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Abstract: Drought stress negatively impacts growth and physiological processes in plants. The foliar application of glycine betaine (GB) is an effective and low-cost approach to improve the drought tolerance of trees. This study examined the effect of exogenously applied GB on the cell membrane permeability, osmotic adjustment, and antioxidant enzyme activities of Phoebe hunanensis Hand.-Mazz under drought stress. Two levels (0 and 800 mL) of water irrigation were tested under different applied GB concentrations (0, 50, 100, and 200 mM). Drought stress decreased the relative water content by 58.5% while increased the electric conductivity, malondialdehyde, proline, soluble proteins, soluble sugars, and antioxidant enzyme activities (superoxide dismutase, catalase, peroxidase) by up to 62.9%, 42.4%, 87.0%, 19.1%, 60.5%, 68.3%, 71.7%, and 83.8%, respectively, on the 25th day. The foliar application of GB, especially at 100 mM, increased the relative water content of P. hunanensis leaves under drought stress. The concentration of GB from 50 to 100 mM effectively alleviated the improvement of cell membrane permeability and inhibited the accumulation of membrane lipid peroxidation products. Under drought stress, the concentrations of proline, soluble proteins, and soluble sugars in the leaves of P. hunanensis increased as the applied GB concentration was increased and the water stress time was prolonged. Exogenously applied GB decreased oxidative stress and improved antioxidant enzyme activities as compared with treatments without GB application. Furthermore, the physiological and biochemical indexes of P. hunanensis showed a certain dose effect on exogenous GB concentration. These results suggest that GB helps maintain the drought tolerance of P. hunanensis.
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1  Introduction

Drought stress is a threatening environmental constraint limiting the growth and production of plants in most arid and semiarid regions of worldwide [1]. With global climate change, drought stress is causing increasing concern because of the increasing demand for water for agriculture and forestry and human consumption [2,3]. In general, plants differ in drought tolerance. Plants cope with the adverse effects of drought stress through various self-protection and physiological defense mechanisms, such as osmotic adjustment, in vivo antioxidant enzyme regulation, morphological and anatomical changes, and hormonal control [4,5]. Thus, approaches to improve drought tolerance in trees need to be developed urgently. Genetic improvement is a difficult and time-consuming method to increase tree drought tolerance. In addition, its success is limited by the lack of appropriate genes, such as genes conferring tolerance to drought in the germplasm.

Application of biostimulants is a new alternative technique of increasing tree drought tolerance because of their effectiveness, high performance, and low cost [6–8]. Glycine betaine (N, N″, N″-trimethyl-glycine, GB) is a nitrogenous compound (quaternary amine) that functions in osmotic adjustment and cellular compatibility in plants. Numerous studies analyzed the effect of betaine on different plants under abiotic stress. Wani et al. [9] showed that plants can improve their capacity for osmotic adjustment through inducing betaine accumulation under drought stress. Exogenous foliar application of GB modulates the physiological adaptions in sweet potato under water deficit by accumulating soluble sugars; stabilizing photosynthetic pigments, net photosynthetic rate, and chlorophyll florescence; and improving the overall growth performance [10]. Wang et al. [11] reported that the foliar application of betaine can alleviate drought-induced oxidative damage in plants by stimulating antioxidant enzyme activities and K uptake; it can also help maintain the stability and integrity of the sub-cellular structure under drought stress. Some studies have reported that foliar application of GB can significantly increase antioxidant enzyme activities under salinity and heavy metal stresses [12–14].

Phoebe hunanensis Hand.-Mazz of the Lauraceae family is mainly distributed in the Yangtze River Basin and the south of the region. P. hunanensis is not only a good timber for premium furniture, carving, and precision mold but also a potential ornamental plant in gardens and landscapes because of its evergreen, tall shape, majestic crown, fast growth, and wind resistance. Previous studies mainly focused on the feeding and dispersal effects of birds on the seeds of P. hunanensis [15] and on seed morphology [16]. However, the drought–betaine interactions in P. hunanensis are largely unknown. Therefore, the present study investigated the effect of exogenous betaine on the cell membrane permeability, osmotic adjustment, and antioxidant enzyme activities of P. hunanensis under drought stress.

2  Materials and Methods

2.1 Plant Materials and Treatment

Two-year healthy and uniform seedlings of P. hunanensis were transferred into plastic pots (12 cm deep, 12 cm in diameter) containing a mixture of substrate (2:1:1, nutrient soil: vermiculite: sand, v/v/v) in a greenhouse under natural light and 25°C ± 2°C temperature. Plants were irrigated once every 2 days for 30 days. After a pretreatment period of 30 days, two levels of water stress (0 and 800 mL) were poured into the soil, and different concentrations of exogenous betaine solution (0, 50, 100, and 200 mM) were respectively sprayed to the leaves of P. hunanensis for every 3 days lasting for 30 days. A randomized complete block design was employed in the experiment.

The leaves were harvested at 0, 5, 10, 15, and 25 days after the first treatment through dynamic sampling. The relative water content and electric conductivity were measured with fresh leaves. The other fresh leaves were immediately frozen in liquid nitrogen and stored at −80°C for analyses of proline, malondialdehyde (MDA), soluble sugars and proteins, antioxidant enzyme (superoxide dismutase, SOD; catalase, CAT; and peroxidase, POD) activities. All experiments were performed on three biological replicates.

2.2 Relative Water Content

Fresh leaves were cut, and their surface was gently dried. The samples were quickly weighed with a fresh weight (WF) of 0.2 g. The samples were placed in a 50 mL triangle bottle, added with distilled water to the 50 mL scale line, sealed, and then stored under dark conditions for 24 h. Moisture on the leaf surface was quickly wiped, and the saturated fresh weight (WT) of the samples was weighed. The saturated water-absorbing blade was placed into the aluminum box, de-enzymed at 100°C for 15 min, dried at 70°C to a constant weight (at least 72 h), and then cooled naturally after being taken out. Then, the dry weight (WD) was weighed. The fresh weight, saturated fresh weight, and dry weight obtained from each treatment were used to determine the water status, which is expressed in the form of the percentage leaf water content calculated using the following equation [17]:
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2.3 Electric Conductivity

Electric conductivity was determined as described by Feng et al. [18]. The samples were rinsed with double-distilled water and then dried with filter paper. Blade fragments (0.3 g) were placed in a test tube with a plug and added with 10 mL of steaming water. After covering the plug, the tubes were allowed to stand for 24 h at room temperature after full oscillation with an oscillator. A conductivity meter was used to measure electric conductivity. The initial electric conductivity was measured (R1). Then, the beaker was heated in boiling water for 20 min and cooled. R2 was measured as the final electric conductivity. The electric conductivity of the sample was calculated using the following equation: Electric conductivity (%) = R1/R2 × 100.

2.4 Proline Contents

Proline content was determined using the ninhydrin method [19]. Frozen leaf tissue (0.2 g) was extracted in 5 mL of 3% (w/v) sulfosalicylic acid at 100°C for 10 min with frequent shaking. After cooling, the extract was filtered into a clean beaker. Then, 2 mL of the extract was sampled and added to equivalent glacial acetic acid and 3 mL of 2.5% (w/v) ninhydrin. The mixture was then boiled at 100°C for 40 min. After cooling, the reaction mixture was extracted with 5 mL of toluene, the absorbance of the organic phase at 520 nm was determined, and the content of proline was calculated according to a standard curve. The proline content was calculated using the following formula:

Proline content = X×VTW×VS×106,
where X is the measured value (μg · mL−1), VT is the extraction liquid volume (mL), VS is the volume absorbed during measurement (2 mL), and W is the weighing sample (g).

2.5 Measurement of MDA Contents

MDA content was determined using the thiobarbituric acid (TBA) method [20]. Frozen fresh leaves (0.5 g) were homogenized in 5 mL of 5% (w/v) trichloroacetic acid. The homogenate was centrifuged for 10 min at 3000 × g. To 2 mL of the supernatant was added an equal amount of 0.67% TBA (with 5% trichloroacetic acid preparation). The reaction solution was held for 30 min in a boiling water bath, cooled quickly, and then centrifuged at 3000 × g for 10 min. The absorbance levels of the supernatant were determined at 450, 532, and 600 nm. MDA content was calculated using the following formula:

MDA (mmol⋅g−1) = X×V2×VM×V1,
where X is the concentration of MDA in the solution to be tested (mmol · g−1); V is the total volume of extraction solution (mL); V1 is the volume of sample extraction liquid (mL) added in the solution to be tested; and V2 is the total volume of the solution to be tested (mL).

2.6 Total Soluble Sugars and Total Soluble Proteins

Anthrone–sulfuric acid colorimetry was used to determine the content of total soluble sugars (TSS) in the leaves [21]. Fresh leaves (0.3 g) in a test tube with 5 mL of distilled water were boiled in water for 30 min. Anthrone ethyl (0.5 mL) and concentrated sulfuric acid (5 mL) were added into the extracting solution (0.5 mL). The reaction solution was held for 1 min in a boiling water bath and free cooled to room temperature for determination at 630 nm. Total soluble protein (TSP) content was measured using the Bradford method [22] with bovine serum albumin as the standard. To prepare extraction, about 0.5 g of leaf samples was homogenized with 2 mL of 150 mM buffer solution (containing 0.7 of NaH2PO4 · 2H2O and 1.64% Na2HPO4 · 12H2O, pH 7.8) subjected to grinding with an ice-cooled mortar and pestle and finally centrifuged at 12,000 rpm for 20 min at 4°C. The supernatant was collected for the determination of TSP content.

2.7 Antioxidant Enzyme Activity

Frozen leaf tissue (0.5 g) was homogenized in an appropriate 0.05 M of phosphate buffer (pH 7.8). The homogenate was filtered through four layers of gauze to remove flesh fragments. The supernatant was centrifuged at 8000 × g for 10 min at 4°C and then sampled as the crude extract for assays of SOD and POD activities. SOD activity was estimated by recording the decrease in 560 nm absorbance of nitro-blue tetrazolium dye [23]. POD activity was assayed by Jung et al. [24] using the guaiacol colorimetric method to determine the change in absorbance at 470 nm wavelength. CAT activity was assayed by monitoring the decomposition of H2O2 at 240 nm for 1 min as previously described by Aebi [25]. The antioxidant enzymes were calculated as follows:

POD (U⋅g−1⋅min−1) = ΔA470×VTM×VS×0.01×t,
where ΔA470 is the change in absorbance at 470 nm, VT is the total volume (mL) of the enzyme extract, M is the mass of the sample (g), VS is the volume of the enzyme extraction liquid (mL) used in the determination, and t is the reaction time (min).

SOD (U⋅g−1⋅min−1) = (ACK−AE)×VTACK×M×VS×0.5,
where ACK is the absorbance value of the illuminated contra-care tube, AE is the absorbance value of the sample, VT is the total volume (mL) of the enzyme extract, VS is the volume (mL) of the enzyme extract used in the measurement, and M is the mass of the sample (g).

CAT (U⋅g−1⋅min−1) = ΔA240×Vt0.1×V1×t×FW
where ΔA240 = AS0-(AS1 + AS2)/2, AS0 is the absorbance value of the tube after adding the boiled enzyme solution, AS1, AS2 is the absorbance value of the sample tube, VT is the total volume of the crude enzyme extract (mL), V1 is the volume of the crude enzyme liquid used for determination (mL), and FW is the fresh weight of the sample (g). ΔA240 means that each 0.1 drop is 1 enzyme activity unit (U), and t is the period from adding hydrogen peroxide to the last reading time (min).

2.8 Statistical Analysis

Data were reported as mean ± SD for triplicate determinations along with standard errors of means. Data were further subjected to analysis of variance, and mean differences were compared using Duncan test (SPSS19.0). Statistical significance was declared at p < 0.05. All indexes were evaluated with drought resistance by using the subordinative function value method. The subordinative function value was calculated using the following formula:

Zij=Xij−XiminXimax−Ximin.
If the index is negatively correlated with drought resistance,
Zij=1−Xij−XiminXimax−Ximin
3  Results

3.1 Changes in Relative Water Content

The effects of different GB concentrations on the relative water content in P. hunanensis are shown in Fig. 1. Water displayed a great effect on relative water content. Compared with that under 800 mL water irrigation, the relative water content under drought stress (0 mL water) decreased by 58.5% without GB on day 25 (Tab. S1). As shown in Fig. 1A, when 0 mL water was irrigated, the relative water content of P. hunanensis leaves gradually decreased with the extension of drought stress time. The highest value was obtained with 100 mM GB (G100); it was significantly higher than the other values obtained, except at 0 and 5 days of treatment at 0 mL water irrigation (p < 0.05, Fig. 1A). As displayed in Fig. 1B, when 800 mL water was irrigated, the highest content of relative water was achieved after G50 treatment from day 5 to day 25. However, as time was prolonged, the relative water content of P. hunanensis leaves decreased under the influence of GB. Thus, under the condition of full irrigation, the relative water content of P. hunanensis leaves decreased with the increase in GB concentration. The higher the GB concentration is, the more obvious the trend of relative water content decrease.
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Figure 1: Effects of different GB concentrations on the relative water content of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

With the application of 200 mM GB (G200), the relative water content was lower than all other treatments under both irrigation conditions. Furthermore, with the intensification of drought, the effective concentration of GB increased gradually. Therefore, the application of low- and medium-concentration GB solutions can effectively maintain the water content of P. hunanensis leaves, whereas high-concentration GB will cause a certain degree of damage to the leaves.

3.2 Changes in Electric Conductivity

Conductivity is an important indicator to reflect cell membrane permeability. The higher the cell tissue conductivity is, the greater the cell membrane permeability and the greater the damage to cell membrane integrity will be. As shown in Fig. 2A, the relative electrical conductivity of P. hunanensis (G0) leaves increased with the extension of drought stress time when 0 mM GB solution (G0) was applied as the control group and 0 mL water was irrigated. Without GB (G0), the electric conductivity of drought stress (0 mL water irrigation) was higher than 800 mL water irrigation by 62.9% (Tab. S1). The concentration of GB at 200 mM (G200) was significantly higher than that of the other groups (p < 0.05) from day 0 to day 15. On day 10, the relative conductivity of P. hunanensis leaves treated with G50 and G100 was significantly lower than those of the control group and G200 (p < 0.05), and the effect of G100 was better than that of G50. Therefore, GB at low and medium concentrations could reduce the electrolyte permeability of P. hunanensis leaves and stabilize their cell membrane structure. High concentrations of GB initially caused damage to leaf membrane structures, but the damage was self-repairing to some extent.
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Figure 2: Effects of different GB concentrations on the electric conductivity of leaves of Phoebe hunanensis. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

As shown in Fig. 2B, when 800 mL water was poured, the relative conductivity of leaves in the control group remained unchanged. The relative electrical conductivity of G50 and G100 leaves was significantly lower than that of the control group from day 0 to day 5 (p < 0.05). After 5 days, the relative conductivity of the G50 leaves was basically at the same level as that of the G0 leaves. After 15 days, the relative conductivity of the G100 leaves gradually increased, which was significantly higher than that of the control group (p < 0.05). The relative conductivity of G200 leaves was always higher than that of the control group.

3.3 Changes in MDA Content

MDA, which is the final decomposition product of lipid peroxidation due to oxidative stress, is also an indicator of membrane damage. As shown in Fig. 3A, when 0 mM GB (G0) was sprayed as the control group and 0 mL water was irrigated, the MDA content in the leaves of P. hunanensis G0 gradually increased with the extension of drought stress time, which was higher than that under 800 mL water irrigation (G0) by 42.4% on day 25 (Fig. 3B, Tab. S1). A high concentration of GB can significantly increase MDA content in the leaves (p < 0.05), whereas a low concentration of GB was sprayed on the leaves to reduce MDA content significantly (p < 0.05). From day 0 to day 5, MDA at 100 mM GB (G100) in the leaves was higher than that in the control group. After 15 days, MDA at G100 in the leaves was significantly lower than that in the control group (p < 0.05). The treatment of medium-concentration GB was not initially very sensitive to the drought stress in P. hunanensis, and G50 exerted the most significant effect on drought stress in P. hunanensis.
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Figure 3: Effects of different GB concentrations on the malondialdehyde content of leaves of Phoebe hunanensis. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

When 800 mL water was poured from day 0 to day 10, the MDA content in the leaves sprayed with GB was significantly higher than that in the control group (p < 0.05, Fig. 3B). After 10 days, the MDA content in the G100 leaves was significantly lower than that in the control group (p < 0.05, Fig. 3B). The MDA content in the G200 leaves was significantly higher than that in the control group (p < 0.05, Fig. 3B), and that in the G50 leaves was at the same level as that in the control group.

3.4 Changes in Proline Content

Proline is an important osmotic regulator in plants, and an increase in its content is strongly related to the degree of damage to plants. Under drought stress (0 mL water irrigation), the proline content in P. hunanensis leaves was greater than that with 800 mL water irrigation under G0 conditions; in specific, it was higher by 87.0% on day 25 (Tab. S1). When 0 mM GB (G0) was sprayed as the control group, the proline content in P. hunanensis leaves gradually increased with the extension of drought time (Fig. 4A). The proline content in the leaves of the GB treatment group was significantly higher than that of the control group (p < 0.05), and the proline content gradually increased with the increase in GB concentration. Thus, GB can promote the accumulation of proline in the leaves of P. hunanensis under drought conditions, and it increases with the increase in GB concentration.
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Figure 4: Effects of different GB concentrations on the free proline content of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

When 800 mL water was poured, the proline content in the leaves of P. hunanensis can be increased by spraying GB (Fig. 4B). The proline content in the G200 and G50 leaves was significantly higher than that in the control group (p < 0.05, Fig. 4B). The proline content in the leaves under the treatment of G100 was also higher than that of the control group but significantly lower than that of G200 and G50. These results showed that the increase in proline content of P. hunanensis leaves was reduced when the GB concentration was 100 mM than when it was 50 and 200 mM GB.

3.5 Changes in Soluble Proteins

With regard soluble proteins, the seedlings of P. hunanensis under drought stress were higher than that at adequate irrigation by 19.1% (Tab. S1). When 0 mM GB (G0) was sprayed, the soluble protein content of P. hunanensis leaves gradually increased with the extension of drought time (Fig. 5A). The soluble protein content in the leaves of the GB treatment group was significantly higher than that of the control group (p < 0.05, Fig. 5A). In addition, the soluble protein content gradually increased with the increase in GB concentration. Hence, GB could promote the synthesis of soluble proteins in the leaves of P. hunanensis under drought stress, and it was positively correlated with GB concentration.
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Figure 5: Effects of different GB concentrations on the soluble protein content of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

The soluble protein content of P. hunanensis leaves was basically maintained at the same level when 800 mL water was poured without GB (Fig. 5B). From day 0 to day 5, the soluble protein content of the G50 leaves was lower than that of the control group; on day 5, the soluble protein content of the G50 leaves was higher than that of the control group, and no significant differences were found in the soluble protein contents of G50 and G100 (p > 0.05, Fig. 5B).

3.6 Changes in Total Soluble Sugars

The soluble sugar content of P. hunanensis leaves increased with the extension of drought time when 0 mL water was irrigated (Fig. 6A), whereas the soluble sugar content almost remained unchanged when 800 mL water was irrigated (Fig. 6B). On day 25, compared with regulation irrigation, drought stress increased total soluble sugar content by 60.5% (Tab. S1). On day 0 to day 10, no significant difference in soluble sugar content was found among G100, G50, and G0 (p > 0.05). The soluble content of the G200 leaves was always significantly higher than that of the G0 leaves (p < 0.05). Thus, under drought conditions, high-concentration GB could significantly increase the soluble sugar content in P. hunanensis leaves, whereas low- and medium-concentration GB could also accumulate the soluble sugars in P. hunanensis leaves under drought stress.
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Figure 6: Effects of different GB concentrations o on the soluble sugar content of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

As shown in Fig. 6B, after being irrigated with 800 mL water for 15 days, GB was sprayed to reduce the soluble sugar content of P. hunanensis leaves, especially at the G100 treatment, which was significantly lower than that of the control group (G0) (p < 0.05). The soluble sugar content of the G50 leaves was higher than that of the control group from day 0 to day 10 but lower than that of the control group after day 15. After day 10, the soluble sugar content of the G200 leaves was lower than that of the control group.

3.7 Changes in Antioxidant Enzyme Activity

3.7.1 Changes in Superoxide Dismutase Activity

Compared with normal irrigation (800 mL water irrigation), the SOD activity under drought stress (G0) was higher by 15.9%, 6.8%, 5.5%, 26.4%, 63.9%, and 68.3% on days 0, 5, 10, 15, 20, and 25 (Tab. S1). The SOD activity in the leaves of the control group increased with the extension of drought time when 0 mL water was irrigated (Fig. 7A). No significant difference in SOD activity was found between the G50 leaves and the control group (p > 0.05), indicating that the low concentration of GB under drought stress exerted no effect on the SOD activity in P. hunanensis leaves. The SOD activity of the G200 leaves was higher than that of the control group (G0) in the early stage of drought stress but decreased gradually in the middle and late stages and was lower than that of the control group. The SOD activity of the G100 leaves was significantly higher than that of the control group (p < 0.05), which showed that the medium concentration of GB can enhance SOD activity in P. hunanensis leaves.
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Figure 7: Effects of different GB concentrations on the superoxide dismutase activity of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

The SOD activity in the leaves sprayed with GB at different concentrations was basically at the same level as that of the control group on day 0 to day 5 when 800 mL water was irrigated (p < 0.05, Fig. 7B). After 10 days, the SOD activity of the G200 leaves was significantly higher than that of the leaves in the three other groups (p < 0.05). Therefore, when 800 mL water is irrigated, spraying low- and medium-concentration GB can only slightly enhance SOD activity in P. hunanensis leaves, whereas spraying high-concentration GB can enhance SOD activity in P. hunanensis leaves.

3.7.2 Changes in Catalase Activity

As shown in Tab. S1, the CAT activity under drought stress was greater by 71.7% than that of 800 mL water irrigation on day 25 without GB on P. hunanensis. The CAT activity in the leaves increased with the extension of drought time when 0 mL water was poured (Fig. 8A). Under drought stress, different GB concentrations were sprayed to significantly increase CAT enzyme activity (p < 0.05, Fig. 8A), especially at G100 treatment. The CAT activity in the G200 leaves initially increased and then decreased, which was always higher than that of the control group. Therefore, P. hunanensis leaves could cope with the adverse environment by improving CAT activity under drought stress, and the suitable concentration of GB could further improve the CAT activity in the leaves. When 800 mL water was irrigated, the CAT activity in P. hunanensis leaves gradually increased with the extension of time (Fig. 8B). The CAT activity in the leaves of GB treatment was stronger than that of the control group. With the increase in GB concentration, the CAT activity in the leaves gradually increased. Therefore, under the irrigation of 800 mL water, GB could improve the CAT activity in P. hunanensis leaves in a concentration-dependent manner.
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Figure 8: Effects of different GB concentrations on the catalase activity of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0, 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

3.7.3 Changes in Peroxidase Activity

Compared with 800 mL water irrigation, the P. hunanensis seedlings under drought stress (0 mL water irrigation) increased POD activity by 44.5%, 46.8%, and 83.8% from day 15 to day 25 (Tab. S1). As shown in Fig. 9A, no significant difference in leaf POD activity was found between the control group (G0) and application of GB at different concentrations (p > 0.05). After 10 days, the POD activity of the G200 leaves was significantly higher than that of the control group (p < 0.05), and the POD enzyme activity of the G50 leaves was lower than that of the control group. Under drought stress, low-concentration betaine solution can reduce the POD activity in P. hunanensis leaves, whereas high-concentration betaine solution can improve the POD activity in P. hunanensis leaves. With the extension of time, the POD activity in the leaves gradually increased (Fig. 9B). Compared with the control group, the increase in POD activity in P. hunanensis leaves after spraying GB was greater than that after irrigation with 800 mL water. Thus, GB could improve the POD activity in P. hunanensis leaves.
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Figure 9: Effects of different GB concentrations on the peroxidase activity of Phoebe hunanensis leaves. A and B represent two degrees of water stress 0 and 800 mL. Each value represents the mean of three replicates of each plant, and the different normal letters in the same columns indicate significant differences at p < 0.05

4  Discussion

4.1 Effects of Exogenous GB on the Physiological Effects in P. hunanensis Leaves

Drought breaks the water balance in plants first, thus affecting the normal physiological and biochemical functions of plants. Relative water content is an index of water potential in plants, which can directly reflect the water content and dehydration degree of plants. Therefore, it can be used as an indicator of plant damage under stress [26]. In the present study, spraying GB alleviated the decreasing trend of relative water content of P. hunanensis leaves under drought stress, which was consistent with the research of Shemi et al. [27] on Zea mays. Results showed that GB can effectively delay leaf wilting, repair leaf damage, and improve its drought resistance. The effect of GB on retarding leaf wilting was inhibited during gradually watering. Under sufficient irrigation conditions, the relative water content of P. hunanensis leaves could not be maintained by spraying GB, whereas the relative water content of P. hunanensis leaves could be reduced by high concentrations of GB solution. Genard et al. [28] reported that GB not only maintains plant water in arid environment, which may be due to its strong hydrophilicity and solubility, and also plays a role of osmotic protection of plant tissues. The leaves and roots of plants absorbed the exogenous GB sprayed and stored it in the plant body through accumulation, thereby reducing the osmotic potential of plant cells and reducing the water loss in the cells under stress. Alasvandyari et al. [29] showed that GB can promote the Na+ excretion and K+ accumulation of plants under drought stress and improve the osmotic regulation ability of plants by improving ion balance to maintain the water content of plant leaves.

Under abiotic stresses, the accumulation of free radicals in plants can damage cell membranes. Leaf conductivity often represents the stability of cell membrane, and MDA is the product of lipid peroxidation, both of which are important indicators of cell membrane damage [4]. In the present study, the relative electrical conductivity and MDA content in the leaves of P. hunanensis in the control group significantly increased under drought stress, and the stability of the cell membrane reduced, which was consistent with the results of Nawaz et al. [30] on Axonopus compressus and Nazar et al. [31] on Carthamus tinctorius. Spraying low-concentration GB effectively restrained the P. hunanensis leaf conductivity and increased MDA content, which indicated that a suitable concentration of GB could reduce cell membrane damage, decelerate membrane lipid peroxidation, maintain the normal structure and function of the cell membrane, and help repair the damage to P. hunanensis under drought stress. However, under adequate irrigation, GB spray may damage the cell membrane structure of P. hunanensis leaves and improve the electrolyte permeability with time extension. The higher the concentration of GB, the more destructive it will be. These results showed that GB could not only affect the electrical conductivity and MDA content of P. hunanensis leaves under stress but also exert diverse effects at different concentrations.

4.2 Effects of Exogenous GB on the Osmotic Regulation System in P. hunanensis Leaves

Plants under environmental stress accumulate osmotic regulators, which help reduce cell osmotic potential, maintain cell expansion pressure, and improve the water absorption ability of cells. The decrease in osmotic potential caused by the increase in intracellular solute is osmotic regulation and an important way for plants to protect themselves under stress [32]. Numerous researches reported that drought stress induces the accumulation of osmotic substances, such as proline [33], soluble proteins [34], and soluble sugars [35], in plants to improve drought resistance. In the present study, with the extension of drought stress time, the contents of proline, soluble proteins, and soluble sugars in the leaves of P. hunanensis all increased, indicating that the contents of free proline, soluble proteins, and soluble sugars could be increased in P. hunanensis leaves to maintain osmotic balance. Compared with the control group, GB dose-dependently increased the contents of free proline and soluble proteins in P. hunanensis leaves.

The research of Mattioni et al. [36] on hard wheat explained how exogenous GB application increases proline content. The accumulation of proline mainly through the excitation and inhibition of oxidative and protein synthesis blocked the combination of three aspects, and the synthesis of proline was the main way of accumulation. Thus, we speculated that exogenous GB could affect more than one or several links to increase the accumulation of proline under drought stress. The study on P. hunanensis in this experiment found that proline would not accumulate in plants under full irrigation, and spraying exogenous GB would not affect the proline content. In addition, GB works only under drought stress. Therefore, we speculated that the synthesis of proline is signaling through water stress, and exogenous GB participates in the signal transduction pathway, accelerates or amplifies signal transduction as a molecular chaperone, or directly stimulates the synthesis of proline as a signal molecule. Wang [37] found that exogenous GB is inhibited by inducing the overexpression of drought-related genes or degradation pathways, thus improving the drought tolerance of apple.

Soluble proteins are important osmotic regulators and nutrients in plants; they protect cell biological macromolecules, improve the water retention of cells, and serve as important indexes for resistance screening [38]. In the present study, exogenous GB increased the soluble protein content of P. hunanensis leaves under drought stress, which is consistent with the research results of Raza et al. [39]. Thus, exogenous GB could not only inhibit the water loss of cells but also alleviate the damage of drought to the structure and function of biological macromolecules (enzymes and proteins, etc.) in cells. However, the mechanism by which GB affects soluble proteins remains unclear. Bourot et al. [40] suggested that GB, as an opaque substance, could help proteins refold after denaturation and stabilize proteins under adverse conditions. By contrast, Iqbal et al. [41] believed that GB provides the right conditions for protein accumulation by improving the water status of plants. We speculate that GB may be involved in the synthesis of stress-stable proteins to alleviate the inhibition of drought on protein synthesis or to prevent protein degradation under stress so that protein synthesis is still greater than decomposition, thus increasing the soluble protein content of P. hunanensis.

4.3 Effects of Exogenous GB on Antioxidant System in P. hunanensis Leaves

Numerous studies [29,42,43] have shown that under normal conditions, the production and removal of reactive oxygen species (ROS) in plants maintain a balance, and net accumulation of ROS does not occur in cells. Under drought stress, ROS production breaks the balance of the ROS scavenging system, which leads to oxidative damage, such as membrane lipid peroxidation. SOD, CAT, and POD are the key enzymes in the antioxidant system of plants. They not only eliminate excessive ROS and prevent the formation of free radicals in plants but also improve plant stress resistance by reasonably regulating the antioxidant system and play an important role in coping with drought and other stresses [9,44,45]. A large number of experiments have also confirmed the theory that GB improves the activity of antioxidant enzymes and antioxidant substances in plants under stress. The results of this experiment showed that under drought stress, the application of GB significantly increased the activity of antioxidant enzymes compared with the control group, among which the most obvious promotion effect was on the activity of CAT, and the treatment effect was the best when the GB concentration was 100 mM. These results indicated that GB could enhance the drought resistance of P. hunanensis. In addition, under sufficient irrigation conditions, although GB treatment could also enhance the activity of antioxidant enzymes, it was not related to the concentration of GB.

Several studies explored the mechanism by which GB improves the antioxidant defense system of plants [46–50]. At present, whether or not GB can directly act on the antioxidant system and by what means or how it affects the expression of relevant genes remain to be further explored and studied.

4.4 Dose Effect of Exogenous GB

At present, studies on the dose effect of GB are very limited. The best concentrations of GB were screened out from apple [51], rice [52], cotton [53], and ryegrass [54,55] under adverse environmental stress conditions. In our study, the effects of different concentrations of GB on the physiological and biochemical indexes of P. hunanensis leaves were also different, and the treatment with high GB concentration may exert an inhibitory effect and achieve the opposite effect. Therefore, to find the most suitable concentration can effectively improve the drought resistance of P. hunanensis.

Ashraf et al. [56] have shown that the dose effect of GB is related to the target plant species, the time and method of GB use, the site of plant application, the stage of plant growth, and the habitat of plant. Therefore, in the practical productions, we should determine the best method of GB application (e.g., soaking or spraying) for the target species and whether it is sprayed on the root system or the leaf surface. In addition, the optimal dosage, time, and frequency of GB application should be determined to maximize the role of GB as a stress resistance regulator, facilitate the normal growth of target species in adverse environments, and promote the commercial application of GB. Otherwise, its application may have a negative impact on the growth of crops and trees, causing unnecessary agricultural economic losses and ecological environment damage.

5  Conclusion

We investigated the physiological and biochemical responses of P. hunanensis to drought stress with exogenous GB application. Oxidative stress was dominant due to drought stress. However, the application of GB significantly increased the relative water content and osmotic adjustment substances and reduced oxidative stress by improving antioxidant enzymes under drought stress. The GB application also protected cell membrane permeability. The mechanism by which GB influences P. hunanensis under drought stress remains unclear. Hence, further studies are needed at the field level to understand to role and mechanisms of GB towards various plant species under drought stress.
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Table S1: Physiological ettect of P. hunanensis under drought stress

Physiological index [rrigation Days of treatment
conditions (mL)
0 5 10 15 20 25
Relative water 0 80.22+0.57 75.11+1.52 68.08+1.44 57.02+122 41.12+£2.65 3545+3.12
content (%) 800 84374235 8531+242 8436+2.94 8341+1.78 85.95+2.92 85.51+3.26
Electric conductivity (%) 0 20.37+0.78 23.03+1.01 28.37+0.19 34.04+1.07 40.75+0.62 43.63+1.44
800 23.81+0.72 24.56+1.21 26.45+1.51 25.58+0.38 26.48+0.65 26.79+0.84
MDA (nmol - g ) 0 737+023 7.74+035 1025+0.42 14.94+0.56 16.48+0.73 19.47+0.84
800 721+£0.19 6.72+022 7.85+0.57 10.65+0.31 14.75+0.36 13.67+0.57
Proline (mg- g ) 0 0.14+£0.04 023+0.01 045+0.10 044+0.09 0.64+0.12 0.86+0.08
800 0.18+£0.02 0.19+0.02 0.32+0.01 041+0.06 042+0.11 0.46+0.21
Soluble protein (mg- g~ ') 0 2.00£0.10 2.11+£0.04 223+0.15 242+£0.02 2.61+£0.07 2.80%£0.19
800 1.84+£0.21 2.10£0.12 2.01+£0.09 2.15+0.05 226+0.21 2.35+0.12
Soluble sugars (%) 0 0.38+0.01 0.42+0.01 046+0.02 048+0.01 0.54+0.02 0.61+0.02
800 0.37+£0.01 0.55+021 042+0.01 042+0.01 042+0.01 0.38=0.04
SOD (U-g ' min™?) 0 15.56+£2.15 17.54+1.01 19.58+0.72 24.45+1.44 29.32+1.07 30.89+0.62
800 13.42+1.36 16.43+1.32 18.56+0.38 19.35+0.18 17.89+0.97 18.35+1.52
CAT (U-g'-min™") 0 0.28+0.05 0.37+0.01 048+0.02 0.54+0.05 0.63+£0.01 0.79+0.03
800 0.35+£0.12 0.31+0.02 042+0.04 0.39+0.04 041+0.02 0.46=0.04
POD (U-g ' min}) 0 1004 £4.35 1100+ 14.55 1345+12.97 1770+£19.42 2148 +22.86 2638+21.32
800 1001 £2.51 1108+12.32 1347+11.75 1225+15.43 1463+10.50 1435+25.68
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