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Abstract

:

Atmospheric vapor pressure deficit (VPD) is the driving force that regulates the rate of water transport within plants. Under High VPD (HVPD), plants always reduce their photosynthesis rate and close their stomata. Experiments were performed under greenhouse conditions with cucumber and tomato plants to identify the regulatory effect of VPD on plant water capacity. Treatments included two levels of soil water (100% and 60% field capacity [FC]) combined with two levels of VPD (LVPD and HVPD). Results indicated that with 60%FC, the plant heights of tomato and cucumber were enhanced under LVPD compared with those under HVPD. With 60%FC, relative leaf water contents under LVPD increased by 11% compared with those under HVPD. Furthermore, LVPD significantly improved the photosynthetic capacity of the two crops and changed their stress responses. Our results indicated that LVPD at different soil moisture levels reduced irrigation demand under greenhouse conditions. This approach can be applied in water management in greenhouse vegetable production in China and other regions of the world with temperate continental climates.
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1. Introduction


Water is one of the indispensable regulating factors of plant growth and development, given that it affects most of the physiological and biophysical properties of plants [1]. Vapor pressure deficit (VPD) is the difference between air saturation vapor pressure and actual air vapor pressure based on air relative humidity and temperature [2]. It can be used to determine atmospheric water status in a controlled environment [3]. In greenhouses, the high evapotranspiration from plants and soils caused by high VPD (HVPD) leads to reductions in soil moisture content [4]. Natural fogging is performed to increase air humidity, which reduces plant evapotranspiration rates [5]. Additional fogging not only decreases evapotranspiration but also enhances plant growth [6]. Previous studies have shown that differences in the levels of air humidity and VPD have effects on the growth and functions of different horticultural crops [7]. Thus, the responses of plants to dehydration, soil moisture, and VPD can be used as basic parameters to determine plant water status.



Low water availability is one of the most important manifestations of abiotic stress in plants [8]. It is the major yield-limiting issue for crops, and it strongly and continuously regulates natural circulation in plant species [9]. The high transpiration rate (Tr) under HVPD causes water deficiency in plants [10]. The decrement in leaf water content and photosynthetic rate finally affects plant growth [11].



Stomata are a key constituent of plant leaves with an important role in gaseous exchange [12]. Abscisic acid (ABA) plays an important role in stomatal behavior [13]. The rapid accumulation of ABA when the plant senses drought causes stomatal closure [14]. Long-term HVPD and water stress (WS) also negatively influence stomatal morphology [15]. Plants subjected to low VPD (LVPD) exhibit large stomatal apertures [16], whereas those under WS conditions have relatively small stomata [17]. However, the responses of stomata and photosynthesis to LVPD in soil under water-scarce conditions still need to be investigated. Furthermore, previous studies did not clearly discuss the maintenance of balance by plants under such conditions.



Water deficit can cause changes in plant internal metabolism [9]. Long-term water deficiency may result in oxidative damage due to the overproduction of reactive oxygen species (ROS) [18]. ROS affect almost every aspect of plant homeostasis and negatively regulate growth and development [19]. Under WS conditions, plant roots sense the low water potential in the soil and activate several stress-related signal transduction pathways that alter the levels of plant carbon dioxide and cellular oxygen [20]. This effect may further lead to the partial closure of stomata in the leaves and retard plant growth. Plants are equipped with defense mechanisms to alleviate stress effects [21]. These systems consist of enzymatic and nonenzymatic antioxidants, which scavenge ROS that are overproduced under stress conditions [22]. The enzymatic antioxidants superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) have a key role in stress tolerance [23,24].



Tomato (Solanum lycopersicum L.) and cucumber (Cucumis sativus L.) are the most economically important vegetables that are grown worldwide. Several studies have elucidated the effects of air humidity and soil moisture on the physiology of cucumber and tomato plants but did not elaborate on their interactive effects. In this study, we systemically investigated plant growth and photosynthesis and examined leaf antioxidant enzyme systems in a controlled environment. This study will advance the understanding of the responses of vegetables to soil moisture and atmospheric humidity. It could be useful in future crop improvement programs.




2. Materials and Methods


2.1. Experimental Design


The effects of the prepared treatment combinations were examined in two independent experiments by using tomato (cv. “Jinpeng8b”) and cucumber (cv. “Bonai3000”) plants grown during spring and fall in the greenhouses of the Northwest Agriculture and Forestry University (34°150′ N, 108°04′ E), China. Tomato plants were grown from 7 February 2018 to 8 May 2018. Cucumber plants were grown in the same greenhouse from 15 September 2018 to 8 November 2018. Both greenhouses were 10 m in length, 5 m in width, and 3 m in height. Seeds were sown in controlled-environment chambers (RDN-1000D-4, Southeast Instrument Co., Ltd., Ningbo, China) for germination (22 °C/18 °C for day/night temperature; white fluorescent lamps with 600 μmol m−2 s−1 PAR). After 4 weeks, plant seedlings at the five-true-leaf stage were transplanted into plastic pots (capacity: 4.82 L, 19 cm × 17 cm, diameter × depth). Each pot contained one plant and 8 kg of horticultural organic substrate (customized mixes, PINDSTRUP Co., Ryomgaard, Denmark), which can provide sufficient nutrition throughout the whole duration of the experiment. The organic substrate had a density of 0.366 g cm−3 and pH of 6.93. The available N, P, K, and organic matter contents were 2343.51, 1026.66, 2312.01, and 210.54 g kg−1, respectively. In accordance with the instructions included with the substrate, the relative field water capacity (FC) of the tomato cultivation substrate was maintained at not less than 75%.




2.2. Plant Materials


Tomato seeds were obtained from Xian Jinpeng Seedlings Company, Ltd., Xi’an, China, Cucumber seeds were procured from Tianjin Derit Seeds Company, Ltd., Tianjin, China. The seeds were sown in a plastic tray and watered properly to obtain seedlings.




2.3. Treatment Combination


Two levels of FC (100% and 60%FC) and two levels of VPD (HVPD and LVPD) were used in the combinations shown in Table 1.



The treatments were started by withholding water until the compost moisture of the drought stress treatments reached 60%FC. Meanwhile, the soil moisture was well maintained for the 100%FC treatment. The VPD control method was based on the greenhouse VPD control system designed by our research group [25]. Briefly, LVPD was maintained at below 1.5 KPa by increasing air humidity with a fogging system (machine output air moisture diameter: 5–10 μm, water vapor output per hours: 1–3 L, MCH-03, Gemei Electric Co., Ltd., Suzhou, China). For HVPD, the greenhouse air humidity was unregulated (Figure S1). In the spring tomato experiment, HVPD reached the maximum of 6 KPa (Figure 1A), and in the autumn cucumber experiment, it reached the maximum of 4.5 KPa (Figure 1B).



For all plants, aluminum foil was used to cover the surface of the soil. The aluminum foil was closely integrated with the edge of the pot and the plants to prevent the evaporation of water from the soil surface. The pots were weighed and watered every afternoon to maintain the FC level. Physiological data were measured every 10 days after planting in the tomato experiment and every 15 days in the cucumber experiment. A total of 150 plants were cultivated for each treatment, and Fan equipment was installed above the center of the greenhouse to facilitate air circulation. At the same time, a comprehensive plant protection policy was strictly implemented during the experiment to maintain the cleanliness of the greenhouse and avoid the occurrence of plant diseases under high air humidity.




2.4. Plant Morphological Parameters


Ten plants with equal growth were selected per treatment for the measurement of plant height, stem diameter, and plant fresh and dry biomasses. Plant height (in cm) was recorded by using a measuring tape. Data on stem diameter (in mm) were collected from three different positions on the plant (i.e., bottom, middle, and top) by using Vernier calipers, and the averages of these data were used to represent the stem diameter of the plant [11]. For plant biomass, shoot fresh weight and root fresh weight (in g) were measured by weighing with a weight balance. Afterwards, the plant material was kept in the oven for 72 h at 65 °C for the determination of plant dry biomass [11].




2.5. Photosynthetic Parameters


The net photosynthesis rate (Pn), intercellular carbon dioxide concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr) of the tomato and cucumber seedlings were measured in the spring and fall at three different time points with 15-day intervals (9:00 a.m. to 11:00 a.m.) by using a portable system (Li-6800, Li-Cor, Inc., Lincoln, NE, USA). All measurements were carried out at the CO2 concentration of 400 μmol mol−1, photosynthetic photon flux density of 1000 μmol m−2 s−1, and leaf temperature of 30 °C. The VPD was set at 1.5 KPa for LVPD and 3.0 KPa for HVPD.




2.6. Relative Water Content


Fresh leaves were selected to examine the relative water content (RWC) through the gravimetric method [7]. Briefly, the selected fresh leaves were weighed immediately by using an electronic balance (type: JA5003; weighing range: 0–500 g; accuracy value: 0.001 g; Lichen Technology Co., Shaoxing, China) and kept in distilled water in the dark until they reached a constant weight (full turgor after 24 h). Later, the leaves were dried at 60 °C–80 °C to obtain the dry weight. Finally, the RWC was calculated by using the following Formula (1) described by Dalong Zhang [26]:


RWC (%) = (fresh weight − dry weight)/(saturated weight − dry weight) × 100



(1)








2.7. Leaf Electrolyte Leakage


For the determination of leaf electrolyte leakage (EC), small pieces were cut from the plant’s newly fully expanded leaves, from the top of the plant, and placed in distilled water at 25 °C for 3 h. Subsequently, the leaf water solution was measured by using an EC meter (DDS-307A, Leici Technology Co., Shanghai, China). This initial measurement was represented as Lt. Afterwards, the same leaf samples were placed in a hot water bath (HH-4, Lichen Technology Co., Shanghai, China) at 100 °C for 15 min and then used for the second reading of Lo. EC was calculated by using the following Formula (2) described by Huan Liu [27]:


EC = (Lt/Lo) × 100



(2)








2.8. Chlorophyll Content


Leaf chlorophyll contents were determined by using 0.15 g of fresh leaf sample extracted in 95% ethanol solution. The extract was placed at 25 °C for 24 h in the dark. Subsequently, the absorbance of the extract was measured by using a spectrophotometer (UV-3802, UNICO Instrument Co., Dayton, NJ, USA) to observe the chlorophyll a (Ca), and chlorophyll b (Cb), contents at the wavelengths of A665 and A649 nm, respectively. Chlorophyll concentrations were calculated by using the Equations (3) and (4) described by Liu Guoying [28]:


Ca = 13.95A665 − 6.88A649



(3)






Cb = 24.96A649 − 7.32A665.



(4)








2.9. Antioxidant Enzymes


A total of 0.2 g of fresh leaf sample was ground in liquid nitrogen, then centrifuged at 12,000× g in phosphate buffer (pH 7.8) at 4 °C for 20 min. The obtained supernatant was used to analyze superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) activities and malondialdehyde (MDA) content.



For the measurement of SOD activities, one unit of SOD activity was defined as the amount of enzyme needed for 50% inhibition of the decrease in nitro blue tetrazolium (NBT), as monitored at 560 nm (UV-3802, UNICO Instrument Co., Dayton, NJ, USA) [29]. POD activity was determined through the guaiacol [30]. Absorbance was observed at 470 nm for 3 min with 30 s intervals by using a Multiple-label Multifunctional Microplate Reader (SpectraMax i3x, Molecular Devices, LLC. San Jose, CA, USA). CAT activity was measured by monitoring the decreases in H2O2 at 240 nm for 2 min [31]. APX activity was assayed by monitoring the decreases of ascorbate at 290 nm for 2 min [31]. MDA content was measured using the thiobarbituric acid test at three different wavelengths (450, 532, and 600 nm) [32].




2.10. Statistical Analysis


The obtained data were subjected to two-way analysis of variance with a factorial arrangement. The analyzed results were subjected to least significant difference analysis (p < 0.05). Statistix V.8.1 and Microsoft Excel were used for statistical analysis. Graphs were prepared by using Sigma-Plot version 12.5 software. The p-value and correlation coefficients of all experimental parameters are provided in the appendix in the Supplementary Material (Table S1; Figure S2).





3. Results


3.1. Effects of VPD and Soil Moisture on RWC and EC


With the passage of time, a small increase in RWC (0–30 days) was observed in tomato plants but not in cucumber plants. RWC was lower under HVPD with 100% and 60%FC compared with LVPD with 100% and 60% in tomato plants. In cucumber plants, the RWC was highest under 100%FC and LVPD after 45 days, when it reached 90.02% (Figure 2).



The EC in tomato plants was negligibly different from that in cucumber plants. The EC in tomato plants increased synchronously with the plant growth time, but the EC was highest with 60%FC with LVPD after 20 days. In cucumber plants, the EC was highest with 100%FC with LVPD after 15 days. The EC in cucumber plants decreased gradually as the experiment continued, which was a different pattern with tomato (Figure 3).




3.2. Effects of VPD and Soil Moisture on Photosynthetic Parameters


The gas exchange parameters Ci, Gs, Pn, and Tr in tomato (Figure 4) and cucumber (Figure 5) plants were measured at 15-day intervals. In tomato plants, Ci was higher under HVPD with 100%FC after 15 days. Gs and Pn showed the same trend, which increased to the maximum under LVPD with 100%FC. Tr was highest under LVPD with 100% and 60%FC than the other two treatments on different days. In cucumber plants, the maximum Ci was observed under LVPD with 60%FC after 30 days, which was much higher than Ci under LVPD with 100%FC after 30 days. Gs increased under LVPD conditions on different days. The trend of Pn was similar to that of Gs, and Pn was higher under LVPD with 60%FC after 30 days. Tr was higher under LVPD with 100% and 60%FC than the other two treatments.




3.3. Effects of VPD and Soil Moisture on Plant Height and Diameter


Our results showed that VPD altered the plant heights and stem diameters of tomato and cucumber plants (Table 2). Plant heights with 100%FC were significantly higher than with 60%FC in tomato plants. Their stem diameter reached the maximum with 100%FC + LVPD conditions. The plant height and stem diameter of cucumber plants with 100%FC + LVPD treatment were also significantly higher and larger, respectively, than those under other treatments.




3.4. Effects of VPD and Soil Moisture on Plant Biomass


Changes in moisture content significantly affected both fresh and dry biomass. The fresh and dry weights of tomato plants with 100%FC treatment were both higher, which increased by 40.25% and 36.79%, respectively, compared with 60%FC. The dry weight of cucumber plants also showed a similar pattern (Figure 6).




3.5. Effects of VPD and Soil Moisture on Leaf Chlorophyll Content


The chlorophyll content of tomato plants increased gradually in the first 30 days and decreased in the last 20 days. The maximum chlorophyll content occurred after 30 days under HVPD with 100%FC. In cucumber plants, chlorophyll content under all treatments increased gradually with time. The maximum content was reached after 45 days under LVPD and 100%FC (Figure 7).




3.6. Effects of VPD and Soil Moisture on Plant Antioxidant Enzymes


SOD activity showed a no-significant difference under HVPD and LVPD with WS. Plants under LVPD and 60%FC exhibited the lowest SOD activity, whereas those under HVPD with 100%FC showed the highest. Similarly, POD and CAT activities were altered significantly with 100%FC under LVPD and HVPD. The highest POD and CAT activities were observed in plants under LVPD with 60%FC, whereas the lowest were observed in plants under HVPD with 60%FC. The highest values for APX activity were observed under LVPD with 60%FC and the lowest were observed under HVPD with 100%FC. Furthermore, MDA was highest in plants under HVPD with 60%FC, followed by that in plants under LVPD with 60%FC (Figure 8).





4. Discussion


VPD has a considerable influence on the photosynthetic capacity of plants in the dry atmosphere of the greenhouse during the day [33]. In the present study, we found that the growth of both species in a controlled environment could be promoted by enhancing photosynthesis. In plants, WS (60%FC) directly affected height and growth [34] by arresting water transportation. In plants, stress conditions affect normal growth by altering physiological and biochemical processes [35]. The reduction in water and nutrient availability leads to a reduction in photosynthesis and alterations in source–sink relationships [36]. We found that cucumber plants exhibited relatively increased heights and stem diameters under all the investigated conditions. The same results were observed in tomato plants. Specifically, tomato plants grown with 100%FC under HVPD and LVPD showed greater heights and diameters than those grown with 60%FC. VPD may play an effective role in increasing the height of different plant species.



Atmospheric water pressure deficit is an important factor that defines the rate of water transport and transpiration efficiency in plant systems [37]. Additionally, it is involved in regulating plant productivity under WS [38]. Our study revealed that the absence of drought and LVPD significantly increased the RWC in tomato and cucumber most likely because the uptake of water and nutrients was at its maximum and, consequently, increased photosynthesis [39].



The EC plays an important role in determining the survival rate of plants under different environmental conditions [21]. The EC is related to the adaptation of plants under stress conditions [40]. In accordance with results in previous studies, the EC of both crops under HVPD was higher than that under LVPD with 100%FC in this study. In contrast, increased EC was observed in tomato plants with 60%FC under LVPD because LVPD cannot mitigate the effect of soil drought [41].



Plant photosynthesis regulates growth and development [37]. It directly affects biomass and yield production in plants [36]. Growth analysis with gas exchange parameters showed that plant productivity was significantly enhanced by improving photosynthesis capacity [42]. The cucumber and tomato plants grown under LVPD with 60%FC showed higher photosynthetic rates than those grown under other treatments. The elevation in the photosynthesis rate can be ascribed to the regulation of stomatal closure and the limitation of CO2 uptake [38]. Stomatal closure is mainly regulated by guard cells [40]. The direct connections among plant water status, water transport, and turgor pressure influences the physiology of guard cells [43].



Leaf gas exchange parameters are linked to the amount of net photosynthetic carbon assimilation. Gs plays a crucial role in leaf gas exchange [44]. Plants exhibited higher exchange rates under LVPD with 100%FC and 60%FC than under other treatments. In contrast, tomato plants showed a low exchange rate with 60%FC. However, LVPD rescued the drought-induced reduction in Gs (Figure 5). The obtained results may be attributed to the effect of water status on stomatal morphology [45]. The reduction in stomatal aperture with 60%FC was rescued by LVPD. Plants with 60%FC showed impaired plant growth, whereas those with 100%FC showed increased dry mass under LVPD. This effect may be attributed to the increase in photosynthetic activity induced by 100%FC under LVPD. The correlation between biomass and photosynthesis has been attributed to the increase in carbohydrate production induced by high photosynthetic activity [46]. A positive correlation was observed between plant Tr and Gs under the regulation of VPD (Figure S1). The application of VPD technology sufficiently reduced water loss and enhanced the WUE under WS. Therefore, VPD can be recommended to address the water loss problem encountered during regular irrigation in general crop cultivation.



Biomass is generally considered as a good indicator of overall plant growth [47]. VPD regulates plant growth, yield production, and overall biomass [48]. Total biomass is restricted by HVPD [49]. In our experiment, cucumber and tomato plants showed high biomasses with 100%FC under LVPD, but low biomasses with 60%FC under HVPD, most likely because the LVPD provided by the fogging system increased photosynthetic rates. Given that photosynthesis provides starch for plant growth, plant growth and photosynthesis are strongly linked [50].



WS has been considered as the major constraint in plant chlorophyll degradation, which ultimately affects plant photosynthetic activity and overall biomass production [51]. In our study, under LVPD with 60%FC, tomato plants showed high chlorophyll content, whereas cucumbers showed low chlorophyll content. The improved action of chlorophyllase under stress may compensate for chlorophyll content and reduced stomatal conductance and photosynthesis, and change basic relationships [52]. Similar results have also been reported for maize under drought [53]. Therefore, VPD is an important factor for regulating plant chlorophyll content.



Water deficit triggers the production of ROS, which cause cell disruption and oxidize unsaturated fatty acids, proteins, and DNA [54]. The additional oxidative stress produced by water deficit conditions causes the imbalance of several physiological and biochemical reactions that then stimulates plant antioxidant defense systems [55]. Antioxidant enzymatic systems (SOD, POD, and CAT) are believed to be the first line of defense able to scavenge overproduced ROS and alleviate stress [56]. The increased POD, CAT, and APX activities in our experiment can be attributed to physiological improvements under LVPD + WS treatments and reduced lipid peroxidation rates (MDA). Our results were in accordance with previous findings showing that plant antioxidant defense enzymes scavenge overproduced ROS and mitigate cell membrane damage [57]. MDA is a wax peroxidation product that acts as a dependable oxidative stress indicator in animals and plants [58]. The MDA contents of water-stressed and well-watered plants differed under LVPD and HVPD. These findings indicated that the water deficit treatment did cause a noticeable degree of oxidative stress in the plants due to the activation of effective antioxidant systems [59]. Overall, the activities of these antioxidant enzymes were improved in response to LVPD with 60%FC.




5. Conclusions


Soil moisture and VPD had significant effects on the growth of tomato and cucumber plants. Tomato and cucumber plants responded differently to changes in soil and air water conditions. Maintaining VPD at low levels by using different systems can significantly improve vegetable cultivation under greenhouse conditions in regions of the world with temperate continental climates, by prolonging plant water availability in WS environments. Future research should explore the plant structure of water transmission and find its correlation with physiological parameters.
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Figure 1. Experimental greenhouse environmental parameters. (A): Tomato plants were grown from 7 February 2018 to 8 May 2018. (B): Cucumber plants were grown in the same greenhouse from 15 September 2018 to 8 November 2018. 
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Figure 2. Effects of VPD and soil moisture on the RWC of tomato and cucumber plants. Data represent means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 3. Effects of VPD and soil moisture on the EC of tomato and cucumber plants. Data are presented as means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant difference (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 4. Effects of VPD and soil moisture on the net photosynthesis rate (Pn), intercellular carbon dioxide concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr) of tomato plants. Data are presented as mean ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant difference (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 5. Effects of VPD and soil moisture on the net photosynthesis rate (Pn), intercellular carbon dioxide concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr) of cucumber plants. Data represent means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered. 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 6. Effects of VPD and soil moisture on the fresh and dry biomasses of tomato and cucumber plants. Data are presented as means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 7. Effects of VPD and soil moisture on the chlorophyll contents of tomato plants. Data are presented as mean ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Figure 8. Effects of VPD and soil moisture content on the SOD, POD, CAT, and APX activities and MDA contents in tomato. Data represent means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit). 
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Table 1. Experimental treatments.






Table 1. Experimental treatments.










	
	HVPD
	LVPD





	Well-watered soil
	100%FC + HVPD
	100%FC + LVPD



	Water-stress soil
	60%FC + HVPD
	60%FC + LVPD







FC: Soil relative water capacity. HVPD: 3–6 KPa; LVPD: 1.5–2.5 KPa.
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Table 2. Effects of VPD and soil moisture on the growth of tomato and cumber plants.
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Treatments

	
Plant Height (cm)

	
Stem Diameter (mm)




	
Tomato

	
Cucumber

	
Tomato

	
Cucumber






	
HVPD

	
WW

	
81.2 ± 2.2 a

	
128.5 ± 4.6 bc

	
6.4 ± 0.2 ab

	
6.1 ± 0.1 bcd




	
WS

	
68.5 ± 1.6 bc

	
131.5 ± 5.2 b

	
5.86 ± 0.1 bcd

	
5.9 ± 0.1 cd




	
LVPD

	
WW

	
79.5 ± 1.2 a

	
146 ± 6.61 a

	
7.2 ± 0.1 a

	
6.5 ± 0.1 abc




	
WS

	
69 ± 3.1 b

	
135.7 ± 3.1 ab

	
6.5 ± 0.2 ab

	
6.2 ± 0.2 bcd








Note: Data are presented as means ± standard error (n = 10). Letters represent significant differences between treatments. Different letters indicate significant differences (p < 0.05). WW (well-watered, 100%FC) + HVPD (high vapor pressure deficit); WW (well-watered, 100%FC) + LVPD (low vapor pressure deficit); WS (water stress, 60%FC) + HVPD (high vapor pressure deficit); WS (water stress, 60%FC) + LVPD (low vapor pressure deficit).
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