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Abstract

:

Drought is a significant abiotic stress that limits crop production. Soybeans [Glycine max (L.) Merr.] are regarded as drought-sensitive. In the present study, the drought responses of wild soybean accessions were evaluated at different growth stages. Based on the leaf wilting index of 411 accessions at the vegetative stage, seven highly tolerant (HT) and 24 tolerant (T) accessions were identified, although most wild soybeans were classified as moderate (M), sensitive (S), and highly sensitive (HS) genotypes. In addition, with selected wild soybeans, stomatal density decreased in HT accessions but increased in HS accessions under drought conditions at the vegetative stage. However, for cultivated soybeans, the stomatal density of the drought-tolerant and drought-sensitive were not significantly different between the two conditions. The expression levels of drought-related transcriptional factors indicated that the HT genotype showed a higher expression level of drought-related genes than that of the HS genotype at the vegetative stage. At the reproductive stages, 12 wild soybeans randomly selected from HT, T, S, and HS based on assessment at the vegetative stage showed consistent drought responses with seed yield, root development, and water status. However, the extent of the detrimental effect of drought on the germination rates and root length of 165 wild soybeans at the germination stage varied depending on the genotype, indicating that there may not be a robust correlation between phenotypic measurements at the germination stage and drought-related assessments at the two growth stages. The information from this study can provide useful breeding materials for the development of drought-tolerant cultivars from wild soybeans.
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1. Introduction


Drought is a major environmental constraint and devastating abiotic stress that negatively affects crop production and yield stability. Drought is defined as a prolonged water shortage on and beneath the soil surface [1]. Global warming caused by increased greenhouse gas emissions has raised the Earth’s surface temperature [2]. The corresponding increase in soil temperature has increased the evaporation rate of water, resulting in its scarcity in the soil [3]. Additionally, uneven precipitation patterns have resulted in severe environmental conditions, and drought stress has become one of the most important concerns for crop production worldwide. It has been suggested that the frequency and severity of drought stress have already accelerated, highlighting drought stress as a potential threat to food security worldwide in the near future [4].



Soybeans [Glycine max (L.) Merr.] are an essential source of protein, oil, carbohydrates, and micronutrients both in the human diet and in animal feed. It is considered an important commercial crop globally owing to its excellent nutritional value and health benefits [5]. Cultivated soybean (Glycine max) was domesticated from its wild progenitor Glycine soja in East Asia thousands of years ago. The morphological and physiological properties of cultivated soybeans have been selected for the demands of agricultural cultivation [6]. Favorable genes from wild soybeans, such as adaptation, tolerance to abiotic stresses, and resistance to biotic stresses, have been successfully introgressed into the domesticated soybean cultivar through breeding programs [7].



The amount of water required for soybean growth varies depending on the developmental stages [8]. Because of the small canopy size, the rate of water use at the germination and seedling stages is relatively low [9]. It has been reported that some morphological changes occur during vegetative stages under drought conditions, although plants require a low amount of water for their growth. Water demand increases when soybean reaches the vegetative stages from the V3 (three trifoliate leaves stage) to the V5 stage (five trifoliate leaves stage) [10]. The amount of water required during the flowering to the pod-filling period of soybean increases three or four times compared to that of the early vegetative stages [8]. At the reproductive stage, drought stress in soybean can reduce the yield by up to 44% [11]. Furthermore, a reduction in photosynthesis due to drought stress during seed filling can influence the conversion of storage compounds, such as protein and oil, in soybean seeds [12].



Drought tolerance is defined as the ability of plants to survive and produce a relatively higher yield under drought conditions compared to drought-sensitive crops [13,14]. The seed yield of tolerant soybean genotypes under drought conditions was found to be comparable to that under normal conditions, whereas the seed yield of sensitive genotypes was significantly decreased by a water deficit [15].



In addition to yield-related attributes, other parameters, such as stomatal conductivity and growth patterns of the roots and shoots, also play critical roles in determining the drought tolerance of soybean at different growth stages [16]. When water loss is high, as in conditions of high transpiration rate or low water availability, it can lead to a decrease in leaf water potential and reduced turgor pressure in the guard cells surrounding the stomatal pores [17,18,19]. Decreased turgor pressure triggers a response in the guard cells, leading to stomatal closure. Stomatal closure is an adaptive mechanism that helps plants reduce water loss and maintain water balance. The limitation of the transpiration rate reduces the hydraulic conductance between the xylem and guard cells in leaves, resulting in slow canopy wilting, which is one of the primary visual traits for drought tolerance [20]. In seasonal drought, the developmental adjustment of the root and its branches can further influence the extent of water absorption by plants. For example, deep root systems allow plants to access deep soil water [21]. The drought tolerance of plants may be ascribed to root systems with thin roots and a high number of lateral roots [16]. The drought tolerance of soybean may be associated with the adjustment of the root-to-shoot ratio under drought conditions [22].



Soybean plants adapt to drought stress through a complex process comprising stress perception, signal transduction, and the expression of stress-related transcription factors (TFs) and their downstream targets [23]. Among the TFs, some families, such as RD (Response to Desiccation), ERD (Early Responsive to Dehydration), DREB (Dehydration-Responsive Element-Binding), NAC (NAM, ATAF, CUC), WRKY (composed of a conserved WRKYGQK motif), and MYB (myeloblastosis), are involved in drought tolerance as mediators of the classic abscisic acid (ABA)-dependent or -independent signaling pathways [24,25,26,27,28]. The interaction between GmWRKY27 and GmMYB174 suppresses GmNAC29 expression by binding to its promoter, resulting in enhanced drought tolerance in transgenic soybean [29]. In addition, GmERD1 was induced by drought stress in the Edamame cultivar KH11 [30]. Moreover, the overexpression of GmDREB2 in Arabidopsis enhances tolerance to drought stress without adverse growth retardation [31]. Similarly, the overexpression of GmFDL19 in transgenic soybeans also enhances drought tolerance at the seedling stage [32]. GmNAC11 acts as a transcriptional activator and affects the expression of DREB1A and other stress-related genes [33].



To date, few studies have focused on the morphological and physiological responses of wild soybean to drought stress at different growth stages, such as germination, vegetative, and reproductive stages. Additionally, the responses of wild soybean accessions to drought conditions have not been systematically evaluated, although they might be excellent genetic materials for breeding programs. The objective of this study was to assess various phenotypic responses of wild soybean accessions subjected to drought conditions at the vegetative, reproductive, and germination stages, as follows: (1) leaf morphological and stomatal density, as well as the expression profile of drought-related genes at the vegetative stage; (2) changes in root system architecture and physiological responses at the reproductive stage and their contribution to seed yield; and (3) changes in the seed germination rate and root length at the germination stage.




2. Materials and Methods


2.1. Plant Materials


In total, 411 wild soybean accessions were obtained from the National Agrobiodiversity Center of the Rural Development Administration in Jeonju, Republic of Korea (https://genebank.rda.go.kr/) (accessed on 1 February 2024) [34]. The plant materials used are listed in Table S1. The drought tolerance of the wild soybean accessions was evaluated at three different growth stages: the vegetative, reproductive, and germination stages. The drought-tolerant soybean cultivar, DT2008, and the drought-sensitive soybean cultivar, Williams 82, were used as references for the leaf wilting score (LWS) [35,36]. In addition, another drought-sensitive soybean cultivar, DT99, was evaluated [37]. First, all wild soybean accessions were evaluated for their response to drought stress at the vegetative stage (Experiment 1). Next, 12 soybean accessions with different tolerance levels, which were determined through Experiment 1, were assessed for their response to drought conditions at the reproductive stage (Experiment 2). Finally, 165 soybean genotypes selected in Experiment 1 were evaluated for their germination rate and root length under the drought conditions induced by 12% PEG 6000 (Sigma-Aldrich, St. Louis, MO, USA) at the germination stage (Experiment 3).




2.2. Experiment 1: Drought Response at the Vegetative Stage


Phenotypic measurements of 411 wild soybean accessions were conducted under greenhouse conditions at the Kyungpook National University, Daegu, Republic of Korea (36°06′45.8″ N 128°38′33.4″ E). Five seeds were planted into each hole of the plastic trays (46 × 23 × 11 cm) and thinned into two plants per hole. Two plants per hole was considered a single replication. The experiment was conducted in two replicates under controlled conditions of 14 h light/10 h dark cycle. Five repeated experiments were evaluated (20 August to 12 September 2018, 15 September to 10 October 2018, 20 October to 15 November 2018, 12 January to 9 February 2019, and 15 April to 10 May 2019).



2.2.1. Measurement of LWS


Soybean plants were exposed to drought conditions for seven days when they reached the V2 stage with two trifoliate leaves. Drought tolerance was determined based on the LWS values of each accession. Leaf wilting was scored from 1 (no wilting) to 5 (plant death): 1, no apparent symptoms of wilting; 2, 1–25% wilting; 3, 26–50% wilting; 4, 51–75% wilting; and 5, whole plant withered (dead; Figure S1). The LWS of each accession was determined using the mean value of five replicates. Depending on the LWS, we classified the accessions into five groups: accessions with LWS less than 1.5 were assigned as highly tolerant (HT); those between 1.5 and 2.5, tolerant (T); between 2.5 and 3.5, moderate (M); between 3.5 and 4.5, sensitive (S); and greater than 4.5, highly sensitive (HS).




2.2.2. Stomatal Density


Based on the result from experiment 1, three HT (WC2-011, WC2-083, WC2-102) and three HS (WC2-065, WC2-104, WC2-142) were selected to measure the stomatal density. Soybeans were planted in a 50-hole tray (46 × 23 × 11 cm) containing horticultural soil. Three seeds from each accession were planted in a hole at 1 cm depth, with five holes representing one replication. This experiment had three replications under control and drought conditions. After emergence, only one seedling was kept at each hole for their growth. When soybean plants reached the V2 stage, drought stress (stop watering) was imposed for 5 days (the leaves were wilted but not completely dried). In this experiment, leaves under drought conditions were collected 5 days after drought treatment (DAT). The control condition was well watered to each accession, and the leaves were collected at the same time, with the leaves collected under drought conditions. The leaves were collected, and their stomatal densities were measured using a modified method described by Sharma [38]. The first and second trifoliate leaves were collected from each accession and placed in a clearing solution (a 7:1 solution of 95% ethanol to acetic acid) overnight at room temperature. After removing the clearing solution, the leaf tissues were placed in 1 N KOH until they became transparent. The leaves were gently washed with distilled water. Images of the leaves mounted in glycerol were captured in a 3840 × 2880 format using a DFC 450C-744780815 camera under a Leica DM2500 microscope (Leica Microsystems Limited, Balgach, Switzerland). Grayscale images with high dynamic range quality at 40× magnification were obtained using the Leica application suite (LAS v.4.6) in 0.3118 × 0.233 mm format. Stomatal density was measured in pictures obtained using this protocol.




2.2.3. Isolation of RNA and qRT-PCR Analysis


One HT (WC2-102) and one HS (WC2-104) from Experiment 1 were selected for the expression analysis. Three replications were conducted for the RNA expression analysis. When the seedlings were at the V2 stage (about 2 weeks old), drought treatment was applied by withholding water. Leaf and root samples at 0 DAT, 1 DAT and 3 DAT were collected and frozen immediately in liquid nitrogen and then stored at −80 °C prior to RNA extraction. Total RNA was extracted from the leaves and roots using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. First-strand complementary DNA (cDNA) was synthesized via reverse transcription of the total RNA using an oligo-dT(20) primer and Superscript III (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions.



A LightCycler1 480 Real-Time PCR System (Roche, Germany) was used to determine the transcript abundance of drought-related genes. A mixture of 2 μL of first-strand cDNA, 10 pmol of forward and reverse primers, and 10 μL of SYBR Green I Master Mix (Roche, Germany) was subjected to qRT-PCR analysis. Soybean Cons7 was used as the reference gene [39]. The experiments were performed in triplicate. The following PCR cycle was used: 95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s, 56 °C for 20 s, and 72 °C for 10 s. The primers used are listed in Table S2.





2.3. Experiment 2: Drought Response at the Reproductive Stage


Twelve wild soybean accessions from Experiment 1, namely WC2-011 (HT), WC2-083 (HT), WC2-102 (HT), WC2-016 (T), WC2-329 (T), WC2-336 (T), WC2-059 (S), WC2-272 (S), WC2-291 (S), WC2-065 (HS), WC2-104 (HS), and WC2-142 (HS), were selected to determine their response to drought at the reproductive stage. Five seeds were sown in each pot (30 × 30 × 20 cm) filled with a mixture of horticultural soil and sandy soil (2:1). The seedlings were thinned to two plants per pot at the V1 stage. Each accession had two groups with three replications under controlled conditions of 14 h light/10 h dark cycle in vegetative stages and 10 h light/14 h dark cycle in reproductive stages: one group was used for control (watered during plant growth and development), and the other was used for drought stress treatments. The pots were placed in a greenhouse, opened on sunny days to maintain natural living conditions, and closed on rainy days to avoid a rain-soaked plastic basin. Experiment 2 was conducted in three repeated tests (August 2019 to April 2020, June 2020 to December 2020, and May 2021 to November 2021). When wild soybean accessions were flowered, drought stress was applied for 10 days, after which the plants were irrigated until maturity. Mature plants were harvested for further phenotypic measurements, including seed yield, root system architecture, and physiological indicators.



2.3.1. Seed Yield


Total seed yield per plant (TSY) was measured for each plant per pot. The 100-seed weight (100 SW) and the ratio of healthy seeds’ weight (HSW) to total seed yield (TSY) were determined.




2.3.2. Root System Architecture


After the seed harvest, the aboveground part of each accession was discarded, and the root with soil adhered to it was carefully removed from the pot. The roots were gently washed with tap water to remove the attached soil. Primary root length was measured using a ruler (cm), and the number of lateral roots was counted. The roots were then completely dried for 24 h in a dry oven (at 65 °C), and their total dry weight was determined.




2.3.3. Physiological Indicators


With decreasing leaf water potential, the relative water content, water uptake capacity, and membrane permeability of plant leaves were measured. The relative water content was estimated by obtaining the fresh weight (FW) of the leaf and the turgid weight (TW) of the leaf after equilibration for a day. The leaf water status was estimated using the following equations [40] on the same leaf after drying (DW):


Relative water content (RWC) = [(FW − DW)/(TW − DW)] × 100










Water saturation deficiency (WSD) = 100 − RWC










Water uptake capacity (WUC) = TW/FW











The membrane stability index or electron leakage (EL) is a measurement of membrane damage in leaf samples and is often used as an indicator of plant stress or injury. It was calculated according to the modified method described by [41]. The EL value provides an estimate of the extent of membrane damage in the leaf samples. Lower EL values indicate greater membrane stability, while higher values suggest increased membrane damage or permeability. A trifoliate leaf sample was collected, placed in a conical tube with 40 mL of deionized water, and incubated overnight at room temperature (C1) before autoclaving (C2). The electrolytic conductivities of the C1 and C2 samples were determined using a handheld conductivity meter (TDS and EC meter) using the following formula:


Electron leakage (EL) = (C1/C2) × 100











All of the samples were collected for the physiological measurements at 10 DAT.





2.4. Experiment 3: Drought Response at the Germination Stage


In Experiment 3, 165 wild soybean accessions were used to determine their drought tolerance at the germination stage. The drought conditions were generated by treating germinating seeds with 12% PEG 6000 [42]. For each accession, ten healthy seeds were selected, the seed coat was broken, sterilized and placed on wet filter paper in 9 cm-diameter Petri dishes. The Petri dishes were then filled with 10 mL of PEG 6000 or the control solution (distilled water). Seeds with at least 1 cm in root length were regarded as germinated. Five germinated seeds with the longest root were selected from each accession, and the lengths of the roots were measured. The seed germination experiment was repeated in triplicate to measure the overall germination percentage.




2.5. Statistical Analysis


Data analysis was performed using SPSS (IBM SPSS Inc., Chicago, IL, USA). A two-way analysis of variance (ANOVA) was performed to assess the effect of accession, drought treatment and the interaction between them. Differences between the means were analyzed using an independent t-test (p < 0.05). Tukey’s test was used for the multiple comparison analysis of the genotypic groups, and the results were reported at a significance level of 5%. Pearson’s phenotypic correlations between genotypes under each treatment condition or between different growth stages were computed [43].





3. Results


3.1. Drought Tolerance at the Vegetative Stage (Experiment 1)


The most effective indicator of plant response to drought stress was leaf wilting. The slow wilting of soybean leaves under drought conditions is a beneficial agronomic feature for assessing drought tolerance. Through visual evaluation of 411 wild soybeans, seven genotypes were classified as HT accessions that did not show wilted leaves and had less than 1.5 LWS under drought conditions, and 24 accessions were T (Figure 1; Table S3). Most accessions were M (65 accessions), S (114 accessions), and HS (201 accessions) (Table S3).



3.1.1. Stomatal Density


Stomata are a major physiological factor for optimizing water use in plants under drought conditions. Although stomatal behavior in response to drought has been studied intensively, less attention has been paid to the changes in stomatal density under drought stress. To evaluate the effect of drought stress on the stomatal density of leaves at vegetative growth stages, we measured the stomatal density of HT and HS genotypes, that is, WC2-011 (HT), WC2-083 (HT), WC2-102 (HT), WC2-065 (HS), WC2-104 (HS), and WC2-142 (HS). Mean square values were observed using accessions × treatment analysis, presented in Table S4. The ANOVA revealed that the stomatal density variation was significant among genotypes in wild soybeans. Interactions between genotypes and treatment conditions were highly significant (p < 0.001) in all of the observed leaf parts (Table S4). We found that the stomatal densities in the proximal part of both the first and second trifoliate leaves of the VT accessions significantly declined under drought conditions (Figure 2 and Figure S2A). A non-significant difference was found in the middle part of the first trifoliate leaves, while stomatal density in the second trifoliate leaves of VT accessions tended to decrease. As for VS accessions, the stomatal densities of WC2-065 (VS), WC2-104 (VS), and WC2-142 (VS) under drought conditions were higher than those under control conditions (Figure 2 and Figure S2B). Interestingly, the stomatal density of G. max did not differ between the control and 5 DAT (Figures S2C and S3). In addition, the stomatal densities of DT99 (S) and Williams 82 (VS) were higher than those of DT2008 (T) (Figures S2C and S3).




3.1.2. Expression Patterns of Drought-Related Genes


Previous studies have identified several regulatory components that respond to drought stress, including DREB, MYB, NAC, and WRKY TFs. To gain insights into their potential functions, the expression profiles of drought-related genes were determined via qRT-PCR using WC2-102 (HT) and WC2-104 (HS) in response to drought stress. Under drought conditions, the expression levels of GmWRKY27, GmNAC11, GmDREB2, GmFDL19, and GmERD1 in both the leaf and root tissues of WC2-102 (VT) were higher than those in WC2-104 (VS) (Figure 3). Interestingly, GmNAC11 transcripts were more abundant in roots than in leaves, whereas GmWRKY27 transcripts were highly expressed in leaves. In addition, GmDREB2, GmFDL19, and GmERD1 were highly expressed in both leaves and roots. These results were consistent with those of the reference cultivars (Figure S4).





3.2. Drought Tolerance at the Reproductive Stage (Experiment 2)


Three accessions of HT, T, S, and HS genotypes based on a visual assessment at the vegetative stage (Experiment 1) were examined to assess their responses to drought stress with regard to root development and physiological and yield-related traits at the reproductive stage (Experiment 2). We selected WC2-011, WC2-083, and WC2-102 as the HT genotypes and WC2-016, WC2-329, and WC2-336 as the T genotypes. For the S genotype, three accessions were chosen: WC2-058, WC2-272, and WC-291. WC2-065, WC2-104, and WC2-142 were selected as the HS accessions. Significant variances were observed between mean square values. Variances of the considered traits were significant by genotype, treatment and interaction between them; non-significant differences were found in terms of LR by treatment (Table S5).



3.2.1. Seed Yield


Drought stress is known to cause a decline in seed yield, especially in soybeans [20,21]. Therefore, the effect of drought stress on the seed yield of the selected genotypes was evaluated. The results revealed that the total seed yield (TSY) of the HT and T accessions was not affected by drought stress (Figure 4A). Decreased TSYs were observed in both the S and HS accessions. The TSYs of WC2-059 (S), WC2-065 (HS), and WC2-142 (HS) significantly decreased, while the TSYs of WC2-272 (S), WC2-291 (S), and WC2-104 (HS) decreased; however, the difference was not significant (Figure 4A).



To evaluate the 100-seed weight (100SW) and seed quality, we harvested seeds from the genotypes after drought treatment during the reproductive stages (Figure 4A). The 100SW of S and HS accessions that experienced drought conditions were significantly decreased in comparison with the control, whereas the 100SW of HT and T accessions did not differ between the control and drought conditions. Given that seed quality was defined as the ratio of HSW to TSY, no significant difference was observed in the ratio of HT and T genotypes between the control and drought conditions, whereas the ratio of S and HS genotypes was found to decrease significantly. The reason for the low ratio of S and HS genotypes was that drought stress caused a significantly higher number of shrunken seeds under drought conditions than those in the control conditions (Figure S5).




3.2.2. Root System Architecture


To evaluate the response of the soybean root system to drought conditions, we examined the architectural features of soybean accessions under drought stress during the reproductive stage (Figure 4B and Figure S6). The root systems of tolerant accessions were more developed than those of sensitive accessions under drought conditions: WC2-083 (HT; 41.2 cm) had the longest root length (RL), followed by WC2-011 (HT; 40.6 cm) and WC2-102 (HT; 38.5 cm). In addition, most of the HT and T accessions had significantly longer RL than those under the control condition, although the RL of WC2-329 (T) was not significantly different between the control and drought conditions. In contrast, the RL of HS accessions under drought stress was significantly shorter than that under the control conditions. The RL of WC2-065 (HS) was the shortest (18.8 cm; Figure 4B and Figure S6). The increasing trend in the number of lateral roots (LRs) was observed in VT and T genotypes under drought stress compared with the control condition, whereas the opposite trend was observed in S and HS. As for the total root weight (RW) on a dry basis, WC2-083 (HT) had the highest RW value (1.32 g/plant) under the drought condition, followed by WC2-102 (VT; 1.07 g/plant) and WC2-011 (VT; 1.00 g/plant). The RW of the HS accessions decreased when subjected to drought conditions. WC2-065 (HS) showed the smallest RW value (0.27 g/plant) and the shortest RL (18.8 cm; Figure 4B).




3.2.3. Physiological Indicators


Plant water status directly affects plant metabolism and development. Thus, for some selected accessions, we evaluated the effect of drought stress on their relative water content (RWC), water saturation deficiency (WSD), water uptake capacity (WUC), and electron leakage (EL) (Figure 4C). All accessions under drought stress showed a significant decrease in RWC compared to those under the control condition. WC2-011 (HT) and WC2-102 (HT) had the highest RWC under drought conditions, whereas WC2-104 (HS) had the lowest RWC under drought conditions (Figure 4C). In contrast, all accessions under drought stress showed significant increases in WSD, WUC, and EL compared to those under the control condition. WSD indicates the extent of plant water loss. The S and HS accessions under drought stress showed high WSD levels, indicating that water loss was higher in the S and HS genotypes than in the HT and T accessions (Figure 4C). A higher WUC indicates that the cell needs to absorb more water to reach its turgid state, and all accessions under drought stress exhibited higher levels of WUC, with the S and HS accessions showing greater increases than tolerant ones (Figure 4C). According to the EL assessments, the cell membranes of the HT accessions were more stable than those of the other groups (Figure 4C).



Pearson’s correlations between the measured traits under control and drought conditions during the reproductive stage are shown in Table 1. Correlation analysis showed that root traits, such as RL, LR, and RW, under drought conditions were significantly negatively correlated with WSD, WUC, and EL and positively correlated with RWC and the ratio of HSW/TSY (Table 1). For the HSW/TSY ratio, significant correlations were observed between root and physiological traits under drought conditions. However, 100SW and TSY were not correlated with any of the other traits under drought conditions. These results suggest that the production of healthy seeds of wild soybean accessions subjected to drought conditions is predictable based on measurements of root and physiological traits. In the correlation analysis under control conditions, root traits such as RL, LR, and RW displayed significantly high correlations with each other. In addition, there was a significant correlation between WSD and RWC in the control condition (r2 = −1.00, p < 0.01), 100SW and RWC (r2 = 0.92, p < 0.01), and 100SW and WSD (r2 = −0.92, p < 0.05) (Table 1).





3.3. Drought Tolerance at the Germination Stage (Experiment 3)


Seed germination is critical for plant establishment, and plants are particularly sensitive to drought stress at this stage since osmotic potential exerts a substantial impact on germination. Examining the influence of genotypic variability and drought treatment on seed germination, two-way ANOVA showed a significant effect of the tested factors: accessions (p < 0.001), PEG-induced drought (0%, and 12%; p < 0.001) on the germination rate and root length (Table S6). A total of 165 wild soybean accessions were evaluated for their germination rates and RLs under control and drought conditions induced by 12% PEG 6000 (Table S7). The results of the six genotypes selected from the 165 wild soybean accessions are shown in Figure 5. Among the HT genotypes, the germination rates of WC2-011 (HT) and WC2-102 (HT) seeds were only negligibly affected by drought stress, whereas those of WC2-083 (HT) seeds were severely compromised to less than 50% of the control (Figure 5A). Similarly, the root growth of the former was not affected by drought, but that of the latter was markedly compromised (Figure 5B). Meanwhile, the germination rates of WC2-104 (HS) and WC2-142 (HS) in drought treatment were 65% and 75% compared with the ones in the control condition, respectively (Figure 5A). Among the six genotypes, WC2-065 (HS) had the lowest germination rate (Figure 5A). The highest decrease in RL was WC2-065 (HS, 86%), whereas that of WC2-011 (HT) and WC2-102 (HT) was not significantly different from its control condition (Figure 5B). The range of the germination rates of HT (n = 4), T (n = 10), M (n = 17), S (n = 49), and HS (n = 85) genotypes under the drought condition were 35.0–96.7%, 5.0–80.0%, 20.0–85.0%, 0.0–90.0%, and 5.0–90.0%, respectively (Table S7). In addition, the means of RL of the HT, T, M, S, and HS accessions under drought conditions were 3.3 ± 0.6, 3.2 ± 0.8, 3.0 ± 1.1, 3.0 ± 1.2, and 3.2 ± 1.1 cm, respectively. These results indicate that the extent of the detrimental effect of drought on the germination rates and RL of wild soybeans at the germination stage varied depending on the genotype and did not correlate with the drought response disclosed at the vegetative and reproductive stages.





4. Discussion


Soybean is an agronomically important crop worldwide, and drought is one of the major abiotic stresses that negatively affect crop production. Therefore, there is a need to develop drought-tolerant cultivars utilizing soybean germplasm, especially for wild soybeans, with unique favorable genes for traits of interest. To date, no studies have systematically evaluated the drought tolerance of wild soybean accessions at the germination, vegetative, and reproductive stages. The LWS has been used as a visible indicator to evaluate the response of plants to drought stress on a large scale [44,45]. In the present study, 411 wild soybean accessions were used to determine their response to drought conditions during the vegetative growth stage. Among them, 7 and 24 accessions were classified into the HT and T genotypes, respectively, according to their LWS under drought conditions. In addition, the most evaluated accessions were the M (65 accessions), S (114 accessions), and HS (201 accessions) genotypes under drought conditions (Table S3). This information represents a useful genetic resource for soybean researchers to study drought stress and develop a new drought-tolerant cultivar using wild soybeans.



In soybean, smaller stomata have been reported in response to water deficit [46,47,48], but changes in the stomatal density in response to water deficit are variable, as various reports show unchanged, increased, or decreased stomatal density [46,47,48,49,50]. Greater stomatal density was associated with a higher transpiration rate and increased water loss [17,18,19,51].



Plants with lower stomatal density were more drought-tolerant and more water-conservative than the plants with higher stomatal density [52,53]. Under severe drought conditions, stomatal density in rye grass, poplar, rice, and wheat had decreased when compared to well-watered conditions and contributed to drought tolerance [54,55,56,57]. In this study of wild soybean accessions, stomatal density was lower in the HT accessions, whereas the stomatal density of the VS accessions was higher under drought conditions than under control conditions (Figure 2). Interestingly, cultivated soybeans DT2009 (T), DT99 (S), and Williams 82 (HS) did not show any significant differences in stomatal densities between control and drought conditions (Figures S2C and S3). Changes in stomatal density under drought conditions vary depending on the plant species and genotypes [47,52,53,58,59,60,61,62]. This is the first investigation of the stomatal density of G. max and G. soja between control and drought conditions. In addition, since a reduced stomatal density may partially compensate for the trade-off between plant growth and adaptation [57], this could be an important stress tolerance trait that may have been lost in the selection of elite cultivars [63]. The lower stomatal density observed in drought-tolerant wild soybeans compared to drought-tolerant cultivated soybeans is likely a result of their adaptation to water-limited environments based on our result of drought-tolerant related traits such as RWC, WUC and water conservation. In addition, the relationship between stomatal density and drought tolerance is complex and can be influenced by various factors, including stomatal size, aperture, and conductance [53]. Thus, further studies on stomatal length, width, area, and stomatal conductance may help elucidate the different mechanisms in response to drought in wild and cultivated soybeans.



Drought-related genes, such as GmWRKY27, GmNAC11, GmDREB2, GmFDL19, and GmERD1, can help understand the responses of the HT and HS accessions to drought at vegetative stages. These genes have also been studied in Arabidopsis and other plant species with respect to drought tolerance [25,32,64,65]. WRKY TF plays a vital role in regulating the anti-stress response and plant defense by inducing the accumulation of ABA and its signaling pathway. The overexpression of GmWRKY16 enhanced the resistance of G. max plants to drought and salt stress [66]. Similarly, GmWRKY54 transgenic plants of Arabidopsis showed more tolerance to drought stress than wild-type plants [64]. GmWRKY27 genetically interacts with GmMYB174 to repress the expression of GmNAC29 by binding to its promoter, resulting in drought-tolerant plants [29]. In this study, the GmWRKY27 transcript level was high in the leaves of the WC2-102 (HT) and low in the leaves of the WC2-104 (HS) at 1 DAT (Figure 3), suggesting that it may play a role in the drought tolerance of the HT accession, most likely through ABA biosynthesis and accumulation.



The ERD family is comprised of genes whose expression is rapidly induced by dehydration. ERD1 functions in an ABA-independent pathway and is involved in a cascade of reactions that act directly in response to abiotic stress [65,67,68]. An ERD15 homolog in soybean can act as a connector in stress response pathways that triggers a programmed cell death signal [69]. Thus, the increased expression of GmERD1 in both the leaves and roots of HT after drought treatment suggested that it may play a role in the regulation of drought tolerance (Figure 3 and Figure S4).



NAC TFs are known to induce the expression of other TFs, such as DREB2 and ERD1. The constitutive overexpression of GmNAC085 in Arabidopsis results in a slightly reduced growth rate, decreased transpiration rate, and cell membrane damage under drought conditions, resulting in enhanced drought tolerance in transgenic plants [70]. Similarly, the drought-tolerant cultivar DT51 may be positively correlated with higher induction of GmNAC expression during water deficit [71]. GmNAC11 regulates DREB1A and other stress-related genes in transgenic soybean plants, including ERD11 [33]. In addition, the overexpression of the GmDREB2 gene activates the expression of downstream genes involved in free proline biosynthesis, which, in turn, enhances tolerance to drought stress in transgenic plants [31,72,73,74]. Thus, our results, showing an increased expression of GmNAC11 and GmDREB2 in leaves after drought, are consistent with the results in the literature, highlighting the potential influence of these genes on the drought tolerance of the wild accessions (Figure 3 and Figure S4).



GmFDL19 belongs to the bZIP TF family and regulates environmental stress tolerance. GmFDL19 enhances drought tolerance in soybeans by regulating the expression of other TFs [32]. In this study, GmFDL19 expression was upregulated in both leaves and roots under drought conditions, suggesting its possible influence on drought tolerance of wild accessions (Figure 3 and Figure S4). Further studies should be conducted to determine how TFs regulate adaptive responses to drought stress in wild soybeans.



Plants regulate stomatal conductance to preserve cell turgidity in response to unfavorable environmental stress conditions [75]. Drought stress increases free radicals and reactive oxygen species, harming plant cells and leading to increased permeability of the cell membrane and the subsequent loss of cell membrane integrity [76,77]. Drought-tolerant plants can adjust their antioxidant defense systems to maintain membrane stability via osmoregulation [78,79]. Several studies have reported that plants change their stomatal conductance to maintain RWC to cope with drought stress due to the limitation of water absorption [80,81,82]. This study evaluated the physiological parameters of wild soybean accessions at the reproductive stages and revealed that the HT and T accessions showed less reduction in RWC under drought conditions than the S and HS accessions. Increases in WSD and WUC under drought conditions were inversely correlated with RWC in plants, resulting in water loss from drought-sensitive wild soybeans (Figure 4). In addition, based on the EL values as the membrane stability index, this study showed that the cell membranes of the HT accessions were more stable than those of the others, regardless of the presence or absence of drought stress (Figure 4). Drought tolerance is associated with higher leaf RWC, which may be due to the enhancement of cell integrity and transpiration rate [70]. Cell membrane stability contributes to enhanced plant growth and development under drought conditions [83]. Therefore, these physiological assessments have been considered key indicators for breeding programs to develop drought-tolerant cultivars with high yields.



Drought stress can cause considerable changes in biomass production. Severe drought conditions have been reported to decrease the biomass of soybeans [84], sugar beets [85], rice [86], and Thymus citriodorus [87]. The root system architecture has a substantial impact on plant survival and productivity [11]. The deeper penetration of roots into the soil is a key feature of drought-tolerant plants [88,89]. These results are in agreement with the fact that the HT and T accessions had longer roots and maintained a high TSY under drought conditions, whereas the HS accessions had shorter roots and a lower TSY under the same conditions (Figure 4A,B). Similarly, we observed that the HT and T accessions maintained a portion of healthy seeds under drought conditions as much as in the control, whereas S and HS showed a lower proportion of healthy seeds under drought conditions (Figure 4). Furthermore, correlation analysis indicated that the ratio of HSW/TSY was significantly correlated with root measurements and physiological traits under drought conditions (Table 1). Taken together, physiological measurements and root traits can be used as indicators to determine the ratio of HSW/TSY in wild soybeans and their response to drought stress in wild soybeans under drought conditions.



PEG treatment has been shown to create osmotic stress in various crops, including common beans [90], wheat [91], and barley [92]. Root length is considered an important criterion for the selection of drought-resistant species [93,94]. Reductions in plant RL by different PEG-6000 concentrations may be attributed to reductions in cell division and elongation during germination [95]. PEG treatment reduces the RL of soybeans [96]. These results are consistent with our study, in which the PEG 6000 treatment was found to decrease RL at the germination stage (Figure 4). However, the HT and T accessions, when exposed to drought stress at the reproductive stage, increased their RL (Figure 4B). In this study, WC2-011 (HT), WC2-083 (HT), WC2-102 (HT), WC2-065 (HS), WC2-104 (HS), and WC2-142 (HS) were found to respond consistently to drought stress at the vegetative and reproductive stages. In contrast, the germination rate and RL of WC2-083 (HT) at the germination stage were significantly different between control and drought conditions (Figure 5). The germination rate of WC2-142 (HS) under drought conditions was 65.0% over the control condition. Given these observations, the responses of wild soybean to drought stress at the germination stage would be one of the considerations for developing drought-tolerant cultivars utilizing wild soybeans. Taken together, the responses of wild soybeans to drought stress were highly consistent in both vegetative and reproductive stages. In other words, the response of wild soybeans to drought stress at the germination stage does not seem to correlate with that at the vegetative and reproductive stages.




5. Conclusions


To date, few studies have focused on the morphological and physiological responses of wild soybean to drought stress at different growth stages. Therefore, this study presents an initial effort to understand wild soybean accessions to drought stress. This study demonstrated that WC2-011 (HT), WC2-083 (HT), WC2-102 (HT), WC2-065 (HS), WC2-104 (HS), and WC2-142 (HS) showed consistent responses to drought stress at both vegetative and reproductive stages. Therefore, the selected wild soybean accessions can be used as genetic resources for future drought stress studies. This study concluded that the responses of wild soybeans to drought stress were highly correlated between vegetative and reproductive stages. However, there may not be a robust correlation between phenotypic measurements at the germination stage and drought-related assessments at two growth stages: vegetative and reproductive. The germination rate and RL at the germination stage of WC2-083 (HT) under drought conditions were significantly different from those under the control conditions. Thus, the responses of wild soybean to drought stress at the germination stage would be one of the considerations for developing drought-tolerant cultivars. Based on the correlation analysis, water status and root traits at the reproductive stage may be used as indicators to determine the ratio of HSW/TSY in wild soybeans under drought conditions. Stomatal density decreased in HT accessions but increased in HS accessions in response to drought, although the stomatal density of the cultivated soybeans was not affected by drought. The expression levels of drought-related TF genes examined in this study responded significantly to drought between HT and HS accessions, inviting future studies to focus on the biochemical and molecular responses mediated by the TFs in the selected soybean accessions. This study provides a reference for future breeding programs to develop superior soybean cultivars with high yields under drought conditions by utilizing wild soybeans as genetic resources.
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Figure 1. Phenotypic evaluation of drought tolerance in drought highly tolerant (HT) and drought highly sensitive (HS) wild soybean accessions. Drought-tolerant cultivar DT2008 and drought highly sensitive cultivar Williams 82 were used as references. Plants were exposed to drought stress at the vegetative stage (V2) for seven days. 
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Figure 2. Stomatal density in the abaxial surface of wild soybean accessions between control and drought conditions. WC2-011, WC2-083, and WC2-102 as drought highly tolerant (HT) and WC2-065, WC2-104, WC2-142 as drought highly sensitive (HS) were evaluated under control conditions and five days after drought treatment (5 DAT). Error bars represent standard deviation (SD). Here, 1st trifoliate leaf; 2nd trifoliate leaf. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant. 






Figure 2. Stomatal density in the abaxial surface of wild soybean accessions between control and drought conditions. WC2-011, WC2-083, and WC2-102 as drought highly tolerant (HT) and WC2-065, WC2-104, WC2-142 as drought highly sensitive (HS) were evaluated under control conditions and five days after drought treatment (5 DAT). Error bars represent standard deviation (SD). Here, 1st trifoliate leaf; 2nd trifoliate leaf. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.



[image: Agronomy 14 00471 g002]







[image: Agronomy 14 00471 g003] 





Figure 3. Expression levels of drought-related genes in leaf (left panels) and root (right panels) of wild soybean using quantitative PCR. Tissue samples were collected from WC2-102 (drought highly tolerant, HT) and WC2-104 (drought highly sensitive, HS). Error bars represent the SE of the mean values. The expression levels were normalized using the constitutive gene (Cons7) as the reference. *, p < 0.05; ns, not significant. 
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Figure 4. Effect of drought stress on seed yield, root traits, and physiological indicators in wild soybean accessions between control and drought conditions. (A) Seed yield-related characteristics of 12 wild soybean accessions. (B) Root characteristics of 12 wild soybean accessions. (C) Physiological indicators of 8 wild soybean accessions. Error bars represent the standard deviation. HT, highly tolerant; T, tolerant; S, sensitive; HS, highly sensitive; TSY, total seed yield; 100SW, 100-seeds weight; HSW/TSY, ratio between healthy seed weight and total seed yield; RL, root length; LR, number of lateral roots; RW, dry root weight; RWC, relative water content; WSD, water saturation deficiency; WUC, water use capacity; EL, electron leakage. *, p < 0.05; **, p < 0.01; ***, p < 0.001, ns: non-significant. 
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Figure 5. Comparison of germination percentage and root length of wild soybean accessions between control (distilled water) and drought stress (12% PEG). Error bars represent standard deviation. (A) Germination percentage. (B) Root length. HT, drought highly tolerant; HS, drought highly sensitive. *, p < 0.05; ***, p < 0.001, ns: non-significant. 
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Table 1. Correlation analysis of root, physiological and yield-related traits.
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Drought Condition




	

	
Traits

	
RL

	
LR

	
RW

	
RWC

	
WSD

	
WUC

	
EL

	
100SW

	
HSW/TSY

	
TSY






	
Control condition

	
RL

	
1

	
0.83 **

	
0.89 ***

	
0.92 **

	
−0.92 **

	
−0.86 **

	
−0.81 *

	
−0.02

	
0.77 **

	
0.50




	
LR

	
0.85 **

	
1

	
0.94 ***

	
0.77 *

	
−0.77 *

	
−0.80 *

	
−0.79 *

	
−0.02

	
0.82 **

	
0.55




	
RW

	
0.86 **

	
0.62 *

	
1

	
0.81 *

	
−0.81 *

	
−0.75 *

	
−0.72 *

	
−0.21

	
0.80 **

	
0.50




	
RWC

	
0.15

	
0.10

	
−0.00

	
1

	
−1.00 ***

	
−0.93 **

	
−0.89 **

	
0.19

	
0.95 **

	
0.63




	
WSD

	
−0.15

	
−0.10

	
0.00

	
−1.00 **

	
1

	
0.93 **
