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Water shortage and wastage are critical challenges to sustainable agricultural development, especially in arid and semiarid regions worldwide. Isatis indigotica (woad), as a traditional Chinese herb, was planted in a large area in a cold and arid environment of Hexi. Regulated deficit irrigation can reduce the growth of some vegetative organs by changing the accumulation and distribution of photosynthetic products in crops, thus increasing the economic yield of crops. In agricultural production, crop productivity may be improved by mulched drip irrigation and deficit irrigation. Hence, a field experiment was conducted to investigate the responses of photosynthesis, malondialdehyde, osmotic regulators, antioxidant enzyme activities, and the yield of woad to water deficit at different growth stages. The growth stage of woad was divided in four stages: seedling, vegetative growth, fleshy root growth, and fleshy root maturity. During vegetative growth, fleshy root growth, and fleshy root maturity, three water gradients were set for plants with mild (65–75% in field water capacity, FC), moderate (55–65% in FC), and severe (45–55% in FC) deficits, respectively. In contrast, an adequate water supply (75–85% in FC) during the growth period was designed as the control (CK). The net photosynthetic rate (Pn), transpiration rate, and stomatal conductance of woad significantly decreased (P< 0.05) by moderate and severe water deficits. Still, rehydration after the water deficit could produce a noticeable compensation effect. In contrast, malondialdehyde and proline accumulation significantly increased under moderate and severe water deficits. At the same time, the superoxide dismutase, peroxidase, and catalase all had high activities (increased significantly by 19.87–39.28%, 19.91–34.26%, and 10.63–16.13% compared with CK, respectively), but yields were substantially lower, compared to CK. Additionally, the net photosynthetic rate was negatively correlated with antioxidant enzyme activity. The economic yield of plants subjected to continuous mild water deficit during both vegetative and fleshy root growth was not significantly different from that in CK. Still, the water use efficiency improved significantly. Therefore, the continuous mild water deficit during vegetative and fleshy root growth could improve the physiological and biochemical mechanisms of the plant, representing an optimal irrigation strategy for woad in cold and arid areas.
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1 Introduction

Water shortage is a serious ecological problem critical to limiting crop growth and production (Rampino et al., 2006; Monreal et al., 2007; Gui et al., 2021; Sheteiwy et al., 2021a; Sheteiwy et al., 2021b; Sheteiwy et al., 2022). Plant water status, photosynthesis, productivity, and water utilization are affected by soil moisture and irrigation systems (Hamoud et al., 2019). Therefore, to overcome the water scarcity problem, efficient agricultural water conservation technologies are urgently needed to enhance water utilization in sustainable crop production (Kang et al., 2002). However, regulated deficit irrigation (RDI) is an irrigation strategy that ensures optimal water status during the phenological period when the crop is most sensitive to water stress and limits other stages (Chai et al., 2016; Galindo et al., 2018). The RDI strategy reduces crop evapotranspiration and can improve irrigation management for null or low yield losses (Carbonell-Barrachina et al., 2015; Lahoz et al., 2016). In addition, mulched drip irrigation is an excellent water-saving technology with the advantages of improving the yield and utilization efficiency of water and fertilizer, weed control, labor input saving, soil erosion reduction, and so on. This technology has been widely used to allow crop cultivation in arid and semiarid areas. It has been shown in previous studies that irrigation combined with plastic film mulching reduced vegetative growth and soil evaporation, improved soil water storage, and increased crop yield and water productivity (Fabeiro et al., 2001; Du et al., 2010). Research on deficit irrigation has been extensively conducted on many foods and cash crops to maintain their productivity and economic benefits in water-scarce areas. Regulated deficit irrigation can save a large amount of irrigation water, reduce crop evapotranspiration, maintain or increase crop yield, and improve crop quality under limited water resources (Patane et al., 2011; Santesteban et al., 2011; Chai et al., 2016; Lahoz et al., 2016).

Photosynthesis is the basis of dry matter formation and the primary determinant of plant yield increases. At the same time, water is an essential raw material required for photosynthesis. Photosynthesis can reflect the response of plants to variable soil moisture levels (Gaju et al., 2016). Changes in photosynthetic rate are closely related to changes in soil microclimates (Fan et al., 2019; Gyimah et al., 2020; Li et al., 2021). Suitable soil water content has a positive effect, while a severe water deficit harms plant photosynthesis (Reich et al., 2018). Plants have evolved mechanisms to rapidly sense stress, actively regulate their stress resistance responses, and address various environmental stresses. As the most prevalent stress factor among abiotic stresses, water stress is vital in limiting crop yield (Bodner et al., 2015). Plants are usually subjected to many physiological and biochemical changes after water stress. Water stress decreases the photosynthetic capacity and causes a significant accumulation of reactive oxygen species (ROS) in crops, causing photooxidative effects and structural damage (Brito et al., 2019). Lipid peroxidation, membrane deterioration, and DNA modification are caused by ROS (Gao et al., 2021; Sheteiwy et al., 2022), negatively affecting crop growth and yield formation (Hao et al., 2019).

Plant tissues contain ROS-scavenging enzymes to control ROS levels and protect cells from stressful conditions (Mittler, 2002; Lv et al., 2022). Additionally, biosynthesis and accumulation of low molecular weight organic compounds, such as osmoregulation, are critical for sustaining osmotic potential under stress (Chaves et al., 2003). Crops improve their adaptability to water stress by accumulating organic solutes, such as proline, soluble carbohydrates, and sucrose (Shao et al., 2005; Zhang et al., 2009; Marcinska et al., 2013; Ahmad et al., 2018).

Isatis indigotica (woad) is the basal plant of Daqinye (woad leaves), Banlangen (woad root), and one of the basal plants of Qingdai. Woad is used to cure encephalitis B, mumps, influenza virus, epidemic cerebrospinal meningitis, bacterial and viral infections, and to prevent and control fatal severe acute respiratory syndrome (Tang and Eisenbrand, 1992; Zhu, 1998; Han et al., 2011; Kim et al., 2012; Zhang et al., 2021). Woad is cultivated mainly in northern Chinese regions. It has less strict requirements for light, heat, temperature, and other natural environments. Due to its drought-tolerant characteristics, this species is more suitable for planting in well-drained sandy soils and loam. Minle County of Gansu Province is in the middle of the Hexi Corridor and is located in a typically irrigated agricultural area. Therefore, the cultivation of woad is mainly irrigated. Due to the lack of scientific guidance on irrigation period and amount, traditional flood irrigation technology causes water resource waste, affecting the growth of woad, influencing economic benefits, and resulting in disproportionate input and output.

It is essential to study physiological processes, such as drought resistance and the rehydration recovery mechanism, to enhance the water productivity of woad. Previous studies on woad were mainly focused on its pharmacological effects and chemical composition. Still, there was a low focus on the physiological response of woad to water deficit and rehydration. Moreover, studies on the osmoregulatory response and antioxidant enzyme activities of woad leaves were also scarce. Accordingly, the focus of this study was to investigate the photosynthetic characteristics, the response of the antioxidant protection system, and the osmotic protection function of woad under different water deficit and rehydration conditions. We hypothesized that this study would: (1) investigate the effects of water stress at different reproductive stages on photosynthetic response mechanisms, antioxidant defense mechanisms, and the yield of woad plants and (2) determine the optimal degree and duration of water stress to provide a theoretical foundation for optimal woad cultivation.



2 Materials and methods


2.1 Site description

The field experiment was conducted in 2019 at Yimin Irrigation Experiment Station (38°39′N, 100°43′E, mean altitude 1970 m), Minle County, Zhangye City, Gansu Province (Figure 1). The experimental station was located in the middle of the Hexi Corridor of Gansu Province, which belonged to the continental desert steppe climate. The annual sunshine time and dryness were 2,932 h and 5.85, respectively. The average annual temperature, evaporation, and rainfall were 7.6 °C, 1,638 mm, and 183–345 mm, respectively. The basic climatic information obtained during the experiment is shown in Table 1. Agricultural soil was light loamy soil. The content of organic matter was 12.4 g·kg-1. The contents of alkali-hydrolyzed nitrogen, available phosphorus, and available potassium were 57.3 mg·kg-1, 15.9 mg·kg-1, and 191.7 mg·kg-1, respectively. The soil bulk density and field water capacity in the 0–100 cm soil layer was 1.46 g·cm-3 and 24 cm3·cm-3, respectively.




Figure 1 | Location of experimental site (Minle, China).




Table 1 | The basic climatic information in 2019.





2.2 Experimental materials

Woad was planted in open fields. It was sown on May 4th and harvested on October 10th, 2019. The sowing density was 830,000 plants per hectare, and the size of each plot was 2.7 m × 5 m. The experimental land was mechanically tilled and weeded before sowing. A total of 220 kg·ha-1 of urea (46% N content), 330 kg·ha-1 of calcium superphosphate (12% P2O5, 10% S, and 16% Ca content), and 120 kg·ha-1 of potassium fertilizer (60% K2O content) were applied as base fertilizer. Three drip irrigation belts were installed per plot and covered with colorless mulch.



2.3 Experimental design

The woad growth stage can be divided into four different growth stages (Figure 2): seedling stage (May 4th - June 8th), vegetative growth stage (June 9th - July 20th), fleshy root growth stage (July 21st - August 30th), and fleshy root maturity stage (August 31th - October 10th). For soil moisture, an adequate water supply treatment (75–85% field water capacity, FC) and three water deficit treatments [mild water deficit (65–75% FC), moderate water deficit (55–65% FC), and severe water deficit (45–55% FC)] were set up. Since all growth stages of woad are affected by water deficit, six water stress conditions were established under limited irrigation treatments. Adequate irrigation treatment was used as a control (CK) during the growth period (Table 2). The experiment was a single-factor randomized trial with three replicates per treatment and 21 plots. The irrigation amount was measured using a water meter, and soil moisture was contained to the design level. Before sowing, the soil moisture in the 0–100 cm soil layer was adjusted to about 85% of the field water capacity.




Figure 2 | Schematic diagram of the growth period division of woad.




Table 2 | Experimental design.





2.4 Measurements and calculations


2.4.1 Photosynthetic physiological and ecological indicators

The changes in the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) of woad were measured using a portable photosynthetic measurement system (LI-6400, LI-COR, USA) from 9:30 am to 10:30 am in sunny and cloudless weather (measured on June 7, July 19, August 28 and October 7, respectively). The water use efficiency of woad plants (WUEL) was calculated as the ratio of the Pn to the Tr.



2.4.2 Malondialdehyde

MDA was determined using the method proposed by Li et al. (2010). Fresh woad leaves were weighed (0.5 g) and ground with 2 ml of 10% trichloroacetic acid (TCA) and a little quartz sand until the sample was homogenized. The homogenate was ground by adding 8 mL of 10% TCA and centrifuged at 4000 r·min-1 for 10 min. A total of 2 ml was taken from the supernatant. The reference was 2 ml of distilled water. A total of 2 ml of 0.6% thiobarbituric acid (TBA) was added, mixed well, boiled in a water bath at 100 °C for 15 min, cooled rapidly, and then centrifuged. The absorbance values of the supernatants at 450 nm, 532 nm, and 600 nm were measured. The MDA content was calculated using the following formula:

	

where Vt was the total volume of the extract (ml), V1 was the volume of the reactant (ml), and Fw was the mass of the fresh sample (g).



2.4.3 Proline

Pro was determined using the acidic ninhydrin method (Bates et al., 1973). Fresh woad leaves were weighed (0.3 g). A total of 5 ml of sulfosalicylic acid was added, boiled in a water bath for 10 min, and filtered. A total of 2 ml of filtrate was aspirated with 2 ml of glacial acetic acid and acidic ninhydrin mixture. The sample was boiled in a water bath for 40 min and cooled. Then, 4 ml of toluene was added, and the sample was thoroughly shaken. After static stratification, the supernatant was taken for colorimetry at 520 nm.



2.4.4 Leaf antioxidant enzyme activity


2.4.4.1 Enzyme solution preparation

Fresh woad leaves were weighed (0.5 g) into a mortar, poured into a centrifuge tube with 5 ml phosphate buffer (pH 7.8), and ground in an ice bath. The sample was cryogenically centrifuged for 20 min at 10,000 rpm. The supernatant (enzyme solution) was poured into test tubes and stored at 0–4°C until use, and used for the enzyme assay.



2.4.4.2 Measurement of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities

SOD was determined using the method proposed by Tewari et al. (2006). POD was determined using the method proposed by Nakano and Asada (1981). CAT was determined using the method proposed by Dhindsa et al. (1981).




2.4.5 Yield and water use efficiency

When woad plants were mature, 1 m × 1 m sample squares were selected to extract woad and then weighed to calculate the yield. WUE was calculated using the following formula:

	

where WUE was the water use efficiency of woad (kg·ha-1·mm-1), Y was the yield of woad (kg·ha-1), and ET was the total water consumption (mm) of woad during the entire growth period.




2.5 Data analysis

Data were processed using Microsoft Excel 2013 and plotted using Origin 2021. The data were analyzed by one-way analysis of variance (ANOVA) with IBM SPSS 23.0, and the least significant difference (LSD) was compared between the mean values of each treatment when the P value ≤ 0.05. A linear function was used to fit the model between Pn and antioxidant enzyme activity at different growth stages.




3 Results


3.1 Effect of water deficit on the photosynthesis of woad

The Pn, Tr, and Gs had a single-peaked curve variation, with an increasing and then decreasing trend in the entire woad growth stages (Table 3). The Pn and Gs in each water deficit treatment peaked at the fleshy root growth stage, while Tr peaked at the vegetative growth stage. The photosynthetic parameters (Pn, Tr, and Gs) increased the most in the vegetative growth stage and decreased the most in the fleshy root maturity stage. The changes in the Pn, Tr, and Gs of leaves were not significantly (P > 0.05) different among treatments applied to seedlings. In vegetative growth, Tr and Gs of plants in the T4 treatment were the highest and increased significantly (P< 0.05) by 16.96% and 26.04%, respectively, compared with CK. During vegetative growth, the leaf Pn of individuals in CK was the largest. No significant differences were seen in leaf Pn among individuals in the T1, T4, and T6 treatments during the vegetative growth, which was significantly lower than that of CK. At vegetative growth, the Pn, Tr, and Gs of individuals in the T2 treatment were significantly reduced (P< 0.05) by 13.87%, 18.80%, and 15.94%, respectively, compared to CK. At the same time, the Pn, Tr, and Gs of plants in treatment T3 were significantly reduced by 22.08%, 46.28%, and 38.40%, respectively. These indicate that the decrease of Pn, Tr, and Gs increases with the aggravation of water deficit.


Table 3 | Effects of different water deficits on the Pn, Tr, and Gs of woad leaves.



The Pn of plants in T1 and T6 during fleshy root growth was significantly enhanced by 7.31% and 5.75%, respectively, and Gs also increased significantly (P< 0.05) by 19.23% and 10.15%, respectively, compared to CK. The Pn and Gs of plants in the T2 treatment increased by 3.78% and 9.74% compared with the T5 treatment during fleshy root growth. The Pn, Tr, and Gs of plants in the T3 treatment during fleshy root growth increased compared to those in vegetative growth. This result was an indication that rehydration during fleshy root growth stage produced a compensation effect on plant photosynthesis. After entering the fleshy root maturity stage, woad plants began to senescence. Pn, Tr, and Gs of leaves in each water deficit treatment were obviously reduced compared to fleshy root growth. Pn, Tr, and Gs of T3 at fleshy root maturity were the smallest and significantly lower than CK. Compared to T4, the Pn, Tr, and Gs of plants in the T6 treatment significantly decreased at fleshy root maturity, indicating that the photosynthesis of woad leaves was also affected by the water deficit period.

Water use efficiency of leaves (WUEL) had a parabolic variation of decreasing followed by increasing throughout the reproductive period, except for T3 (Table 3). The highest WUEL was found at the seedling stage and no significant difference in WUEL was observed among treatments. The highest WUEL was recorded in the vegetative growth period of T3, with a significant (P< 0.05) increase of 44.97% compared to the control CK. The WUEL of plants in the T1, T4, and T6 treatments was lower than CK at vegetative growth, but no significant differences were observed among treatments. The WUEL in T2 during vegetative growth increased (P > 0.05) by 6.57% compared to CK. The lowest WUEL was found in plants in CK at fleshy root growth, and WUEL increased in all water deficit treatments compared to CK. Plants in T2, T3, and T5 were significantly different from CK. The remaining treatments were not significantly different from CK. In fleshy root maturity, the WUEL was at the same level in plants in the T1, T4, and CK treatments. T2, T3, T5, and T6 treatments at fleshy root maturity increased significantly by 3.74–16.61% compared to CK. These results indicated that different water deficit levels and periods had different effects on WUEL.



3.2 Effects of water deficit on leaf physiological and biochemical indices


3.2.1 Leaf malondialdehyde

The MDA content was at the same level (P > 0.05) in all treatments at the seedling stage (Figure 3). After entering the vegetative growth, the MDA content of CK was the lowest. The MDA content of other treatments increased significantly (P< 0.05) by 6.30–48.55%. The MDA content in the T3 treatment was significantly increased by 14.89% compared to the T2 treatment. This result showed that the MDA of woad leaves was increased by the water deficit treatment, and the increase was greater with more extensive water deficits. No significant difference was observed among treatments T1, T6, and CK during fleshy root growth. At fleshy root growth, The MDA content of plants in T1 were reduced by 6.20% compared to T4, while T2 was reduced by 4.91% compared to T5, indicating that rehydration treatment was beneficial in reducing the MDA content in woad leaves. The MDA content of plants in the T1 and T4 treatments decreased significantly by 4.14% and 5.07%, respectively, compared to the T6 treatment. The results showed that the MDA content of woad leaves was affected by both the degree and the period of water deficit.




Figure 3 | Response of malondialdehyde in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.2.2 Leaf proline

Pro content was correlated with the level of plant water stress. The more water is lost by plants, the more Pro they produce. As shown in Figure 4, the change patterns of Pro and MDA contents of woad leaves were similar throughout the entire growth period. No significant difference (P > 0.05) was found in Pro content among treatments at seedlings. The Pro content of each water deficit in vegetative growth increased significantly (P< 0.05) by 13.70–45.81% compared with the CK. The highest Pro content was observed in T3, illustrating that the water deficit increased Pro content in woad leaves. Such an increase was more significant with an increase in the level of water deficit. At fleshy root growth, the Pro content in T1 and T6 treatments decreased compared to T4, while T2 had a significant decrease of 15.31% compared to T5. This indicates that the compensation effect produced by the rehydration treatment was beneficial in reducing the Pro content. At fleshy root maturity, the Pro content of plants in the T1 and T4 treatments returned to levels close to the CK. Meanwhile, Pro content in treatments T3 and T5 was significantly higher than CK, by 22.85% and 29.55%, respectively. This indicates that the rehydration effect after mild water deficit adjustment would reduce Pro content due to its rehydration compensation effect. In contrast, severe water deficit adjustment and long-term moderate water deficit caused severe plant damage, and the rehydration compensation effect was not apparent after rehydration.




Figure 4 | Response of proline in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.2.3 Leaf antioxidant enzyme activity

The SOD, POD, and CAT activities in woad leaves had an increasing trend at first and then a decreasing trend with the advancement of the growth period. SOD and POD activity increased rapidly to a maximum at fleshy root growth. In contrast, CAT peaked during vegetative growth. At the late growth stage, water deficits or sufficient water supply affected enzyme activity and reduced its ability to removed peroxide (Figures 5–7).




Figure 5 | Response of superoxide dismutase activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).






Figure 6 | The response of peroxidase (POD) activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).






Figure 7 | Response of catalase activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).




3.2.3.1 SOD

The SOD activity of woad leaves was lowest in seedlings (Figure 5). Still, no significant differences were observed among treatments (P > 0.05). The SOD activity of CK leaves was lowest in vegetative growth, while the SOD activity of the other treatments increased. At vegetative growth, the leaf SOD activities of T1 and T4 were increased (P > 0.05) compared to CK. In contrast, in the T2 and T3 treatments, SOD activity was significantly enhanced (P< 0.05) by 19.86% and 39.28% compared to CK. The SOD activity of T3 at vegetative growth was significantly enhanced by 16.20% compared to T2. This illustrates that with the increase in water deficit, woad plants would have higher SOD activity under their protective mechanism to resist the damage caused by adversity. At fleshy root growth, the SOD activity of the leaves increased to the peak compared with vegetative growth. The SOD activity of T1 was significantly reduced by 5.16% compared to T4. The SOD activity of T2 was significantly reduced (P< 0.05) by 11.13% compared to T5, which showed a specific rehydration compensation effect. The SOD activity of woad leaves in all treatments at fleshy root maturity decreased compared to fleshy root growth. This was probably due to the gradual senescence of the plant, which produced excess reactive oxygen species and metabolic dysregulation in the plant. SOD activity did not differ significantly between T1, T4, and CK. Still, the SOD activity of plants in the T6 treatment increased significantly by 8.21% compared to plants in the T1 treatment.



3.2.3.2 POD

The changes in the POD and SOD activities of woad plants were similar (Figure 6). No significant differences (P > 0.05) were observed in POD activity among all treatments at seedlings. In vegetative growth, the POD activity of the leaves of plants in the T3 treatment was the highest, with a significant increase of 34.26% compared to CK. In vegetative growth, the POD activity of the T2 and T5 leaves increased significantly (P< 0.05) by 19.91% and 22.23% compared to CK, respectively. In contrast, the POD activity in T3 was significantly higher (P< 0.05) than that of T2 and T5. This indicates that with the increase in the water deficit, the POD enzyme activity in woad plants will be enhanced with the increase of SOD activity. Jointly, this may eliminate the excess ROS in the plant to resist the damage caused by drought. At fleshy root growth, the POD activity values of each treatment reached the maximum value, and the POD activity of T1 decreased (P< 0.05) by 6.14% compared to T4. At the same time, the POD activity of T2 was reduced (P< 0.05) by 10.80% compared to T5. Rehydration after water deficit could significantly reduce POD activity in leaves. The POD activity in the leaves of plants in all treatments in fleshy root maturity was significantly lower than that in fleshy root growth. Still, no significant differences were observed in POD activity among the plants in the T1, T4, and CK treatments. This illustrates that the POD activity recovered to a similar level of CK after rehydration in mild water deficit.



3.2.3.3 CAT

The lowest CAT activity was observed in the leaves of woad seedlings, but no significant differences (P > 0.05) among treatments (Figure 7). After entering the vegetative growth stage, leaf CAT activity increased rapidly, reaching a peak. Still, the lowest CAT activity was found in CK, while CAT increased in other water deficits compared to CK. During vegetative growth, the CAT activity of T3 significantly improved by 16.13% compared to CK. At the same time, the CAT activity of the T2 and T5 treatments increased significantly by 10.63% and 11.59%, respectively, compared to CK. Compared with the vegetative growth stage, the activity of CAT decreased significantly (P< 0.05) in fleshy root growth. No significant difference in CAT activity between T6 and CK was observed at fleshy root growth. In contrast, the CAT activity of the T2 treatment was significantly reduced by 8.49% compared to T5, indicating that the rehydration treatment would produce a specific compensation effect. No significant difference in CAT activity at fleshy root maturity among the T1, T4, and CK treatments. Still, the leaf CAT activity in T6 increased significantly by 3.89% compared with CK. The CAT activity of the woad leaves was increased by a mild deficit treatment at the fleshy root maturity stage.





3.3 Effects of water deficit on yield and WUE in woad

The yield of woad in the T1 and T4 treatments did not decrease compared to CK (Figure 8). WUE in treatments in plants in the T1 and T4 was enhanced significantly (P< 0.05) by 7.84% and 6.92%, respectively, compared to CK. This demonstrated that a mild water deficit at the vegetative and fleshy root growth periods improved the WUE without significantly affecting the woad yield. The WUE of plants in the T6 treatment was not reduced significantly (P > 0.05) compared to CK. Nevertheless, the yield was significantly reduced by 6.74%. The economic yield of woad in the other water deficits decreased significantly by 9.80–17.74% compared to CK. WUE of plants in the T5 treatment was reduced significantly (P< 0.05) by 10.24% compared to CK. It was shown that significant decreases in the yield was caused by moderate and severe water deficits, and significant decreases in the WUE was caused by severe water deficits, with decreases being more extensive with the water deficit degrees. Both yield and WUE were significantly lower in T6 compared to plants in the T1 and T4 treatments. This meant that the water deficit period also influenced the yield and WUE of woad.




Figure 8 | Response of yield and water use efficiency in different water deficit treatments. Different lowercase letters mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.4 Correlation analysis


3.4.1 Correlations between Pn and antioxidant enzyme activity

It is shown in Figure 9 (A–I) that there were significant and negative linear correlations between An and other antioxidant enzyme activity (P< 0.05). As for the fitting equation of SOD activity and Pn (Table 4), the slopes of the three growth stages were consistent with the advancement of the growth process. The intercept tended to increase and then decrease, while R2 (coefficient of determination) tended to decline and then increase. It was also shown that the POD activity and Pn fitting equations had a similar trend. However, the slope, intercept, and R2 of the fitting equation for CAT activity and Pn decreased with the advancement of the growth stage. The highest dispersion was observed in the fitting equations for SOD activity against Pn and POD activity against Pn at fleshy root growth. At the same time, the highest dispersion was observed in the fitting equations for CAT activity and Pn during the fleshy root maturity period.




Figure 9 | The relationship between Pn and the antioxidant enzyme activities of woad. (A–C) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. (D–F) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. (G–I) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. Pn: the net photosynthetic rate; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.




Table 4 | The fitting equation, coefficient of determination (R2), and residual sum of squares (RSS) of Pn and antioxidant enzyme activity of woad under water deficit at different growth stages.





3.4.2 Correlations among leaf photosynthetic parameters, physiological and biochemical indices, yield, and WUE

The correlations between Pn, Tr, WUEL, Gs, MDA, Pro, SOD, POD, CAT activity, yield, and WUE are analyzed in detail in Figure 10. The Pn, Tr, Gs, and WUE were positively correlated with yield (P< 0.01). In contrast, MDA, Pro, SOD activity, and POD activity were negatively correlated with yield (P< 0.01). Also, MDA, Pro, and SOD were negatively correlated with Pn (P< 0.01), and POD activity was negatively correlated with Pn (P< 0.05). Pro, SOD activity, and POD activity were positively correlated with MDA (P< 0.01). In addition, the SOD activity was positively correlated with POD activity (P< 0.01), indicating a similar response trend of these two indicators to water deficit.




Figure 10 | The correlations among Pn, Tr, WUEL, Gs, MDA, Pro, SOD, POD, CAT, yield, and WUE. The numbers in the squares are the correlation coefficients. Pn, the net photosynthetic rate; Tr, transpiration rate; WUEL, the water use efficiency of woad leaves; Gs, stomatal conductance; MDA, malondialdehyde; Pro, proline; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; WUE: water use efficiency.







4 Discussion

Photosynthesis is the most fundamental biological phenomenon in plants and has the best sensitivity to water stress (Bano et al., 2021). Leaves are vital photosynthetic organs, and the photosynthetic capacity of leaves is directly affected by changes in water content (Acreche et al., 2009). The accumulation of dry matter and yield was closely related to the variation in the photosynthesis parameters of leaves. At the same time, water deficits and rehydration interfere with the natural processes of photosynthesis in single leaves. It is well known that water deficits cause diminished photosynthesis, affecting crop productivity and yield (Guerfel et al., 2009). It was revealed that the photosynthesis of woad was affected by different water deficits at different periods. This study found that the Pn, Tr, and Gs of woad decreased significantly with moderate and severe water deficits. This was similar to the findings of Ma et al. (2015), where deficit irrigation reduced Pn, Gs, and Tr, while the reduction in Pn was mainly caused by the decrease in Gs. Consequently, there was a reduction in the intercellular carbon dioxide concentration. In contrast, there was no significant decrease in Pn, Tr, and Gs during vegetative growth under a mild water deficit compared to CK. This result indicates that an appropriate mild water deficit would not obviously inhibit photosynthesis. This was similar to the results found by Fan et al. (2019). They showed that proper soil moisture could enhance crop canopy structure, which was the foundation for increased photosynthetic and dry matter accumulation.

This study indicated that the decrease in Pn caused by the water deficit could be recovered by the compensatory effect of rehydration treatment. The Pn of moderate and severe water deficit continued to decrease with increasing water deficit before rehydration treatment. In contrast, Pn increased with the rehydration treatment (Li et al., 2019). The decrease in Pn after the water deficit may be due to the reduction of stomata caused by the decline in carbon dioxide diffusion and internal carbon dioxide concentration. After rehydration, Gs and internal carbon dioxide concentrations returned to similar levels as before rehydration. Compared with T1, the Pn, Tr, and Gs of the leaves of plants in the T6 treatment at the fleshy root maturity period were significantly lowered by 12.35%, 16.70%, and 13.82%, respectively. This result indicates that woad photosynthesis was affected by the level and period of water deficit. The irrigation quantity and irrigation period affected the photosynthesis of the crop (Liu et al., 2016). In this study, moderate and severe water deficits were beneficial in improving woad WUEL. Pn and Tr were reduced by water deficit compared to adequate irrigation, increasing the WUEL by 2.7–26.1% (Cui et al., 2009). The WUEL under deficit irrigation treatment was higher than under conventional irrigation treatment (Li et al., 2018). Water deficit led to a simultaneous reduction in Pn and Tr, but increased WUEL because of a more significant decrease in Tr. Shao et al. (2011) similarly concluded that water deficit treatment slightly decreased Pn and Tr, increasing WUEL by 24–26%.

When plants suffer water stress, ROS accumulate, causing peroxidation reactions of cell membrane lipids. MDA is one of the peroxidation products of membrane lipids. MDA content can determine peroxidation levels, reflecting the level of plant damage under stress (Pravisya et al., 2019). It was shown in this study that the MDA content of plants in water deficit increased significantly during vegetative growth (P< 0.05), from 6.30% to 48.55% compared to CK. Such an increase was more extensive with the degree of water deficit. MDA content increased in all drought stress treatments (Cao et al., 2022). The full irrigation treatment of water-stressed Aloe vera plants with low MDA content reduced protein levels but improved MDA values (Khajeeyan et al., 2019). The MDA content of wheat increased significantly after 10 days of drought stress (Abid et al., 2018). Still, the MDA content and antioxidant enzyme activities could be restored to control levels after rehydration in moderate drought. Nonetheless, the values under severe drought were still higher than in CK (Abid et al., 2018). Generally, these results were consistent with our results, in which the MDA content of woad leaves was significantly reduced after rehydration during fleshy root growth.

When plants suffer water stress, cell water loss was severe. A variety of self-reaction mechanisms are adopted to improve adaptability to stress and maintain the osmotic balance of the cell, including the accumulation of osmotic regulators and enhancement of antioxidant enzyme activity. Pro regulates intracellular osmotic potential and stabilizes the cell membrane structure in water stress (Huseynova et al., 2016). We found that Pro content in woad leaves may be increased by water deficit. This result may be due to the damage to stressed cells caused by the water deficit. Therefore, stressed cells are protected by Pro, and the osmotic potential between cells is regulated by Pro (Heerden and Kruger, 2002). This was consistent with research involving winter wheat. It was found that water stress enhanced the Pro concentration in winter wheat and that Pro was mainly involved in the protective effect of oxidative stress rather than osmoregulation in the early stages of water stress (Tatar and Gevrek, 2008). It was found in this study that the Pro content of plants in severe water deficits was the highest in the vegetative growth stage. During this growth stage, plants suffered severe oxidative damage, and their leaves became yellow and fell off easily from the plant. This was also consistent with the results found for Scutellaria baicariae. Mild and moderate drought stress treatments increased MDA, Pro, and soluble protein contents. Also, the Pro content peaked under severe drought stress (Cheng et al., 2018).

SOD, POD, and CAT are essential constituents of the non-enzymatic antioxidant system in plants (Helaly et al., 2017). SOD rapidly converts   and H2O2 through a displacement reaction (Quan et al., 2008). POD removes hydrogen peroxide from chloroplasts and cells (Li et al., 2013; Cao et al., 2015). CAT forms H2O and O2 in peroxisomes and ethidiomes by directly decomposing hydrogen peroxide (Mittler, 2006). The antioxidant enzyme activities (SOD, POD, and CAT) of woad leaves were increased by mild, moderate, and severe water deficits. This result may be the response of woad plants to eliminate the ROS produced by water deficits and to adapt to the stressful environment (Ghanbari and Sayyari, 2018). This response was consistent with previous studies (Sun et al., 2013; Liu et al., 2017). The antioxidant enzyme activity of Dendrobium moniliforme was increased by drought stress and rehydration (Wu et al., 2016). The activities of SOD, POD and CAT in the vegetative and fleshy root growth of woad leaves under water deficit were higher than those in the seedling stage. This result indicates that the antioxidant enzyme activities of woad leaves increased with plant growth under water stress. This was consistent with the results of Hao et al. (2019). The SOD, POD, and CAT activities of woad leaves were weakened when entering the fleshy root maturity stage. This result might have happened due to the senescence of woad plants at the end of the growth stage when the physiological activities were weakened, and the plants were less able to adapt to external stresses. The variation trends of SOD, POD and CAT in woad leaves under water stress were similar, but the increased rate of enzyme activity and the peak period of enzyme activity differed. This demonstrates their synergistic effect on avoiding oxidative damage in plants. Different antioxidant enzyme activities were correlated with Pn by linear fitting. Significant negative linear correlations existed between SOD activity and Pn, POD activity and Pn, and CAT activity and Pn at three different growth stages.

Water deficit irrigation facilitates mechanisms that improve crop drought tolerance, affecting dry matter formation and distribution (Bloch et al., 2006). Deficit irrigation effectively improves the WUE of crops compared to conventional irrigation (Wei et al., 2016). In this study, the results indicated that WUE could be improved by mild water deficit in vegetative and fleshy root growth without reducing yield. In contrast, the yield and WUE were not improved by moderate or severe water deficits. This was comparable to the findings obtained by Li et al. (2019). They showed that the dry matter of primary roots was slightly increased by a mild water deficit and that the yield was severely decreased by severe deficit treatments. The total yield and fruit number of watermelon plants are decreased by severe water deficits (Abdelkhalik et al., 2019). In our results, the yield and WUE were significantly lower in plants in T6 compared to plants in T4. This result indicates that the yield and WUE of woad were also related to the water deficit period. Crops also respond differently to water deficits in various growth periods (Santos et al., 2019). There was a close relationship between photosynthetic parameters and crop yield (Liu et al., 2016). This was similar to our results, where a highly significant positive correlation was found between the Pn and the yield of woad, and a significant positive correlation was found between the Pn and WUE.



5 Conclusion

The response mechanism of woad to water deficit was investigated by analyzing the changes in photosynthetic parameters, malondialdehyde, osmoregulatory, antioxidant enzyme activities, and yield. The net photosynthetic rate (Pn), transpiration rate, and stomatal conductance of woad leaves were negatively affected by moderate and severe water deficits. Still, the values of leaf water use efficiency were high with moderate and severe water deficits. The concentration of malondialdehyde gradually increased with increasing water stress in woad plants. Under water deficits, the osmotic regulator (proline) and antioxidant enzyme activities of woad were increased to repair oxidative damage. The drought tolerance of the plants was improved by increasing the proline concentration. However, the yield of woad was significantly decreased by moderate and severe water deficits. Nevertheless, the responses to physiological indicators induced by mild and moderate water deficits were reversible and alleviated upon rehydration. A significant negative correlation was found between antioxidant enzyme activity and Pn, and a linear equation was fitted. The yield of woad was not significantly reduced in the continuous mild water deficit compared to the control. Still, water use efficiency significantly increased compared to the control. Therefore, persistent mild water deficit during vegetative and fleshy root growth is recommended as the optimal irrigation strategy for woad production in cold and arid Chinese northwestern regions. The results of this study have important implications for the cultivation and sustainable development of woad.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Author contributions

CZ prepared the experimental scheme, data analysis and drafted the article. HZ was responsible for the funding acquisition. HZ and SY revised the experimental protocol and article format. CZ and FL performed part of the experiments and provided some of the experimental results for the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the National Natural Science Foundation of China (No. 52269008), the Industrial Support Plan Project of Gansu Provincial Department of Education (No. 2022CYZC-51), the Key Research and Planning Projects of Gansu Province (No. 18YF1NA073), and the Project of “Innovation Star” for Excellent Graduate Students in Gansu Province (No. 2022CXZX-660).



Acknowledgments

We thank the National Natural Science Foundation of China (No. 52269008, 51669001), the Industrial Support Plan Project of Gansu Provincial Department of Education (No. 2022CYZC-51), the Key Research and Planning Projects of Gansu Province (No.18YF1NA073), and the Project of “Innovation Star” for Excellent Graduate Students in Gansu Province (No.2022CXZX-660) for funding and laboratory facilities.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Abdelkhalik, A., Pascual-Seva, N., Najera, I., Giner, A., Baixauli, C., and Pascual, B. (2019). Yield response of seedless watermelon to different drip irrigation strategies under Mediterranean conditions. Agric. Water Manage. 212, 99–110. doi: 10.1016/j.agwat.2018.08.044

 Abid, M., Ali, S., Qi, L. K., Zahoor, R., Tian, Z., Jiang, D., et al. (2018). Physiological and biochemical changes during drought and recovery periods at tillering and jointing stages in wheat (Triticum aestivum l.). Sci. Rep. 8, 4615. doi: 10.1038/s41598-018-21441-7

 Acreche, M. M., Briceño-Félix, G., Sánchez, J. A. M., and Slafer, G. A. (2009). Radiation interception and use efficiency as affected by breeding in Mediterranean wheat. Field Crops Res. 110 (2), 91–97. doi: 10.1016/j.fcr.2008.07.005

 Ahmad, Z., Waraich, E. A., Akhtar, S., Anjum, S., Ahmad, T., Mahboob, W., et al. (2018). Physiological responses of wheat to drought stress and its mitigation approaches. Acta Physiol. Plant 40 (4), 80. doi: 10.1007/s11738-018-2651-6

 Bano, H., Athar, H., Zafar, Z. U., Ogbaga, C. C., and Ashraf, M. (2021). Peroxidase activity and operation of photo-protective component of NPQ play key roles in drought tolerance of mung bean [Vigna radiata (L.) Wilcziek]. Physiol. Plantarum. 172 (2), 603–614. doi: 10.1111/ppl.13337

 Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39 (1), 205–207. doi: 10.1007/BF00018060

 Bloch, D., Hoffmann, C. M., and Märländer, B. (2006). Impact of water supply on photosynthesis, water use and carbon isotope discrimination of sugar beet genotypes. Eur. J. Agron. 24 (3), 218–225. doi: 10.1016/j.eja.2005.08.004

 Bodner, G., Nakhforoosh, A., and Kaul, H. P. (2015). Management of crop water under drought: a review. Agron. Sustain. Dev. 35 (2), 401–442. doi: 10.1007/s13593-015-0283-4

 Brito, C., Dinis, L. T., Ferreira, H., Coutinho, J., Moutinho-Pereira, J., and Correia, C. M. (2019). Salicylic acid increases drought adaptability of young olive trees by changes on redox status and ionome. Plant Physiol. Biochem. 141, 315–324. doi: 10.1016/j.plaphy.2019.06.011

 Cao, Y., Cai, H., and Zhao, L. (2022). Effects of growth-stage-based deficit irrigation management on physiological and biochemical characteristics and yield of winter wheat in Northwest china*. Irrig. Drain. 71 (1), 70–80. doi: 10.1002/ird.2634

 Cao, B.l., Ma, Q., Zhao, Q., Wang, L., and Xu, K. (2015). Effects of silicon on absorbed light allocation, antioxidant enzymes and ultrastructure of chloroplasts in tomato leaves under simulated drought stress. Sci. Hortic. 194, 53–62. doi: 10.1016/j.scienta.2015.07.037

 Carbonell-Barrachina, Á., Memmi, H., Noguera-Artiaga, L., Gijón-López, M., Ciapa, R., and Pérez-López, D. (2015). Quality attributes of pistachio nuts as affected by rootstock and deficit irrigation. J. Sci. Food Agric. 95, 2866–2873. doi: 10.1002/jsfa.7027

 Chai, Q., Gan, Y., Zhao, C., Xu, H. L., Waskom, R. M., Niu, Y., et al. (2016). Regulated deficit irrigation for crop production under drought stress. A review. Agron. Sustain. Dev. 36 (1), 1–21. doi: 10.1007/s13593-015-0338-6

 Chaves, M. M., Maroco, J. P., and Pereira, J. S. (2003). Understanding plant responses to drought - from genes to the whole plant. Funct. Plant Biol. 30 (3), 239–264. doi: 10.1071/fp02076

 Cheng, L., Han, M., Yang, L.m., Yang, L., Sun, Z., and Zhang, T. (2018). Changes in the physiological characteristics and baicalin biosynthesis metabolism of Scutellaria baicalensis georgi under drought stress. Ind. Crop Prod. 122, 473–482. doi: 10.1016/j.indcrop.2018.06.030

 Cui, N., Du, T., Li, F., Tong, L., Kang, S., Wang, M., et al. (2009). Response of vegetative growth and fruit development to regulated deficit irrigation at different growth stages of pear-jujube tree. Agric. Water Manage. 96 (8), 1237–1246. doi: 10.1016/j.agwat.2009.03.015

 Dhindsa, R. S., Plumb-Dhindsa, P. A. M. E. L. A., and Thorpe, T. A. (1981). Leaf senescence: correlated with increased levels of membrane permeability and lipid peroxidation, and decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 32 (1), 93–101. doi: 10.1093/jxb/32.1.93

 Du, T., Kang, S., Sun, J., Zhang, X., and Zhang, J. (2010). An improved water use efficiency of cereals under temporal and spatial deficit irrigation in north China. Agric. Water Manage. 97 (1), 66–74. doi: 10.1016/j.agwat.2009.08.011

 Fabeiro, C. M. D. S. O. F., de Santa Olalla, F. M., and De Juan, J. A. (2001). Yield and size of deficit irrigated potatoes. Agric. Water Manage. 48 (3), 255–266. doi: 10.1016/S0378-3774(00)00129-3

 Fan, Y., Liu, J., Zhao, J., Ma, Y., and Li, Q. (2019). Effects of delayed irrigation during the jointing stage on the photosynthetic characteristics and yield of winter wheat under different planting patterns. Agric. Water Manage. 221, 371–376. doi: 10.1016/j.agwat.2019.05.004

 Gaju, O., DeSilva, J., Carvalho, P., Hawkesford, M. J., Griffiths, S., Greenland, A., et al. (2016). Leaf photosynthesis and associations with grain yield, biomass and nitrogen-use efficiency in landraces, synthetic-derived lines and cultivars in wheat. Field Crops Res. 193, 1–15. doi: 10.1016/j.fcr.2016.04.018

 Galindo, A., Collado-González, J., Griñán, I., Corell, M., Centeno, A., Martín-Palomo, M. J., et al. (2018). Deficit irrigation and emerging fruit crops as a strategy to save water in Mediterranean semiarid agrosystems. Agric. Water Manage. 202, 311–324. doi: 10.1016/j.agwat.2017.08.015

 Gao, C., Sheteiwy, M. S., Lin, C., Guan, Y., Ulhassan, Z., and Hu, J. (2021). Spermidine suppressed the inhibitory effects of polyamines inhibitors combination in maize (Zea mays l.) seedlings under chilling stress. Plants 10 (11), 2421. doi: 10.3390/plants10112421

 Ghanbari, F., and Sayyari, M. (2018). Controlled drought stress affects the chilling-hardening capacity of tomato seedlings as indicated by changes in phenol metabolisms, antioxidant enzymes activity, osmolytes concentration and abscisic acid accumulation. Sci. Hortic. 229, 167–174. doi: 10.1016/j.scienta.2017.10.009

 Guerfel, M., Beis, A., Zotos, T., Boujnah, D., Zarrouk, M., and Patakas, A. (2009). Differences in abscisic acid concentration in roots and leaves of two young olive (Olea europaea l.) cultivars in response to water deficit. Acta Physiol. Plant 31 (4), 825–831. doi: 10.1007/s11738-009-0298-z

 Gui, Y. W., Sheteiwy, M. S., Zhu, S. G., Batool, A., and Xiong, Y. C. (2021). Differentiate effects of non-hydraulic and hydraulic root signaling on yield and water use efficiency in diploid and tetraploid wheat under drought stress. Environ. Exp. Bot. 181, 104287. doi: 10.1016/j.envexpbot.2020.104287

 Gyimah, A., Wu, J., Scott, R., and Gong, Y. (2020). Agricultural drainage increases the photosynthetic capacity of boreal peatlands. Agric. Ecosyst. Environ. 300, 106984. doi: 10.1016/j.agee.2020.106984

 Hamoud, Y. A., Shaghaleh, H., Sheteiwy, M., Guo, X., Elshaikh, N. A., Khan, N. U., et al. (2019). Impact of alternative wetting and soil drying and soil clay content on the morphological and physiological traits of rice roots and their relationships to yield and nutrient use-efficiency. Agric. Water Manage. 223, 105706. doi: 10.1016/j.agwat.2019.105706

 Han, J., Jiang, X., and Zhang, L. (2011). Optimisation of extraction conditions for polysaccharides from the roots of isatis tinctoria l. by response surface methodology and their in vitro free radicals scavenging activities and effects on IL-4 and IFN-γ mRNA expression in chicken lymphocytes. Carbohydr. Polym. 86, 1320–1326. doi: 10.1016/j.carbpol.2011.06.036

 Hao, S., Cao, H., Wang, H., and Pan, X. (2019). The physiological responses of tomato to water stress and re-water in different growth periods. Sci. Hortic. 249, 143–154. doi: 10.1016/j.scienta.2019.01.045

 Heerden, P. D. R. V., and Kruger, G. H. J. (2002). Separately and simultaneously induced dark chilling and drought stress effects on photosynthesis, proline accumulation and antioxidant metabolism in soybean. J. Plant Physiol. 159, 1077–1086. doi: 10.1078/0176-1617-00745

 Helaly, M. N., El-Hoseiny, H., El-Sheery, N. I., Rastogi, A., and Kalaji, H. M. (2017). Regulation and physiological role of silicon in alleviating drought stress of mango. Plant Physiol. Bioch. 118, 31–44. doi: 10.1016/j.plaphy.2017.05.021

 Huseynova, I. M., Rustamova, S. M., Suleymanov, S. Y., Aliyeva, D. R., Mammadov, A. C., and Aliyev, J. A. (2016). Drought-induced changes in photosynthetic apparatus and antioxidant components of wheat (Triticum durum desf.) varieties. Photosynth. Res. 130 (1-3), 215–223. doi: 10.1007/s11120-016-0244-z

 Kang, S., Zhang, L., Liang, Y., Hu, X., Cai, H., and Gu, B. (2002). Effects of limited irrigation on yield and water use efficiency of winter wheat in the loess plateau of China. Agric. Water Manage. 55 (3), 203–216. doi: 10.1016/S0378-3774(01)00180-9

 Khajeeyan, R., Salehi, A., Dehnavi, M. M., Farajee, H., and Kohanmoo, M. A. (2019). Physiological and yield responses of aloe vera plant to biofertilizers under different irrigation regimes. Agric. Water Manage. 225, 105768. doi: 10.1016/j.agwat.2019.105768

 Kim, K. S., Hwang, W. G., Jang, H. G., Heo, B. G., Suhaj, M., Leontowicz, H., et al. (2012). Assessment of indigo (Polygonum tinctorium ait.) water extracts' bioactive compounds, and their antioxidant and antiproliferative activities. Lwt-Food Sci. Technol. 46 (2), 500–510. doi: 10.1016/j.lwt.2011.11.017

 Lahoz, I., Perez-de-Castro, A., Valcarcel, M., Macua, J. I., Beltran, J., Rosello, S., et al. (2016). Effect of water deficit on the agronomical performance and quality of processing tomato. Sci. Hortic. 200, 55–65. doi: 10.1016/j.scienta.2015.12.051

 Li, X., Kang, S., Zhang, X., Li, F., and Lu, H. (2018). Deficit irrigation provokes more pronounced responses of maize photosynthesis and water productivity to elevated CO2. Agric. Water Manage. 195, 71–83. doi: 10.1016/j.agwat.2017.09.017

 Li, H., Kuang, N., Gou, Q., Ma, Y., and Li, Q. (2021). Effects of different film mulches on photosynthetic characteristics and yield of summer maize (Zea mays l.) in the north China plain. Arch. Agron. Soil Sci. 67 (2), 179–190. doi: 10.1080/03650340.2020.1718115

 Li, Y., Liu, N., Fan, H., Su, J., Fei, C., Wang, K., et al. (2019). Effects of deficit irrigation on photosynthesis, photosynthate allocation, and water use efficiency of sugar beet. Agric. Water Manage 223, 105701. doi: 10.1016/j.agwat.2019.105701

 Li, G., Wan, S., Zhou, J., Yang, Z., and Qin, P. (2010). Leaf chlorophyll fluorescence, hyperspectral reflectance, pigments content, malondialdehyde and proline accumulation responses of castor bean (Ricinus communis l.) seedlings to salt stress levels. Ind. Crop Prod. 31 (1), 13–19. doi: 10.1016/j.indcrop.2009.07.015

 Li, X., Yang, Y., Jia, L., Chen, H., and Wei, X. (2013). Zinc-induced oxidative damage, antioxidant enzyme response and proline metabolism in roots and leaves of wheat plants. Ecotox. Environ. Safe. 89, 150–157. doi: 10.1016/j.ecoenv.2012.11.025

 Liu, E. K., Mei, X. R., Yan, C. R., Gong, D. Z., and Zhang, Y. Q. (2016). Effects of water stress on photosynthetic characteristics, dry matter translocation and WUE in two winter wheat genotypes. Agric. Water Manage. 167, 75–85. doi: 10.1016/j.agwat.2015.12.026

 Liu, C., Wang, Y., Jin, Y., Pan, K., Zhou, X., and Li, N. (2017). Photoprotection regulated by phosphorus application can improve photosynthetic performance and alleviate oxidative damage in dwarf bamboo subjected to water stress. Plant Physiol. Bioch. 118, 88–97. doi: 10.1016/j.plaphy.2017.05.022

 Lv, L., Chen, X., Li, H., Huang, J., Liu, Y., and Zhao, A. (2022). Different adaptive patterns of wheat with different drought tolerance under drought stresses and rehydration revealed by integrated metabolomic and transcriptomic analysis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1008624

 Ma, S. C., Duan, A. W., Wang, R., Guan, Z. M., Yang, S. J., Ma, S. T., et al. (2015). Root-sourced signal and photosynthetic traits, dry matter accumulation and remobilization, and yield stability in winter wheat as affected by regulated deficit irrigation. Agric. Water Manage. 148, 123–129. doi: 10.1016/j.agwat.2014.09.028

 Marcinska, I., Czyczylo-Mysza, I., and Skrzypek, E. (2013). Impact of osmotic stress on physiological and biochemical characteristics in drought-susceptible and drought-resistant wheat genotypes. Acta Physiol. Plant 35 (2), 451–461. doi: 10.1007/s11738-012-1088-6

 Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7 (9), 405–410. doi: 10.1016/S1360-1385(02)02312-9

 Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends Plant Sci. 11 (1), 15–19. doi: 10.1016/j.tplants.2005.11.002

 Monreal, J. A., Jimenez, E. T., Remesal, E., Morillo-Velarde, R., García-Mauriño, S., and Echevarría, C. (2007). Proline content of sugar beet storage roots: Response to water deficit and nitrogen fertilization at field conditions. Environ. Exp. Bot. 60 (2), 257–267. doi: 10.1016/j.envexpbot.2006.11.002

 Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22 (5), 867–880. doi: 10.1093/oxfordjournals.pcp.a076232

 Patane, C., Tringali, S., and Sortino, O. (2011). Effects of deficit irrigation on biomass, yield, water productivity and fruit quality of processing tomato under semi-arid Mediterranean climate conditions. Sci. Hortic. 129 (4), 590–596. doi: 10.1016/j.scienta.2011.04.030

 Pravisya, P., Jayaram, K. M., and Yusuf, A. (2019). Biotic priming with Pseudomonas fluorescens induce drought stress tolerance in Abelmoschus esculentus (L.) moench (Okra). Physiol. Mol. Biol. Pla. 25 (1), 101–112. doi: 10.1007/s12298-018-0621-5

 Quan, L. J., Zhang, B., Shi, W. W., and Li, H. Y. (2008). Hydrogen peroxide in plants: a versatile molecule of the reactive oxygen species network. J. Integr. Plant Biol. 50 (1), 2–18. doi: 10.1111/j.1744-7909.2007.00599.x

 Rampino, P., Pataleo, S., Gerardi, C., Mita, G., and Perrotta, C. (2006). Drought stress response in wheat: physiological and molecular analysis of resistant and sensitive genotypes. Plant Cell Environ. 29 (12), 2143–2152. doi: 10.1111/j.1365-3040.2006.01588.x

 Reich, P. B., Sendall, K. M., Stefanski, A., Rich, R. L., Hobbie, S. E., and Montgomery, R. A. (2018). Effects of climate warming on photosynthesis in boreal tree species depend on soil moisture. Nature 562 (7726), 263–267. doi: 10.1038/s41586-018-0582-4

 Santesteban, L. G., Miranda, C., and Royo, J. B. (2011). Regulated deficit irrigation effects on growth, yield, grape quality and individual anthocyanin composition in Vitis vinifera l. cv. “Tempranillo”. Agric. Water Manage. 98 (7), 1171–1179. doi: 10.1016/j.agwat.2011.02.011

 Santos, L. C., Coelho, R. D., Barbosa, F. S., Leal, D. P. V., Fraga Junior, E. F., Barros, T. H. S., et al. (2019). Influence of deficit irrigation on accumulation and partitioning of sugarcane biomass under drip irrigation in commercial varieties. Agric. Water Manage. 221, 322–333. doi: 10.1016/j.agwat.2019.05.013

 Shao, G. C., Guo, R. Q., Liu, N., Yu, S. E., and Xing, W. G. (2011). Photosynthetic, chlorophyll fluorescence and growth changes in hot pepper under deficit irrigation and partial root zone drying. Afr. J. Agric. Res. 6 (19), 4671–4679. doi: 10.5897/AJAR11.812

 Shao, H. B., Liang, Z. S., Shao, M. A., and Sun, Q. (2005). Dynamic changes of anti-oxidative enzymes of 10 wheat genotypes at soil water deficits. Colloid. Surface. B. 42 (3-4), 187–195. doi: 10.1016/j.colsurfb.2005.02.007

 Sheteiwy, M. S., Abd Elgawad, H., Xiong, Y. C., Macovei, A., Brestic, M., Skalicky, M., et al. (2021a). Inoculation with bacillus amyloliquefaciens and mycorrhiza confers tolerance to drought stress and improve seed yield and quality of soybean plant. Physiol. Plantarum. 172 (4), 2153–2169. doi: 10.1111/ppl.13454

 Sheteiwy, M. S., Ali, D. F. I., Xiong, Y. C., Brestic, M., Skalicky, M., Hamoud, Y. A., et al. (2021b). Physiological and biochemical responses of soybean plants inoculated with arbuscular mycorrhizal fungi and bradyrhizobium under drought stress. BMC Plant Biol. 21 (1), 1–21. doi: 10.1186/s12870-021-02949-z

 Sheteiwy, M., Ulhassan, Z., Qi, W., Lu, H., AbdElgawad, H., Minkina, T., et al. (2022). Association of jasmonic acid priming with multiple defense mechanisms in wheat plants under high salt stress. Front. Plant Sci. 13, 886862. doi: 10.3389/fpls.2022.886862

 Sun, J., Gu, J., Zeng, J., Han, S., Song, A., Chen, F., et al. (2013). Changes in leaf morphology, antioxidant activity and photosynthesis capacity in two different drought-tolerant cultivars of chrysanthemum during and after water stress. Sci. Hortic. 161, 249–258. doi: 10.1016/j.scienta.2013.07.015

 Tang, W., and Eisenbrand, G. (1992). “Qingdai,” in Chinese Drugs of plant origin (Berlin, Germany: Springer), 805–806.

 Tatar, Ö., and Gevrek, M. N. (2008). Influence of water stress on proline accumulation, lipid peroxidation and water content of wheat. Asian J. Plant Sci. 7 (4), 409–412. doi: 10.3923/ajps.2008.409.412

 Tewari, R. K., Kumar, P., and Sharma, P. N. (2006). Magnesium deficiency induced oxidative stress and antioxidant responses in mulberry plants. Sci. Hortic. 108 (1), 7–14. doi: 10.1016/j.scienta.2005.12.006

 Wei, Z. H., Du, T. S., Zhang, J., Xu, S. J., Cambre, P. J., and Davies, W. J. (2016). Carbon isotope discrimination shows a higher water use efficiency under alternate partial root-zone irrigation of field-grown tomato. Agric. Water Manage. 165, 33–43. doi: 10.1016/j.agwat.2015.11.009

 Wu, X., Yuan, J., Luo, A., Chen, Y., and Fan, Y. (2016). Drought stress and re-watering increase secondary metabolites and enzyme activity in dendrobium moniliforme. Ind. Crop Prod. 94, 385–393. doi: 10.1016/j.indcrop.2016.08.041

 Zhang, J. H., Dell, B., Conocono, E., Waters, I., Setter, T., and Appels, R. (2009). Water deficits in wheat: fructan exohydrolase (1-FEH) mRNA expression and relationship to soluble carbohydrate concentrations in two varieties. New Phytol. 181 (4), 843–850. doi: 10.1111/j.1469-8137.2008.02713.x

 Zhang, D., Du, K., Zhao, Y., Shi, S., Wu, Y., Jia, Q., et al. (2021). Indole alkaloid glycosides from Isatis tinctoria roots. Nat. Prod. Res. 35 (2), 244–250. doi: 10.1080/14786419.2019.1624960

 Zhu, Y. P. (1998). “Chinese Materia medica,” in Chemistry, phamacology and applications (Amsterdam, The Netherlands: Harwood Academic Publishers), 185–189.


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhou, Yu, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1094158-g003.jpg
| ]Seedling | ] Vegetative Growth
| |Fleshy Root Growth[l Fleshy Root Maturity

16 b

b
©
a I a
T1 T2

C
C

d d

d b
c ¢ d
| aI | aI aI
T3 T4 T5 T6 CK

Treatment

[
(\®)
o,

o0

MDA (umol- g 'FW)

I~






OEBPS/Images/fpls-13-1094158-g008.jpg
Yield (kg-ha™)

B Yicld—— WUE

12000

10000

8000

6000

4000

2000

T2 T3 T4 TS T6

Treatment

N\ N
S ~

ek
@)

o
WUE (kg-ha-mm™)





OEBPS/Images/M2.jpg
¥
WUE=-L





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Physiological and biochemical responses of Isatis indigotica to deficit irrigation in a cold and arid environment

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Site description

          



          		

            2.2 Experimental materials

          



          		

            2.3 Experimental design

          



          		

            2.4 Measurements and calculations

          

            		

              2.4.1 Photosynthetic physiological and ecological indicators

            



            		

              2.4.2 Malondialdehyde

            



            		

              2.4.3 Proline

            



            		

              2.4.4 Leaf antioxidant enzyme activity

            

              		

                2.4.4.1 Enzyme solution preparation

              



              		

                2.4.4.2 Measurement of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities

              



            



            



            		

              2.4.5 Yield and water use efficiency

            



          



          



          		

            2.5 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effect of water deficit on the photosynthesis of woad

          



          		

            3.2 Effects of water deficit on leaf physiological and biochemical indices

          

            		

              3.2.1 Leaf malondialdehyde

            



            		

              3.2.2 Leaf proline

            



            		

              3.2.3 Leaf antioxidant enzyme activity

            

              		

                3.2.3.1 SOD

              



              		

                3.2.3.2 POD

              



              		

                3.2.3.3 CAT

              



            



            



          



          



          		

            3.3 Effects of water deficit on yield and WUE in woad

          



          		

            3.4 Correlation analysis

          

            		

              3.4.1 Correlations between Pn and antioxidant enzyme activity

            



            		

              3.4.2 Correlations among leaf photosynthetic parameters, physiological and biochemical indices, yield, and WUE

            



          



          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2022.1094158_cover.jpg
& frontiers | Frontiers in Plant Science

Physiological and biochemical
responses of /satis indigotica to
deficit irrigation in a cold and
arid environment





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1094158-g004.jpg
Pro (ug-g'FW)

150

120

90

30

| |Seedling | ]Vegetative Growth
| |Fleshy Root Growth[l Fleshy Root Maturity

ab
b

b
¢
d a
o a
T3 T4 TS5

Treatment






OEBPS/Images/table4.jpg
Indexes Growth stage R? RSS
Pn and SOD Vegetative growth Yy = -0.02Xysop + 33.31 0.968** 0539
Fleshy root growth Y = -0.02Xgs0p + 38.90 0.741% 6.407
Flesh root maturity Yt = -0.02Xusop + 31.33 0.852%% 2316
Pn and POD Vegetative growth Yy = -0.02Xypop + 35.62 0.976** 0.407
Fleshy root growth Y = -0.01Xgpop + 38.00 0.642* 8.880
Flesh root maturity Yu = -0.01Xppop + 26.29 0.701* 4.682
Pn and CAT Vegetative growth Yy = -1.77Xycar + 49.00 0.944* 0.955
Fleshy root growth Y = -1.58Xgcar + 4349 0.667* 8243
Flesh root maturity Yy = -0.73Xycar + 22.19 0.448* 8.663

Yv, Y, and Yy represent the net photosynthetic rate during the vegetative growth period, fleshy root growth period, and fleshy root maturity period, respectively. Xysop, Xrsop, and Xysop
represent SOD activity during the vegetative growth, fleshy root growth, and fleshy root maturity periods. Xvpop, Xrrop» and Xypop represent the POD activity during the vegetative growth
period, fleshy root growth period, and fleshy root maturity period, respectively. Xvcar, Xecar, and Xycar represent CAT activity during the vegetative growth, fleshy root growth, and fleshy root
maturity periods. * and ** mean that the R? is significant at the probability levels of 0.05 and 0.01, respectively.





OEBPS/Images/table3.jpg
Indices Treatments
Pn T1
(umol CO, m?s™")
T2
T3
T4
TS5
T6
CK
Tr T
(umol H,0 m?s™)
T2
T3
T4
TS5
Té6
CK
Gs T1
(mol H,O m?s™)
T2
T3
T4
TS5
T6
CK
WUEL T1
T2
T3
T4
TS5

T6

CK

7.58a

7.94a

7.54a

7.64a

7.79a

3.72a

3.75a

3.69a

3.87a

3.69a

3.78a

3.86a

0.16a

0.16a

0.15a

0.18a

0.17a

0.18a

0.18a

2.06a

2.00a

2.05a

2.05a

2.04a

2.02a

2.02a

Vegetative growth
2057b
18.34¢
16.59d
20.64b
1861¢
20.34b
21.292
16.20ab
12.10¢
8.01d
17.43%
14.58b
16.19ab
14.90b
1.04b
0.89¢
0.65d
1.34a
0.84c
122
1.06b
127¢d
1.52b
207a
1.18d
1.28cd
1.26cd

1.43bc

Fleshy root growt|
2379
20.93¢
18.40e
23.57a
20.17d
23442
22.17b
14.77a
10.72bc
9.79¢
15.24a
11.04b
1539
15.17a
1.33a
0.92¢
0.84c
1.35
0.84c
127a
L11b
1.61b
1.95a
1.88a
1.55b
1.83a
1.52bc

1.46b

Fleshy root
15.50a
12.93d
1112e
15.00b
12.64d
13.59¢
15.24ab
9.30a
7.08¢
6.36d
8.94a
6.43d
7.74b
9.04a
0.93a
0.71c
0.46d
0.88a
0.67c
0.80b
0.90a

167d
1.83b
1.75¢
1.68d
1.97a
1.76¢

1.69d

Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P < 0.05). Data were presented as mean + SE (n = 3).






OEBPS/Images/fpls-13-1094158-g009.jpg
A 2

2
8

Net Photosynthetic Rate
(umol CO, m?s™)

Rate

(umol CO, m? )
8

700

8
8

(umol CO, m? sy

224

600

700
SOD Activity (U g FW)

800

[ = Vegetative Growth

900

N

3
8

Net Photosynthetic Rate
(umol COy m2 571y

* Fleshy Root Growth|

Net Photosynthetic Rate

(umol O m2 71y

. Fleshy Root Maturity,

=

I~

24

8
N

Net Photosynthetic Rate
(umol CO, m?s™)
»
8

900

1000
SOD Activity (U g”' FW)

1100

* _Fleshy Root Growth

Net Photosynthetic Rate

(ol CO, m™?s™)

800 850
SOD Activity (U g FW)

700 750

i | A Flesh Root Maturity,

=

800

900
POD Activity (U g' FW)

1000

= Vegetative Growth

16

17 18
CAT Activity (U g FW)

244

8
N

Net Photosynthetic Rate
(umol CO, m? 57!y
©
8

1000

1100 1200
POD Activity (U g FW)

1300

*  Fleshy Root Growth|

1400

14 15
CAT Activity (U g FW)

Net Photosyntheti

(umol CO, m?

800 900 1000

POD Activity (U g’ FW)

1100

4 Flesh Root Maturity|

10 1 12 13 14
CAT Activity (U g' FW)





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1094158-g010.jpg
Pn

0.8
Tr
0.6
WUEL
04
Gs
0.2
MDA
0
Pro
-0.2
SOD
POD
CAT
Yield
WUE

* p<=0.05
** p<=0.01

Pn Tr WUEL Gs MDA Pro SOD POD CAT Yield WUE





OEBPS/Images/M1.jpg
[6.45 x (D532 - D600) - 0.56D450] x V¢
V, x Fw

MDA(umol g






OEBPS/Images/fpls-13-1094158-g001.jpg
39°0'0"N 40°0'0"N 41°0'0"N

38°0'0"N

98°0'0"E 99°0'0"E

@  Yimin Irrigation Experiment Station

Zhangye City

- Minle County

98°0'0"E 99°0'0"E

100°0'0"E

100°0'0"E

101°0'0"E

101°0'0"E

102°0'0"E

102°0'0"E

39°0'0"N 40°0'0"N 41°0'0"N

38°0'0"N





OEBPS/Images/fpls-13-1094158-g005.jpg
1400

1200

1000

SOD Activity (U-g'FW)
@) o0
= -
v (-

~
S
=

(O
S
e

| ]Seedling | ] Vegetative Growth
| | Fleshy Root Growth[lB Fleshy Root Maturity

a

a a

b
C
a cd
: ab a| | b d
C b C b

C_(_l cd C d

a a a| a a‘ a|
Tl T2 T3 T4 T5 T6 CK

Treatment

C






OEBPS/Images/table2.jpg
Treatments Vegetative growth Fleshy root growt| Flesh root maturity
T1 75-85% 65-75% 75-85% 75-85%
T2 75-85% 55-65% 75-85% 75-85%
T3 75-85% 45-55% 75-85% 75-85%
T4 75-85% 65-75% 65-75% 75-85%
T5 75-85% 55-65% 55-65% 75-85%
T6 75-85% 65-75% 75-85% 65-75%

CK 75-85% 75-85% 75-85% 75-85%





OEBPS/Images/fpls-13-1094158-g006.jpg
1600

1400

1200

1000

POD Activity (U-g'FW)
@) o0
| -
- -

400

200

| ]Seedling | ] Vegetative Growth

LD
b
Y
< a a
T1 T2 T3

[ |Fleshy Root Growth{lB Flesh Root Maturity
a

a

b

b
cd

b
C
a a a
T4 T5

Treatment

d

T6

CK






OEBPS/Images/fpls-13-1094158-g002.jpg
Seeding Vegatative Growth Fleshy Root Growth Fleshy Root Maturity





OEBPS/Images/im1.jpg





OEBPS/Images/fpls-13-1094158-g007.jpg
CAT Activity (U-g'FW)

| ]Seedling | ]Vegetative Growth
| | Fleshy Root Growth[lB Flesh Root Maturity

21
a
184 b I b
h b C_d q C__d g
15 C a
d d b de
e
e C
12
9
a a a i a a a
6
3
0
T1 T2 T3 T4 T5 T6 CK

Treatment





OEBPS/Images/table1.jpg
Rainfall (mm

May -10 26.2
June 9.1 284
July 8.0 316
August 10.5 32.7
September 47 29.1
October -6.4 20.8

Tinin: minimum air temperature (°C); Trax: maximum air temperature (°C); Taverage:

188

144

6.3

5797

5543

61.2

40.3

17.1

75.1

244

219

63.1

89

average air temperature (°C); RH: average relative humidity (%); Ws: wind speed (m-s™).





