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Abstract

:

Melia azedarach Linn. is a deciduous tree of the Melia genus in the Meliaceae family that is native to China. To study the mechanism of drought resistance in Melia azedarach and evaluate the drought resistance capacity of each provenance, we selected eight provenances (Shandong Kenli, Jiangsu Pizhou, Hubei Shayang, Jiangsu Xuanwu, Jiangxi Xihu, Jiangsu Jurong, Guangdong Luogang, and Henan Shihe) as the research subjects and set four levels of drought stress treatment (CK: 75% of field capacity, mild drought: 60% of field capacity, moderate drought: 45% of field capacity, and severe drought: 30% of field capacity). The results showed that the growth in the seedling height and the ground diameter, the leaf relative water content, transpiration rate (Tr), net photosynthetic rate (Pn), stomatal conductance (Gs), and the content of chlorophyll (Chl) decreased with the increasing stress levels, while the root–shoot ratio, water saturation deficit, and the contents of malondialdehyde (MDA) increased. The SOD in most provenances initially increased and then decreased, reaching a peak during moderate drought. At the late stage of treatment, the magnitude of the changes in the photosynthetic indicators was more pronounced than in the physiological indicators. Principal component analysis showed that the contribution of all four principal components under the three drought stresses was above 85%, which represented the majority of the original data. Combined with the affiliation function method and weights, the comprehensive evaluation value (D value) of the drought resistance was calculated for the eight provenances. Then, we obtained the order of drought resistance of the test materials under the three drought stresses, respectively. The combined results revealed that the drought resistance of Henan Shihe and Jiangxi Xihu was stronger, while the drought resistance of Guangdong Luogang and Hubei Shayang was weaker. Based on the above findings, we can select provenances with strong and weak drought resistance for transcriptome sequencing to screen drought-resistant genes for an in-depth study at the molecular level.
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1. Introduction


Water is not only the source of all life, but also the material for plant growth, since it affects the growth of plants and is an important component of the plant itself [1]. Drought stress in plants results from an insufficient amount of water available for the maintenance of normal physiological processes, such as photosynthesis, respiration, and cell, tissue, organ, and plant homeostasis [2]. According to most scientific sources, drylands account for 41% of the world’s land area [3]. China is one of the countries with the highest frequency of drought; arid and semiarid areas account for 47% of China’s territorial area, which threatens the sustainable development of agroforestry [4,5].



Melia azedarach [6] is a deciduous tree of the Melia genus, which also commonly known as the purple flower tree, forest tree, and golden Lingzi. It is a fast-growing and high-quality timber tree; it is also a good nectar plant and a vital plant pesticide. The timber, which resembles mahogany, is used to manufacture agricultural implements, furniture, plywood, etc. Melia azedarach is also of value for the health care and pharmaceutical industries, an effective composition due to its analgesic, anticancer, antiviral, antimalarial, antibacterial, antifeedent, and antifertility activity [7]. Furthermore, it is an important afforestation tree species, as are the surrounding greening tree species.



Melia azedarach is widely distributed. It is native to tropical Asia and has been introduced to the Philippines, the United States of America, Brazil, Argentina, many African countries, and many Arab countries [8]. In China, it is concentrated in the south and southwest, with a relatively concentrated distribution in the east and central regions, and a marginal distribution area in the north, southwest, and southern Shanxi and Gansu [9]. For this reason, Melia azedarach, as a tree native to China, has diverse provenances.



Currently, studies on Melia azedarach include the phenology, reproduction, cultivation, seeding, resistance, pharmacological action, comprehensive utilization, and the chemical constituents in the bark, leaf, and fruit of Melia azedarach [10,11,12], among which the resistance studies include low temperature stress, salt stress, heavy metal stress, water stress, etc. ROS production is a key characteristic of plant responses to various abiotic stresses, which leads to oxidative stress damage in plants. ROS can directly attack the membrane lipids, inactivate enzymes, and damage the nucleic acids leading, in some cases, to cell death [13,14]. As protection against ROS, plants have evolved an efficient defense system, with antioxidant enzymes and nonenzymatic compounds that can neutralize free radicals and reduce the potential damage of ROS. It was found that prolonged drought in Melia azedarach was very detrimental to its growth and the management of plantation forests [15]. It has been found that water stress induced stomatal closure, reduced net CO2 assimilation rate, and the intercellular CO2 in Melia azedarach, as well as the photosynthetic efficiency of PSII but not the pigment levels [16]. Water stress also upregulated the antioxidant enzymes and stimulated the production of antioxidant metabolites, preventing lipid peroxidation [16]. The study shows that Melia azedarach has the potential to acclimate to water shortage conditions. Although Melia azedarach is less distributed in the arid and semiarid regions of China, as a tree species that has been described as a “global problem solver”, we need to consider how it responds when grown in an arid or semiarid region, and how the response varies from one provenance to another.



Thus, we selected eight provenances and studied the drought resistance mechanism of Melia azedarach from the aspects of growth, physiology, and biochemistry. The drought resistance capacity of these eight provenances was evaluated and compared according to principal component analysis, the affiliation function, and the weights. In the following paragraphs, KL, PZ, SY, XW, XH, JR, LG, and SH represent Shandong Kenli, Jiangsu Pizhou, Hubei Shayang, Jiangsu Xuanwu, Jiangxi Xihu, Jiangsu Jurong, Guangdong Luogang, and Henan Shihe, respectively.




2. Materials and Methods


2.1. Plant Material and Experimental Design


Seeds were collected from the different provenances (Table 1) in 2017 and sown in March 2018 at Hefeng Nursery in the Lishui district, Nanjing, Jiangsu province, China. On 18 March 2019, seedlings from each locality with relatively average growth were transplanted to Nanjing Forest University’s Xiashu forest farm in Zhenjing, Jiangsu province (32°7′29″ N, 119°13′9″ E, elevation 20 m). This location has a north subtropical monsoon climate, with an annual average temperature of 15.2 °C, an average frost-free period of 233 days, an annual average precipitation of 1055.6 mm, and an annual average relative humidity of 79%, all of which contribute to a favorable natural environment for tree growth. In total, 260 seedlings were transplanted, each of which were grown in plastic culture pots (top diameter of 19 cm, bottom diameter of 14 cm, and a height of 17 cm) filled with a substrate weighing 3 kg (Vyellow mud:Vbog soil:Vperlite = 5:2:1) and a piece of gauze placed on the bottom of the pot. To ensure the growth and consistency of the seedlings, proper root pruning and cutting treatments were carried out. We plucked off the undesirable shoots until mid-April. After slow seedling management, the seedlings with relatively consistent growth were treated with 4 levels of drought stress, and each treatment contained 4 pots.



This experiment used the artificial water control method for potted plants, and four drought stress gradients were set in this experiment: control treatment (soil water content was 75% of field capacity), mild drought stress (soil water content was 60% of field capacity), moderate drought stress (soil water content was 45% of field capacity), and severe drought stress (soil water content was 30% of field capacity). The soil field capacity of the potting substrate was 32.5%, based on which the water weight under four drought stress treatments was calculated accordingly. Each pot was weighed individually beginning 22 July 2019. Until 2 August, the water content of each pot remained essentially constant within the intended parameters. After that, every other day at 3 p.m., an electronic scale was used to weigh each pot to replace the lost water and keep the water content within the predetermined range.



Drought stress treatment terminated on 26 August, and samples were taken on 2 August, 12 August, and 22 August, respectively. On branches in the middle of Melia azedarach, we chose leaves with essentially the same growth condition. Mixed samples were taken from four plants in each treatment, which were then separated into Ziploc bags by locality and treatment. All of the samples were put in an ice box and returned to the lab. Part of the fresh leaves was used for the indexes that needed to be determined immediately, while the rest was kept at −80 °C in an ultra-low temperature refrigerator. Three replicates were performed for each treatment from each provenance to determine the indicators.




2.2. Determination of Indexes


2.2.1. Determination of Field Water Capacity


The ring knife method was used to evaluate the field capacity (Sun et al., 2011) [17].




2.2.2. Measurement of Seedling Height and Ground Diameter


Four plants were chosen from each treatment of each provenance. On 2 August, the seedling height was measured as H0 with a tape measure, and the ground diameter was measured as G0 with a Vernier caliper. On 22 August, it was recorded as H1 and G1, for a seedling height growth of H = H1 − H0 and a ground diameter growth of G = G1 − G0.




2.2.3. Determination of Biomass


Three pots were chosen at random for destructive sampling of each provenance according to treatment at the end of the drought stress. We cleaned and dried the roots, weighed the roots, leaves, branches, and stems using electronic scales, and put them into envelopes with labels. They were heated for 30 min at 105 °C, then dried to a constant weight in an oven at 80 °C, and weighed individually.




2.2.4. Leaf Relative Water Content and Leaf Water Saturation Deficit


Leaf relative water content and leaf water saturation deficit were measured by the drying weighing method [18]. We took the fresh leaf, weighed its fresh weight, put the leaf in distilled water, and soaked it until saturation. Then, we put the leaves into the oven at 105 °C for 30 min; thereafter, we dried them at 80 °C to a constant weight and weighed their dry weight.




2.2.5. MDA Content


The thiobarbituric acid method [19] was used, with some modifications, with the weight of the fresh leaf sample, 0.2 g in this experiment, and centrifugation speed, 4000 r/min in this experiment.




2.2.6. Superoxide Dismutase Activity


The NBT photochemical reduction method was used [19].



First, 50% of the NBT photochemical reduction was expressed as an activity unit (U) of SOD enzyme; then, the SOD activity was calculated as follows:


  SOD   total   activity   ( U ·  g  − 1   ) =        A  Ck   −  A E    ⋅  V T     1 2  ⋅  A  Ck   ⋅ m ⋅ V s    











The total SOD activity was expressed in units of enzyme per gram of fresh weight of sample (U·g−1). ACK is the absorbance of illumination pair care, AE is the absorbance of the sample tube, VT is the total volume of the sample solution (mL), VS is the amount of the sample at the time of determination (mL), m is the fresh mass of the sample (g), 1/2 is the conversion factor for one unit of enzyme defined (50% inhibition of NBT photoreduction).




2.2.7. Chlorophyll Content


The determination of the chlorophyll content was slightly modified from X-K Wang’s ethanol extraction method (We eliminated the grinding step and soaked the leaves in 95% ethanol protected from light until they turned white) [19]. The chlorophyll content was calculated according to the following formula:


Ca = 13.95 A665 − 6.88 A649










Cb = 24.96 A649 − 7.32 A665










  Chloroplast   pigment   content   ( mg / g ) =   C ⋅ V ⋅ N   m ⋅ 1000    











C is the pigment content (mg/L); V is the volume of extracted liquid (mL); N is the dilution ratio; m is the sample mass (g); and 1000 means 1 L equals 1000 mL.




2.2.8. Photosynthetic Indexes


A CIRAS-3 photosynthesizer manufactured by pp Systems LTD in the UK was used. The light intensity and CO2 concentration were set to 500 μmol m−2 s−1 and 400 ± 20 μmol mol−1, respectively. Mature leaves in the middle of the plant with similar sizes were selected to determine the intercellular carbon dioxide concentration (Ci), net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) at three periods (before, during, and after treatment), respectively. For each treatment, three plant pots were selected at random.





2.3. Data Statistics and Analysis


Data analysis was performed by SPSS 25. Data analysis between the different provenances was tested by one-way ANOVA, and the significance of differences was obtained by Duncan’s test. The presence of outliers was judged by box plots, and the Shapiro-Wilk normality test was used. when the assumption of variance chi-squared was not satisfied, welch ANOVA was used. The graphs in the text were created using origin pro.



2.3.1. Principal Component Analysis


The data for performing principal component statistical analysis were the ratio of the measured values under the three drought stresses to the measured values of the control (drought tolerance coefficient).



The Kaiser–Meyer–Olkin (KMO) and Bartlett tests were first performed on the data, and the principal components were extracted according to the cumulative contribution rate greater than 85% or the eigenvalue greater than 1 for the principal component analysis to determine the composite indexes. The value of each composite indicator was calculated according to the following formula:


   Y  i k   =   ∑   j = 1  n   X  i j   ×  f  j k    











In the formula: Yik is the value of the kth composite index of the ith provenance, Xij is the drought tolerance coefficient of the jth index of the ith provenance, and fjk is the score coefficient of the jth index of the kth composite index, which is the corresponding eigenvector, calculated by the following formula:


   f j  =    b  j k       λ k      











In the formula: bjk is the loading coefficient of the jth indicator in the kth principal component, and λk is the kth principal component of the eigenvalues.




2.3.2. Calculation of Affiliation Function Values


The value of the affiliation function for each composite indicator per provenance was obtained by the following formula:


  U    Y  i k     =    Y  i k   −  X  k m i n     ∕    X  k m a x   −  X  k m i n      











In the formula: Yik is the value of the kth composite index of the ith provenance, Xkmin is the minimum value of the kth composite index, and Xkmax is the maximum value of the kth composite index.




2.3.3. Comprehensive Evaluation of Drought Resistance


First, we calculated the weight of each composite index affiliation function value according to the following formula:


   w k  =    p k     Σ  k = 1  n   P k      k = 1 , 2 , …   … n  











In the formula: Wk denotes the importance of the kth composite indicator among all composite indicators; Pk is the contribution rate of the kth composite indicator of each provenance.



The degree of drought resistance by provenance is indicated by D:


  D =   ∑   k = 1  n    U    Y  i k     ×  w k       k = 1 , 2 , …   … n   














3. Results


3.1. Seedling Height Increment and Ground Diameter Increase


With the deepening of the drought stress and the extension of the stress time, the seedling height growth of the eight provenances declined to varing degrees (Table 2). The variation in the seedling height growth for all test materials ranged from 13.43 to 24.63 cm, 11.68 to 17.35 cm, 2.93 to 14.70 cm, and 1.63 to 9.40 cm under the control, mild drought, moderate drought, and severe drought, respectively. The difference in seedling height growth of the XH was not significant under all four treatments, but the other seven provenances were significantly different between the control and under severe drought (p < 0.05). In terms of the decline relative to the control group, that of the XW decreased less (32.17%, 51.88%) and that of the JR decreased more (83.22%, 91.74%) under moderate and severe drought.



The ground diameter increase in the eight provenances basically showed a decreasing trend, except for the KL, where the ground diameter growth under moderate drought stress increased slightly compared to the mild drought. The LG had the largest increase in ground diameter in the control group (2.74 cm), nearly double that of the other provenances. Meanwhile, as the stress increased, the decrease in the LG’s ground diameter was the highest in all stress treatments relative to the control group (68%, 78%, and 88%) (Table 3).




3.2. The Biomass and Root–Crown Ratio


After the drought stress treatment, destructive sampling was used to determine the dry weight of the aboveground and underground parts, as well as the root–crown ratio of the seedlings. It can be shown that when the stress level increased, the aboveground biomass of the eight provenances declined, while the underground part exhibited a general rising trend. Under severe drought stress, the aboveground biomass of the JR, as well as the underground biomass of the SH, were considerably different from that of the control group (p < 0.05). In terms of the decrease in aboveground biomass, that of the XH had the highest decline (13.24%), while that of the SY had the lowest decline (2.32%). The SH had the largest increase (12.14%) in underground biomass, while the XW had the smallest increase in underground biomass (1.68%) (Table 4).



The root–crown ratio of the eight provenances tended to rise in general. The severe drought stress in the JR differed significantly from the other treatments, which were similar to the severe drought stress in the SH and the control group. Numerically, the PZ had a larger root–crown ratio than the other seven provenances under any treatment, while the LG had a smaller root-crown ratio than the other provenances following drought stress (Table 5).




3.3. Leaf Water Status


The relative water content of the seedling leaves decreased as the stress increased in the three sample periods (Figure 1). The average relative water content of the leaves of the JR was the highest in the early and middle stages of the experiment (67.64%, 83.06%) but the lowest in the late stage of stress (68.57%). The LG was also affected by this change, and the average value over time was only slightly lower than that of the JR. When compared to the control group, that of the PZ had the smallest fall in all three drought stress treatments, while that of the JR had the largest decrease under mild and moderate drought stress, and that of the KL had the largest decrease under severe drought stress.



With the escalation in stress, the leaf water saturation deficit of the eight provenances gradually rose (Figure 2). When compared to the control group, the increase in the water saturation deficit of the SY was always the largest under drought stress, while that of the KL was the lowest under mild and severe drought stress, and the PZ saturation deficit increased the least under moderate drought stress. Numerically, the water saturation deficit of the SH was higher in the late stage of stress (153.66%, 171.19%, 192.21%). The longer the duration of stress and the greater the degree of stress, the more significant differences were shown between the eight provenances (p < 0.05).




3.4. Response of Photosynthesis and Photosynthetic Pigment


The changes in the photosynthetic parameters were distinct in each of the eight provenances. At each treatment level, the average Pn and Tr of the SH were relatively high throughout the experimental period. In the early stages of treatment, the Pn of the SY and JR under drought stress was significantly different from that of the control group. The Pn and Tr of the SH under severe drought stress were considerably different from those of the control group in the middle of the treatment, while the Pn and Tr of the XW under severe drought stress were likewise significantly different from those of the control group in the late stage of treatment (p < 0.05) (Figure A1 and Figure A2). It is obvious that both the Pn and Tr of the SH were higher in the middle period of the stress (Figure 3 and Figure 4).



Under the control group and mild drought, the Ci of the KL was higher, whereas that of the SY was higher under moderate and severe drought (Figure 5). The average values of the Ci in the LG were the lowest under the three drought stress treatments (226.17, 207, and 209.17 μmol·mol−1). The average of the KL’s Gs in three periods was the largest among the eight provenances under the four treatment levels; whereas, the that of the XH was the smallest under mild and moderate drought stress, and that of the JR was the smallest under the control and severe drought stress (Figure 6).



As the stress degree and duration increased, the chlorophyll A content of the eight provenances dropped or increased initially and subsequently decreased (Figure 7). The average chlorophyll A content of the SH was the highest in all four treatment levels (2.636, 2.662, 2.656, and 2.582 mg/g), while that of the PZ was the lowest (1.776, 1.727, 1.634, 1.640 mg/g). In the early stages of the treatment, the average chlorophyll A content of the severe drought stress groups of PZ, SY, and LG were significantly different from that of the control group, as were those of the severe drought stress groups of SY and XH in the late stages (p < 0.05). In the middle of treatment, the average chlorophyll A content of both the LG and SH under mild drought stress was significantly different from that of the control group (p < 0.05). The chlorophyll A content of the JR, LG, and SH under mild and moderate drought stress was considerably different from that of the control group in the later treatment period (p < 0.05) (Figure A3). It is apparent that the chlorophyll content of SY was the lowest in each period and under each treatment.




3.5. Response of MDA and SOD


The change in the MDA rose gradually as the level and duration of the stress increased (Figure 8). In all four treatment levels, the KL had the highest average MDA (0.0308, 0.0355, 0.0390, and 0.0433 μmol/g). Under control and severe drought stress, the XH MDA was the lowest (0.0223 and 0.0311 μmol/g), whereas that of the LG was the lowest (0.0006 and 0.0276 μmol/g) under mild and moderate drought stress. All provenances, with the exception of the JR, demonstrated a substantial difference in MDA in severe drought stress in the early stages of treatment as compared to that of the control group (p < 0.05). In the middle of the treatment, only the MDA in the severe drought group of the SH was significantly different from that of the control group (p < 0.05). Except for the KL and SH, there was a significant difference between the MDA in the severe drought and the control group at the late stages of treatment in six provenances (p < 0.05) (Figure A4).



The SOD activity decreased after the initial increase with the deepening of the stress degree and the extension of the stress time (Figure 9). The average SOD activity of the KL under the four treatment levels was the highest (42.128, 90.948, 104.59, and 82.879 U/g), while that of LG was the lowest in the control group (12.444 U/g), and that of XW was the lowest in the three drought stress treatment groups (24.406, 40.158, and 23.920 U/g). In the early and middle stages of treatment, the SOD of the KL, PZ, SY and LG under the three drought stresses were significantly different from that of the control group (p < 0.05), as was that of the JR in the middle stage of treatment and that of the KL and the XW in the late stage of treatment (Figure A5).




3.6. Comprehensive Evaluation of the Drought Resistance of Melia azedarach in Different Provenances


The correlation analysis of the drought resistance coefficients of the 12 indicators of Melia azedarach shows that there was a correlation between all the measured indicators (Table A1, Table A4 and Table A7). Individual indicators or some of them could not fully evaluate the drought resistance of each provenance. In addition, the weight of the individual indicators for the evaluation of the drought resistance in Melia azedarach was inconsistent. Therefore, the drought resistance of Melia azedarach should be analyzed through the screening of the combined indicators.



The results of the principal component analysis of the 12 indicators showed that there were four principal components with eigenvalues greater than 1 under the three drought stresses, with cumulative contributions of 86.539%, 91.285%, and 85.526%, respectively (Table 6, Table 7 and Table 8). This indicates that these four principal components reflected most of the information of the original data, and a comprehensive evaluation of Melia azedarach drought resistance can be carried out by these four integrated indicators.



The D value represents the comprehensive evaluation of the drought resistance of each provenance under drought stress; the larger the value, the more drought resistant it was.



As can be seen from Table 9, Table 10, Table 11, the drought resistance of the eight provenances of Melia azedarach under mild drought stress was ranked from largest to smallest: XH, LG, JR, XW, KL, SH, PZ, and SY. The ranking under moderate drought stress was: SH, XH, KL, JR, XW, PZ, SY, and LG, and under severe drought stress, it was: SH, XH, XW, KL, PZ, JR, SY, and LG. The drought resistance of the XH was stronger, while that of the SY was poorer, under all three drought stresses. The SH ranked lower under mild drought, but was the most resistant to drought under moderate and severe stress. The LG, in contrast, had the weakest drought resistance under moderate and severe stress.





4. Discussion


4.1. Morphological Growth


The analysis of plant growth under water deficit conditions is important for understanding plant responses to drought stress at the whole plant level [20]. Drought can have a devastating impact on plant growth [21]. It inhibits seedling growth by lowering carbon domestication and allocation as well as slowing cell expansion [22]. The reduction in plant height is mainly due to reduced cell expansion, increased leaf abscission, and impaired mitosis under drought conditions [23]. Morphological changes in plants under drought stress include a decrease in the size, area, and number of leaves and an increase in the length of roots and shoots. This is due to the stimulation of the ABA precursor ACC, which prevents the growth and early maturation of the roots. The rapid root growth and low number of stomata increase leaf thickness, curling, folding, and wax formation, thus preventing water loss from leaves and roots [24]. Under drought stress, the leaf area, seedling height, ground diameter, biomass, root–shoot ratio and other indexes have been used to evaluate the drought resistance of the test materials. Most studies have shown that the seedling height, ground diameter, and biomass were all inhibited to varying degrees, but the root–crown ratio increased slightly or significantly with the increase in drought stress [25,26,27]. This has been explained by studies in that when plants are stressed by drought, the biomass is distributed more underground in order to absorb more water and nutrients, while minimizing water loss due to transpiration [28]. It also can be concluded from the studies of Ying, Narayan Bhusal, and Lei et al. that drought stress had distinct impacts on the morphological growth of various tree species, as well as on different variations or provenances of the same tree species [29,30,31]. In this study, the seedling height growth, ground diameter growth, and the aboveground biomass of different provenances declined as the stress levels increased, which was consistent with the above results. In addition, the underground biomass increased with the deepening of the stress degree, and the root–crown ratio also exhibited an upward trend in this study. The underground biomass and root–crown ratio of the SH increased significantly under severe drought stress compared to that of the control group, which showed that the SH was more sensitive to drought stress and utilized the water in the soil by increasing the biomass of the belowground part.




4.2. Water Status


When plants are stressed by drought, the rate of water loss by transpiration from leaves exceeds the rate of water uptake through roots [32]. The tissue water content and water potential decrease dramatically, and the cells lose tension, which makes the leaves appear curled, yellowed, scorched, and permanently wilted [33]. The relative water content, leaf water potential, stomatal resistance, transpiration rate, leaf temperature, and canopy temperature are important characteristics that affect plant–water relations [34]. The leaf relative water content and leaf water saturation deficit are key markers of plant water status and are frequently used by researchers to assess plant drought tolerance. The exposure of plants to drought stress substantially decreased the leaf water potential, relative water content, and transpiration rate, with a concomitant increase in leaf temperature but increased leaf water saturation deficit. [35]. This study yielded the same findings. In addition, the relative water content of the leaves in the PZ declined the least in comparison to that of the control group, but the water saturation deficit of the leaves in the SY rose the highest, indicating that the PZ and SY had greater water retention abilities under drought stress.




4.3. Photosynthesis and Photosynthetic Pigment


Photosynthesis is “the most important chemical reaction on Earth”. The main force behind plant growth and biomass production is photosynthesis, which provides the energy and carbon needed for the biosynthesis of the organic compounds needed for development [36]. Drought stress causes photosynthetic inhibition, which happens as a result of stomatal closure, chlorophyll degradation, and damage to the photochemical equipment, leading to a reduction in the intercellular CO2 concentration (Ci) [37]. According to the intercellular carbon dioxide concentration, stomatal conductance, transpiration rate, and net photosynthetic rate, researchers frequently evaluate and explore plant stress resistance and the factors that cause a drop in the photosynthetic rate. Previous studies have offered an explanation for the Pn decline: when Gs decreases while Ci increases or remains steady, it is non-stomatal limitation. When both Gs and Ci decrease, it is stomatal limitation [38]. During drought, plants tend to reduce water loss due to transpiration, which is consistent with our findings [39]. The Pn and Gs exhibited a declining trend as the stress levels increased in studies by Silva, Wu, Gao et al. [40,41,42], which was consistent with the results of previous studies. In this study, the KL had the highest Gs under all treatments, and the highest Ci under the control and mild drought. The Gs of the XH was the lowest under mild and moderate drought, while the Gs of the JR was the lowest under the control and severe drought. The Ci of the LG was the lowest under drought stress. It was found, as shown in the figure, that in the early stages of drought stress, the decrease in Pn in several provenances might be caused by some damage to the chloroplast structure to a certain extent, the intensification of membrane lipid peroxidation, and the generation of superoxide free radicals and other non-stomatal restrictions, which corresponded to the decrease in chlorophyll A and the increase in MDA. In the middle stage of drought stress, stomatal restriction was the major reason for the Pn decline in most provenances, which might be due to the adaptation of the test materials to water stress. At the late stage of drought stress, the XW, JR, and LG were affected by non-stomatal restriction, and not only did the chlorophyll A decrease, but the MDA increased, and the SOD activity also decreased, indicating that these three provenances were severely impacted by drought stress and had poor drought resistance.



Chlorophyll plays an indispensable role in the absorption, transmission, and transformation of light energy in photosynthesis. Plants accumulate a considerable quantity of reactive oxygen species in their bodies during drought stress, leading to changes in membrane structure and consequently altering chlorophyll concentration [43]. Among them, chlorophyll A is a component of the photosynthetic reaction center and LHC (the most abundant pigment protein complex in thylakoid membrane) [44]. According to Ghobadi, M., et al. [45,46], the value of chlorophyll A under sufficient water stress was higher than that under moderate and severe drought stress. On the other hand, drought stress has been shown in certain experiments to increase the chlorophyll content [47,48]. The chlorophyll A content of the eight provenances in this study was not always highest in the control group, which could be related to the enrichment effect of leaf water loss and extended leaf growth. It is also conceivably due to other elements, such as light. The chlorophyll A content of the SH was the highest under the four treatments, indicating that it had superior photosynthetic efficiency, could maintain plant growth, and was more drought resistant.




4.4. Membrane Lipid Peroxidation and Protective Enzyme Activity


Under the normal growth of plants, the production and elimination of free radicals in cells are balanced. However, under drought stress, the cell structure is disrupted, the relative permeability of plasma membrane of cells increases, and the internal oxides increase, leading to cell membrane peroxidation [49]. Malondialdehyde is the final decomposition product of the membrane lipid peroxidation reaction in plants, which has been used as a lipid peroxidation marker in studies related to oxidative stress and redox signaling [50]. Its content will increase when plants suffer from adversity. Khaleghi and Marcia Carvalho et al. [51,52] found in drought stress experiments that malondialdehyde content increased as the depth of the drought stress increased, supporting the results of our study, and indicating that drought stress induced or exacerbated the membrane lipid peroxidation. It was found that under moderate and severe drought stress, the MDA content in the SY increased the least compared to that of the control group, indicating that the damage degree of the cell membrane in the SY was the least. It is worth noting that the MDA content of the KL was the highest under the four treatments, and the rate of increase in the drought stress treatment group was relatively higher than that of the control group. At the same time, the SOD activity of the KL was the highest among the four treatments, and the increase in SOD activity in the drought stress group was also larger than that in the control group. As a result, plants with increased SOD activity may be able to defend against reactive oxygen species produced by membrane lipid peroxidation, making them more drought-resistant.



One of the most essential defensive enzymes for scavenging superoxide anions and H2O2 is superoxide dismutase (SOD). When plants are exposed to drought, they will scavenge accumulated superoxide radicals by increasing the superoxide dismutase activity, in order to maintain the balance of the reactive oxygen metabolism, and slow down the damage caused by free radicals to the cell membrane system, allowing plants to resist drought to some extent. In this study, the SOD activity of different provenances increased initially and, then, subsequently decreased with increasing stress levels, which was consistent with the results of Wang, Zhang et al. [53,54]. Among them, the SOD activity of the KL was the highest in all treatments. The SOD activity of the LG was the lowest in the control group. Under drought stress, the SOD activity of the XW was the lowest. In the study of stress, catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and other antioxidant enzymes are commonly utilized as physiological indicators to identify plant stress resistance. Multiple indicators can help to strengthen a conclusion.





5. Conclusions


The relative water content of the leaves in the eight provenances declined as the drought stress became more severe; whereas, the water saturation deficit increased. In different stress treatment periods, the changes in the intercellular CO2 concentration in the eight provenances were not consistent. With the deepening of the drought stress, the transpiration rate, net photosynthetic rate, and stomatal conductance of the eight provenances showed a general trend of decline, and the drop in the net photosynthetic rate was mainly due to stomatal and non-stomatal factors. In general, chlorophyll A content decreased. With the severity of the drought stress, the malondialdehyde content showed an increasing trend, and the SOD activity increased at first and, then, decreased. A comprehensive evaluation of drought resistance was performed for eight provenances of Melia azedarach. The results showed that the SH and XH were more drought resistant, while the LG and SY were less drought resistant.



The physiological mechanism of the drought stress response in the eight different provenances was preliminarily identified from the growth traits and physiological responses in this study, and the drought resistance ability of the eight provenances was ranked. If the molecular response mechanism of Melia azedarach to drought stress can be analyzed at the transcriptome level, it will help to identify prospective drought-resistant genes in Melia azedarach. These results may be used to build a drought resistance gene database for Melia azedarach and provide a theoretical basis for studying the molecular mechanism of Melia azedarach’s drought stress response.
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Table A1. Correlation analysis of the drought resistance coefficients of each index under mild drought stress.






Table A1. Correlation analysis of the drought resistance coefficients of each index under mild drought stress.




















	Indicator
	RWC
	WSD
	ChlA
	Tr
	Pn
	Gs
	Ci
	MDA
	SOD
	Seedling Height
	Ground Diameter
	Root–Crown Ratio





	RWC
	1.000
	
	
	
	
	
	
	
	
	
	
	



	WSD
	0.142
	1.000
	
	
	
	
	
	
	
	
	
	



	ChlA
	−0.329
	0.717
	1.000
	
	
	
	
	
	
	
	
	



	Tr
	−0.349
	−0.354
	0.075
	1.000
	
	
	
	
	
	
	
	



	Pn
	−0.087
	−0.650
	−0.304
	0.460
	1.000
	
	
	
	
	
	
	



	Gs
	−0.510
	−0.324
	0.007
	0.601
	0.199
	1.000
	
	
	
	
	
	



	Ci
	−0.118
	0.034
	0.315
	0.199
	−0.028
	0.453
	1.000
	
	
	
	
	



	MDA
	−0.443
	−0.546
	−0.046
	0.333
	0.469
	0.447
	0.706
	1.000
	
	
	
	



	SOD
	0.245
	−0.129
	−0.297
	0.211
	0.070
	−0.524
	−0.659
	−0.422
	1.000
	
	
	



	Seedling height
	−0.170
	−0.185
	0.014
	0.016
	0.152
	0.407
	−0.268
	−0.190
	−0.340
	1.000
	
	



	Ground diameter
	−0.326
	−0.103
	0.324
	0.257
	0.190
	0.484
	0.948
	0.857
	−0.673
	−0.204
	1.000
	



	Root–crown ratio
	−0.230
	0.024
	0.027
	−0.413
	−0.074
	0.377
	0.531
	0.439
	−0.910
	0.162
	0.567
	1.000
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Table A2. The eigenvectors of the principal components under mild drought stress.






Table A2. The eigenvectors of the principal components under mild drought stress.





	
Traits

	
Components




	
P1

	
P2

	
P3

	
P4






	
Ground diameter

	
0.44

	
−0.08

	
0.23

	
−0.12




	
MDA

	
0.41

	
0.18

	
0.17

	
−0.22




	
Ci

	
0.40

	
−0.17

	
0.26

	
−0.16




	
SOD

	
−0.37

	
0.28

	
0.32

	
0.04




	
Gs

	
0.35

	
0.15

	
−0.19

	
0.31




	
Root–crown ratio

	
0.32

	
−0.25

	
−0.36

	
−0.25




	
WSD

	
−0.12

	
−0.52

	
0.16

	
0.23




	
Pn

	
0.13

	
0.45

	
−0.02

	
−0.08




	
Tr

	
0.15

	
0.38

	
0.32

	
0.40




	
Chl A

	
0.10

	
−0.37

	
0.26

	
0.47




	
Seedling height

	
0.04

	
0.08

	
−0.63

	
0.36




	
RWC

	
−0.24

	
−0.07

	
0.01

	
−0.43
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Table A3. The value of the comprehensive indexes of the different provenances under mild drought stress.
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Provenance

	
Yik




	
Yi1

	
Yi2

	
Yi3

	
Yi4






	
KL

	
0.84

	
0.37

	
0.93

	
0.57




	
PZ

	
0.90

	
0.17

	
0.92

	
0.36




	
SY

	
1.01

	
−0.18

	
0.87

	
0.48




	
XW

	
1.35

	
0.09

	
0.37

	
0.76




	
XH

	
1.26

	
0.36

	
1.20

	
0.54




	
JR

	
1.14

	
0.24

	
1.02

	
0.58




	
LG

	
0.21

	
0.80

	
1.44

	
0.79




	
SH

	
1.68

	
−0.17

	
0.31

	
0.34
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Table A4. Correlation analysis of the drought resistance coefficients of each index under moderate drought stress.






Table A4. Correlation analysis of the drought resistance coefficients of each index under moderate drought stress.




















	Indicator
	RWC
	WSD
	ChlA
	Tr
	Pn
	Gs
	Ci
	MDA
	SOD
	Seedling Height
	Ground Diameter
	Root–Crown Ratio





	RWC
	1.000
	
	
	
	
	
	
	
	
	
	
	



	WSD
	0.105
	1.000
	
	
	
	
	
	
	
	
	
	



	ChlA
	−0.479
	0.366
	1.000
	
	
	
	
	
	
	
	
	



	Tr
	−0.412
	−0.372
	0.005
	1.000
	
	
	
	
	
	
	
	



	Pn
	−0.105
	−0.024
	0.162
	0.550
	1.000
	
	
	
	
	
	
	



	Gs
	−0.413
	−0.283
	−0.048
	0.929
	0.600
	1.000
	
	
	
	
	
	



	Ci
	−0.021
	0.663
	0.312
	0.163
	−0.118
	0.156
	1.000
	
	
	
	
	



	MDA
	0.156
	−0.604
	−0.175
	0.620
	0.070
	0.384
	0.034
	1.000
	
	
	
	



	SOD
	−0.130
	−0.366
	−0.225
	−0.485
	−0.647
	−0.480
	−0.613
	−0.230
	1.000
	
	
	



	Seedling height
	0.005
	−0.230
	−0.002
	0.792
	0.857
	0.708
	0.019
	0.546
	−0.711
	1.000
	
	



	Ground diameter
	0.079
	0.199
	0.203
	0.436
	−0.125
	0.274
	0.727
	0.598
	−0.442
	0.262
	1.000
	



	Root–crown ratio
	0.815
	0.305
	−0.044
	−0.300
	−0.184
	−0.358
	0.441
	0.273
	−0.398
	0.001
	0.464
	1.000
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Table A5. The eigenvectors of the principal components under moderate drought stress.






Table A5. The eigenvectors of the principal components under moderate drought stress.





	
Traits

	
Components




	
P1

	
P2

	
P3

	
P4






	
Tr

	
0.4527

	
−0.1419

	
−0.0007

	
0.1780




	
Seedling height

	
0.4391

	
−0.0490

	
0.0931

	
−0.2727




	
Gs

	
0.4193

	
−0.1644

	
−0.0761

	
0.0629




	
SOD

	
−0.3560

	
−0.2988

	
0.0972

	
0.2899




	
Pn

	
0.3367

	
−0.1160

	
−0.1373

	
−0.5226




	
Root–crown ratio

	
−0.0198

	
0.4834

	
0.3202

	
−0.1168




	
Ci

	
0.1406

	
0.4644

	
−0.2162

	
0.2286




	
WSD

	
−0.0908

	
0.4102

	
−0.3861

	
−0.1886




	
Ground diameter

	
0.2420

	
0.3623

	
0.0823

	
0.4376




	
RWC

	
−0.1024

	
0.2850

	
0.4826

	
−0.3560




	
Chl A

	
0.0531

	
0.1321

	
−0.4765

	
0.1208




	
MDA

	
0.2928

	
0.0104

	
0.4385

	
0.3135
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Table A6. The value of the comprehensive indexes of the different provenances under moderate drought stress.
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Provenance

	
Yik




	
Yi1

	
Yi2

	
Yi3

	
Yi4






	
KL

	
1.002

	
0.778

	
0.607

	
0.993




	
PZ

	
0.072

	
0.885

	
1.040

	
1.185




	
SY

	
0.451

	
1.306

	
0.504

	
0.900




	
XW

	
0.859

	
0.926

	
0.573

	
0.914




	
XH

	
0.621

	
1.308

	
0.873

	
1.134




	
JR

	
0.421

	
0.995

	
0.705

	
1.377




	
LG

	
−0.009

	
0.378

	
0.606

	
1.200




	
SH

	
1.374

	
1.809

	
0.651

	
0.375
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Table A7. Correlation analysis of the drought resistance coefficients of each index under severe drought stress.






Table A7. Correlation analysis of the drought resistance coefficients of each index under severe drought stress.




















	Indicator
	RWC
	WSD
	ChlA
	Tr
	Pn
	Gs
	Ci
	MDA
	SOD
	Seedling Height
	Ground Diameter
	Root–Crown Ratio





	RWC
	1.000
	
	
	
	
	
	
	
	
	
	
	



	WSD
	0.051
	1.000
	
	
	
	
	
	
	
	
	
	



	Chl A
	−0.339
	−0.252
	1.000
	
	
	
	
	
	
	
	
	



	Tr
	0.332
	−0.575
	0.145
	1.000
	
	
	
	
	
	
	
	



	Pn
	0.296
	−0.401
	0.373
	0.728
	1.000
	
	
	
	
	
	
	



	Gs
	0.325
	−0.259
	−0.222
	0.864
	0.610
	1.000
	
	
	
	
	
	



	Ci
	−0.388
	0.522
	0.021
	−0.027
	−0.092
	0.194
	1.000
	
	
	
	
	



	MDA
	0.134
	−0.219
	0.068
	0.065
	−0.036
	−0.098
	−0.660
	1.000
	
	
	
	



	SOD
	−0.076
	0.405
	−0.416
	−0.759
	−0.913
	−0.686
	−0.174
	0.301
	1.000
	
	
	



	Seedling height
	0.241
	−0.344
	−0.122
	0.113
	0.162
	0.157
	−0.711
	0.447
	−0.077
	1.000
	
	



	Ground diameter
	0.135
	−0.446
	0.564
	0.670
	0.741
	0.503
	−0.008
	−0.226
	−0.870
	0.286
	1.000
	



	Root–crown ratio
	−0.004
	0.193
	0.370
	0.167
	0.549
	0.145
	0.066
	0.377
	−0.338
	−0.095
	0.085
	1.000
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Table A8. The eigenvectors of the principal components under severe drought stress.
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Traits

	
Components




	
P1

	
P2

	
P3

	
P4






	
SOD

	
−0.438

	
0.193

	
−0.024

	
0.039




	
Pn

	
0.434

	
−0.039

	
0.074

	
0.185




	
Tr

	
0.419

	
0.010

	
−0.179

	
0.022




	
Ground diameter

	
0.407

	
−0.077

	
0.076

	
−0.242




	
Gs

	
0.349

	
−0.068

	
−0.400

	
0.146




	
WSD

	
−0.265

	
−0.258

	
−0.098

	
0.454




	
Ci

	
−0.048

	
−0.592

	
−0.104

	
0.070




	
Seedling height

	
0.124

	
0.478

	
−0.041

	
−0.117




	
MDA

	
−0.004

	
0.473

	
0.269

	
0.323




	
Chl A

	
0.175

	
−0.129

	
0.626

	
−0.139




	
RWC

	
0.125

	
0.244

	
−0.411

	
0.321




	
Root–crown ratio

	
0.152

	
−0.067

	
0.376

	
0.657
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Table A9. The value of the comprehensive indexes of the different provenances under severe drought stress.






Table A9. The value of the comprehensive indexes of the different provenances under severe drought stress.





	
Provenance

	
Yik




	
Yi1

	
Yi2

	
Yi3

	
Yi4






	
KL

	
0.376

	
0.574

	
0.583

	
2.649




	
PZ

	
−0.669

	
1.192

	
0.497

	
2.891




	
SY

	
0.236

	
0.335

	
0.377

	
2.697




	
XW

	
0.623

	
0.844

	
0.469

	
2.509




	
XH

	
0.983

	
0.296

	
0.680

	
2.997




	
JR

	
−0.618

	
0.742

	
0.789

	
2.983




	
LG

	
−0.291

	
0.715

	
0.432

	
2.347




	
SH

	
0.979

	
0.336

	
1.074

	
3.474
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Figure A1. The transpiration rate of Melia azedarach among the different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same provenance indicate significant differences at the 0.05 level, as in the following figures. 
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Figure A2. The net photosynthetic rate of Melia azedarach among the different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Figure A3. The chlorophyll a content of Melia azedarach among the different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Figure A4. The malondialdehyde content of Melia azedarach among the different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Figure A5. The superoxide dismutase activity of Melia azedarach among the different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Figure 1. The relative water content in the leaves of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 1. The relative water content in the leaves of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 2. The water saturation deficit in the leaves of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 2. The water saturation deficit in the leaves of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 3. The net photosynthetic rate of Melia azedarach among different provenances: (A): early stage (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 3. The net photosynthetic rate of Melia azedarach among different provenances: (A): early stage (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 4. The transpiration rate of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Figure 5. The intercellular CO2 concentration of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 5. The intercellular CO2 concentration of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 6. The stomatal conductance of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 6. The stomatal conductance of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 7. The chlorophyll a content of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 7. The chlorophyll a content of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 8. The malondialdehyde content of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 






Figure 8. The malondialdehyde content of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level.
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Figure 9. The superoxide dismutase activity of Melia azedarach among different provenances: (A): early stage, (B): middle stage, and (C): late stage. Note: The error line in the figure is the mean ± standard error, and different lowercase letters in the same treatment indicate significant differences at the 0.05 level. 
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Table 1. Location and climatic conditions of the Melia azedarach. L seed collection sites in 2017.
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	Original Area
	Longitude
	Latitude
	Altitude/m
	Annual Average Temperature/°C
	Annual Precipitation/mm
	Frost-Free Season/d





	KL
	118.58
	37.42
	3~5
	12.8
	555.9
	206



	PZ
	117.99
	34.35
	18~32
	14.2
	868.6
	210



	SY
	112.18
	30.37
	30~55
	15.9
	1250
	255



	XW
	118.83
	32.09
	12~20
	15.4
	1106.5
	237



	XH
	115.87
	28.67
	55~112
	17.6
	1458
	277



	JR
	119.13
	32.07
	5~30
	15.2
	1055.6
	233



	LG
	113.25
	23.11
	15~22
	21
	1720
	190



	SH
	114.01
	31.82
	60~150
	15.3
	1100
	225







Note: KL, PZ, SY, XW, XH, JR, LG, and SH represent Shandong Kenli, Jiangsu Pizhou, Hubei Shayang, Jiangsu Xuanwu, Jiangxi Xihu, Jiangsu Jurong, Guangdong Luogang, and Henan Shihe, respectively.
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Table 2. The seedling height growth of Melia azedarach among different provenances under drought stress.
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Provenance

	
Seedling Height Growth/cm

	
Relative Decline

I/%

	
Relative Decline

II/%

	
Relative Decline

III/%




	
CK

	
I

	
II

	
III






	
KL

	
22.80 ± 5.25 a

	
11.75 ± 4.25 ab

	
8.98 ± 2.53 b

	
3.65 ± 1.93 b

	
48.47%

	
60.64%

	
83.99%




	
PZ

	
19.00 ± 0.53 a

	
14.88 ± 1.13 a

	
2.93 ± 2.33 b

	
3.48 ± 1.14 b

	
21.71%

	
84.61%

	
81.71%




	
SY

	
24.63 ± 5.44 a

	
13.93 ± 3.94 ab

	
10.40 ± 2.52 b

	
4.18 ± 0.65 b

	
43.45%

	
57.77%

	
83.05%




	
XW

	
19.53 ± 0.95 a

	
14.50 ± 2.10 ab

	
13.25 ± 3.57 ab

	
9.40 ± 2.39 b

	
25.77%

	
32.17%

	
51.88%




	
XH

	
24.55 ± 0.05 a

	
17.35 ± 3.45 a

	
14.70 ± 0.80 a

	
9.00 ± 8.10 a

	
29.33%

	
40.12%

	
63.34%




	
JR

	
19.67 ± 6.63 a

	
13.08 ± 4.51 ab

	
3.30 ± 1.19 b

	
1.63 ± 0.31 b

	
33.52%

	
83.22%

	
91.74%




	
LG

	
15.93 ± 1.26 a

	
14.65 ± 4.01 a

	
6.65 ± 2.02 b

	
4.55 ± 2.20 b

	
8.01%

	
71.43%

	
58.24%




	
SH

	
13.43 ± 3.42 a

	
11.68 ± 1.66 a

	
7.23 ± 3.40 ab

	
1.78 ± 0.63 b

	
13.00%

	
46.00%

	
87.00%








Note: Different lowercase letters in the same line indicate a significant difference between different treatments of the same variety (p < 0.05). I: mild drought; II: moderate drought; III: severe drought.
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Table 3. Ground diameter increase in the Melia azedarach seedlings among different provenances under drought stress.
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Provenance

	
Diameter Growth/cm

	
Relative Decline

I/%

	
Relative Decline

II/%

	
Relative Decline

III/%




	
CK

	
I

	
II

	
III






	
KL

	
1.02 ± 0.30 a

	
0.80 ± 0.10 a

	
0.97 ± 0.40 a

	
0.31 ± 0.10 a

	
22%

	
5%

	
70%




	
PZ

	
1.10 ± 0.08 a

	
0.40 ± 0.23 b

	
0.34 ± 0.05 b

	
0.19 ± 0.07 b

	
64%

	
69%

	
83%




	
SY

	
0.89 ± 0.13 a

	
0.76 ± 0.25 a

	
0.53 ± 0.30 a

	
0.28 ± 0.06 a

	
15%

	
40%

	
69%




	
XW

	
1.39 ± 0.32 a

	
0.89 ± 0.08 b

	
0.44 ± 0.05 c

	
0.30 ± 0.10 c

	
36%

	
69%

	
79%




	
XH

	
1.05 ± 0.07 a

	
0.64 ± 0.21 a

	
0.50 ± 0.16 a

	
0.52 ± 0.10 a

	
40%

	
53%

	
51%




	
JR

	
1.10 ± 0.21 a

	
0.52 ± 0.05 b

	
0.47 ± 0.13 b

	
0.23 ± 0.04 b

	
53%

	
57%

	
79%




	
LG

	
2.74 ± 1.18 a

	
0.89 ± 0.26 ab

	
0.59 ± 0.14 b

	
0.34 ± 0.09 b

	
68%

	
78%

	
88%




	
SH

	
1.28 ± 0.11 a

	
0.62 ± 0.13 b

	
0.40 ± 0.08 bc

	
0.20 ± 0.07 c

	
52%

	
69%

	
85%








Note: Different lowercase letters in the same line indicate a significant difference between different treatments of the same variety (p < 0.05). I: mild drought; II: moderate drought; III: severe drought.
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Table 4. The biomass distribution of the Melia azedarach seedlings among different provenances under drought stress.
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Provenance

	
Biomass/g·Plant-1




	
The Aboveground Part/g·Plant-1

	
The Underground Part/g·Plant-1




	
CK

	
I

	
II

	
II

	
CK

	
I

	
II

	
III






	
KL

	
16.76 ± 3.04 a

	
16.59 ± 0.99 a

	
16.49 ± 3.14 a

	
11.98 ± 1.34 a

	
13.81 ± 3.79 a

	
14.51 ± 2.30 a

	
14.33 ± 3.02 a

	
16.27 ± 1.79 a




	
PZ

	
16.40 ± 1.47 a

	
13.94 ± 2.78 a

	
13.91 ± 2.73 a

	
12.14 ± 3.10 a

	
17.10 ± 3.03 a

	
17.56 ± 4.44 a

	
23.51 ± 2.68 a

	
21.98 ± 1.97 a




	
SY

	
17.03 ± 2.54 a

	
16.62 ± 3.04 a

	
15.32 ± 0.87 a

	
14.71 ± 0.39 a

	
10.47 ± 0.81 a

	
12.35 ± 0.32 a

	
13.67 ± 3.26 a

	
15.09 ± 1.64 a




	
XW

	
19.31 ± 5.24 a

	
15.76 ± 0.74 a

	
14.24 ± 2.43 a

	
13.49 ± 1.21 a

	
15.75 ± 0.61 a

	
16.61 ± 2.94 a

	
16.63 ± 2.39 a

	
17.43 ± 1.70 a




	
XH

	
27.49 ± 11.15 a

	
20.02 ± 2.71 a

	
16.37 ± 4.98 a

	
14.25 ± 0.18 a

	
12.74 ± 2.83 a

	
13.44 ± 2.57 a

	
16.11 ± 1.65 a

	
17.79 ± 6.65 a




	
JR

	
28.72 ± 0.98 a

	
25.62 ± 1.23 a

	
23.00 ± 2.47 ab

	
18.85 ± 0.17 b

	
17.33 ± 1.29 a

	
19.70 ± 2.05 a

	
20.04 ± 2.12 a

	
23.16 ± 0.56 a




	
LG

	
26.85 ± 6.07 a

	
26.40 ± 5.61 a

	
22.48 ± 0.05 a

	
21.13 ± 1.65 a

	
18.25 ± 3.56 a

	
13.91 ± 2.37 a

	
17.17 ± 3.78 a

	
21.00 ± 2.01 a




	
SH

	
21.26 ± 3.20 a

	
16.04 ± 1.01 a

	
15.58 ± 2.30 a

	
15.53 ± 3.16 a

	
11.41 ± 0.88 b

	
14.46 ± 1.44 b

	
15.18 ± 1.89 b

	
23.55 ± 1.86 a








Note: Different lowercase letters in the same line indicate a significant difference between different treatments of the same variety (p < 0.05). I: mild drought; II: moderate drought; III: severe drought.
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Table 5. The root–shoot ratio of the Melia azedarach seedlings among different provenances under drought stress.
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Provenance

	
Root-Crown Ratio




	
CK

	
I

	
II

	
III






	
KL

	
0.81 ± 0.08 a

	
0.89 ± 0.19 a

	
0.87 ± 0.02 a

	
1.39 ± 0.31 a




	
PZ

	
1.03 ± 0.09 a

	
1.38 ± 0.59 a

	
1.80 ± 0.55 a

	
1.89 ± 0.32 a




	
SY

	
0.62 ± 0.05 a

	
0.77 ± 0.12 a

	
0.92 ± 0.20 a

	
0.98 ± 0.05 a




	
XW

	
0.89 ± 0.27 a

	
1.16 ± 0.15 a

	
1.06 ± 0.01 a

	
1.31 ± 0.24 a




	
XH

	
0.60 ± 0.35 a

	
0.67 ± 0.04 a

	
1.05 ± 0.22 a

	
1.25 ± 0.48 a




	
JR

	
0.61 ± 0.07 b

	
0.77 ± 0.12 b

	
0.87 ± 0.00 b

	
1.23 ± 0.02 a




	
LG

	
0.76 ± 0.31 a

	
0.52 ± 0.02 a

	
0.81 ± 0.18 a

	
0.93 ± 0.02 a




	
SH

	
0.54 ± 0.18 b

	
0.90 ± 0.28 b

	
0.97 ± 0.19 ab

	
1.52 ± 0.25 a








Note: Different lowercase letters in the same line indicate a significant difference between different treatments of the same variety (p < 0.05). I: mild drought; II: moderate drought; III: severe drought.
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Table 6. The eigenvalues, contribution ratio, and cumulative contribution ratio of the principal components under mild drought stress.
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	Principal Component
	Eigenvalues
	Contribution Ratio/%
	Cumulative Contribution Rate/%





	1
	4.404
	36.699
	36.699



	2
	2.729
	22.744
	59.442



	3
	1.665
	13.877
	73.320



	4
	1.586
	13.219
	86.539
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Table 7. The eigenvalues, contribution ratio, and cumulative contribution ratio of the principal components under moderate drought stress.
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	Principal Component
	Eigenvalues
	Contribution Ratio/%
	Cumulative Contribution Rate/%





	1
	4.285
	35.707
	35.707



	2
	3.005
	25.040
	60.748



	3
	2.164
	18.034
	78.782



	4
	1.500
	12.503
	91.285
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Table 8. The eigenvalues, contribution ratio, and cumulative contribution ratio of the principal components under severe drought stress.
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	Principal Component
	Eigenvalues
	Contribution Ratio/%
	Cumulative Contribution Rate/%





	1
	4.285
	35.707
	35.707



	2
	3.005
	25.040
	60.748



	3
	2.164
	18.034
	78.782



	4
	1.500
	12.503
	91.285
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Table 9. The function value of the comprehensive indexes (U(Yik)), weight (Wk), and the comprehensive evaluation value (D) of the different provenances under mild drought stress.
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Provenance

	
U(Yik)

	
D Value

	
Rank




	
U(Yi1)

	
U(Yi2)

	
U(Yi3)

	
U(Yi4)






	
KL

	
0.429

	
0.561

	
0.549

	
0.511

	
0.495

	
5




	
PZ

	
0.469

	
0.357

	
0.540

	
0.044

	
0.386

	
7




	
SY

	
0.544

	
0

	
0.496

	
0.311

	
0.358

	
8




	
XW

	
0.776

	
0.276

	
0.053

	
0.933

	
0.553

	
4




	
XH

	
0.714

	
0.551

	
0.788

	
0.4448

	
0.642

	
1




	
JR

	
0.633

	
0.429

	
0.6288

	
0.5338

	
0.563

	
3




	
LG

	
0

	
1

	
1

	
1

	
0.576

	
2




	
SH

	
1

	
0.010

	
0

	
0

	
0.427

	
6




	
Weights

	
0.424

	
0.263

	
0.160

	
0.153
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Table 10. The function value of the comprehensive indexes (U(Yik)), weight (Wk), and the comprehensive evaluation value (D) of the different provenances under moderate drought stress.






Table 10. The function value of the comprehensive indexes (U(Yik)), weight (Wk), and the comprehensive evaluation value (D) of the different provenances under moderate drought stress.





	
Provenance

	
U(Yik)

	
D Value

	
Rank




	
U(Yi1)

	
U(Yi2)

	
U(Yi3)

	
U(Yi4)






	
KL

	
0.731

	
0.280

	
0.192

	
0.617

	
0.485

	
3




	
PZ

	
0.059

	
0.354

	
1

	
0.808

	
0.429

	
6




	
SY

	
0.333

	
0.648

	
0

	
0.524

	
0.380

	
7




	
XW

	
0.628

	
0.383

	
0.129

	
0.538

	
0.450

	
5




	
XH

	
0.456

	
0.650

	
0.688

	
0.757

	
0.596

	
2




	
JR

	
0.311

	
0.431

	
0.375

	
1

	
0.451

	
4




	
LG

	
0

	
0

	
0.190

	
0.823

	
0.150

	
8




	
SH

	
1

	
1

	
0.274

	
0

	
0.719

	
1




	
Weights

	
0.391

	
0.274

	
0.198

	
0.137
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Table 11. The function value of the comprehensive indexes (U(Yik)), weight (Wk), and the comprehensive evaluation value (D) of the different provenances under severe drought stress.






Table 11. The function value of the comprehensive indexes (U(Yik)), weight (Wk), and the comprehensive evaluation value (D) of the different provenances under severe drought stress.





	
Provenance

	
U(Yik)

	
D Value

	
Rank




	
U(Yi1)

	
U(Yi2)

	
U(Yi3)

	
U(Yi4)






	
KL

	
0.633

	
0.310

	
0.296

	
0.268

	
0.444

	
4




	
PZ

	
0

	
1

	
0.172

	
0.483

	
0.346

	
5




	
SY

	
0.548

	
0.044

	
0

	
0.311

	
0.296

	
7




	
XW

	
0.782

	
0.612

	
0.132

	
0.144

	
0.541

	
3




	
XH

	
1

	
0

	
0.435

	
0.577

	
0.595

	
2




	
JR

	
0.031

	
0.498

	
0.591

	
0.564

	
0.316

	
6




	
LG

	
0.229

	
0.468

	
0.079

	
0

	
0.232

	
8




	
SH

	
0.998

	
0.045

	
1

	
1

	
0.759

	
1




	
Weights

	
0.442

	
0.251

	
0.170

	
0.137
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