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Abstract

:

In the context of global warming, the effects of warming in the root zone of crops on maize seedling characteristics deserve research attention. Previous studies on the adaptive traits of dryland maize have mainly focused on soil moisture and nutrients, rather than analyzing potential factors for the adaptive traits of root zone warming. This study was conducted to investigate the effects of different root zone warming ranges on the agronomic traits, hormones, and microstructures of maize seedling roots and leaves. The results showed that minor increases in the root zone temperature significantly enhanced maize seedling growth. However, when the temperature in the root zone was excessive, the stem diameter, root surface area, root volume, total root length, dry matter accumulation, and root/shoot biomass of maize seedlings sharply decreased. Under high temperature stress in the root zone, the root conduit area; root stele diameter; root content of trans-zeatin (ZT), gibberellin A3 (GA3), and indoleacetic acid (IAA); leaf thickness; upper and lower epidermis thickness; and leaf content of ZT and GA3 were significantly decreased. The hormone content and microstructure changes might be an important reason for root growth maldevelopment and nutrient absorption blockage, and they also affected the leaf growth of maize seedlings. Compared with the ‘senescent’ maize type Shaandan 902 (SD902), the plant microstructure of the ‘stay-green’ maize type Shaandan 609 (SD609) was less affected by increased temperatures, and the ability of the root system to absorb and transport water was stronger, which might explain its tolerance of high temperature stress in the root zone.
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1. Introduction


Global temperatures have risen rapidly over recent years, and the impact of temperature changes on crop growth and development has become a problem that cannot be ignored [1,2]. As the global warming trend continues to intensify, soil temperatures in the root zone of crops continue to change significantly [3]. Maize, as one of the most important food and feed crops in China, is of great significance to China’s food security [4]. Due to the extensive application of plastic film in corn production, the trend of increasing soil temperature near the roots has increased [5]. White plastic film can increase the average daily temperature of surface soil by about 2 °C, and the effect of warming is most obvious during the maize seedling stage [6].



The root system is an important organ that affects maize growth, and root growth affects nutrient and water absorption [7]. As a result of its direct contact with soil, the root system is more sensitive to the soil environment, and root growth and development have a strong correlation with the aboveground plant characteristics. Underground stress causes a series of physiological reactions in the root system, often affecting the plant height, leaf area, leaf structure, and content of hormones [8,9,10,11]. Although corn is a thermophilic crop, excessive heat can damage the normal function of corn and thus inhibit its growth. An increase in soil temperature by even 1 °C will have a huge impact on crop growth [12]. Soil temperature significantly affects the soil nutrient and water use efficiency of crops, which is the main limiting factor for crop productivity. Various biochemical processes in the soil are affected by soil temperature. When the soil temperature is high, organic matter decomposes quickly, but when the soil temperature is low, it decomposes slowly [13]. The activity of various enzymes and microorganisms in the soil is closely related to temperature [14]. There is a significant positive correlation between soil temperature and soil respiration rate, and temperature increases can increase the emissions of CO2 and CH4 from farmland [15]. An increase in soil temperature can also increase the solubility of some salts in the soil and, at the same time, weaken the adsorption of ions in the soil colloid, making it easier for them to be absorbed by crops [16]. The movement of soil water and form of soil water are also affected by soil temperature changes: When soil temperature rises, the viscosity and surface tension of soil water decreases, the permeability coefficient increases, and the rate of crop water absorption increases [17]. Soil temperature not only affects the water content of the soil, but also affects water use efficiency by crops. Araghi et al. [18] found that in the late stage of corn growth, if the soil temperature is too high, it significantly reduces the water use efficiency of corn, thereby affecting the yield. The activity of various enzymes in crop roots is also closely related to soil temperature. For example, in the case of root zone warming, root antioxidant enzyme activity and root vitality change significantly, affecting plant growth parameters and photosynthesis [19]. To date, most studies have indirectly analyzed the effect of soil temperature on corn through different mulching methods [20,21]. Research on the effect of root zone warming on the growth and anatomical structure of corn seedlings and its hormone regulation mechanism has not been reported.



In this study, the hydroponic method was adopted to simulate soil temperature change by adjusting the water temperature, which solved the problems of the interference of soil moisture on the test results and the uneven and unstable temperature increase in the traditional method. In this experiment, we investigated the effect of root zone warming treatment on the growth and development of the root canopy, the anatomy of root leaves, and the hormone content of maize seedlings. We attempted to reveal the response and adaptability of maize seedlings to warming of the root zone, with a view to providing a theoretical basis for the green and safe production of corn under the scenario of global warming and rising soil temperature.




2. Materials and Methods


2.1. Experimental Treatments


The maize materials used for the tests were the ‘stay-green’ maize type Shaandan 609 (SD609) and the ‘senescent’ maize type Shaandan 902 (SD902). These two varieties were bred by Northwest Agriculture and Forestry University and belonged to the cultivated varieties in this region. SD609 is a stay-green variety with a better stress resistance than SD902, which is a senescence variety with poor stress resistance. The two varieties have similar growth periods. The experimental materials were provided by the Key Laboratory of Maize Biology and Genetics and Breeding in the Northwest Arid Region of the Ministry of Agriculture.



The full and consistent corn seeds were sterilized with 70% ethanol for 5 min and soaked in distilled water for 12 h. Subsequently, seeds were placed in a germination box for 2 days. Similar size seedlings were selected and planted in a plastic box (40 cm × 30 cm × 12 cm) containing 10 L of 1/2 Hoagland nutrient solution. The nutrient solution consisted of the following: Ca(NO3)2 (2 mmol/L), MgSO4·7H2O (0.65 mmol/L), K2SO4 (0.75 mmol/L), KCl (0.1 mmol/L), MnSO4·H2O (1 × 10−3 mmol/L), CuSO4·5H2O (1 × 10−4 mmol/L), ZnSO4 (1 × 10−3 mmol/L), (NH4)6Mo7O24 (5 × 10−5 mmol/L), Fe-ethylene diamine tetraacetic acid (0.01 mmol/L), and H3BO3 (1 × 10−3 mmol/L). There were a total of 24 seedlings per box, 3 treatments per variety, and 3 boxes per treatment, which were placed in a 24 °C culture room for cultivation. An air conditioner was used to control the temperature of the cultivation room, and a thermometer was used to monitor the room temperature in real time, with a temperature control accuracy of ±0.5 °C. There was continuous ventilation with an electric air pump during the cultivation period. When the seedlings had grown to have one leaf and one heart, we put a variable frequency constant temperature heating rod (Zhongbao Ribao, Zhongshan, China, power 100 W, temperature control accuracy ±0.2 °C) in the plastic box to enable a precise root zone temperature increase. The variable frequency constant temperature heating rod included water temperature heating equipment and a temperature probe that accurately controlled the water temperature and monitored the temperature in real time. In order to reduce the heat exchange between water and air, the plastic box was wrapped with sponge, the water surface was covered with perforated foam board, and the corn seedlings were passed through small holes and fixed with sponge. The experimental treatments were as follows: root zone medium-temperature treatment (constant temperature heating equipment kept water temperature at 30 °C), root zone high-temperature treatment (constant temperature heating equipment kept water temperature at 36 °C), control (temperature of root zone did not increase—temperature was held at 24 °C).




2.2. Determination of Morphological Indicators


After 8 days of root zone warming treatment, 3 seedlings were taken from each plot to determine the plant height, stem thickness, and leaf area; the leaf area was calculated by leaf area = length × width × coefficient (expanded leaf: 0.75, unexpanded leaf: 0.5). The corn root system was scanned with an EPSON V800 scanner (Epson China Co. Ltd., Beijing, China), and Win RHIZO (Regent Instructions, Quebec, Canada) root system analysis software was used to analyze corn root surface area, root volume, total root length, and average root diameter. The corn seedlings were then placed in an oven at 105 °C for 15 min, after which the plants were dried to a constant weight at 80 °C, and we measured the dry matter mass above and below ground with an electronic balance. Root/shoot biomass (RSB, %) was calculated according to the following equation:


RSB = RDW/(SDW + RDW) × 100%



(1)




where RDW is root dry weight and SDW is the shoot dry weight in grams.




2.3. Determination of the Microstructure of Root and Leaves


After 8 days of root zone warming treatment, the last piece of unfolded leaf and the middle of the main root were taken and fixed with formalin-acetic acid-alcohol (FAA) fixing solution. They were then dehydrated with ethanol, treated with xylene, and embedded in paraffin. The thickness of the slice was 8 µm. Samples were then dyed with SafraninO-Fast Green staining to make a permanent film, observed under an OLYMPUSBX51 microscope (Olympus China Co., Ltd., Beijing, China), and photographed by Micro Publisher3.3RTV digital imaging system (QImaging, Surrey, BC, Canada). The Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA) was used to measure the diameter of the stele, thickness of the cortex, diameter of the conduit, thickness of the leaf, thickness of the upper epidermis, and thickness of the lower epidermis. For each indicator, 10 sets of data were measured to reduce error. We calculated the conduit area using the area formula of the circle [22,23].




2.4. Determination of Endogenous Hormone Content


After 8 days of root zone warming treatment, 0.2 g of corn seedling roots and leaves were taken and the samples were extracted with 1.5 mL pr-cooled 80% methanol and extracted overnight at 4 °C. The supernatant was collected and residue was extracted in 0.5 mL of 80% methanol for 2 h. After centrifugation, the supernatant was collected and mixed with the first supernatant. The content of indoleacetic acid (IAA), gibberellin A3 (GA3), and trans-zeatin (ZT) was determined by high-performance liquid chromatography (HPLC) system. The sample was filtered through syringe filter, and 10 μL was injected into Kromasil C18 reversed-phase column (250 mm × 4.6 mm, 5 μm; Agilent, Palo Aito, CA, USA). The GA3 and IAA were eluted isocratically in the mobile phase with 1% acetic acid and 100% methanol (3:2, v/v) at a flow rate of 1 mL min−1, and they were measured at 254 nm and 30 °C. The ZT was eluted isocratically in the mobile phase with water and 100% methanol (7:3, v/v) at a flow rate of 1 mL min−1, and it was measured at 270 nm and 30 °C [24].




2.5. Statistical Analysis


Significance and Duncan’s tests were performed using SPSS 20.0 (SPSS; Chicago, IL, USA). Differences were judged by the least significant differences test using a 0.05 level of significance. Origin2017 (OriginLab, Northampton, MA, USA) software was used for drawing.





3. Results


3.1. Effects of Different Root Zone Temperatures on Root–Shoot Dry Matter Accumulation and Root/Shoot Biomass of Different Maize Genotypes


The accumulation of dry matter in SD609 and SD902 roots and aboveground biomass was significantly different compared with the control under different root zone warming treatments (Figure 1). As the temperature in the root zone increased, the root dry weight and aboveground dry weight of the two maize varieties increased first and then decreased. Under the root zone medium-temperature treatment (MT), the root dry weight and aboveground dry weight of the two maize varieties were significantly increased; the difference between the varieties was not significant. Under the root zone high-temperature treatment (HT), the dry weight of SD609 roots and aboveground biomass decreased by 29.17% and 18.39% (p < 0.05), respectively, and the dry weight of SD902 roots and aboveground biomass decreased by 57.78% and 39.61% (p < 0.05), respectively. The dry weight of SD609 roots and aboveground biomass under the HT treatment was significantly higher than that of SD902 (p < 0.05). As the root zone temperature increased, the root/shoot biomass of the two maize varieties increased at first but then decreased. The root/shoot biomass of the two maize varieties increased significantly under the MT treatment. Compared with the control, the root/shoot biomass of SD609 and SD902 was increased by 17.90% and 35.12% (p < 0.05), respectively. Under the HT treatment, the root/shoot biomass of SD902 was significantly reduced by 28.28% (p < 0.05), and the root/shoot biomass of SD609 was not significantly difference between the HT treatment and the control.




3.2. Effects of Different Root Zone Temperatures on Root Architecture and Anatomical Structure of Different Maize Genotypes


3.2.1. Root Surface Area, Root Volume, and Total Root Length


As the root zone temperature increased, the root surface area, root volume, and total root length of the two maize varieties increased at first but then decreased, and all of them were highest under the MT treatment and lowest under the HT treatment (Figure 2). The root surface area, root volume, and total root length of SD609 and SD902 were significantly increased under the MT treatment. Under the HT treatment, the root surface area, root volume, and total root length of the two corn varieties decreased by 48.98%, 53.95%, and 35.42% in SD609 (p < 0.05), respectively, while they decreased by 69.07%, 72.29%, and 58.61% in SD902 (p < 0.05), respectively. The surface area and total root length of SD609 root under the HT treatment were significantly higher than those of SD902 (p < 0.05).




3.2.2. Root Anatomical Structure


It can be seen from Table 1 and Figure 3 that under different root zone warming treatments, the root microstructure of each treatment was significantly different. Under the MT treatment, the conduit area and the stele diameter were increased significantly (p < 0.05), while under the HT treatment, the conduit area and the stele diameter of the two corn varieties decreased significantly—for SD609 they decreased by 7.66% and 4.98%, respectively, and for SD902 they decreased by 17.22% and 13.77%, respectively (p < 0.05). The average conduit area of SD902 under the HT treatment was significantly reduced, and some of the conduit walls were deformed, which may have affected the water absorption performance of the root system. The root zone warming treatment also affected the thickness of the root cortex. With increasing root zone temperature, the root cortex thickness of SD609 corn seedlings decreased first and then increased, but the difference between the warming treatment and CK was not significant. The root thickness of SD902 under the HT treatment was significantly higher than those of the CK and MT treatments (p < 0.05).





3.3. Effects of Different Root Zone Temperatures on Growth of the Stem and Leaf and the Leaf Anatomical Structure of Different Maize Genotypes


3.3.1. Plant Height, Stem Diameter, and Leaf Area


It can be seen in Figure 4 that the seedling height, stem diameter, and leaf area of the two maize varieties first increased and then decreased under the root warming treatment. Under the MT treatment, the plant height, stem diameter, and leaf area per plant of maize seedlings increased significantly—for SD609, the plant height, stem diameter, and leaf area per plant were increased by 31.53%, 24.29%, and 35.93% (p < 0.05), respectively, while for SD902 they increased by 34.11%, 23.69%, and 34.69% (p < 0.05), respectively. High temperature treatment in the root zone significantly reduced the stem thickness of SD609 and the stem diameter and leaf area per plant of SD902 (p < 0.05). Comparatively, the plant height was not significantly affected by the high temperature.




3.3.2. Leaf Anatomical Structure


The root zone warming treatment had a significant effect on the thickness of maize seedling leaves and the thickness of the upper and lower epidermis (Table 2). The root zone medium temperature treatment significantly increased the leaf thickness and upper epidermal thickness. Under the high temperature treatment of the root zone, the leaf thickness and upper and lower epidermis thickness were decreased significantly compared with the control—for SD609, they decreased by 24.92%, 20.36%, and 17.92%, respectively, and for SD902, they decreased by 26.75%, 29.07%, and 31.43%, respectively (p < 0.05). The high temperature environment in the root zone had a greater influence on the leaf microstructure of SD902. Figure 5 shows that under the MT treatment, the maize seedling leaves had a greater volume of Kranz structures, and the arrangement of mesophyll cells of the CK and MT treatments was relatively neat. The number of mesophyll cells was smaller under the HT treatment, and the arrangement of mesophyll cells was irregular.





3.4. Effects of Different Root Zone Temperatures on Root–Shoot Hormone Contents of Different Maize Genotypes


3.4.1. ZT, GA3, and IAA Content in Root System


The contents of ZT, GA3, and IAA in the roots of the two corn varieties increased and then decreased as the root zone temperature increased (Figure 6). Under the MT treatment, the contents of ZT, GA3, and IAA in the roots of maize seedlings increased by different degrees: the contents of ZT, GA3, and IAA in the SD902 variety increased significantly (p < 0.05), while the contents of various hormones in SD609 were not significantly different from those in the CK treatment. The root hormone contents of the two varieties decreased significantly under the HT treatment: the contents of ZT, GA3, and IAA in SD609 plants decreased by 38.27%, 33.91%, and 25.78%, respectively (p < 0.05), while in SD902 plants, they decreased by 50.05%, 49.77%, and 25.34%, respectively (p < 0.05).




3.4.2. ZT, GA3, and IAA Content in Leaves


As the temperature increased during the root zone warming treatment, the change trend of ZT, GA3, and IAA contents in the leaves of the two maize varieties was similar to that of the root system (Figure 7). The contents of ZT and GA3 in SD609 leaves and the contents of ZT, GA3, and IAA in SD902 leaves were significantly increased under the MT treatment. However, under the HT treatment, the contents of ZT and GA3 in the leaves of SD609 plants were decreased by 48.77% and 54.64%, respectively (p < 0.05), and in SD902 plants were decreased by 58.88% and 54.61%, respectively (p < 0.05). There was no significant difference in leaf IAA content under the HT treatment compared with the CK treatment (p < 0.05).






4. Discussion


The growth and development of crops at the seedling stage has an important impact on the stress resistance and yield formation in the later stage of crop growth. Environmental factors, such as light, moisture, and temperature, can affect the growth of crop seedlings. Here, it was found that the dry matter accumulation in the roots and shoots of maize seedlings was significantly associated with the root zone temperature. Increasing the root zone temperature was beneficial to the dry matter accumulation of maize seedlings, but when the temperature in the root zone was too high, the dry matter accumulation decreased rapidly. The change in root dry matter accumulation was larger than that of aboveground biomass under the warming treatment of the root zone. The dry matter accumulation of senescent maize varieties SD902 decreased significantly under high temperature stress in the root zone. Lu et al. [6] reported that the root dry matter accumulation and root volume of maize were decreased under excessively high soil temperatures. In another study, Sabri et al. [25] found that, in a warm climate, appropriately lowering the soil temperature can increase the total root mass of lettuce by 26–38%. In this study, we found that under 30 °C root zone medium temperature conditions, the plant height, stem thickness, leaf area, root surface area, root volume, and total root length of maize seedlings were increased significantly (p < 0.05). However, under high temperature stress (36 °C) in the root zone, the stem diameter, root surface area, root volume, and total root length of maize seedlings were decreased significantly (p < 0.05). The root surface area and total root length of SD609 plants under high temperature stress were significantly higher than those of SD902 plants. Our results showed that the root zone temperature had a great influence on various morphological parameters of the maize seedling root system. Moderately increasing the root zone temperature during the corn seedling stage was beneficial to growth. However, excessively high temperature stress in the root zone reduced the root surface area, root volume, and total length of the root system and inhibited the absorption of water and nutrients by the corn seedlings, thus affecting the aboveground growth [26], and this effect was weaker in the stay-green maize type SD609 than the senescent type SD902.



The root/shoot biomass is an important indicator of plant health, reflecting the correlation between underground and aboveground parts of plants. Over recent decades, root/shoot biomass has received increasing attention as a sensitive index of plant stress induced by chemical or physical factors [27]. Stratopoulos et al. [28] indicated that increasing the root/shoot biomass can reduce the sensitivity of plants to drought. Under drought stress, plant biomass decreases, and root/shoot biomass increases [29,30]. We found that if the root zone temperature was increased moderately, the root/shoot biomass of maize seedlings increased significantly, but with high temperatures in the root zone, the senescent type SD902 root/shoot biomass was decreased significantly, while the SD609 root/shoot biomass was affected to a lesser extent. Therefore, we propose that the high root zone temperature significantly inhibits root growth during the seedling stage and may reduce the drought resistance of corn in the later stage. The stay-green maize type SD609 could maintain the coordinated growth of the root and shoot.



The growth environment of maize roots affects the microstructure of maize roots and leaves, and changes in the microstructure will significantly affect corn material transport and information transmission and can impact plant growth and development [31]. Studies have shown that the areas of the root column and the duct of the plant roots are significantly negatively correlated with local precipitation rates, and the plant will respond to water stress by changing the duct area [32]. In this experiment, the conduit area and stele diameter were significantly increased and the thickness of the cortex was decreased when the root region temperature was increased moderately. However, when the temperature in the root zone was excessive, the conduit area and stele diameter were decreased and the thickness of the cortex was increased. In addition, part of the duct wall of the senescent maize type SD902 under high temperature stress in the root zone was deformed, which reduced the absorption and transportation performance of the maize seedling root system, which may explain why high temperature stress in the root zone affects aboveground growth. It has been shown that there is a strong correlation between the growth and development of the aboveground and underground parts of plants [33,34]. In this experiment, warming of the root zone also had a significant effect on the microstructure of the leaves. As the root zone temperature increased, the leaf thickness, upper epidermis thickness, and lower epidermis thickness of maize seedlings showed an increasing trend followed by a decline. At excessively high root zone temperatures, the leaf thickness of the two varieties of maize seedlings and the thickness of the upper and lower epidermis were significantly reduced, the volume of the rosette structure was reduced, the number of mesophyll cells was reduced, and the arrangement of mesophyll cells and epidermal cells was irregular. This might be due to the decrease in the ability of the maize seedling roots to absorb and transport water under high temperature stress in the root zone, resulting in the loss of water in the leaves and therefore affecting the leaf microstructure. At the same time, Kranz structures in the leaves are the main component of high-efficiency photosynthesis in maize [35,36], and the decrease in the volume of the wreath structure might be the internal reason for the significant decrease in dry matter content of maize seedlings under high temperature conditions in the root zone.



Phytohormones are produced by the plant’s own metabolism and can be transported to various parts of the plant for information exchange. Thus, they play an important regulatory role in plant growth and development. Phytohormones respond quickly to abiotic stress and play a crucial role in plant physiological processes during adaptation to adverse environments [37]. A high temperature environment can significantly affect the synthesis, signal transduction, and polar transport of plant hormones [38,39]. Previous studies have shown that the content of IAA, CTK, and Z will decrease under high temperature stress [38,39]. In this study, we found that a moderate increase in the root zone temperature led to an increase in the contents of ZT, GA3, and IAA in the roots and leaves of maize seedlings, but at an excessively high temperature in the root zone of 36 °C, the hormone content decreased significantly. Under root zone warming treatment, the changes in ZT and GA3 content were significantly greater than those in IAA. On the one hand, it may be that ZT and GA3 are more sensitive to temperature changes during the seedling stage of maize [38,39]. On the other hand, ZT and GA3 are mainly synthesized in the root system, while IAA is mainly synthesized in the shoots [40], and root zone warming directly affects the root system, so it is likely to have a greater impact on the synthesis of ZT and GA3. The microstructure of plants has a strong correlation with hormone content. Plant transport tissue is an important pathway for most plant hormones such as auxin, gibberellin, and cytokinin. Damage to the transport tissue will affect the transport of plant hormones, and plant hormones can also affect the development of plant xylem and phloem [40]. We come to similar conclusions based on the findings of this experiment. The variation in the change in IAA content in the roots was greater than in the leaves, while the variation of change in ZT and GA3 content was smaller in the roots than in the leaves. It is possible that the transporting tissue affects the downward transport of IAA synthesized from the ground and the upward transport of ZT and GA3 synthesized from the root system. At the same time, the changes in the content of hormones ZT and GA3 under increasing root zone temperatures may be an important reason for the changes in the microstructure of the roots and leaves of maize seedlings. The synergistic effect of multiple hormones (ZT, GA3, and IAA) can significantly affect crop dry matter accumulation and yield formation [41]. In this study, ZT, GA3, and IAA were significantly reduced under high temperature treatment in the root zone, which may be an important reason for the obstructed root and shoot development of maize seedlings and the rapid decline in dry matter content.




5. Conclusions


Root zone temperature significantly affects the root–shoot development of maize at the seedling stage. A moderate increase in the root zone temperature is beneficial for the growth of maize at the seedling stage and increases the root/shoot biomass. An excessive root zone temperature will reduce the contents of ZT, GA3, and IAA in corn roots and leaves; reduce the root conduit area and root stele diameter; increase the cortex thickness; and significantly reduce the leaf thickness, upper epidermis thickness, lower epidermis thickness, volume of Kranz structures, and root/shoot biomass. Compared with the senescent maize type, the stay-green maize type has better adaptability to high root zone temperatures.
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Figure 1. Effects of different root zone temperatures on dry matter accumulation and root/shoot biomass of SD609 and SD902. root zone normal-temperature treatment (CK): 24 °C, root zone medium-temperature treatment (MT): 30 °C, root zone high-temperature treatment (HT): 36 °C (root zone temperature). Notations above bars of a, b, c, and d indicate homogeneous groups (α = 0.05). 
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Figure 2. Effects of different root zone temperatures on root surface area, root volume, and root length of SD609 and SD902 maize varieties. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations above bars of a, b, c, d and e indicate homogeneous groups (α = 0.05). 
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Figure 3. Effects of different root zone temperatures on the root microstructure of SD609 and SD902. (A) SD609 CK, (B) SD609 MT, (C) SD609 HT, (D) SD902 CK, (E) SD902 MT, (F) SD902 HT. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). CON—conduit, ST—stele, COR—cortex. 
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Figure 4. Effects of different root zone temperatures on plant height, stem diameter, and leaf area of SD609 and SD902. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations above bars of a, b, c, d indicate homogeneous groups (α = 0.05). 






Figure 4. Effects of different root zone temperatures on plant height, stem diameter, and leaf area of SD609 and SD902. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations above bars of a, b, c, d indicate homogeneous groups (α = 0.05).
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Figure 5. Effects of different root zone temperatures on the leaf microstructure of SD609 and SD902. (A) SD609 CK, (B) SD609 MT, (C) SD609 HT, (D) SD902 CK, (E) SD902 MT, (F) SD902HT. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). EC—epidermis cell, MC—mesophyll cell, KS—Kranz structures. 
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Figure 6. Effects of different root zone temperatures on root hormone contents of SD609 and SD902. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations above bars of a, b, c, and d indicate homogeneous groups (α = 0.05). 
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Figure 7. Effects of different root zone temperatures on the leaf hormone contents of SD609 and SD902. CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations of a, b, c, and d above bars indicate homogeneous groups (α = 0.05). 
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Table 1. Effect of different root zone temperatures on the root microstructure of SD609 and SD902.
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	Cultivar
	Treatment
	Conduit Area

(μm2)
	Stele Diameter (μm)
	Cortex Thickness (μm)





	SD609
	CK
	28155.61 ± 1142.63 b
	546.31 ± 5.54 b
	327.83 ± 5.87 bc



	
	MT
	32324.04 ± 446.43 a
	580.53 ± 3.06 a
	312.34 ± 5.17 c



	
	HT
	25999.20 ± 642.11 c
	519.09 ± 7.45 c
	338.68 ± 4.23 ab



	SD902
	CK
	29084.10 ± 737.56 b
	557.83 ± 4.96 b
	330.59 ± 8.40 bc



	
	MT
	33280.72 ± 543.33 a
	586.98 ± 6.56 a
	319.92 ± 2.27 c



	
	HT
	24076.32 ± 105.56 d
	481.01 ± 7.52 d
	351.16 ± 11.97 a







Note: root zone normal-temperature treatment (CK): 24 °C, root zone medium-temperature treatment (MT): 30 °C, root zone high-temperature treatment (HT): 36 °C (root zone temperature). Notations of a, b, c, and d indicate homogeneous groups (α = 0.05).
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Table 2. Effects of different root zone temperatures on the leaf microstructure of SD609 and SD902.
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	Cultivar
	Treatment
	Leaf Thickness(μm)
	Upper Epidermis Thickness (μm)
	Lower Epidermis Thickness (μm)





	SD609
	CK
	127.99 ± 1.68 b
	16.45 ± 0.52 b
	10.10 ± 0.19 b



	
	MT
	152.20 ± 3.63 a
	23.27 ± 1.00 a
	11.03 ± 0.48 ab



	
	HT
	96.10 ± 2.18 d
	13.10 ± 0.84 c
	8.29 ± 0.56 c



	SD902
	CK
	118.94 ± 2.33 c
	15.34 ± 0.78 b
	10.31 ± 0.26 b



	
	MT
	145.76 ± 4.53 a
	21.84 ± 0.21 a
	11.69 ± 0.45 a



	
	HT
	87.12 ± 2.45 e
	10.88 ± 0.69 d
	7.07 ± 0.35 d







Note: CK: 24 °C, MT: 30 °C, HT: 36 °C (root zone temperature). Notations of a, b, c, d and e indicate homogeneous groups (α = 0.05).
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