leads to the empty pod during the grain filling process, which correlated with the photosynthesis pigments degradation and photosynthesis rate decrease (Chen et al., 2018). The premature leaves are accompanied by the accumulation of generation of reactive oxygen (ROS) in cells, which initiates membrane lipid peroxidation and directly damages the normal function of chloroplast by reducing the chlorophyll content and photodamage to PSII and D1 proteins (Jiang, 2021). The content of H2O2 and O2– in soybean leaves was an essential indicator of ROS accumulation, and the MDA content reflects the levels of lipid peroxidation (Yao et al., 2017). Plants effectively convert toxic H2O2 to water and nontoxic oxygen via the CAT, POD, and the ascorbate-glutathione cycle (including APX, GR, GSSG, and GSH) (Luo et al., 2020). DA-6 significantly (p < 0.05) decreased the H2O2 and O2–, and MDA content in soybean leaves indicated that the application of DA-6 alleviated the damage caused by ROS accumulation and leaves in SS earlier senescence than in IS (Figure 4). And the results that DA-6 significantly (p < 0.05) enhanced the activities of SOD, POD, CAT, and APX and increased the content of GSSG and GSH also proved that the application of DA-6 delayed the leaf senescence of soybean leaves (Figure 4 and Supplementary Figure 3). The effect of DA-6 delay leaf senescence was consistent with Fu et al. (2011), who showed that the application of DA-6 increased the enzyme activity of SOD, CAT, and APX to reduce the O2– and H2O2 production, eventually alleviating the lipid peroxidation damage under chilling stress. We suggested that DA-6 increased the activity of the antioxidant defense systems to delay the leaf senescence and prolonged the soybean grain-filling stage to maintain the biomass supply during the soybean grain-filling stage, which benefit the biomass transfer into grains and increased the grain-filling process and the soybean grains weight and number. And the effect of DA-6 on the delayed senescence of soybean leaves during the grain-filling stage was performing better in IS than in SS. Thus, DA-6 can increase the hundred-grain weight of soybean and maintain the stability of grain number per pod under the situation that the pod numbers were significantly increased after spraying with DA-6.




CONCLUSION

DA-6 treatments increased the soybean LAI by promoting the newly born leave growth in IS and expanding the average leave area in SS, and the LAI increase ratio in IS was higher than in SS. Although the chlorophyll content and net photosynthesis were both increased by DA-6 treatments in IS and SS, the effect of DA-6 on the delayed senescence of soybean leaves during the grain-filling stage was performing better in IS than in SS. The D was about 7 days longer in IS than in SS. And the increase in DMT and TRG was higher in IS than in SS, which may partly explain why the increase in Vmean and Vmax was higher in IS. The grains per pod were stable while the pod number and hundred-grain weight were significantly (p < 0.05) increased by DA-6 treatments in IS. The higher effect of DA-6 on improving soybean photosynthesis area and net photosynthesis of IS results in the pod number and hundred-grain weight at D60 treatment were increased by 30.1–36.8% and 4.5–6.7% in IS and 6.3–13% and 3.6–5.6% in SS. Thus, the soybean grain yield was peaked at D60 treatment and increased by 36.7–38.4% in IS and 21.7–26.6% in SS.
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IS, maize-soybean relay strip intercropping system; SS, monoculture soybean; DA-6, diethyl aminoethyl hexanoate; CK, 0 mg L–1 of DA-6; D40, 40 mg L–1 of DA-6; D60, 60 mg L–1 of DA-6; D80, 80 mg L–1 of DA-6; PAR, photosynthetically active radiation; LAI, leaf area index; R1, the beginning flower stage; R2, blooming flower stage; R3, beginning pod stage; R4, blooming pod stage; R5, beginning seed stage; R6, grain-filling stage; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; O2–, superoxide anion; H2O2, hydrogen peroxide; MDA, malondialdehyde; APX, ascorbic acid peroxidase; GR, glutathione reductases; GSH, glutathione; GSSG, oxidized glutathione; DMA, soybean total dry matter accumulation from the R1 stage to the R8 stages; VDMT, amount of soybean dry matter transfer into grains from the R4 stage to the R8 stage; TR, dry matter transportation ratio of VDMT to the dry matter of soybean vegetative organ at the R4 stage; TRG, the grains contribution ratio of VDMT; Tmax, the time required to reach the maximum grain-filling rate; T, the duration time when W was achieved at the 99% of A; Vmax, maximum grain-filling rate; Vmean, mean grain-filling rate; Wmax, grain weight at maximum grain-filling rate; D, active grain-filling period and defined as the period when W was between 5 and 95% of A.
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DMa, the soybean total dry matter accumulation from the R1 stage to the R8 stage; VDM, the amount of soybean dry matter transferred into grains from the R4 stage
to the R8 stage; TR, the dry matter transportation ratio of VDM to the dry matter of the vegetative organ at the R4 stage; TRg, the grains contribution ratio of VDMr.
Different letters indicate significant differences between treatments at 0.05 probability levels by Fisher LSD multiple comparisons in the same planting pattern. * indicates
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