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Abstract

:

Improving the productivity of cucumber (Cucumis sativus L.) plants subjected to combined salinity and heat stresses is a significant challenge, particularly in arid and semi-arid regions. Gianco F1 cucumbers were grafted onto five cucurbit rootstocks and, together with an ungrafted control, were grown in Egypt in a net house with saline soil during the summer season over two years. The vegetative growth, yield, quality, biochemical, and mineral composition traits were measured. Although many differences were observed among treatments, in general, the grafted plants had a performance better than or similar to that of the ungrafted plants, based on the different parameters measured. In particular, the cucumber plants grafted onto the Cucurbita maxima × C. moschata interspecific hybrid rootstocks VSS-61 F1 and Ferro had the highest early and total marketable yields. These two rootstocks consistently conferred higher vigor to the scion, which had lower flower abortion rates and higher chlorophyll contents. The fruit quality and N, P, and K composition in the leaves suffered few relevant changes as compared with the control. However, the leaves of the VSS-61 F1 had higher catalase activity, as well as proline and Se contents, while those of Ferro had higher Si content. This study reveals that the grafting of cucumber plants onto suitable rootstocks may mitigate the adverse effects caused by the combination of saline soil and heat stresses. This represents a significant improvement for cucumber cultivation in saline soil under high-temperature stress conditions in arid regions.






Keywords:


abiotic stress; antioxidants; catalase; Cucumis sativus; peroxidase; proline; rootstocks












1. Introduction


Cucumber (Cucumis sativus L.) is an important horticultural crop, since it is one of the major vegetables grown in greenhouses worldwide [1]. Although cucumber is a thermophilic vegetable crop, it is sensitive to heat stress [2]. The production of cucumber in greenhouses faces some abiotic stresses, particularly in arid regions, due to excessive application of mineral fertilizers, use of brackish water, soil salinization, and high temperatures in the summer [3,4]. These stresses are expected to be intensified because of climate change; under these conditions, the resulting imbalances in plant hormones, nutrition, and physiological disorders may also contribute to an increase in biotic stresses [5].



Abiotic stresses cause significant losses in global crop production. Several abiotic stresses have been studied in cucumber, including alkalinity stress [6], drought [7], salinity [8,9], and heat stress [2,10]; however, these studies have focused on a single stress, while global environmental changes cause multiple stresses in various combinations [11,12]. To the best of our knowledge, no studies have investigated the impact of multiple stresses, in particular, the combined effect of soil salinity and heat stress on the yield of cucumber plants in arid regions.



Plants, as sessile organisms, have gradually developed defense systems to modulate environmental stresses [13]. In addition, several agricultural practices have contributed to adaptation to environmental stresses [14]. One of the approaches used in agriculture to overcome abiotic stresses is grafting [15]. Grafting is considered to be one of the most important agronomic techniques, which could save time and costs in breeding programs [16]. The most common grafted vegetables include watermelon, melon, tomato, cucumber, pepper, and eggplant [17]. Grafting of cucumber plants is a common practice, by which the tolerance to stresses of cultivars used as scion are improved using rootstocks that are tolerant to abiotic stresses such as salinity [8,18,19], water stress [20], or heat stress [2]. In addition, grafting of cucumber plants may also increase plant vigor and enhance the uptake of water and nutrients [21].



Soil salinity is considered to be one of the most important abiotic stresses, with a global increase of 26% from 2000 to 2016 in areas affected by soil salinity, resulting in over 1 billion hectares currently affected, mostly situated in arid regions [22]. In cucumber plants, salinity stress causes a growth reduction, toxicity in the leaves, and increases membrane permeability and electrolyte leakage, and therefore, results in a reduction in both the yield and the quality of fruit [23,24,25]. Heat stress is an important global issue, with over 1.7 billion hectares presently affected [26], and a steady increase in areas affected due to rising atmospheric temperatures. The increased greenhouse production of cucumbers during the summer in warm arid regions has potentially contributed to increasing the occurrence of high temperature stress. In cucumber plants, heat stress induces important changes in gene expression [27], as well as negative effects at the physiological level, including a reduction in photosynthetic functions, a reduction in water and nutrient uptake, and increased respiration [28], which in turn impact growth and yield. In agriculture, combined stresses frequently occur [29]; in this regard, high temperatures often coexist with soil salinity in several areas worldwide [30]. Despite the importance of combined salinity and heat stresses in vegetables, there is a lack of studies on cucumber plants’ responses to this combination of stresses and on the potential of grafting for overcoming the impact of stresses on this crop. Apart from the evaluation of growth and development traits, several antioxidant enzymes, such as catalase and peroxidase, play a main role in reducing oxidative damage caused by stress [31]. In addition, osmolytes such as proline are known to be involved in maintaining the osmotic balance under salinity stress [32].



The aim of this study was to evaluate the growth, yield, physiological, biochemical, and mineral composition parameters in cucumber plants grafted onto five cucurbit rootstocks grown under combined salinity and heat stresses. The results obtained provide relevant information for improving the production of cucumber under these conditions.




2. Materials and Methods


2.1. Plant Material


Cucumber hybrid Gianco F1 (Rijk Zwaan Agro Company, Cairo, Egypt) was used as a scion in this study. This hybrid is gynoecious and produces parthenocarpic fruits with smooth green skin. Five cucurbit rootstocks (Ferro, Cobalt, VSS-61 F1, Bottle gourd, and Super Shintoza) were selected for study (Table 1) along with the ungrafted control Gianco F1. These rootstock cultivars were chosen because they are among the most popular for cucumber grafting in the area where the experiments were performed. All of these rootstocks are resistant to Fusarium wilt and have also been reported to provide resistance or tolerance to other biotic or abiotic stresses (Table 1). Cucumber seeds (Gianco F1 control) and five cucurbit rootstocks were sown by mid-April in seedling foam trays (84 cells) which were filled with a mixture of peat moss/vermiculite (1:1 v/v) in a net house. The grafting was performed using slant cut grafting (i.e., splice grafting) 30 days after sowing.




2.2. Growing Conditions and Experimental Design


The experiments were conducted for two years (2017 and 2018), from May to August, to align with the highest summer temperatures in Egypt. The two experiments were conducted at the experimental farm for protected cultivation, Faculty of Agriculture, Kafrelsheikh University, Egypt (31°05′54″ N and 30°57′00″ E).



The successfully grafted cucumber and the control (ungrafted) seedlings were transplanted into a Spanish-style net house. The width and length of this net house was 9 m and 30 m, respectively. The height in the middle part of the transversal section was 3.5 m. Each experimental plot consisted of two rows that were 10 m long and spaced 1.5 m. Plant spacing within the rows was 50 cm, resulting in 40 plants per plot. The mean daily maximum temperatures (at 2 m from the ground) in the net house during the experimental period were 35.1 °C (2017) and 36.9 °C (2018). Salinity stress was applied by growing the seedlings in soil affected by salinity (Electrical Conductivity = 4.49 dS m−1, pH = 8.65). The transplants were watered daily and fertilized twice a week with the recommended nutrient concentration levels through a drip irrigation system using a venture injector from the 1st week of transplanting up to the 14th week. The applied fertilizers included N, P2O5, and K2O (22, 15, and 25 kg per 540 m2, respectively) as well as Ca, Mg, Fe, Zn, and Mn, applied in the recommended doses depending on the growth stage through the drip system according to the recommendations of the Ministry of Agriculture and Land Reclamation of Egypt. Cucumber plants were trained vertically to an overhead wire. Once the plants reached the wire they were topped, and then pruned using an umbrella system. Other horticultural practices were performed, according to the recommendations of the Egyptian Ministry of Agriculture and Land Reclamation of Egypt. For each of the two years, the experiments were arranged in a randomized complete block design with three replicates, totaling 120 plants per treatment (40 per replicate) and 720 plants per year.




2.3. Vegetative Growth, Fruit, and Yield Traits


The vegetative growth parameters, including plant height (cm) and leaf area per plant (dm2), were measured at 30, 50, and 70 days after transplanting (DAT) on five random plants per experimental plot. For both years, all plots were harvested, starting from the middle of June, to measure the early and total yields. The early yield was calculated on the basis of the first 10 harvests for the first 3 weeks of harvesting, and harvesting was continued for 2 months. The fruit weight and total yield are presented here on a per square meter basis. Cucumber fruits at a marketable stage, characterized by being physiologically unripe, with a fruit length between 14 and 17 cm, a diameter between 2.6 and 3.0 cm, immature seeds, and bright epidermis were harvested, as described by Sevgican [33], and were then categorized in order to obtain the marketable and unmarketable yield. The quality of cucumber fruits was analyzed using fruit firmness (g cm−2) and total soluble solids (TSS) at 30, 50, and 70 DAT. Additionally, 10 fruits per replication were selected for fruit quality analysis. The abortion rate per plant was calculated at the same DAT.




2.4. Chlorophyll, Enzymatic Antioxidants, Proline, and Electrolyte Leakage


Leaf chlorophyll content was measured using a soil plant analysis development (SPAD) chlorophyll meter (Konica-Minolta, Osaka, Japan) on fully expanded leaves without destroying them at 30, 50, and 70 DAT. Peroxidase (POD) and catalase (CAT) enzyme activities were colorimetrically measured in the 3rd fully expanded cucumber leaf tip at 70 DAT, according to Upadhyaya et al. [34] for POD and Rao et al. [35] for CAT. Proline was determined at 70 DAT, according to the method described by Bates et al. [36]. The electrolyte leakage (EL) of the cucumber leaves was measured using an electrical conductivity meter at 70 DAT (only in 2018), according to Lutts et al. [37]. All these parameters were measured at the Plant Pathology and Biotechnology Lab (accredited according to ISO/17025), Department of Agricultural Botany, Faculty of Agriculture, Kafrelsheikh University, Egypt.




2.5. Mineral Concentrations


At 70 days from sowing, the concentrations of leaf N, P, K, Si, and Se were measured. The nitrogen, phosphorus, and potassium contents, as well as silicon [38] and selenium contents [39], were measured in digested plant leaves using the micro-Kjeldahl method (UDK 159, Velp Scientifica, Usmate, Italy) for N, using a spectrophotometer (Libra S80PC, Biochrom, Cambridge, UK) for P and Si, and using an inductively coupled plasma-optical emission spectrometry (ICP-OES) apparatus (Prodigy 7, Leeman Labs., Hudson, NH, USA) for measuring Se and K. Leaves were dried at 70 °C until they reached a constant weight, and then ground and wet digested using sulfuric acid and hydrogen peroxide. The measurement of mineral concentrations was carried out at the Central Laboratory of Environmental Studies, Kafrelsheikh University, Kafrelsheikh, Egypt.




2.6. Statistical Analyses


All the obtained data during both seasons of study were tabulated and subjected to an analysis of variance [40] using the ‘‘M-STAT’’ computer software package Version 5.4 (M-STAT SA, Athens, Greece). Mean separation was performed with Duncan’s multiple range tests at p = 0.05.





3. Results


3.1. Vegetative Growth


As expected, given the rootstocks’ resistance to Fusarium, no symptoms of Fusarium wilt were observed during the experiments. Plant height and leaf area were generally higher in the grafted plants, as compared with the control plants, from 30 to 70 DAT during all the growth periods (Table 2). At the end of the experiment, the plant height and leaf area of the ungrafted plants (control) had the lowest values among all the treatments in both 2017 and 2018 (plant heights of 244 and 267 cm and leaf areas of 65.4 and 83.42 dm−2, respectively); on the other hand, the grafted rootstock VSS-61 F1 recorded the highest values at 70 DAT in 2017 and 2018 (plant heights of 324 and 368 cm and leaf areas of 83.40 and 96.53 dm−2, respectively), with values significantly higher than those of the control at all dates and for both traits (Table 2).




3.2. Yield and Fruit Quality


The plants grafted onto some rootstocks had lower abortion rates than the ungrafted control at most dates (Table 3). We observed that plants grafted onto VSS-61 F1 had lower abortion rates than the control in 2017 at 30 DAT, and at all DAT in 2018, while those grafted onto Ferro displayed the same results, except at 70 DAT in 2018, in which no significant differences were observed as compared with the control. Plants grafted onto Super Shintoza displayed higher abortion rates than the control at 30 DAT in both years (Table 3). For fruit firmness, although significant differences among treatments were observed in 2017, none of the rootstocks conferred consistently higher firmness than the control across the three DATs. In 2018, there were no significant differences among treatments in firmness (Table 3). For soluble solid contents, all rootstocks conferred higher values at 30 DAT in 2017, and only Ferro and VSS-61 F1 conferred higher values at 70 DAT in 2018. For the remaining dates, no significant differences were observed (Table 3).



Plants grafted onto Ferro had a significantly higher early yield than the control in 2017 and 2018 (Figure 1). The remaining rootstocks did not present significant differences as compared with the control in 2017, but all of them, except for the Bottle gourd, also resulted in a higher early yield than the control in 2018 (Figure 1). All rootstocks, except for the Bottle gourd, had a higher marketable yield than the control in both 2017 and 2018. In addition, the plants grafted onto Ferro and VSS-61 F1 had a higher marketable yield than Cobalt in 2018 (Figure 1). For the unmarketable fruit yield, no differences were observed in 2017, except that the unmarketable fruit yield of the plants grafted onto Super Shintoza was lower than the other treatments. However, in 2018, the plants grafted onto Ferro, VSS-61 F1, and Cobalt had unmarketable fruit yield values that were significantly lower than those of the control.




3.3. Chlorophyll, Enzymatic Antioxidants, Proline, and Electrolyte Leakage


Chlorophyll content was affected by grafting (Table 4). Although there were no differences among treatments at 30 DAT in 2017 and 50 DAT in 2018, at 70 DAT the grafted plants had higher chlorophyll contents in both years (Table 4). The highest chlorophyll content was observed in the cucumber plants grafted on rootstock VSS-61 F1 in both years (40.09 and 39.66, respectively, at 70 DAT); however, there were no significant differences with the other rootstocks.



The levels of enzymatic antioxidants and proline were generally higher in several of the grafted cucumber rootstocks than in the ungrafted control, although there were differences in the pattern depending on the parameter measured, the year, and the treatment evaluated (Table 5). The results show that the values of catalase in grafted cucumbers were significantly higher than the ungrafted control for all rootstocks, except for Ferro in 2017, while in 2018, they were significantly higher only in VSS-61 F1. For peroxidase, Ferro and Bottle gourd had levels significantly higher than the ungrafted control in 2018, while in 2017, no significant differences were observed. Regarding proline, VSS-61 F1 and Bottle gourd had levels significantly higher than those of the ungrafted control in both years.



For electrolyte leakage (EL), which was only measured in 2018, only Super Shintoza displayed significantly lower values than the ungrafted control. Cobalt and Bottle gourd also had significantly higher EL than Super Shintoza (Figure 2).




3.4. Mineral Composition


Many differences were observed among the six treatments studied for the minerals analyzed in the leaf (N, P, K, Si, and Se). For N, plants grafted onto Super Shintoza and Bottle gourd had higher and lower levels, respectively, than the ungrafted control in 2017, while in 2018, no differences were observed between the control and any of the rootstocks (Table 6). For P, plants grafted onto Ferro had higher contents than the ungrafted control in 2017, but no differences were observed among the treatments in 2018. Regarding K, plants grafted onto Super Shintoza had higher contents than the ungrafted control in both years, and Ferro and Bottle gourd also had higher levels in 2018 (Table 6).



The highest uptake values of Si were observed in the grafted plants from the rootstocks of Ferro, Cobalt, and Bottle gourd, with values significantly higher than those of the ungrafted control (Table 7). All the rootstocks had higher contents of Se in the leaves than the ungrafted control, except for Ferro in both years and Bottle gourd in 2017, which did not display significant differences as compared with the ungrafted control (Table 7).





4. Discussion


The establishment of net houses and greenhouses for vegetable production in arid regions of the world is increasing. For example, in Egypt, it is increasing rapidly under a national project to build nearly a million greenhouses as part of the sustainable development strategy of 2030. The intensive cultivation of cucumber plants, and other vegetables, in net houses and greenhouses in these areas is threatened by biotic and abiotic stresses that may lead to a reduction in crop productivity and quality. The production of greenhouse cucumbers in arid environments, especially in the summer, is considered to be a significant challenge, particularly in developing countries, where low-cost structure greenhouses are common. Cultivation under these conditions is often exposed to both saline soil conditions and heat stress [41,42].



We conducted a comprehensive evaluation of the response of the grafted net house cucumber plants to salinity and heat stress by measuring vegetative growth parameters, yield, fruit quality, and physiological and biochemical parameters, which included chlorophyll content, catalase and peroxidase enzymatic activities, proline contents, electrolyte leakage, and the mineral composition of leaves in both the grafted and ungrafted cucumber plants. For many traits, significant differences among treatments were observed in both years, while in others, there were differences only in one year. Repeating the experiment in two different years facilitated the identification of stable responses.



The grafting process has a crucial role in ameliorating vegetative growth under salinity and heat stress. For example, salinity stress limits cucumber growth by decreasing the photosynthetic rate and reducing the stomatal conductance, both of which are improved by grafting [43,44]. A possible explanation for this may be that the grafted plants are more vigorous and have powerful root systems, resulting in a higher water and nutrient uptake rate, greater leaf area, and higher net assimilation rate of CO2 as compared with the ungrafted plants [45]. These results provide further support for the hypothesis that the yield of net house cucumber plants under salinity and heat stress could be improved by grafting [8].



Stressed plants have different defense strategies; enzymes such as catalase, peroxidase, and superoxide dismutase, and non-enzymatic antioxidants such as proline, ascorbic acid, and glutathione, are amongst the most common defense mechanisms of plants against stresses. Other approaches for improving plant tolerance to stress include genetic engineering, cultivating stress-tolerant/resistant cultivars, exogenous application of soil amendments, mineral nutrients, microbes, osmolytes, and proper agricultural practices such as grafting. The growth of grafted net house cucumber plants is limited by soil properties (mainly pH, cation exchange capacity (CEC), salinity, and the availability of nutrients), temperature, and rootstock characteristics. As we observed, grafted cucumber plants may lead to a higher biomass as compared with ungrafted plants. Concerning the mechanism for nutrient uptake and transport in grafted vegetables such as the cucumber, the mechanism is mainly controlled by communication pathways between rootstock–scion interactions, long-distance signaling, and by the rootstock genotype in grafted plants [46]. These factors may enhance grafted cucumber tolerance to nutrient toxicity or deficiency stress. We observed that grafting onto some rootstocks activated and increased catalase and peroxidase activities, while electrolyte leakage was reduced, suggesting an adaptation to the stressful conditions. Our results are in agreement with recent studies indicating that grafting can enhance the growth of net house cucumbers under salinity or heat stress [27,47], although no study has tested both stresses together.



Chlorophyll allows plants to absorb energy from light by producing essential nutritional compounds through photosynthesis. The availability of sufficient nutrients, water, atmospheric CO2, and light are required compounds for photosynthetic assimilation. Photosynthesis can be restricted because of water deficit or heat stress in arid environments, which decreases the stomatal conductance and the net photosynthetic rate. The chlorophyll content in cucumber plants has been shown to increase because of grafting under salinity, which also enhances high photosynthetic activity [43]; these findings are in agreement with our results. Ungrafted cucumber plants can suffer from a reduction in uptake of water and nutrients, which reduces water conductivity, transpiration, and the photosynthesis rate [48]. This suggests that grafting onto appropriate rootstocks can contribute to higher photosynthetic activity under combined salinity and heat stress.



Under salinity stress, many biological processes in cucumber plants are affected, ranging from photosynthetic capacity to biochemical activity [8]. These biological activities disrupt the normal metabolism of cucumber leaves and reduce water and nutrient uptake because of oxidative stress, which is the result of excessive Cl- and Na+ concentrations. The results we obtained match those observed in earlier studies [18,21,25] that indicated a better physiological and nutritional status in grafted plants. This is probably linked to the stronger root systems in grafted plants, which allow for the greater uptake of water and nutrients, as compared with ungrafted plants under soil salinity stress. In addition, grafting may improve nutrient uptake and translocation from root to shoot, increase leaf water content and photosynthesis capacity, and reduce Na+ and/or Cl− in shoots as compared with ungrafted plants under saline conditions [21]. Cucumber growth is mainly controlled by the interaction of root temperature and nutrients [49], and therefore, grafting on an appropriate rootstock may contribute to better growth by having a stronger root system.



This study confirmed that the negative impacts of heat stress on net house cucumber growth, as also reported by Ali et al. [10], which include reductions in vegetative growth, chlorophyll content, antioxidant enzyme activities, yield, and quality, can be mitigated by grafting. The productivity of net house cucumber plants is affected by many factors, such as the environmental conditions (e.g., soil salinity, acidity, temperature, and the bioavailability of nutrients) and the rootstock. Some recent studies have investigated the effects of soil fertility [50], soil microbial communities [51], nutrient balance, and changes in soil [3] on greenhouse cucumber production. Higher temperatures as a result of climate change are projected to increase soil salinization, and therefore, the occurrence of soil-borne diseases in cucumber greenhouses, as expected in environments with increased atmospheric temperature [36]. Soil salinization may also be accelerated by excessive fertilization and irrigation, which are common practices in greenhouse production systems. Previous studies on the impact of salinity stress on grafted cucumber plants [8,18,21,52] have confirmed an association between salinity stress and a reduction in most physiological activities of cucumber plants (e.g., photosynthetic pigments activity, chlorophyll content, yield, and quality). Grafting could protect chlorophyll from reactive oxygen species (ROS) under salinity stress, which causes a disruption in the fine chloroplast structure and in chlorophyll stability, resulting in the oxidation of chlorophyll [8]. Our results reveal that VSS-61 F1 and Ferro, which are interspecific hybrids of C. maxima × C. moschata, are promising rootstocks for the grafting of cucumber plants under combined heat and salinity stress conditions, because they conferred better vegetative growth parameters to the scion, and resulted in a higher marketable fruit yield and good fruit quality. The plants grafted onto rootstock VSS-61 F1 had higher catalase activity and proline content in the leaves, which may contribute to increased tolerance to both stresses [30], while those grafted on Ferro also had higher levels of silicon in the leaves, which can play a role in better adaptation to the saline stress [23].




5. Conclusions


The current study showed a general positive impact of grafting on cucumber plants grown under heat stress in combination with salinity stress in net house cultivation. Although grafting, in general, provided positive results for several productive and physiological parameters, some rootstocks had a better performance than others, and cucumber plants grafted onto the rootstocks VSS-61 F1 and Ferro had the best vegetative growth and marketable fruit yield. In addition, VSS-61 F1 also had higher levels than the ungrafted control for catalase antioxidant enzyme activity, as well as for the osmolyte proline. The fact that grafted plants are vigorous and have powerful root systems probably contributed to a higher water and nutrient uptake rate, which resulted in a greater leaf area and higher net assimilation rate of CO2 as compared with ungrafted plants. The results align with those seen under studies of salinity stress alone, and reveal that grafting is a powerful agronomic practice for cucumber cultivation, not only for arid regions, but also for conditions mimicking future climate change.
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Figure 1. (a) Early fruit yield, (b) marketable fruit yield, and (c) unmarketable fruit yield (mean ± SD) of Gianco F1 cucumber plants grafted onto cucurbit rootstocks and the ungrafted control under soil salinity and heat stresses in the 2017 and 2018 seasons. For each season, different letters (lowercase for 2017 and uppercase for 2018) indicate significant differences between treatments according to Duncan’s test at p ≤ 0.05. Details on the measurement of the traits presented are provided in the Material and Methods Section. 
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Figure 2. Percentage of leaf electrolyte leakage (mean ± SD) of Gianco F1 cucumber plants grafted onto five cucurbit rootstocks and the ungrafted control under soil salinity and heat stresses in the 2018 season. Different letters indicate significant differences between treatments according to Duncan’s test at p < 0.05. Details on the measurement of the trait presented are provided in the Material and Methods Section. 
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Table 1. Description of the cucurbit rootstocks used for grafting cucumber plants under combined heat and soil salinity stresses.
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	Rootstock Name
	Rootstock Species
	Characteristics
	Seed Source





	Ferro
	Cucurbita maxima × C. moschata
	Resistant to Fusarium wilt and Verticillium wilt
	Rijk Zwaan Agro Company, Cairo, Egypt



	Cobalt
	C. maxima × C. moschata
	Resistant to Fusarium wilt and tolerant to low and high temperatures
	Rijk Zwaan Agro Company, Cairo, Egypt



	VSS-61 F1
	Cucurbita pepo (squash)
	Resistant to Fusarium wilt and nematode
	Meroe seeds,

Techno Green Seed Company, Cairo, Egypt



	Bottle gourd
	Lagenaria siceraria
	Resistant to Fusarium wilt and tolerant to low temperatures
	El-Nada and El-Nour Company, Nubaria, Egypt



	Super Shintoza
	C. maxima × C. moschata
	Resistant to Fusarium wilt and tolerant to low and high temperatures
	G.S.I. Exports Seed Company, Amsterdam, The Netherlands
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Table 2. Mean values for plant height and leaf area of Gianco F1 cucumber plants grafted onto five cucurbit rootstocks and the ungrafted control at 30, 50, and 70 days after transplanting (DAT) under heat and salinity stresses in the 2017 and 2018 seasons. Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017

	
2018




	
Rootstock

	
30 DAT

	
50 DAT

	
70 DAT

	
30 DAT

	
50 DAT

	
70 DAT






	
Plant height (cm) a




	
Control (ungrafted)

	
111 c

	
152 b

	
244 b

	
105 c

	
203 b

	
267 b




	
Ferro

	
163 a

	
213 a

	
286 ab

	
129 a

	
224 ab

	
345 a




	
VSS-61 F1

	
140 ab

	
197 a

	
324 a

	
124 ab

	
211 b

	
368 a




	
Cobalt

	
156 a

	
227 a

	
274 ab

	
111 bc

	
204 b

	
325 a




	
Bottle gourd

	
145 ab

	
218 a

	
264 ab

	
112 bc

	
224 ab

	
339 a




	
Super Shintoza

	
123 bc

	
219 a

	
313 ab

	
116 bc

	
248 a

	
343 a




	
Prob. F b

	
**

	
**

	
**

	
**

	
**

	
**




	
Leaf area (dm2 plant−1) a




	
Control (ungrafted)

	
37.40 b

	
45.23 b

	
65.40c

	
33.97 b

	
63.35 b

	
83.42 b




	
Ferro

	
40.82 a

	
61.52 a

	
82.11a

	
38.12 ab

	
83.27 a

	
91.76 ab




	
VSS-61 F1

	
38.14 ab

	
64.64 a

	
83.40 a

	
39.56 a

	
76.02 ab

	
96.53 a




	
Cobalt

	
40.11 ab

	
59.05 a

	
76.55 ab

	
39.52 a

	
71.13 ab

	
88.64 ab




	
Bottle gourd

	
37.63 b

	
55.13 ab

	
72.46 bc

	
34.93 ab

	
74.32 ab

	
85.21 ab




	
Super Shintoza

	
38.63 ab

	
64.23 a

	
79.64 ab

	
37.53 ab

	
76.84 ab

	
91.75 ab




	
Prob. F b

	
*

	
**

	
**

	
**

	
*

	
*








a Different letters in the same column indicate significant differences between treatments according to Duncan’s test at p < 0.05. b *, ** indicate significant at p values < 0.05, and <0.01, respectively.
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Table 3. Means of the abortion rate per plant, fruit firmness, and total soluble solids of Gianco F1 cucumber plants, grafted onto five cucurbit rootstocks and the ungrafted control, under heat and salinity stresses in the 2017 and 2018 seasons. Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017

	
2018




	
Rootstock

	
30 DAT

	
50 DAT

	
70 DAT

	
30 DAT

	
50 DAT

	
70 DAT






	
Abortion rate (%) a




	
Control (ungrafted)

	
2.46 b

	
10.68

	
18.18

	
2.78 b

	
10.76 ab

	
20.76 ab




	
Ferro

	
1.15 c

	
10.90

	
18.91

	
1.49 c

	
7.16 c

	
15.44 bc




	
VSS-61 F1

	
1.20 c

	
10.86

	
18.15

	
1.67 c

	
6.62 c

	
13.89 c




	
Cobalt

	
2.65 b

	
11.16

	
20.77

	
2.34 ab

	
7.40 bc

	
15.43 bc




	
Bottle gourd

	
2.60 b

	
10.21

	
18.25

	
2.36 ab

	
9.42 abc

	
18.08 abc




	
Super Shintoza

	
3.75 a

	
11.12

	
20.16

	
2.84 a

	
11.84 a

	
22.44 a




	
Prob. F b

	
**

	
ns

	
ns

	
*

	
**

	
**




	
Fruit firmness (g cm−2) a




	
Control (ungrafted)

	
430 a

	
491 b

	
423 c

	
447

	
421

	
407




	
Ferro

	
369 c

	
540 ab

	
450 abc

	
435

	
417

	
427




	
VSS-61 F1

	
384 bc

	
555 a

	
469 a

	
447

	
457

	
444




	
Cobalt

	
334 a

	
524 ab

	
460 ab

	
421

	
441

	
423




	
Bottle gourd

	
431 ab

	
524 ab

	
434 bc

	
435

	
388

	
423




	
Super Shintoza

	
417 ab

	
401 c

	
450 abc

	
477

	
416

	
437




	
Prob. F b

	
*

	
**

	
**

	
ns

	
ns

	
ns




	
Total soluble solids (%) a




	
Control (ungrafted)

	
3.06 c

	
2.93

	
3.21

	
3.27

	
3.31

	
3.11 b




	
Ferro

	
3.38 ab

	
3.07

	
3.25

	
3.47

	
3.47

	
3.51 a




	
VSS-61 F1

	
3.45 a

	
2.95

	
3.53

	
3.67

	
3.34

	
3.60 a




	
Cobalt

	
3.34 ab

	
3.10

	
3.32

	
3.62

	
3.58

	
3.20 ab




	
Bottle gourd

	
3.41 ab

	
3.02

	
3.32

	
3.63

	
3.37

	
3.39 ab




	
Super Shintoza

	
3.29 b

	
3.22

	
3.31

	
3.45

	
3.53

	
3.39 ab




	
Prob. F b

	
**

	
ns

	
ns

	
ns

	
ns

	
*








a Different letters in the same column indicate significant differences between treatments according to Duncan’s test at p < 0.05. b ns, *, ** indicate non-significant or significant at p values < 0.05, and <0.01, respectively.
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Table 4. Means of leaf chlorophyll content of Gianco F1 cucumber plants grafted onto five cucurbit rootstocks and the ungrafted control under heat and salinity stresses in the 2017 and 2018 seasons. Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017

	
2018




	
Rootstock

	
30 DAT

	
50 DAT

	
70 DAT

	
30 DAT

	
50 DAT

	
70 DAT






	
Chlorophyll content (SPAD units) a




	
Control (ungrafted)

	
39.47

	
39.07 b

	
37.53 b

	
35.60 b

	
37.66

	
34.63 b




	
Ferro

	
39.48

	
39.46 ab

	
39.67 a

	
38.50 ab

	
37.63

	
37.65 ab




	
VSS-61 F1

	
39.74

	
40.54 a

	
40.09 a

	
37.33 ab

	
37.10

	
39.66 a




	
Cobalt

	
39.75

	
39.82 ab

	
39.61 a

	
37.36 ab

	
39.71

	
38.63 ab




	
Bottle gourd

	
39.44

	
39.29 b

	
39.55 a

	
37.75 ab

	
38.94

	
36.70 ab




	
Super Shintoza

	
39.29

	
39.24 b

	
39.81 a

	
39.27 a

	
38.95

	
39.59 a




	
Prob. F b

	
ns

	
*

	
**

	
*

	
ns

	
**








a Different letters in the same column indicate significant differences between treatments according to Duncan’s test at p < 0.05. b ns, *, ** indicate non-significant or significant at p values < 0.05, and <0.01, respectively.
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Table 5. Means of catalase and peroxidase activities (mmol H2O2 g−1 FW min−1) and proline contents (mg kg−1 of fresh weight) in the leaves of Gianco F1 cucumber plants grafted onto five cucurbit rootstocks and the ungrafted control under heat and salinity stresses in the 2017 and 2018 seasons. Results are expressed as percentage over dry weight. Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017 a

	
2018 a




	
Rootstock

	
Catalase

	
Peroxidase

	
Proline

	
Catalase

	
Peroxidase

	
Proline






	
Control (ungrafted)

	
0.033 b

	
0.080

	
0.16 b

	
0.037 b

	
0.070 b

	
0.17 c




	
Ferro

	
0.036 ab

	
0.088

	
0.17 b

	
0.043 ab

	
0.113 a

	
0.18 c




	
VSS-61 F1

	
0.045 a

	
0.099

	
0.31 a

	
0.054 a

	
0.078 b

	
0.29 b




	
Cobalt

	
0.040 a

	
0.084

	
0.22 b

	
0.040 ab

	
0.078 b

	
0.20 c




	
Bottle gourd

	
0.041 a

	
0.104

	
0.37 a

	
0.040 ab

	
0.120 a

	
0.40 a




	
Super Shintoza

	
0.045 a

	
0.081

	
0.22 b

	
0.038 ab

	
0.074 b

	
0.20 c




	
Prob. F b

	
*

	
ns

	
**

	
*

	
**

	
**








a Different letters in the same column indicate significant differences among each group of treatments according to Duncan’s test at p < 0.05. b ns, *, ** indicate non-significant or significant at p values < 0.05, and <0.01, respectively.
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Table 6. Means of nitrogen (N), phosphorus (P), and potassium (K) contents in the leaves of Gianco F1 cucumber plants grafted onto five cucurbit rootstocks and the ungrafted control under heat and salinity stresses in the 2017 and 2018 seasons. Results are expressed as a percentage over dry weight. Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017 a

	
2018 a




	
Rootstock

	
N

	
P

	
K

	
N

	
P

	
K






	
Control (ungrafted)

	
3.84 bc

	
0.53 bc

	
4.61 ab

	
4.82 ab

	
0.48

	
3.72 b




	
Ferro

	
3.62 bc

	
0.71 a

	
4.74 a

	
4.99 ab

	
0.43

	
4.29 a




	
VSS-61 F1

	
3.69 bc

	
0.64 ab

	
4.48 ab

	
4.73 b

	
0.44

	
3.29 c




	
Cobalt

	
3.92 b

	
0.62 ab

	
4.62 ab

	
5.01 ab

	
0.47

	
3.67 b




	
Bottle gourd

	
3.48 c

	
0.62 ab

	
4.12 bc

	
5.14 a

	
0.49

	
4.03 a




	
Super Shintoza

	
4.99 a

	
0.47 c

	
4.02 c

	
5.15 a

	
0.52

	
4.15 a




	
Prob. F b

	
**

	
**

	
**

	
*

	
ns

	
**








a Different letters in the same column indicate significant differences among each group of treatments according to Duncan’s test at p < 0.05. b ns, *, ** indicate non-significant or significant at p values < 0.05, and <0.01, respectively.
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Table 7. Means of silicon (Si) and selenium (Se) contents in the leaves of cucumber Gianco F1, grafted onto five cucurbit rootstocks and the ungrafted control, under heat and salinity stresses in the 2017 and 2018 seasons. Results are expressed in percentage over dry weight (Si) and mg kg−1 (Se). Details on the measurement of the traits presented are provided in the Material and Methods Section.
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2017 a

	
2018 a




	
Rootstock

	
Si

	
Se

	
Si

	
Se






	
Control (ungrafted)

	
6.42 b

	
255 c

	
4.56 b

	
279 c




	
Ferro

	
7.71 a

	
301 bc

	
5.86 a

	
308 bc




	
VSS-61 F1

	
7.55 ab

	
507 a

	
5.70 ab

	
474 a




	
Cobalt

	
7.62 a

	
349 b

	
5.77 a

	
406 ab




	
Bottle gourd

	
7.80 a

	
328 bc

	
6.15 a

	
402 ab




	
Super Shintoza

	
7.47 ab

	
332 b

	
5.61 ab

	
413 ab




	
Prob. F b

	
*

	
**

	
*

	
**








a Different letters in the same column indicate significant differences among each group of treatments according to Duncan’s test at p < 0.05. b *, ** indicate significant at p values < 0.05, and <0.01, respectively.
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