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Abstract: Abscisic acid (ABA), hydrogen peroxide (H2O2) and ascorbate (AsA)–glutathione (GSH) cycle are widely known for their participation in various stresses. However, the relationship between ABA and H2O2 levels and the AsA–GSH cycle under drought stress in wheat has not been studied. In this study, a hydroponic experiment was conducted in wheat seedlings subjected to 15% polyethylene glycol (PEG) 6000–induced dehydration. Drought stress caused the rapid accumulation of endogenous ABA and H2O2 and significantly decreased the number of root tips compared with the control. The application of ABA significantly increased the number of root tips, whereas the application of H2O2 markedly reduced the number of root tips, compared with that under 15% PEG-6000. In addition, drought stress markedly increased the DHA, GSH and GSSG levels, but decreased the AsA levels, AsA/DHA and GSH/GSSG ratios compared with those in the control. The activities of the four enzymes in the AsA–GSH cycle were also markedly increased under drought stress, including glutathione reductase (GR), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR), compared with those in the control. However, the application of an ABA inhibitor significantly inhibited GR, DHAR and APX activities, whereas the application of an H2O2 inhibitor significantly inhibited DHAR and MDHAR activities. Furthermore, the application of ABA inhibitor significantly promoted the increases of H2O2 and the application of H2O2 inhibitor significantly blocked the increases of ABA, compared with those under 15% PEG-6000. Taken together, the results indicated that ABA and H2O2 probably interact under drought stress in wheat; and both of them can mediate drought stress by modulating the enzymes in AsA–GSH cycle, where ABA acts as the main regulator of GR, DHAR, and APX activities, and H2O2 acts as the main regulator of DHAR and MDHAR activities.
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1  Introduction

Wheat (Triticum aestivum L.) is a major cereal crop cultivated in arid and semi-arid regions worldwide [1]. Drought stress has emerged as a significant abiotic stress threatening wheat growth, development, and production. In recent years, frequent drought events in arid and semi-arid regions have posed serious challenges to crop production. Severe and extreme drought events have obviously intensified since the late 1990s in China, with arid areas expanding by approximately 3.72% per decade over the past five decades [2]. Wheat plants have developed various physiological processes, such as stomatal movement, oxidation resistance, root development, and osmotic regulation, to combat drought stress [3–5]. Therefore, exploring the response of plants to drought stress is crucial to improve wheat quality and promote its yield.

Drought stress generally induces the production of reactive oxygen species (ROS), particularly H2O2, thereby disrupting redox homeostasis and subsequently causing oxidative damage to lipids, proteins, and nucleic acids in plant cells [6]. H2O2 plays an important signaling role in plants. H2O2, at low levels, acts as a signaling molecule, transmitting information and triggering the appropriate cellular defenses or responses to environmental changes. However, excessive H2O2 can result in metabolic dysfunction or cell death in extreme cases. ABA is an important endogenous regulatory hormone, and an anti-stress signaling molecule in plants because of its rapid accumulation when responsing to various environmental stresses such as drought, high osmoticum, high salinity, and low temperature/freezing [7,8]. Notably, many processes involved in drought stress regulation operate via ABA-dependent or ABA-independent pathways [9,10].

Plants have developed enzymatic and non-enzymatic oxidant-scavenging pathways to alleviate the oxidative damage caused by drought stress. The AsA–GSH cycle is one of the pathways that plays a vital role in plant antioxidant defense systems. This cycle efficiently scavenges ROS by mobilizing AsA and GSH and utilizing the four enzymes: GR, APX, MDHAR and DHAR [6,11,12]. Interestingly, both H2O2 and ABA are closely associated with the AsA–GSH cycle. For instance, H2O2 can alleviate salt stress through the AsA–GSH cycle in plants [13]. Similarly, ABA alleviates the oxidative damage induced by drought stress by promoting the AsA–GSH cycle [13–15].

Regarding all above, both H2O2 and ABA are involved in the responses to drought stress and are related to AsA–GSH cycle in plants. But the relationship between H2O2 and ABA levels and the AsA–GSH cycle in response to drought stress in wheat roots has not been documented in the literature. Therefore, we hypothesized that there is a regulatory relationship between H2O2 and ABA levels and the AsA–GSH cycle in wheat. To verify our hypothesis, we established different experimental treatments and determined the activities of the four enzymes in the AsA–GSH cycle under different treatments to explore the possible regulatory relationships between H2O2 and ABA levels and the cycle under drought stress in wheat roots.

2  Materials and Methods

2.1 Plant Materials and Experiment Treatments

Wheat seeds (Aikang 58) were sterilized for 10 min with 0.1% (w/v) HgCl2 and washed with water, then soaked in water for 24 h under dark conditions. Uniformly sized seeds were placed on a petri dish with a wet filter paper on the bottom. Then, the germinated seeds were continuously cultured in the Hoagland solution in an artificial plant incubator at 20°C with 70% humidity and a 16 h light/8 h dark at 300 µmol m−2 s−1 light intensity.

Wheat seedlings at the two leaf stage, were exposed to Hoagland solution containing different reagents and the Hoagland solution alone used as the control. This study consisted of the following treatments: (1) 15% PEG-6000 (for drought stress), (2) 100 µM ABA, (3) 10 mM H2O2, (4) 15% PEG-6000 + 100 µM Fluridone (Flu) and (5) 15% PEG-6000 + 50 U/ml Catalase (CAT). All these reagents were dissolved in the Hoagland solution for use. Fluridone was used as an inhibitor of ABA biosynthesis, and CAT was used as a scavenger of H2O2 [13]. The fresh root tips of wheat seedlings at 0, 6, 12, 24 and 48 h under different treatments were collected, and stored in −80°C refrigerator to measure various parameters after different treatments. Every experiment was repeated three times.

2.2 Determination of H2O2 Levels

H2O2 levels were determined according to the method previously described [16]. Root tips (0.2 g) were ground in liquid nitrogen to the fine powder, which was extracted using pre-cooled acetone (2 ml). Then the suspension was centrifugated for 10 min at 5000 × g, The concentrated ammonia (0.1 ml) and 5% TiSO4 (0.1 ml) were added into the supernatant, and then centrifugated for 10 min at 3000 × g, and 2 M H2SO4 was used for the resuspension of titanium-peroxide complex. The absorbance at 415 nm was measured by Ultraviolet-visible Spectrophotometer (UV-2600; Shimadzu, Japan), and then the level of H2O2 was calculated through absorbance.

2.3 Determination of ABA Levels

To extract and purify endogenous ABA from the root tips, a previously described method was used [17]. Briefly, 0.1 g of root tips were prepared for extraction. The filtered samples were measured using high-performance liquid chromatography (Waters 600; Waters Corporation, Milford, MA, USA) equipped with a photodiode array detector and a C18 column (4.6 mm × 150 mm; 5 µm) as described previously with some modifications [18]. The separation of the compounds was determined by using a mobile phase methanol solution at a flow rate of 0.5 ml min−1. During the determination, the extraction solution of 10 µl for each sample was detected at 254 nm, with the column temperature set at 35°C. Before detection, all samples need to be filtered using 0.45 µm filter membranes. According to the standard curve, the ABA level was determined by calculating the peak area.

2.4 Determination of the Number of Root Tips

To determine the number of root tips, wheat seedlings were exposed to the treatments of Hoagland solution, 15% PEG-6000, 15% PEG-6000 + 100 µM ABA and 15% PEG-6000 + 10 mM H2O2 for 24 and 48 h, and the root tissues of wheat seedlings were selected for further analysis as our previously described [19]. Each treatment consisted of twenty biological replicates. The root tissues were cleaned with water and spread out in a plexiglass tray (200 mm × 250 mm), which contains a moderate amount of distilled water. The roots was scanned using a recording scanner (Epson 1680, Suwa, Japan), and the figures were analysed with Win RHIZO Pro Vision 5.0a (Regent Instruments Inc., Quebec, QC, Canada) to get the number of root tips.

2.5 Extraction and Measurement of AsA and GSH Levels

AsA and GSH levels were determined using previously described methods, with slight modifications. Firstly, 0.5 g root tips were ground in a solution of 5% meta-phosphoric acid mixed with 1 mM ethylenediaminetetraacetic acid (EDTA) to a homogenate, and then centrifugated 15 min at 11,500 × g, and obtained the supernatant for the following determination of AsA and GSH levels. The level of AsA was estimated as previously described [20]. To determine the total AsA level, 0.1 M dithiothreitol was used to obtain the reduced AsA and then measured the absorbance at 265 nm. The reduced AsA level was subtracted from the total AsA level to obtain the oxidized AsA level. The level of GSH was estimated using a standard curve of GSH and GSSG, as previously described [20,21]. The GSH level was calculated by subtracting the GSSG level from the total GSH level.

2.6 Determination of GR, APX, MDHAR, and DHAR Activities

Next, enzyme activities were measured using previous methods, with slight modifications [22,23]. Firstly, weigh 0.2 g of wheat samples. The samples were extracted by adding 3 ml of extraction buffer. The extraction buffer is composed of 50 mM potassium phosphate buffer, 1 mM EDTA, and 1% PVP. After centrifugation for 15 min at 15,000 × g, the enzyme activity was measured with supernatant solution. GR activity was measured by recording the absorbance of the reaction solution at 340 nm on account of oxidized GSH-dependent consumption of NADPH, using an extinction coefficient of 6.22 mM−1 cm−1 [22]. For the measurements of APX, MDHAR, and DHAR activities, 1 mM AsA was added before centrifugation. APX activity was measured by calculating the absorbance at 290 nm [22]. MDHAR activity was calculated according to the changes of oxidized NADPH using an extinction coefficient of 6.22 mM−1 cm−1 [23]. DHAR activity was measured by calculating the absorbance at 290 nm [23].

3  Results

3.1 The Effect of Drought Stress on Root Tips

Root tips of wheat seedlings are particularly important as they can directly receive drought signals and quickly respond to drought stress. Hence, we focused on the changes in the research indices of the root tips of wheat seedlings in this study. Here, fluorescence analysis was adopted to abserve the changes in the H2O2 levels of wheat seedlings. The results showed that the H2O2 levels gradually increased during 0–48 h (Fig. 1A) and reached their highest level at 48 h under drought stress. H2O2 levels increased over time and its largest and smallest increases in levels were observed at 48 and 6 h, with increases of 140% and 33.66%, respectively; the levels were significantly increased by 110% and 133% at 12 and 24 h under 15% PEG-6000, respectively, compared with those in the control (Fig. 1B). The largest (82.7%) and smallest (28.9%) increase in ABA levels were observed at 24 and 6 h, respectively; the levels were significantly increased by 38.57% and 76.28% at 12 and 48 h under 15% PEG-6000, respectively, compared with those in the control (Fig. 1C). These findings indicate that both H2O2 and ABA may be involved in the adaptive responses triggered by drought stress.
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Figure 1: The changes of H2O2 and ABA levels in the root tips of wheat seedlings during 0–48 h under drought stress. 15% PEG-6000 was used for drought stress. (A) Fluorescence analysis of H2O2 levels under drought stress during 0–48 h (The higher the fluorescence intensity, the higher the H2O2 levels). The levels of H2O2 (B) and ABA (C) in the root tips of wheat seedlings under drought stress during 0–48 h. The data were represented with mean and standard deviation (SD) of three biological replications. **p < 0.01 indicates the significant differences

We further investigated the development of wheat root tips under drought stress with H2O2 or ABA. We found that the number of root tips was significantly reduced by 29.6% and 30.8% at 24 and 48 h under 15% PEG-6000, respectively, compared with the control (Figs. 2A and 2B). Interestingly, the number of root tips was significantly increased by 26.3% and 26.4% at 24 and 48 h under 15% PEG-6000 + 100 µM ABA, but the the number of root tips was significantly reduced by 21.1% and 35.6% at 24 and 48 h under 15% PEG-6000 + 10 mM H2O2, compared with that in 15% PEG-6000 (Figs. 2A and 2B). Therefore, we speculated that H2O2 and ABA were indeed involved in the development of root tips under 15% PEG-6000.
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Figure 2: Effects of H2O2 (A) and ABA (B) on the development of the root tips under drought stress at 24 and 48 h. The treatments of Hoagland solution (Control), 15% PEG-6000 (for drought stress), 15% PEG-6000 + 100 µM ABA and 15% PEG-6000 + 10 mM H2O2 were used to analyze the the development of the root tips. The data were represented with mean and SD of twenty biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

3.2 AsA and GSH Levels under Drought Stress

ASA and GSH also play crucial roles in regulating drought stress in plants, and they are two essential substances in the ASA-GSH cycle [24–26]. We found that AsA levels were significantly reduced by 16.53%, 26.02% and 33.02% at 12, 24, and 48 h, respectively, whereas those of DHA were markedly increased by 16.39, 27.17 and 35.85 at 12, 24, and 48 h, respectively, which decreased the AsA/DHA ratio by 19.35%, 34.57% and 47.67% at 12, 24, and 48 h, respectively, under drought stress compared with those in the control (Figs. 3A–3C). Drought stress significantly increased the GSH levels by 11.33%, 17.28%, and 27.34% at 12, 24 and 48 h, respectively, and increased the GSSG levels by 16.48%, 32.71%, 56.55% and 66.05% at 6, 12, 24 and 48 h, respectively, but markedly declined the GSH/GSSG ratio by 16.29% and 22.22% at 24 and 48 h, respectively, compared with those in the control (Figs. 3D–3F).
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Figure 3: The levels of AsA levels (A), DHA levels (B), AsA/DHA ratio (C), GSH levels (D), GSSG levels (E) and GSH/GSSG ratio (F) in the root tips of wheat seedlings during 0–48 h under drought stress. 15% PEG-6000 was used for drought stress. The data were represented with mean and SD of three biological replications. **p < 0.01 indicates the significant differences

3.3 Effects of Drought Stress on the AsA–GSH Cycle in the Root Tips of Wheat Seedlings

The AsA–GSH cycle works in different vital activities mainly through the modulation of its four key enzymes contained in it. Therefore, we determined the four enzymes activities in the AsA–GSH cycle in the root tips of wheat seedlings under15% PEG-6000 to explore the relationship between drought stress and AsA–GSH cycle. We found that GR, APX, MDHAR, and DHAR activities were markedly higher than those in the control during 0–48 h under drought stress. Activities of GR, APX, MDHAR, and DHAR were significantly increased by 155%, 77.63%, 209%, and 77.63%, respectively, compared with those in the control (Figs. 4A–4D). For GR activity under drought stress, the smallest increase was observed at 6 h (71.19%), followed by 24 h (136%) and 48 h (108%), compared with that in the control (Fig. 4A). For MDHAR activity under drought stress, the smallest increase was observed at 6 h (37.10%), followed by 12 h (96.56%) and 48 h (84.20%), compared with that in the control (Fig. 4C). For APX and DHAR activities under drought stress, the smallest increase was observed at 6 h (23.39%) and 48 h (183%), respectively, compared with that in the control (Figs. 4B and 4D). Hence, the increased activities of GR, APX, MDHAR, and DHAR indicated that the ASA–GSH cycle was activated when responsing to drought stress in wheat roots.
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Figure 4: GR (A), APX (B), MDHAR (C), and DHAR (D) activities in the root tips of wheat seedlings during 0–48 h under drought stress. 15% PEG-6000 was used for drought stress. The data were represented with mean and SD of three biological replications. **p < 0.01 indicates the significant differences

3.4 Relationship between ABA and H2O2 Levels and the AsA–GSH Cycle under Drought Stress

To explore the relationship between ABA and H2O2 levels and the AsA–GSH cycle, the root tips of wheat seedlings was subjected to different treatments: control (Hoagland solution), 15% PEG-6000 (inducing drought stress), 10 mM H2O2, 100 µM ABA, 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 + 100 µM Fluridone. By comparing the enzymes activities in the AsA–GSH cycle under different treatments, we gained more precise and in-depth insights into the relationship between ABA and H2O2 levels and the AsA–GSH cycle in regulating drought stress in the root tips of wheat seedlings.

3.4.1 Relationship between ABA and H2O2 under Drought Stress

We firstly investigate the relationship between H2O2 and ABA under drought stress using ABA inhibitor and H2O2 scavenger. From the result, we found that drought stress significantly induced the increase of H2O2 and ABA levels compared with the control (Figs. 5A and 5B). The largest increase in H2O2 level was observed at 48 h, with an increase of 160.8%, and the largest increase in ABA level was observed at 48 h, with an increase of 83.3%, under 15% PEG-6000 compared with those in the control, respectively (Figs. 5A and 5B). Pretreatment with Fluridone promoted the increase of H2O2, whereas pretreatment with CAT blocked the increase of ABA, compared with 15% PEG treatment (Figs. 5A and 5B). The largest increase in H2O2 level under 15% PEG + Fluridone was observed at 48 h, with an increase of 25.7% (Fig. 5A), and the largest decrease in ABA level under 15% PEG + CAT was observed at 24 h, with a decrease of 21.3% (Fig. 5B), compared with those under 15% PEG treatment. All these indicated that H2O2 and ABA probably interact under drought stress.
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Figure 5: The relationship between H2O2 (A) and ABA (B) during 0–48 h under drought stress. The treatments of Hoagland solution (Control), 15% PEG-6000 (for drought stress), 15% PEG-6000 + 100 µM Fluridone and 15% PEG-6000 + 50 U/ml CAT were adopted for different treatments. The data were represented with mean and SD of three biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

3.4.2 Relationship between ABA and H2O2 Levels and GR Activity

In our present study, the activity of GR was significantly increased under 15% PEG-6000, 100 μM ABA, and 10 mM H2O2 compared with the control (Figs. 6A and 6B). Interestingly, GR activity was significantly decreased under 15% PEG-6000 + 100 µM Fluridone treatment, which was reduced by 30.77% at 6 h, 55.41% at 12 h, 59.03% at 24 h, and 48.42% at 48 h, respectively, compared with that in the 15% PEG-6000 treatment, whereas it showed little changes under 15% PEG-6000 + 50 U/ml CAT treatment compared with that under 15% PEG-6000 (Figs. 6A and 6B). Therefore, we speculate that ABA may be the main regulator of GR activity.
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Figure 6: The relationship between H2O2 (A) and ABA (B) levels and GR activity during 0–48 h under drought stress. Hoagland solution (Control), 15% PEG-6000 (for drought stress), 10 mM H2O2, 100 µM ABA, 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 + 100 µM Fluridone were adopted for different treatments. The data were represented with mean and SD of three biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

3.4.3 Relationship between ABA and H2O2 Levels and APX Activity

Similar changes were observed in APX activity under different treatments. The activity of APX was significantly increased under 15% PEG-6000, 100 μM ABA, and 10 mM H2O2 compared with control (Figs. 7A and 7B). Under 15% PEG-6000 + 100 µM Fluridone treatment, APX activity was significantly reduced by 31.25% at 6 h, 30.43% at 24 h and 28.38% at 48 h, respectively, compared with that under 15% PEG-6000 (Fig. 7B). However, almost no reduction was found under 15% PEG-6000 + 50 U/ml CAT treatment compared with that under 15% PEG-6000, indicating that APX activity is mainly regulated by ABA (Fig. 7A).
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Figure 7: The relationship between H2O2 (A) and ABA (B) levels and APX activity during 0–48 h under drought stress. Hoagland solution (Control), 15% PEG-6000 (for drought stress), 10 mM H2O2, 100 µM Fluridone, 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 + 100 µM Fluridone were adopted for different treatments. The data were represented with mean and SD of three biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

3.4.4 Relationship between ABA and H2O2 Levels and MDHAR Activity

We found that the activity of MDHAR was significantly increased under 15% PEG-6000, 10 mM H2O2, and 100 µM ABA compared with the control (Figs. 8A and 8B). Contrary to the changes in GR activity, MDHAR activity was significantly decreased under 15% PEG-6000 + 50 U/ml CAT compared with that in the 15% PEG-6000 treatment, which was reduced by 15.10% at 6 h, 17.88% at 12 h, 26.56% at 24 h and 56.57% at 48 h, respectively, compared with that under 15% PEG-6000 (Fig. 8A). However, we did not observe a significant inhibition of MDHAR activity under 15% PEG-6000 + 100 µM Fluridone compared with that under 15% PEG-6000 (Fig. 8B). These results imply that H2O2, rather than ABA, maybe the primary regulator of MDHAR.
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Figure 8: The relationship between H2O2 (A) and ABA (B) levels and MDHAR activity during 0–48 h under drought stress. Hoagland solution (Control), 15% PEG-6000 (for drought stress), 10 mM H2O2, 100 µM ABA, 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 + 100 µM Fluridone were adopted for different treatments. The data were represented with mean and SD of three biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

3.4.5 Relationship between ABA and H2O2 Levels and DHAR Activity

For DHAR activity, we observed that the activity of DHAR was significantly induced under 15% PEG-6000, 10 mM H2O2 and 100 µM ABA compared with that in the control, while it was significantly decreased under 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 +100 µM Fluridone, compared with that under 15% PEG-6000 during 6–48 h (Figs. 9A and 9B). Under 15% PEG-6000 + 50 U/ml CAT treatment, the decrease of DHAR activity was approximately 40% at 6, 12, 24, and 48 h (Fig. 9A). Under 15% PEG-6000 + 100 µM Fluridone treatment, the largest increase and the smallest increase in activity were observed at 48 h with a 78.85% increase and at 24 h with a 25.58% increase compared with those under 15% PEG-6000 (Fig. 9B). These findings suggest that the activity of DHAR may be regulated by both ABA and H2O2 together. These findings provide insights into the relationship between ABA and H2O2 levels and DHAR activity under drought stress.
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Figure 9: The relationship between H2O2 (A) and ABA (B) levels and DHAR activity during 0–48 h under drought stress. Hoagland solution (Control), 15% PEG-6000 (for drought stress), 10 mM H2O2, 100 µM ABA, 15% PEG-6000 + 50 U/ml CAT and 15% PEG-6000 + 100 µM Fluridone were adopted for different treatments. The data were represented with mean and SD of three biological replications. Least significant difference (LSD) was used for multiple comparisons, and different letters mean the significant differences at 0.01 level

4  Discussion

Due to the complexity of soil composition and the difficulty of controlling it under practical conditions, actual soil is rarely used for drought stress research. Moreover, it is hard to distinguish drough stress from many other stresses in the soil. Therefore, the establishment of stable and controllable conditions are especially important in the research of water stress. As PEG has low chronic toxicity, its relative molecular mass is so large that it is hardly absorbed, its water solubility is good, and it can maintain a uniform water potential in the solution. Therefore, the water relationship of plants is similar regardless of whether they are grown in soil or PEG solution with the same water potential [27]. Therefore, a 15% PEG-6000 solution was adopted to explore the relationship between H2O2 and ABA levels and the AsA–GSH cycles in the root tips of wheat seedlings under drought stress in our study.

Since the 1990s, the frequency and intensity of drought events have increased significantly in wheat-producing areas of China, particularly in the northern regions [28]. Drought stress has emerged as the primary abiotic stress threatening the normal growth and production of wheat. To deal with drought stress, plants have developed intricate regulatory pathways, including ABA-dependent and -independent pathways, ROS signaling, and the AsA–GSH cycle [29,30], which are induced by drought stress in various plant species [31,32]. In our study, we also observed that the levels of ABA, and H2O2 were both induced under drought stress in wheat roots compared with the control (Fig. 1). It has been demonstrated that H2O2 can enhance drought resistance of wheat by increasing its accumulation in leaves [33]. In addition, the study has also shown that drought stress can result in the rapid accumulation of ABA and H2O2 in soybean roots [13]. Therefore, our results are consistent with those of previous studies about drought stress. In our study, drought stress declined the number of root tips, compared with the control. The application of ABA increased the number of root tips, whereas the application of H2O2 significantly declined the number of root tips, compared with that under the treatment of 15% PEG-6000. Root tips are the primary tissues to absorb nutrients and water [34,35]. Therefore, root tips play a vital role in ensuring the normal growth of plants under different environmental conditions. However, root tips are significantly affected by drought stress [36,37]. Therefore, our results on the development of root tips under drought are consistent with previous studies. In addition, it has been proved that both H2O2 and ABA are involved in the regulation of drought stress. Exogenous application of ABA can alleviate drought stress but H2O2 aggravated drought stress [33,38]. Our results showed that the application of ABA significantly increased the number of root tips, whereas the application of H2O2 significantly decreased the number of root tips, compared with that under 15% PEG-6000, which also demonstrated that H2O2 and ABA participated in the development of root tips through drought stress.

In recent years, there have been numerous studies focusing on the individual roles of H2O2, ABA, and the AsA–GSH cycle in drought stress responses [39,40]. However, the specific relationship between H2O2 and ABA levels and the AsA–GSH cycle in regulating drought stress in wheat roots remains unknown. Hence, we measured the levels of ascorbate and glutathione and the activities of four enzymes in the AsA–GSH cycle after 15% PEG-6000 treatment, and all of them were significantly induced compared with those in the control (Figs. 3 and 4). AsA acts as an antioxidant, exists in large quantities in plants and can remove reactive oxygen species efficiently [38]. From our results, the AsA levels decreased whereas those of DHA increased in wheat roots under 15% PEG-6000 compared with the control, which declined the AsA/DHA ratio under 15% PEG-6000. What’s more, increased APX activity under 15% PEG-6000 was related to decreased AsA levels compared with those in the control and increased MDHAR and DHAR activities indicated increased antioxidant capacity as they are mainly responsible for the regeneration of AsA. GSH plays an important role in multiple stress responses, such as drought stress [38,41]. In our present study, the level of GSSG in wheat roots was significantly induced under 15% PEG-6000. GSH is involved in the clearance of reactive oxygen species, leading to its transformation into GSSG; hence, the levels of GSSG are increased under 15% PEG-6000. GSSG can be converted to GSH again under GR activity, so the increase in GR activity under 15% PEG-6000 is responsible for the increased GSH levels [41].

Previous studies have proved that ABA can enhance drought tolerance by reducing H2O2 contents, and exogenous application of H2O2 can increase ABA contents under drought stress [33,38]. In our results, we also observed that application of Fluridone under 15% PEG-6000 promoted the increases of H2O2 level and application of CAT blocked the increases of ABA level, respectively, compared with those under 15% PEG-6000 (Figs. 5A and 5B). All above indicated that H2O2 and ABA probably interact under drought stress. We further investigated the relationship between H2O2 and ABA levels and the AsA–GSH cycle. Interestingly, compared with the treatment of 15% PEG-6000, DHAR activities were significantly inhibited under the treatment of 15% PEG-6000 + 100 μM Fluridone, while the activities of MDHAR and DHAR were significantly inhibited under the treatment of 15% PEG-6000 + 50 μM CAT, compared with those under the treatment of 15% PEG-6000. These findings suggest a close relationship between ABA and H2O2 and the activities of the enzymes in the AsA–GSH cycle. The inhibitory effects observed in the presence of Fluridone and CAT suggest that ABA and H2O2 are participated in regulation of the enzymes in the AsA–GSH cycle under 15% PEG-6000. These results show that there exists a special relationship between ABA and H2O2 levels and the AsA–GSH cycle under drought stress in wheat roots.

5  Conclusion

Finally, we have proposed a schematic model to elucidate the regulatory pathways in wheat roots under drought stress (Fig. 10). According to the model, H2O2 and ABA possibly affected each other under drought stress. And H2O2 and ABA played crucial roles in regulating drought stress by modulating the AsA–GSH cycle in wheat roots, which H2O2 positively regulates the activities of MDHAR and DHAR, whereas ABA positively regulates the activities of GR, APX, and DHAR. These regulatory effects enhanced the AsA–GSH cycle, thereby alleviating the impacts of drought stress in wheat. Though our findings mainly highlight the relationship between H2O2 and ABA levels and the AsA–GSH cycle under drought stress in wheat, it will be helpful to further explore the interactive signaling roles in regulating a range of biological functions regarding to the normal growth and development of plants and the responses to many other abiotic stresses. In conclusion, this study provides new insights into the relationship between H2O2 and ABA levels and the AsA–GSH cycle in response to drought stress and may provide new ideas for the research of other related fields such as ecology and agriculture.
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Figure 10: The schematic model of the relationship between H2O2 and ABA levels and the AsA–GSH cycle under drought stress in wheat roots. Purple arrows between H2O2 and ABA indicate that H2O2 and ABA probably interact under drought stress. The red arrows in the model indicate that ABA positively regulates APX, and DHAR activities, whereas H2O2 positively regulates MDHAR and DHAR activities in response to drought stress
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