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Abstract: Soybean is an important legume food crop, and its seeds are rich in nutrients, providing humans and animals with edible oil and protein feed. However, soybean is sensitive to water requirements, and drought is an important factor limiting soybean yield and quality. This study used Heinong 84 (drought resistant variety) and Hefeng 46 (intermediate variety) as tested varieties planted in chernozem, albic, and black soils. The effects of drought stress on the activities of key enzymes in carbon metabolism and photosynthetic characteristics of soybean were studied during the flowering stage, most sensitive to water. (1) The activities of SS-1, 6PGDH, and G6PDH enzymes in soybean leaves first increased and then decreased under drought stress. The enzyme activity was the highest under moderate drought stress and weakest in the blank group. (2) Drought stress increased Phi2, PhiNO, and Fm in soybean leaves and reached the highest value under severe drought; with the increase in drought stress, PhiNPQ and Fv/Fm of soybean leaves gradually decreased, reaching the lowest under severe drought. (3) With the increase in drought stress, F0 and Fs of soybean leaves showed a single peak curve, and the maximum was at moderate drought. (4) Correlation analysis showed that F0 was greatly affected by varieties and soil types; Fs, F0, and Fm soil varieties had a great influence, and chlorophyll fluorescence parameters were affected differently under drought stress with different drought degrees. (5) Drought stress changed the agronomic traits and yield of soybean. With the increase of drought degree, plant height, node number of main stem, effective pod number, 100-seed weight and total yield decreased continuously. (6) Drought stress affected the dry matter accumulation of soybean. With the increase of drought degree, the dry matter accumulation gradually decreased. Among them, the leaf was most seriously affected by drought, and SD decreased by about 55% compared with CK. Under the condition of black soil, the dry matter accumulation of soybean was least affected by drought.
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1  Introduction

Soybean (Glycine max (Linn.) Merr.) originated in China and is one of the main food crops [1] . Soybean grains are rich in nutrients and provide the necessary edible oil and protein feed for humans and animals [2]. Soybeans are more sensitive to water, especially at the flowering stage, and have a higher water demand [3]. Drought has become a crucial factor restricting soybean yield and quality due to northern China’s lack of water resources. As multidimensional stress, drought can cause changes in crop phenotypes, physiology, biochemistry, and molecular level [4]. It leads to metabolic disorders and photosynthesis termination in severe cases, eventually leading to crop death [5]. Carbon metabolism as an important metabolic pathway for soybean growth and development is sensitive to drought stress and closely related to plant growth and development, including photosynthetic sucrose synthesis and the pentose phosphate pathway during respiration [6]. Sucrose and its metabolites provide the energy basis for plant growth and are the main regulatory factors of cell metabolism [7], which play a key role in transporting photosynthetic products [8]. Sucrose synthase (SS-1) is a key enzyme for sucrose synthesis in plant tissues, which can catalyze the conversion of glucose diphosphate and fructose to sucrose. Sucrose has the function of stabilizing protein, and can scavenge reactive oxygen species [9], which plays a regulatory role in plant cells under drought conditions [10]. Dominguez et al. [11] found that SS-1 is involved in regulating abiotic stress. Khan et al. [12] found that sucrose content in plants increased with increasing salt stress. In addition, the pentose phosphate pathway (PPP) can maintain the redox balance between cells when crops are subjected to abiotic stress [12]. Glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (6PGDH) are the two key rate-limiting enzymes in the PPP pathway, adjust the PPP approach. Khan et al. [12] found that G6PDH and 6PGDH gene expression and enzyme activity increased in plants under salt stress.

Chernozem, albic, and black soil belong to the black soil series, is the main soil type in Northeast China, characterized by a strong humus accumulation process. Studies have shown that, there are some differences in the degree of adaptation of soybean to drought under different soil matrix conditions [13]. Therefore, clarifying the different effects of different soils on soybean under drought conditions can screen out suitable soil for soybean cultivation, which is important in improving production.

Chlorophyll fluorescence is a fast and effective probe for plant photosynthesis [14], which can quickly provide substantial amounts of photosynthetic data without causing damage to plants. As an accurate tool, chl fluorescence parameter analysis has been used to accurately study the effects of various stress factors, such as high and low temperature [15], radiation quality and intensity [16], water stress [17], salinity [18], heavy metals [19], and particulate matter pollution [20]. For most plants, chlorophyll fluorescence parameters such as Fv/Fm, initial fluorescence F0, maximum fluorescence yield Fm, non-photochemical quenching NPQt, and PS II utilization efficiency Phi2 under drought stress can directly reflect the changes in photosynthetic characteristics of plants. Therefore, chlorophyll fluorescence parameters are commonly used to explore drought stress [21].

Presently, there are few systematic reports on the drought stress of soybeans in different soil matrices. In this study, two soybean varieties (Heinong 84 and Hefeng 46) and three soil matrices (chernozem soil, albic soil, and black soil), the effects of drought stress on the key enzyme activities of carbon metabolism and chlorophyll fluorescence characteristics of soybean under different soil conditions were explored in the flowering stage of soybean, which was the most sensitive to water. At the same time, the seed test of soybean was carried out to explore the changes of agronomic traits, yield and dry matter accumulation, so as to provide theoretical basis for exploring the drought resistance cultivation of soybean and the influence of soil on drought resistance of soybean.

2  Materials and Methods

2.1 Plant Materials and Treatment Methods

This experiment mainly used Heinong 84 (HN84) and Hefeng 46 (HF46). HN84: Drought-tolerant soybean varieties, sub-limited podding habits, high protein varieties, protein content 42.30% (fat content 19.58%), need ≥ 10°C active accumulated temperature 2400°C. HF46: Medium drought-tolerant soybean varieties, sub-limited podding habits, high oil varieties, fat content 21.28% (protein content 39.75%), need ≥ 10°C accumulated temperature 2382°C [22]. Methods for measuring drought resistance information refer to Wang et al. [22]. Were used in this experiment. Main instruments: Multifunctional plant measuring instrument (MultispeQV2.0, Beijing Huinuored Technology Co., Ltd., Beijing, China); Soil moisture meter ECH2O-TE/EC-TM (EM-50, Decagon, Washington DC, USA). The drought resistance of soybean varieties was determined by drought resistance evaluation at seed germination stage, and the test results are shown in Fig. 1. This study was conducted at Northeast Agricultural University, China. The tested soils were chernozem, albic, and black. To observe and sample conveniently, the plastic bucket for the potted plant was 35 cm in height and 30 cm in diameter. Before the test, the chernozem, albic, and black soils drying treatment. Remove impurities in the soil, the treated soil into the plastic barrel, each barrel put 14 kg soil. Soybean seeds with full-grain and uniform size were selected for sowing, and four plants per pot were fixed after emergence, and soybean plants were kept growing under suitable conditions. The combination of EM-50 and weighing method was used to control water in the experiment to carry out different degrees of drought treatment on potted soybean plants entering the flowering stage (R2 stage).
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Figure 1: Evaluation of drought tolerance during seed germination

The experiment was divided into control and treatment groups. The determination method of soil relative water content. According to Dong et al. [23], the soil water content was controlled at the appropriate level by soil weighing method. The control group maintained appropriate water (CK), and the soil water content was 70%–80% of the field capacity. The treatment group was divided into three groups: soil water content of 50%–60% of field capacity marked as mild drought (LD); 40%–50% soil moisture content of field capacity was recorded as moderate drought (MD); and soil water content of 30%–40% of field capacity is marked as severe drought (SD). Each treatment remained stable for three days, and after that, sampling began. At 8:00–9:00 a.m., the inverted second and third soybean leaves were mixed and divided into four replicates, quickly frozen in liquid nitrogen, and stored at –80°C in an ultra-low temperature refrigerator. The contents of organic matter, total nitrogen, total phosphorus, total potassium and field water holding capacity in chernozem soil were 33.45, 2.56, 0.70, 25.44 g/kg and 33.7%; The contents of organic matter, total nitrogen, total phosphorus total potassium and field water holding capacity in albic soil were 32.78, 2.42, 0.74, 22.60 g/kg and 33.6%; The contents of organic matter, total nitrogen, total phosphorus, total potassium and field water holding capacity in black soil were 34.73, 2.68, 0.85, 28.86 g/kg and 35.8%, respectively.

2.2 Determination of Key Enzymes in Carbon Metabolism of Soybean

SS-1 content was determined by decoction method [24], 6PGDH content was determined by Tang et al. [25], G6PDH content was determined by Esposito et al. [26].

2.3 Determination of Photosynthetic Indexes of Soybean

The sunny and windless weather was selected and measured from 11:00 to 13:00 on the sampling day, multi-functional plant measuring instrument, MultispeQV2.0 (Beijing Huinuored Technology Co., Ltd., Beijing, China), photosynthetic indexes of middle leaves of soybean functional leaves (top three leaves) at R2 stage were determined. And each treatment was repeated ten times, taking the average value, the determination temperature is 25–30°C, and the light intensity is greater than 1000 μmol·m−2·s−1. The measurement indexes were as follows: the effective quantum yield (Phi2) of photosynthetic system II, the quantum yield of regulatory energy dissipation (PhiNPQ), the quantum yield of non-regulatory energy dissipation (PhiNO), relative chlorophyll content (relative chlorophyll), maximum fluorescence (Fm), initial fluorescence, initial fluorescence (F0), steady-state fluorescence (Fs), non-photochemical quenching (NPQ), and PSII primary light energy conversion efficiency (Fv/Fm).

2.4 Determination of Dry Matter Accumulation in Soybean

The soybean plants with drought at seedling stage were divided into three parts: leaves, petioles and stems. They were killed at 105°C for 30 min, dried at 80°C to constant weight, and weighed. The dry matter mass of leaves, petioles, stems and plants was obtained after grinding.

2.5 Determination of Agronomic Traits and Yield of Soybean

After the soybean was fully mature, all the potted soybeans were harvested and brought back to the laboratory. The plant height, node number of main stem, effective pod number, 100-seed weight and total yield were measured. Seed test standard reference “Soybean germplasm description specification and data standard” [27].

2.6 Analysis Software

All data were processed with Microsoft Office Excel 2010, statistical analysis of the data was performed using IBM SPSS software (version 21.0: IBM Corporation, Armonk, NY, USA), figures were produced using OriginPro 2021 (OriginLab Corp., Northampton, MA, USA) software.

3  Results

3.1 Effects of Drought Stress on Key Enzymes of Carbon Metabolism under Different Soil Types

As shown in Fig. 2, the effects of drought treatment on the activities of key enzymes in the carbon metabolism of soybean under different soil types showed that with an increase in drought stress, the activities of SS-1, 6PGDH, and G6PDH in soybean leaves first increased and then decreased, reaching the maximum under moderate drought stress and the minimum under suitable water.
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Figure 2: Effects of drought stress on key enzymes of carbon metabolism

The SS-1 enzyme activity was the highest under MD condition and the lowest under CK condition. Compared with CK, MD increased by 238.24%, 245.15% and 194.46% in chernozem soil, albic soil and black soil, respectively. The SS-1 enzyme activity of HN84 was higher than that of HF46 in CK and lower than that of HF46 in LD, MD, and SD. After drought treatment, the activities of sucrose synthase in leaves of two soybean varieties were in the order of albic soil > chernozem soil > black soil. There was no significant difference among the three soils under suitable water content, and the differences began to appear after drought treatment. Overall, the SS-1 enzyme activity of the two varieties was highest under albic soil cultivation.

6PGDH activity was the highest under MD condition and the lowest under CK condition. In chernozem soil, albic soil and black soil, MD conditions increased by 158.94%, 164.76% and 131.00% compared with CK conditions, respectively. The 6PGDH enzyme activity of HN84 was lower than that of HF46 in the four treatments. The 6PGDH enzyme activity in the two varieties were in the order, chernozem soil > albic soil > black soil. There was among the three soils the difference began to appear after drought treatment. Under mild, moderate, and severe drought conditions, there were significant indigenous differences among chernozem, albic, and black soils, and there was no significant difference between chernozem and albic soils. In general, the 6PGDH activity of the two varieties was the highest under the cultivation conditions of chernozem soil.

The activity of G6PDH was the highest under MD condition and the lowest under CK condition. In chernozem soil, albic soil and black soil, MD conditions increased by 307.31%, 295.9% and 226.58% compared with CK, respectively. The G6PDH enzyme activity of HN84 was lower than that of HF46 in the four treatments. The G6PDH activity of soybean leaves in the two varieties was of the order: albic soil > chernozem soil > black soil. Under suitable water content, there were differences among the three soils after drought treatment. Under mild, moderate, and severe drought conditions, there were significant indigenous differences among albic, chernozem, and black soils. Overall, the G6PDH activity of the two varieties was highest under albic soil cultivation.

3.2 Effect of Drought Stress on Light Quantum Yield under Different Soil Types

As shown in Fig. 3, with the increase in drought Phi2 and PhiNO, light quantum yield increased gradually and reached the maximum in severe drought, and was increasingly large, and severe drought was significantly higher than its three water statuses. With an increase in the degree of drought, the light quantum yield of PhiNPQ decreased gradually and reached its lowest under severe drought stress, and the differences under various water conditions were different. With the aggravation of drought degree, the decrease in amplitude gradually increased.
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Figure 3: Effects of drought stress on light quantum yield under different soil types

With the increase in the degree of drought, Phi2 also increased, reaching a maximum under SD conditions and the lowest under CK conditions. Compared with CK, SD increased by 633.33%, 597.92% and 970.27% in chernozem soils, albic soil and black soil, respectively. The variation of HN84 in the three soils was similar to that of HF46. The increase in HN84 SD compared with MD was significantly lower than that in HF46. At HN84, there was no significant difference in the mild drought. Black soil was significantly higher than albic and chernozem soils at moderate and severe drought, and there was no significant difference between albic and chernozem soils. At HF46, there were significant differences among the three soils under mild, moderate, and severe drought. Overall, the Phi2 of the two varieties was high under black soil cultivation.

With the increase in the degree of drought, PhiNO also increased, reaching a maximum under SD conditions and the lowest under CK conditions. Compared with CK, SD increased by 102.15%, 153.09% and 243.84% in black calcareous soil, albic soil and black soil, respectively. The variation of HN84 in the three soils was similar to that of HF46. HN84, mild drought, albic soil, and black soil were significantly higher than that of black chernozem soil. Moderate drought and albic soil were significantly higher than black soil, chernozem, chernozem soil, and black soil no significant difference. Significant differences among the three soils were observed for HF46 in severe drought, and mild drought had no significant difference among the three soils.In general, PhiNO of the two varieties was high under black soil cultivation conditions.

With the increase in the degree of drought, PhiNPQ decreased, reaching the maximum under CK conditions and the lowest under SD conditions, and the differences under various water conditions were different. With the aggravation of drought degree, the decrease in amplitude gradually increased. The variation of HN84 in the three soils was similar to that of HF46. For HN84, the chernozem was significantly higher than that of albic and black soils, and there was no significant difference between the albic and black soils. For HF46, black chernozem and albic soil values were significantly higher than those of black soil, and there was no significant difference between black chernozem and albic soils. In general, the PhiNPQ of the two varieties was high under black soil cultivation conditions.

3.3 Effects of Drought Stress on Chlorophyll Fluorescence Parameters under Different Soil Types

As shown in Fig. 4, with the increase in the degree of drought, F0 and Fs showed a unimodal trend, reaching the maximum under moderate drought stress. Fm and Fv/Fm showed an upward trend, reaching the maximum under severe drought conditions; NPQ showed a downward trend, with the highest suitable moisture and the lowest severe drought.
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Figure 4: Effects of drought stress on chlorophyll fluorescence parameters under different soil types

With the increase in the degree of drought, soybean F0 first increased and then decreased, reaching a maximum under moderate drought. Compared with CK, MD increased by 16.68%, 13.9% and 19.54% in chernozem soil, albic soil and black soil, respectively. In HN84, F0 was greater than HF46 under CK conditions, and the change in F0 was similar to that of HF46 in three different varieties. There was no significant difference in suitable water content between the two varieties. For HN84, there were significant differences among albic, black, and black chernozem soils under mild and moderate drought, Under severe drought conditions, there were no significant differences among the three soils. HF46, mild drought, albic, and chernozem were significantly higher than black, albic, and chernozem soils, which did not differ significantly. There were no significant differences in the moderate drought. In severe drought, the values of albic and black soils were significantly higher than those of chernozem. Overall, in black soil cultivation conditions, two varieties F0 were high.

With the increase in drought degree, soybean Fs first increased and then decreased, reaching a maximum under moderate drought. Three different soil types of HF46 showed similar patterns, with the maximum under MD and the minimum under CK. In chernozem soil, albic soil and black soil, MD increased by 32.64%, 80.25% and 20.97% compared with CK, respectively. The change in F0 in HN84 was similar to that in HF46, showing a single peak trend, and reached a maximum under moderate drought stress. Under moderate and severe drought conditions, the albic and black soils were significantly higher than those of chernozem, and there was no significant difference between the albic and black soils. Overall, under the condition of black soil cultivation, the F0 of the two varieties was high.

With the increase in drought degree, soybean Fm showed a gradual upward trend, reaching a maximum under severe drought. In the HF46 varieties, in chernozem soil, albic soil and black soil, SD increased by 29.89%, 64.92% and 79.18% respectively compared with CK. The change in Fm in HN84 was similar to that in HF46. The Fm value of HN84 under SD conditions was significantly higher than that under HF46 conditions. For HN84, under mild, moderate, and severe drought, the black soil was significantly higher than that of albic and chernozem soils, and there was no significant difference between albic and chernozem soils. For HF46, there was no significant difference among the three soils under mild drought conditions. Under moderate and severe drought conditions, the order was black soil > albic soil > chernozem soil, and there were significant differences among them. Overall, under black soil cultivation conditions, the Fm of the two varieties was high.

With the increase in the degree of drought, the Fv/Fm of soybean showed a decreasing trend, and Fv/Fm was the smallest under severe drought. Under CK conditions, Fv/Fm was higher than the other three water states. Among the HF46 varieties. In chernozem soil, albic soil and black soil, LD increased by 120.69%, 131.03% and 93.10% compared with CK, respectively. The change in Fv/Fm in HN84 was similar to that in HF46, and the value of Fv/Fm gradually decreased with increasing drought stress. The value of Fv/Fm in HN84 under CK was significantly higher than that under HF46. Concurrently, there was no significant difference between the three soils of the two varieties under suitable moisture and mild drought conditions. Under moderate and severe drought conditions, the order was albic soil > chernozem soil > black soil. Overall, the Fv/Fm of the two soybean varieties was high under the conditions of albic soil cultivation.

With the increase in the degree of drought, the NPQ of soybean gradually decreased, reaching its lowest under severe drought and the highest under blank conditions. In HF46, in chernozem soil, albic soil and black soil, SD increased by 395.48%, 388.98% and 664.13% compared with CK, respectively. The NPQ values of the three soils in HN84 were lower than those in HF46, and the NPQ values under different drought conditions were similar to those in HF46. Simultaneously, there was no significant difference among the three soils under suitable water content for the two varieties, and the difference began to appear after drought treatment. Under mild, moderate, and severe drought conditions, the order was albic soil > chernozem soil > black soil. Overall, the NPQ of the two varieties was high under the albic soil cultivation.

3.4 Correlation Analysis of Chlorophyll Fluorescence Parameters

The eight chlorophyll fluorescence parameters obtained in this experiment were analyzed by Pearson correlation analysis with two soybean varieties, three soil types, and four drought degrees to correlate various influencing factors on chlorophyll fluorescence parameters. As shown in Fig. 5, the test results showed that NPQ had the strongest correlation with varieties, soil quality and drought degree, while Phi2 and PhiNPQ were the weakest. In addition, Fs, Phi2, and F0 were greatly affected by the variety; Fs, PhiNO, and Phi2 were greatly affected by soil conditions; phi2, PhiNO, PhiNPQ, and Fs changed significantly during MD-SD; NPQ, Fm, and F0 changed significantly during CK-LD; and Fv/Fm changed significantly during LD-SD.
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Figure 5: Correlation of chlorophyll fluorescence parameters with soil, varieties, and drought degree

3.5 Effect of Drought Stress on Dry Matter Accumulation under Different Soil Types

As shown in Fig. 6, the effects of drought stress on dry matter accumulation were different under different soil types. Leaf dry weight, stem dry weight, petiole dry weight and plant dry weight decreased with the aggravation of drought. Under the condition of albic soil, drought had the most significant effect on dry matter accumulation. Compared with CK, SD of leaf dry weight decreased by about 55%, SD of stem dry weight decreased by about 30%, SD of petiole dry weight decreased by about 25%, and SD of whole plant dry weight decreased by about 30%. Compared with HF46 and HN84, the dry matter accumulation of HN84 was greater than that of HF46, which was greatly affected by drought. In different soil types, the change of dry matter accumulation: black soil < chernozem soil < albic soil, indicating that black soil has strong ability to adapt to drought.

[image: images]

Figure 6: Effects of drought stress on dry matter accumulation in different soil types

3.6 Effects of Drought Stress on Agronomic Traits and Yield under Different Soil Types

As shown in Fig. 7, under different types of soil, different degrees of drought have different effects on agronomic traits and yield of soybean. The test results showed that the effective pod number of soybean decreased with the deepening of drought. The effective pod number was the largest under CK condition, and the effective pod number was the smallest under SD condition. In summary, the effective pod number of SD decreased by about 30% compared with that of CK. The plant height decreased with the increase of drought degree. The plant height was the highest in CK and the lowest in SD. In general, the plant height SD decreased by about 15% compared with CK in the two varieties. The number of main stem nodes was also affected by different soil and drought, but the results were less affected by soil and drought than the number of effective pods and plant height. The 100-grain weight and total yield were closely related to drought degree. Among them, the 100-grain weight of HN84 had little change, and the 100-grain weight and total yield of SD decreased by 5% and 38% compared with CK, respectively. The 100-grain weight and total yield of HF46 changed significantly, and the 100-grain weight and total yield of SD decreased by 16% and 40% compared with CK, respectively. Compared with three different soil types, black soil was least affected by different degrees of drought, and could maintain relatively stable yield and agronomic traits.
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Figure 7: Effects of drought stress on agronomic traits and yield under different soil types

4  Discussion

Drought can destroy normal metabolic processes in plants, such as changes in the osmotic potential of plant tissues and impaired photosynthesis [28]. Carbon metabolism is a basic physiological, metabolic pathway involved in plant growth and development. Carbohydrates directly impact the growth rate and development status of plants and play a key role in transforming plants from vegetative to reproductive growth [29]. Cui et al. [6] conducted drought stress on cotton bolls. The results showed that the activities of 6PGDH and SS-1 in the main stem leaves and proximal leaves of cotton bolls increased under mild drought conditions, consistent with the results of this experiment. Guo et al. [30] studies have shown that SS-1 is a key enzyme in sucrose synthesis. Sucrose can be used not only as a scavenger of osmotic regulators and reactive oxygen species to stabilize cells, but also as a signal molecule to regulate gene expression in plants under abiotic stress. This study showed that key enzymes involved in plant carbon metabolism increased under moderate and severe drought stress. Aliche et al. [31] found that the normal metabolic system in plants was seriously damaged due to the increasing stress, which destroyed the balance of the enzyme system in plants and seriously affected the enzyme activity. Jiang et al. [32] conducted drought stress on maize at the grain-filling stage, and the results showed that the enzyme activities of SS-1 and G6PDH first increased and then decreased with the aggravation of drought stress, consistent with the results of this experiment. 6PGDH and G6PDH are the key rate-limiting enzymes in PPP pathway. The intermediate product E-4-P of PPP pathway can synthesize shikimic acid. Shikimic acid can continue to synthesize chlorogenic acid. Polyphenolic chlorogenic acid can play a role in resisting adversity [33]. The activities of G6PDH and 6PGDH are important limiting factors in this pathway. We found that the activity of key enzymes in carbon metabolism increased under mild drought conditions, probably because plants have a certain drought-resistant mechanism and can adapt to short-term mild drought. This indicated that moderate drought was conducive to improving the activity of key enzymes in carbon metabolism, indicating that SS-1, 6PGDH, and G6PDH as osmotic adjustment enzymes play a positive role in resisting injury and maintaining normal physiological metabolism in the early stage of drought stress.

Plant chlorophyll fluorescence parameters are sensitive to environmental conditions. By detecting the changes in chlorophyll fluorescence characteristics, we can understand the occurrence of environmental stress [34] and predict the impact of stress on plants. Kalaji et al. [35] found that the photosynthetic response center function of plants under non-stress conditions was stronger than that under stress conditions. Therefore, plants grown under non-stress conditions have higher fluorescence parameters, such as Fv/Fm, NPQ, and PhiNPQ. These chlorophyll fluorescence parameters are important indicators for evaluating the degree of plant stress damage [36]. This experiment showed that Fv/Fm, NPQ, and PhiNPQ gradually decreased with an increase in drought degree, indicating that drought stress adversely affected soybean leaves. Yao et al. [37] conducted drought stress treatment on Arabidopsis thaliana. The experimental results showed that NPQ and PhiNPQ decreased with increasing drought stress, and Fv/Fm did not change significantly. It may be that different plant varieties lead to certain differences in fluorescence parameters. Under drought stress, F0 and Fs of soybean leaves increased first and then decreased with the increase in drought degree, and increased positively during CK-MD, showing damage or inactivation of the PS II reaction center structure. During the MD-SD period, it showed negative growth, which was dominated by the thermal dissipation of the PS II antenna pigment, and the variation was large, indicating that drought stress had a great influence on soybean leaves. This may be because soybean leaves start the corresponding resistance mechanism in the early stage of stress, but with the extension of stress time, this mechanism is gradually destroyed, and the emergence of resistance mechanisms shows that soybean has certain drought resistance. Studies have shown that F0 and Fs first increased and then decreased in cucumber [38] and quinoa [39]. Higher Phi2 values can accumulate more energy for dark reaction photosynthetic carbon assimilation to promote the efficient operation of carbon assimilation and organic matter accumulation. The results showed that Fm and Phi2 increased under different drought stress conditions, indicating that drought stress damaged soybean leaves. The increase in PhiNO indicated that soybean leaves had a certain tolerance to drought stress. Zhang et al. [40] treated Paulownia seedlings under drought stress, and the results showed that F0 and Fm increased first and then decreased with the increase in drought degree, consistent with the results of this experiment.

Different soil substrates showed different responses to drought stress in the soybean leaves. The results of this experiment showed that the activities of SS-1 and G6PDH, the key enzymes of carbon metabolism in the two soybean varieties, were the highest under the albic soil cultivation conditions; the activity of 6PGDH was the highest in the black soil, indicating that the albic and black soils as the cultivation substrates were conducive to the accumulation of the key enzymes involved in carbon metabolism in soybean leaves. Studies have found that clayey soil [41] has a good water retention capacity to maintain the normal growth of crops under drought conditions so that high and stable crop yields have a positive effect. The values of chlorophyll fluorescence parameters increased with increasing drought degree under black soil cultivation conditions, such as Phi2, PhiNO, and Fm, indicating that the electron transfer efficiency of soybean leaves under black soil cultivation conditions was higher, this may be related to the soil structure and deep humus layer in black soil [42]. The chlorophyll fluorescence parameters, such as PhiNPQ, Fv/Fm, and NPQ, decreased with an increase in drought degree. The high values indicated that soybean leaves had a high light energy utilization rate and low light inhibition in albic soil. Zhao et al. [43] treated Pueraria in three different soil types. The results showed that soil type significantly affected the chlorophyll fluorescence parameters of Pueraria seedlings.

Soybean is a crop susceptible to drought stress. Under drought conditions, soybean will actively adjust its morphological development to adapt to drought environment [44], conducted drought treatment on maize and found that drought stress at different growth stages significantly inhibited leaf area and plant height of maize. In this experiment, plant height, effective pod number, 100-seed weight, yield and dry matter accumulation decreased with the increase of drought stress. Wang et al. [45] analyzed the agronomic traits of barley under drought stress. The results showed that the grain number per spike, 1000-grain weight and yield of barley decreased, which was consistent with the results of this experiment. Dry matter accumulation is the material basis for yield formation. Under certain conditions, the higher the dry matter accumulation is, the higher the corresponding yield is [46]. Soil moisture conditions affect the dry matter accumulation of crops and the transport of dry matter to various organs [47]. In this experiment, the decrease of dry matter accumulation in soybean leaves was the most significant, indicating that drought had the greatest impact on leaves. Under different soil conditions, the decrease of dry matter accumulation was different. In general, the decrease of dry matter accumulation in black soil was the least, indicating that black soil was suitable for soybean growth under drought conditions. This experiment only discussed the effects of drought stress on the key enzymes of soybean carbon metabolism and chlorophyll fluorescence characteristics, agronomic traits, yield and dry matter accumulation of soybean in different soil substrates. Presently, the research is limited, and the specific mechanism, signal transduction, and gene expression require further exploration and research.

5  Conclusions

This study revealed the effects of drought stress on key enzymes involved in carbon metabolism and the photosynthetic characteristics, agronomic traits, yield and dry matter accumulation of flowering soybean under different soil substrates. Soybean leaves showed different drought stress characteristics under different degrees of drought, and different soybean varieties and soil matrices had different drought stress characteristics. With the intensification of drought, the activities of key enzymes SS-1, 6PGDH and G6PDH in carbon metabolism of soybean plants increased first and then decreased. Chlorophyll fluorescence parameters Fm, Phi2 and PhiNO increased significantly, PhiNPQ, Fv/Fm and NPQ decreased significantly, F0 and Fs increased first and then decreased, and fluorescence parameters showed relatively stable state under mild drought conditions. The agronomic traits of soybean plants were closely related to drought degree. Plant height, internode number, effective pod number, 100-seed weight and total yield decreased with the increase of drought degree. The dry matter accumulation of leaves, stems, petioles and plants decreased with the aggravation of drought. With the increase in drought stress, the damage caused by drought to soybean leaves increased. In addition, under different soil cultivation conditions, the activities of SS-1 and G6PDH enzymes of the two varieties were the highest in albic soil. The 6PGDH enzyme had the highest activity in chernozem, whereas albic soil had the greatest impact on chlorophyll fluorescence parameters.
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