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Abstract

:

Environmental stress, especially in the form of low temperatures and salinity, has becomethe main limiting factor affecting the yield and quality of tomatoes in greenhouse production in China. Grafting, as an effective and sustainable strategy for improving plant stress tolerance, is closely related to rootstock properties and scion affinity. Here, 15 commercial rootstock genotypes were collected to investigate the differences in low temperatures and salt tolerance of rootstocks and grafted tomato seedlings in parallel, as well as well as the effect of grafting on the yield and quality of tomato. The results indicated that there were differences among rootstocks, and the resistance of grafted seedlings mainly depended on the characteristics of the rootstocks. We also found that the resistance of grafted seedlings was affected by the affinity between the scion and rootstock. Genotypes 6, 7, 11, and 14 showed advantages over the other genotypes in seedling growth, based on the fresh weight of the plants, the seedling index, and the root-shoot ratio. Genotypes 2, 7, 11, and 14 had greater total root lengths and higher numbers of root tips than other genotypes. These results showed that the significant increase in growth in the grafted tomato seedlings might have been attributable to the vigorous roots of the rootstocks. Genotypes 4, 7, 11, and 13 showed advantages with respect to low temperature stress, whereas genotypes 7, 11, 12, and 13 showed advantages with respect to salt stress. The salt tolerance of grafted tomato seedlings was influenced by both scion affinity and rootstock characteristics and was decreased by grafting. The highest yields were obtained from the grafted plants of genotypes 7 and 11, whose yields were 17.2% and 14.6% higher, respectively, than those of the control group. The rootstock genotype did not affect the fruit quality parameters, such as soluble protein content, titratable acidity, and total soluble solids content, and in most cases, the lycopene and ascorbic acid contents of the fruit increased. After considering the results pertaining to the stress tolerance of rootstocks in combination with fruit yield and quality, genotypes 7 and 11 were selected as potentially suitable tomato rootstock varieties for further large-scale applications. These results provide a new perspective for the study of rootstock characteristics and an important reference for grafted tomato cultivation in greenhouse production.
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1. Introduction


Tomato (Solanum lycopersicum) is one of the most extensively produced vegetable crops worldwide, with massive economic value [1,2]. In 2018, tomato production and cultivated areas worldwide were approximately 182.3 million tons and 4762.1 thousand hectares, respectively, according to a statement by the FAO (http://faostat.fao.org/ accessed on 6 May 2022). China has the largest tomato production in the world, with more than 50% of planting carried out in protected facilities that are seriously affected by soil salinity and low temperature. Many investigations have reported that the levels of secondary soil salinization in greenhouses or plastic tunnels are much higher than those in open fields, mainly due to the lack of rainfall and the excessive application of chemical fertilizers under protected cultivation [3,4]. As a result, salinity severely inhibits tomato growth, fruit yield, and quality because of ion toxicity effects and/or the disruption of osmotic functions [5]. Another environmental factor affecting tomato greenhouse production is low temperature, as tomato is a cold-sensitive species [6]. In tomato production in cold areas, it is very difficult to obtain high yield and good fruit quality in solar greenhouses. Numerous attempts have been made to reduce the effects of salt and low temperature on tomato production [7,8]. Among the strategies proposed, one of the most economical and effective is grafting high-value commercial varieties onto rootstocks of cold- and salt-tolerant genotypes, which could induce the scion’s tolerance for low temperatures and salt [9].



In recent years, grafting has been increasingly used in tomato to overcome environmental stresses such as temperature [6,10,11], drought [12], salinity [13,14], and soil-borne diseases [15]. Moreover, grafting can effectively reduce the input of agrochemicals. Therefore, grafting is considered to be an environmentally friendly strategy for sustainable tomato production [16,17]. However, the efficiency of grafting depends mainly on rootstock selection and grafting methods [18,19], which have conformed to the prevailing demands for improving productivity [9]. Therefore, the selection of appropriate and compatible rootstocks is very important in grafting tomato, particularly in situations of greenhouse cultivation.



To date, the use of salt-tolerant rootstocks has been effective in improving tomato salt tolerance, as demonstrated by the grafting of an S. pimpinellifolium RIL population onto “Maxifort” as the rootstock [14,20]. The rootstock “UC-82B” improved the salt tolerance of grafted tomato plants by increasing their photosynthetic capacity and antioxidant capacity, accumulating sugar and proline, and reducing the accumulation of Na+ and/or Cl− [21]. Similar conclusions were obtained for a population of recombinant inbred lines (RILs) derived from a salt-sensitive genotype of S. lycopersicum var. cerasiforme and a salt-tolerant line from S. pimpinellifolium [22]. Estañ and Martinez-Rodriguez revealed that salt-tolerant rootstocks (cv. Radja and cv. Pera) can increase the salt tolerance of grafted tomato by reducing the concentration of Na+ in scion leaves [13,23]. Moreover, they found that the fruit yield of salt-treated plants was negatively correlated with concentrations of Na+ and Cl− in leaves, indicating that grafting can effectively overcome the salt stress of tomato. Grafting could improve the tolerance of tomato to Ca(NO3)2 stress when “Kagemusya” is used as the rootstock [24]. In short, the salinity tolerance of grafted plants depends on the characteristics of the rootstock.



The use of cold-tolerant rootstocks, which have been tested in recent years, may improve the low-temperature tolerance of grafted plants. Rootstocks promote growth and alleviate the negative effects of low temperatures on scion performance by providing a vigorous root system [6,25,26]. The relative growth of shoots and the root mass ratio at 15 °C were found to be increased in tomato seedlings grafted onto a low temperature tolerant rootstock, compared with nongrafted plants. This finding was due to the additional amount of nutrients and hormones supplied by the grafting [6]. In an unheated greenhouse, grafted tomatoes were more vigorous, producing 13% to 32% more fruits than nongrafted plants under low temperatures.



In grafted tomato production, growers currently use tomato rootstocks that are commercially available. However, different rootstock varieties were bred by different breeding companies, and the identification of the properties of these varieties, such as their resistance to pathogenic microorganisms, and their tolerance of high temperatures, low temperatures, and salt content, were limited to their own products. In most of the research papers devoted to the subject, only one variety or very few varieties have been assayed as rootstocks for the purpose of testing their suitability in grafting. Therefore, a comprehensive screening of resistant rootstock varieties is crucial in improving the yield and quality of tomato production in facilities. Such screening can be carried out by a parallel comparison of multiple rootstocks under the same abiotic stresses. In this study, 15 commercial rootstock genotypes were used as experimental materials in an investigation of the different effects of various rootstocks and grafted seedlings in tolerating low temperatures and salt. We also explored the effect of grafting on tomato yield and quality. The objective of this work was to identify potentially suitable tomato rootstock varieties for further large-scale applications under solar greenhouse conditions. The results of this experiment provide a new perspective for the study of rootstock characteristics and a potentially important reference for grafted tomato cultivation in greenhouse production.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Fifteen commercial tomato rootstock genotypes (Solanum lycopersicum L.) were used in this study (Table 1). All the genotypes were selected on the basis of preliminary results regarding their salinity and low temperature tolerance. They were obtained from seed companies in the Netherlands, Japan, and China. Plants of the commercial tomato “Mingzhi88” were used as the scion. Genotype 13 had a poor germination rate; additional information about the rootstocks used in this paper is shown in Table 1. The seedlings of the rootstock genotypes were cultivated 7 days earlier than those of the scion. The seeds were immersed in water for 6 h and germinated at 30 °C in the dark. Then, the seeds were sown in 72-hole plug trays filled with commercial seedling medium (Shangdao Seedling Medium Co., Jinan, China) for 4 weeks in a greenhouse. After the full development of the third true leaves, a “splicing grafting” procedure described by Bhatt [27] was used. Nongrafted scions were used as a control. The nongrafted rootstock plants before grafting and the grafted rootstock plants at 20 days after grafting were subjected to salinity and low-temperature stress treatments.




2.2. Low Temperature Stress Treatment


The 15 genotypes of rootstock seedlings (nongrafted rootstock) and their grafted seedlings (grafted rootstock) were simultaneously transferred to a controlled chamber at a relative humidity of 98 ± 2% with 16 h light/8 h dark at 15/10 °C (day/night) for 2 days and 10/5 °C (day/night) for 10 days. Variety “Mingzhi88” was used as a control (scion). Trays were arranged in a completely randomized design with three replicates, providing a total of 90 plants per genotype of nongrafted rootstock, grafted rootstock, and scion seedlings. After 12 days of low temperature treatment, the chilling injuries of the plants were visually scored on a scale of 0 to 4, based on the wilting of leaves and shoots, and a chilling injury index (CI) was determined according to Liu [28]. The CI of the rootstock and grafted tomato seedlings was calculated according to the following formula: CI = ∑I [ (score value × number of plants)/total number of plants] [28]. We used the CI to evaluate the low temperature tolerance of each rootstock genotype. A low CI indicated that the plants were less injured and strongly low-temperature tolerant. The plant growth parameters of the grafted rootstock seedlings were measured.




2.3. Salt Stress Treatment


Rootstock seedlings (nongrafted rootstock) and their grafted seedlings (grafted rootstock) were transferred to 20 L plastic containers containing 2~3 cm Hoagland solution (EC 1.92 mS·cm−1 and pH 6.5). NaCl with a concentration of 175 mM was added to the nutrient solution (EC 8.64 mS·cm−1 and pH 6.7). Nongrafted scions were used as the control. The experiment was carried out at 20 °C~26 °C and 60%~80% relative humidity in the greenhouse. Plastic containers were arranged in a completely randomized design with three replicates, providing a total of 90 plants per genotype of nongrafted rootstock, grafted rootstock, and scion seedlings. After 15 days of NaCl treatment, a salt injury index (SI) was measured according to Niu [29]. Leaf injury ratings of the seedlings were determined, based on a score of 1~4. An injury score of 1 was assigned to leaves that showed no yellowing or damage; a score of 2 was assigned to slightly yellowish or slightly damaged leaves; a score of 3 was assigned to leaves that showed moderate yellowing or damage; and a score of 4 was assigned to leaves that showed severe yellowing or damage. The SI was calculated as follows, with 30 seedlings for each triplicate: SI = ∑I [(score value × number of plants)/total number of plants] [29]. A low SI indicated that the plants were less injured and strongly salt-tolerant. The plant growth parameters of the grafted rootstock seedlings were measured.




2.4. Effect of Rootstock on the Yield and Quality of Grafted Tomatoes


From 24 November 2019 to April 2020., grafted rootstock plants at 20 days after grafting were transplanted and cultivated in the solar greenhouse of a commercial tomato production area. The soil was loam, with an electrical conductivity of 1.09 mS·cm−1 and a pH of 6.85. The soil was characterized by a bulk density of 1.04 g·cm−3, with 57.87 mg·kg−1 (P2O5), 191.57 mg·kg−1 (K2O), 121.1 mg·kg−1 N, and 15.7 g·kg−1 organic matter. Before transplantation, the field was rototilled and enriched with 250 kg·ha−1 of a granulated fertilizer (composition of 15% total N, 15% P2O5, and 15% K2O). The maximum and minimum temperatures of the solar greenhouse were 22 °C~35 °C and 8 °C~16 °C, respectively; the relative humidity was 60%–100%.



The experiment was conducted using a randomized complete block design with three replicates. Nongrafted scion plants were used as controls. Each experimental unit consisted of 35 plants in a plot. The plants were cultivated to only one shoot, eliminating all lateral branches. The experiment used normal culture practices for drip irrigation, fertilization, and pesticide application. Fruits were harvested to determine fruit yield. The experiment was terminated in the middle of April 2020.




2.5. Seedling Growth Determinations


The fresh weights of the roots and shoots were measured. Plant heights were obtained using a graduated ruler. The total length of roots and the number of root tips were measured using a Hewlett Packard 125C scanner (Hewlett-Packard Company, Palo Alto, CA, USA) and the images of each plant were analyzed by Delta-T Scan software. Seedling index = (stem diameter/plant height + root dry weight/shoot dry weight) × whole plant dry weight. Measurements were obtained from 15 plants per treatment.




2.6. Fruit Quality Determinations


Ripe fruits from the second trusses of each plant (three plants per rootstock genotype) were harvested to evaluate the contents of soluble solids, soluble sugar, soluble protein, titratable acidity, ascorbic acid, and lycopene. Ten mature fruits per treatment were finely liquefied in a blender. Then, all of the mesocarp of the fruits was filtered out. Titratable acidity was determined by potentiometric titration with 0.1 M NaOH up to pH 8.1 using 20 mL of juice. The total soluble solids (TSS) content in the juice was assessed using a portable handheld Brix refractometer (UV2300, Shanghai Tianmei, China). The extraction of lycopene was performed according to Schwarz [30]. The ascorbic acid content was measured by the titrimetric method, using successive dilutions of an ascorbic acid solution as standards, and sugars were enzymatically analyzed [30].




2.7. Statistical Analysis


The SAS 8.1 statistical program (SAS Institute, Cary, NC, USA) was used to analyze the of variance between groups (p-value < 0.05). Multiple comparisons of data were performed by Tukey’s tests (p < 0.05).





3. Results


3.1. Effects of Rootstock on the Growth of Grafted Tomato Seedlings


The tomato seedlings grafted onto 15 different rootstock genotypes varied by 1.06~1.37-fold in shoot fresh weight and by 1.34~2.61-fold in root fresh weight, compared with the control (nongrafted scion). However, few differences among the genotypes were observed in terms of stem diameter and plant height (Table 2). In terms of shoot and root fresh weight, genotypes 6, 7, 11, and 14 yielded significantly higher values than the other genotypes. In terms of the seedling index and the root-shoot ratio, genotypes 5, 6,7, 9, 11, and 14 had higher values than the other genotypes. Based on the fresh weight, the root fresh weight, the seedling index, and the root-shoot ratio, genotypes 6, 7, 11, and 14 had the best growth performance (Table 2, Figure 1).



The total length of the root and the number of root tips were measured to investigate the growth of the root mass in grafted tomato seedlings (Figure 2). Genotypes 2, 7, 11, and 14 had greater total root length and number of root tips than the other genotypes. Moreover, the total root lengths of genotypes 7, 11, and 14 were largely consistent with the growth of the grafted tomato seedlings, indicating that the significant increase in growth in the grafted tomato seedlings might have been attributable to the vigorous roots of the rootstocks.




3.2. Effect of Rootstock on the Low Temperature Tolerance of Grafted Tomato Seedlings


To identify the effects of rootstock on the low-temperature tolerance of grafted tomato seedlings, nongrafted rootstock and grafted rootstock seedlings were subjected to low-temperature stress treatment. On day 12, the CI (chilling injury index) of grafted rootstock seedlings significantly differed among the 15 genotypes, with the CI values ranging between 2.36 and 3.40 (Figure 3a,b). Genotypes 2, 3, 4, 7, 11, and 13 had lower cold-index values than the other genotypes. The CI values of the nongrafted rootstocks ranged between 1.58 and 3.40; genotypes 2, 7, 11, 13, and 15 had the lowest CI values, at 1.71, 2.08, 2.04, 1.58, and 1.88, respectively (Figure 3a,b). Some grafted rootstock seedlings had a lower tolerance to cold stress than nongrafted rootstock seedlings. This result indicates that the cold tolerance of grafted tomato seedlings was influenced by both the scion and the rootstock.



The grafted rootstock seedlings of the 15 genotypes varied by 0.62~1.50-fold in shoot fresh weight, 0.58~2.45-fold in root fresh weight, and 0.71~1.22-fold in plant height, compared with the control (nongrafted scion) under low-temperature stress. However, no significant differences were observed among the genotypes in terms of stem diameter (Table 3). The seedling index values ranged from 0.09 in genotype 1 to 0.200 in genotype 15; genotypes 7, 11, and 15 showed significant increases of 15%, 17%, and 53%, respectively, compared with the control. Genotypes 3, 4, 7, 11, and 15 showed the best growth performance among the 15 genotypes under low-temperature stress treatment. Based on the CI and the growth performance, genotypes 3, 4, 7, and 11 had better low-temperature tolerance than other genotypes.




3.3. Effects of Rootstock on the Salt Tolerance of Grafted Tomato Seedlings


The nongrafted rootstock and grafted rootstock seedlings were treated with Hoagland’s nutrient solution mixed with 175 mmol/L NaCl. At 15 days, the salt injury index (SI) of grafted rootstock seedlings significantly differed among the 15 genotypes. Genotypes 7, 11, 12, and 13 had lower salt-injury index values than the other genotypes. The lowest salt damage index, 1.28, was observed for genotype 7. All of the remaining genotypes, except genotype 15, had low salt damage index values, compared with the control (Figure 4a,b). The SI of the nongrafted rootstock ranged between 0.25 and 2.00. Genotypes 7, 8, 11, and 13 had lower salt-index values, 0.25–0.63, than those of the other genotypes (Figure 4a,b). The grafted rootstock seedlings had a lower tolerance to salt stress than the nongrafted rootstock seedlings. This result indicates that the salt tolerance of grafted tomato seedlings was influenced by both the affinity of the scion and the characteristics of rootstock, which diminished with the grafting.



The growth of the tomato scions was significantly influenced by rootstock and salt stress (Table 4). Compared with the nongrafted scion control treatment, grafting with rootstock increased seedling plant height, shoot root fresh weight, and the seedling index under salt stress. The 15 genotypes varied by 1.01~1.70-fold in shoot fresh weight, 1.05~2.26-fold in root fresh weight, and 1.02~1.52-fold in plant height, compared with the control (nongrafted scion). However, no significant differences among the genotypes were observed in terms of stem diameter (Table 4). Genotypes 7, 11, and 13 had higher shoot and root biomass values than the other genotypes. Genotypes 2, 7, 11, 12, 13, and 14 had the highest seedling index values, which were 0.381, 0.593, 0.382, 0.381, 0.403, and 0.379, respectively. Based on the SI and the growth performance, genotypes 7, 11, 12, and 13 showed better performance under salt stress than the other grafted tomato seedlings.




3.4. Effects of Rootstock on the Fruit Yield and Quality of Grafted Tomatoes


Grafting significantly influenced the fruit yield of tomatoes under greenhouse production. Grafting increased fruit yield, compared with the control treatment (nongrafted scion plants), by 2.1% to 17.2% (Figure 5). The total yields of genotypes 7, 11, and 13, 17.2%, 14.6%, and 12.9%, respectively were higher than those of the nongrafted scion plants (Figure 5).



In terms of fruit quality, the lycopene and ascorbic acid contents of the fruit of grafted tomatoes were markedly influenced by rootstock genotypes, but there was no significant difference in the contents of soluble protein content, titratable acidity, or total soluble solid contents among the genotypes (Table 5). There was a significant increase in lycopene, between 54% and 130%, in all grafted tomatoes, compared with that of the control, except for genotypes 9 and 10. The ascorbic acid contents of genotypes 13, 10, and 11 increased significantly, compared with the control contents, by 85%, 73%, and 65%, respectively. Soluble sugar did not differ significantly among genotypes 6, 7, 9, 11, and 13, and the grafted tomatoes of the other genotypes had decreased soluble sugar contents, compared with the control.



Based on the above analysis, among the 15 rootstock genotypes, genotypes 7 and 11 exhibited good overall performance and were identified as potentially excellent rootstock materials for tomato grafting.





4. Discussion


4.1. Effects of Rootstock on the Growth of Grafted Tomato Seedlings


Grafting can increase plant tolerance to abiotic stresses, resistance to soil-borne pathogens, and yield. Accordingly, rootstock selection conforms to the prevailing demands for improved seedling growth [18,19] and productivity [17]. These improvements are the result of the vigorous root systems of rootstocks [31], which enhance the production of endogenous hormones and scion vigor [9]. Root density was found to be 25.3% higher, on average, in grafted plants when compared with nongrafted plants [32]. Increased concentrations of nitrogen, phosphorus, and potassium in leaves, as well as higher fluxes in root uptake, were observed in grafted plants [33]. Grafting the landrace “Ramellet” on Solanum pimpinellifolium could increase key photosynthetic parameters that regulate the yield and water use efficiency of plants [34]. The comprehensive screening of resistant rootstock varieties is crucial in improving the yield and quality of tomato production in facilities, especially in solar greenhouses. In this study, 15 commercial rootstock genotypes were used as experimental materials in investigating the difference in low-temperature and salt tolerance of rootstocks and grafted seedlings in parallel, as well as the effect of grafting on tomato yield and quality. Genotypes 6, 7, 11, and 14 showed advantages over the other genotypes in terms of seedling growth, based on the fresh weight of plants, the seedling index, and the root-shoot ratio. Genotypes 2, 7, 11, and 14 had greater total root lengths and a higher number of root tips than those of the other genotypes. These results show that the significant increase in growth in the grafted tomato seedlings might have been attributable to the vigorous roots of the rootstocks.




4.2. Effects of Rootstock on Salt Tolerance of Grafted Seedlings


Promoting nutrient absorption, improving salt tolerance, and fruit quality are the objectives of rootstock screening, and can benefit soilless grafted tomato production in Europe, where prolonging the production and harvest season is a main goal [35]. However, the rootstocks identified as the best for drought stress differ from those identified as the best for salinity and high soil impedance [22]. Salt-tolerant rootstocks (“UC-82B”, cv. Radja and cv. Pera) improved the salt tolerance of grafted tomato plants by reducing the concentration of Na+ in scion leaves [21,23], indicating that the salt tolerance of grafted plants depends on the characteristics of the rootstock. In this study, genotypes 7, 11, 12, and 13 showed advantages with respect to salt stress. The salt tolerance of grafted tomato seedlings was influenced by both scion affinity and rootstock characteristics, and salt stress was decreased by grafting. Genotype 7 was identified as the most salt-tolerant rootstock. Additional experiments are needed to determine the interactions between the rootstock and scion that are involved in salt tolerance.




4.3. Effects of Rootstock on the Low Temperatures Tolerance of Grafted Seedlings


Rootstocks alleviate the negative effects of low temperature on scion performance by providing a vigorous root system [6,25,26]. Rootstocks (Solanum habrochaites LA 1777) increased the relative growth rate of shoots by 26% and 11% at 25/15 °C and 15/15 °C, respectively, compared with nongrafted plants, a result that was due to higher root mass ratios, particularly at 15 °C root-zone temperatures [6]. Phytohormones are involved in the tolerance of grafted tomatoes to suboptimal temperature stress [25]. Grafting “Kommeet” tomatoes onto LA1777 rootstock increased shoot growth at intermediate and optimal temperatures and root growth at low or intermediate temperatures, in comparison with self-grafted plants or plants that were grated onto “Moneymaker”. Rootstock LA1777 improved the level of antioxidant compounds in tomato shoots, thereby enhancing their adaptation to temperatures that were lower than optimal [26]. Riga compared the growth of grafted tomatoes among nine rootstocks in soilless culture under low temperature and light intensity and found that the commercial tomato rootstocks could not improve the yield and fruit quality parameters [11]. In this paper, the CI values of grafted seedlings ranged between 2.36 and 3.40, and the CI values of nongrafted rootstocks ranged between 1.58 and 3.40. Some grafted rootstock seedlings had a lower tolerance to cold stress than nongrafted rootstock seedlings. Genotypes 4, 7, 11, and 13 showed advantages with respect to low-temperature stress, and there was partial conformity between the grafted seedlings and the nongrafted rootstock seedlings at low temperatures. This result indicates that the cold tolerance of grafted tomato seedlings was influenced by both the scion and the rootstock.




4.4. Effect of Rootstock on the Fruit Yield of Tomato Plants


Some researchers have demonstrated that grafted tomato plants have a higher yield and better production of marketable fruit than nongrafted tomato plants [36,37]. Grafting tomato often results in a significant increase in fruit weight and, consequently, fruit diameter and size, compared with nongrafted or self-grafted plants [11]. This was reported for many different rootstock–scion combinations that resulted in total yield increases. However, yield gain may also be attributed to an increase in the number of fruits, rather than an increase in mean fruit weight [38]. The effect of grafting on fruit weight and size depends on grafting combinations [30,39,40]. Larger fruit size seems to be attained when vigorous rootstocks are used, such as “Maxifort”, “Beaufort”, and “Heman” (S. habrochaites) [30,41,42]. This phenomenon is particularly recognized when scions have smaller fruit sizes, e.g., cherry tomatoes of less than 40 g [30]. In some cases, grafting may reduce fruit size when less vigorous rootstocks are used, such as “Brigeor” [30]. Similarly, the fruit size of two different scion cultivars was significantly reduced when a salt-tolerant goji berry (Lycium chinense Mill.) served as the rootstock [43]. In the present paper, grafting increased fruit yield, compared with the control treatment (nongrafted scion plants), by 2.1% to 17.2% (Figure 5). The total yields of genotypes 7, 11, and 13 were 17.2%, 14.6%, and 12.9% higher, respectively, than those of the nongrafted scion plants. Genotypes 7 and 11 had more vigorous root systems than the other genotypes. Yield gain may also be attributed to an increase in fruit size, rather than the number of fruits.




4.5. Effect of Rootstock on the Fruit Quality of Tomato Plants


Grafting has different effects on the quality of tomato fruits, depending on the combination of rootstock and scion, which can lead to undergrowth or overgrowth of the scion and subsequently reduced water and nutrient flow to grafted tomato fruit. Moreover, the interaction of grafting combinations was also affected by other factors, such as seasonal and environmental factors, including climate, water and nutrient availabilities, stress duration and intensity, and management practices [11,17]. Lycopene is a typical compound in tomato fruits, with astrong antioxidative activity that significantly contributes to fruit quality. Grafting tends to decrease the lycopene concentration of fruits for tomato scions “Cecilia” and “Classy” grafted onto “Brigeor”, “Beaufort”, and “Heman” rootstocks [38,41,44]. However, “Classy” scion grafted onto “Maxifort” rootstock exhibited enhanced β-carotene levels under low-potassium stress [30], as did “Amati” grafted onto “Robusta” or “Body” under non-stressed conditions [45]. In this work, genotype 7 showed a significantly increased lycopene content, 130%, compared with the control. These results were possibly related to rootstock properties.



In many grafting combinations, the concentration of total sugar in grafted fruit was lower than that in nongrafted fruit [11,31,44,46]. In other studies with grafted tomatoes, no significant changes in soluble sugar were observed, or changes were observed only for some rootstock/scion combinations, such as “Fanny”/”AR9704” and “Lemance”/”Beaufort” [42,47]. In our study, the soluble sugar content did not significantly differ between grafted plants of genotypes 6, 7, 9, 11, and 13 and control plants, whereas the sugar content of grafted tomatoes of the other varieties was decreased, compared with the control. As mentioned above, vigorous rootstocks may act as sinks for assimilates, and thereby reduce the transportation of assimilates to fruits [48]. “Maxifort” is a more vigorous rootstock than “Brigeor”, as tomatoes grown on this rootstock have lower sugar concentrations than those grown on other rootstocks [41].





5. Conclusions


The comprehensive screening of resistant rootstock varieties is crucial in improving the yield and quality of tomato production in facilities. Genotypes 7 and 11 are potentially excellent rootstock materials, with resistance to low temperatures and salt that can significantly improve yield without negatively affecting fruit quality. The significant increase in growth in the grafted tomato seedlings might have been imparted by the vigorous roots of the rootstocks. The salt tolerance of grafted tomato seedlings was influenced by the rootstocks’ characteristics and affinity with the scion, and salt stress was diminished by grafting. Genotype 7 is a potential salt-tolerance rootstock, but further research is required to understand the mechanism of shoot salt tolerance.
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Figure 1. Growth of tomato seedlings grafted onto 15 rootstock genotypes at 20 days after grafting. 1–15 represent the grafted tomato seedlings with the 15 rootstock genotypes, respectively, and the nongrafted scion “Mingzhi88” was used as a control. 
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Figure 2. The total root length and number of root tips of grafted tomatoes with the 15 rootstock genotypes: (a) is the total length of all taproots and lateral roots; (b) is the number of root tips, where the nongrafted scion is the control. The results are the mean ± SEs. The means within each column followed by different letters were significantly different among graft combination treatments, according to Tukey’s test (p < 0.05). 
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Figure 3. The low-temperature injury of grafted tomato seedlings (R1–R15) and nongrafted rootstock seedlings (T1–T15) under low-temperature stress: (a) indicates low-temperature injury symptoms; (b) chilling injury index. The nongrafted “Mingzhi88” was used as a control. The chilling injury index was determined at 12 days after low-temperature treatment (mean ± SEs), with 30 seedlings for each triplicate. The results are the mean ± SEs. The means within each column followed by different letters were significantly different among graft combination treatments, according to Tukey’s test (p < 0.05). 
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Figure 4. Salt injury of grafted rootstock seedlings (R1 to R15) and nongrafted rootstock seedlings (T1 to T15) under salt stress: (a) salt injury symptoms; (b) salt-injury index. The nongrafted scion “Mingzhi88” was used as a control. The salt-injury index was determined at 15 days after NaCl treatment (mean ± SEs), with 30 seedlings for each triplicate. The means within each column followed by different letters were significantly different among graft combination treatments, according to Tukey’s test (p < 0.05). 
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Figure 5. Fruit yield of grafted tomatoes with the 15 rootstock genotypes under greenhouse conditions. The average fruit yield of three replicate plots (35 plants per plot) of grafted tomato cultivars is presented; nongrafted scions were used as the control. The results are mean ± SEs. The means within each column followed by different letters are significantly different among grafted tomatoes with the 15 rootstock genotypes, according to Tukey’s test (p < 0.05). 
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Table 1. Sources of tomato rootstocks and scion cultivars.
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	Code of Rootstocks
	Name of Variety
	Seeds Source
	Germination Rate (%)





	Scion
	Mingzhi 88
	Beijing Baimutian Seedling Co., Ltd., Beijing, China
	100



	1
	Guozhen No.1
	Jingyan Yinong(Beijing) Seed Sci-Tech Co.,Ltd., Beijing, China
	95



	2
	Aihao
	RIJK ZWAAN(China) Seed Co., Ltd., Qingdao, China
	100



	3
	Rootstock B1
	RIJK ZWAAN(China) Seed Co., Ltd., Qingdao, China
	100



	4
	Jinba
	Zhaowei Seed Co., Ltd., Shijiazhuang, China
	100



	5
	Qiangli
	Shandong Shouhe Seed, Shouguang, China
	100



	6
	Alamu
	Shandong Shouguang Lilin Seed, Shouguang, China
	99



	7
	CHEONG GANG
	De Ruiter Seeds Co., Ltd., Beijing, China
	100



	8
	Zhenmu No.2
	Shanghai Wells Seed Co., Ltd., Shanghai, China
	97



	9
	Ouzhen006
	Seminis Seeds (Beijing) Co., Ltd., Beijing, China
	100



	10
	Aoni
	Asahi Chemical Co., Ltd., Tokyo, Japan
	89



	11
	TMS150
	Sakata Seed Corporation, Yokohama, Japan
	100



	12
	Tomato rootstock405
	Shanghai Wells Seed Co., Ltd., Shanghai, China
	100



	13
	Tomato Rootstock 1
	Xi’an Jinpeng Seedings Co., Ltd., Xi’an, China
	50



	14
	Tomato Rootstock 3
	Guangzhou Huayan Seed Technology Company, Guangzhou, China
	100



	15
	Saiqingsong
	Shandong Huasheng Seed Co., Ltd., Qingzhou, China
	83
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Table 2. Morphological and growth parameters of grafted tomatoes with the 15 rootstock genotypes.
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	Rootstock

Genotypes
	Plant

Height (cm)
	Stem

Diameter (mm)
	Hypocotyl

Height (cm)
	Shoot Fresh

Weight (g)
	Root Fresh

Weight (g)
	Seeding

index Value
	Root-Shoot

Ratio





	Scion
	14.25 ± 0.74 a
	3.46 ± 0.10 gh
	3.88 ± 0.19 ab
	4.08 ± 0.27 d
	0.73 ± 0.03 k
	1.86 ± 0.124 f
	0.13 ± 0.0094 g



	1
	11.16 ± 0.41 cde
	4.07 ± 0.08 def
	3.19 ± 0.18 cdef
	4.7 ± 0.18 abcd
	0.98 ± 0.11 j
	2.11 ± 0.069 de
	0.21 ± 0.0145 f



	2
	10.47 ± 0.26 de
	4.33 ± 0.10 cd
	3.62 ± 0.13 abc
	4.31 ± 0.21 cd
	1.34 ± 0.10 efghi
	2.33 ± 0.079 cde
	0.32 ± 0.0296 cde



	3
	11.08 ± 0.31 cde
	3.96 ± 0.08 def
	3.43 ± 0.12 bcd
	4.54 ± 0.30 bcd
	1.79 ± 0.08 abc
	2.26 ± 0.11 cde
	0.41 ± 0.0275 a



	4
	11.25 ± 0.20 cde
	3.76 ± 0.06 fg
	3.48 ± 0.13 bcd
	5.03 ± 0.22 abcd
	1.30 ± 0.08 ghi
	2.11 ± 0.09 de
	0.26 ± 0.0151 ef



	5
	10.72 ± 0.26 de
	4.85 ± 0.13 b
	2.90 ± 0.15 defg
	4.89 ± 0.24 abcd
	1.62 ± 0.12 bcde
	2.96 ± 0.19 b
	0.33 ± 0.0164 cde



	6
	11.31 ± 0.56 cde
	5.22 ± 0.10 a
	3.19 ± 0.12 cdef
	5.63 ± 0.37 a
	1.68 ± 0.09 abcd
	3.40 ± 0.18 a
	0.31 ± 0.027 cde



	7
	11.00 ± 0.35 cde
	3.40 ± 0.10 def
	3.27 ± 0.11 cde
	5.33 ± 0.46 abc
	1.91 ± 0.11 a
	2.62 ± 0.16 bc
	0.39 ± 0.0458 ab



	8
	10.09 ± 0.33 e
	3.96 ± 0.14 def
	3.37 ± 0.15 bcd
	4.71 ± 0.23 abcd
	1.23 ± 0.09 hij
	2.35 ± 0.16 cde
	0.26 ± 0.0139 ef



	9
	10.55 ± 0.35 de
	4.18 ± 0.10 de
	3.28 ± 0.10 cde
	4.59 ± 0.16 bcd
	1.59 ± 0.06 bcde
	2.45 ± 0.06 cd
	0.35 ± 0.0181 bcd



	10
	11.50 ± 0.31 cde
	4.60 ± 0.20 bc
	4.03 ± 0.33 a
	4.43 ± 0.30 abc
	1.46 ± 0.07 defgh
	2.36 ± 0.16 cde
	0.34 ± 0.0207 bcd



	11
	11.20 ± 0.45 cde
	4.14 ± 0.14 de
	2.63 ± 0.20 fgh
	5.19 ± 0.5 abc
	1.84 ± 0.11 ab
	2.65 ± 0.21 bc
	0.36 ± 0.0125 bc



	12
	11.57 ± 0.51 cd
	3.86 ± 0.10 ef
	2.31 ± 0.30 hi
	5.48 ± 0.40 ab
	1.51 ± 0.14 cdef
	2.32 ± 0.14 cde
	0.28 ± 0.0231 ef



	13
	13.19 ± 0.48 ab
	3.99 ± 0.17 def
	2.06 ± 0.11 i
	5.24 ± 0.19 abc
	1.21 ± 0.11 ij
	1.97 ± 0.13 e
	0.23 ± 0.0203 f



	14
	12.20 ± 0.48 bc
	3.97 ± 0.07 def
	2.72 ± 0.11 efgh
	5.61 ± 0.38 a
	1.85 ± 0.08 ab
	2.42 ± 0.09 cd
	0.34 ± 0.0197 bcd



	15
	11.37 ± 0.53 cde
	4.28 ± 0.10 cd
	2.39 ± 0.24 ghi
	5.18 ± 027 abc
	1.31 ± 0.08 fghi
	2.46 ± 0.10 cd
	0.26 ± 0.0195 ef







Dates are mean values ± SEs for n = 15 by Tukey’s test at p = 0.05; different letters indicate significant differences within grafted tomatoes for the 15 rootstock genotypes.













[image: Table] 





Table 3. Growth parameters of grafted tomatoes with the 15 rootstock genotypes under low-temperature stress.
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	Rootstock

Genotypes
	Plant

Height (cm)
	Stem

Diameter (mm)
	Shoot

Fresh Weight (g)
	Root

Fresh Weight (g)
	Seeding

Index Value





	Scion
	15.9 ± 0.355 d
	3.88 ± 0.04 bc
	4.59 ± 0.26 cdef
	0.60 ± 0.03 def
	0.130 ± 0.005 cde



	1
	17.92 ± 0.56 abcd
	4.01 ± 0.12 abc
	3.90 ± 0.69 efg
	0.87 ± 0.14 bcde
	0.090 ± 0.003 h



	2
	17.38 ± 0.81 abcd
	4.17 ± 0.07 abc
	4.48 ± 0.40 def
	0.79 ± 0.17 bcdef
	0.113 ± 0.009 efgh



	3
	16.8 ± 0.43 cd
	4.22 ± 0.09 abc
	5.92 ± 0.13 abcd
	1.47 ± 0.19 a
	0.143 ± 0.005 bc



	4
	17.08 ± 0.35 bcd
	4.35 ± 0.11 a
	6.54 ± 0.41 ab
	0.83 ± 0.09 bcde
	0.137 ± 0.003 bcd



	5
	17.56 ± 1.16 abcd
	4.03 ± 0.16 abc
	4.01 ± 0.36 efg
	0.66 ± 0.11 def
	0.113 ± 0.006 efgh



	6
	15.93 ± 0.43 d
	4.33 ± 0.22 ab
	5.05 ± 0.35 bcde
	0.76 ± 0.20 cdef
	0.130 ± 0.010 bcde



	7
	18.04 ± 0.46 abcd
	4.03 ± 0.15 abc
	6.88 ± 0.93 a
	1.23 ± 0.15 ab
	0.149 ± 0.010 b



	8
	19.42 ± 0.55 a
	3.83 ± 0.14 c
	6.22 ± 0.38 abc
	0.81 ± 0.09 bcde
	0.112 ± 0.006 efgh



	9
	18.32 ± 1.17 abc
	4.02 ± 0.14 abc
	5.19 ± 0.78 bcde
	0.53 ± 0.06 efg
	0.090 ± 0.003 h



	10
	17.62 ± 0.16 abcd
	4.04 ± 0.14 abc
	4.83 ± 0.64 cde
	1.15 ± 0.22 abc
	0.116 ± 0.011 defg



	11
	18.02 ± 0.89 abcd
	4.18 ± 0.08 abc
	5.23 ± 0.37 cde
	0.64 ± 0.09 def
	0.152 ± 0.005 b



	12
	16.62 ± 0.92 cd
	4.03 ± 0.12 abc
	5.19 ± 0.67 g
	1.01 ± 0.20 bcd
	0.096 ± 0.005 gh



	13
	19.12 ± 0.48 ab
	4.00 ± 0.23 abc
	2.85 ± 0.07 g
	0.57 ± 0.04 efg
	0.100 ± 0.008 fgh



	14
	17.74 ± 0.48 abcd
	3.94 ± 0.10 abc
	6.18 ± 0.32 abc
	0.84 ± 0.14 bcde
	0.121 ± 0.007 cdef



	15
	11.26 ± 0.4946 e
	3.93 ± 0.12 abc
	3.06 ± 0.20 fg
	0.35 ± 0.06 fg
	0.200 ± 0.006 a







Date are mean ± SEs, with n = 15. Different letters indicate significant differences between grafted tomatoes with the 15 rootstock genotypes, by Tukey’s test at p = 0.05.
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Table 4. Growth parameters of grafted tomatoes with the 15 rootstock genotypes under salt stress.
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	Rootstock

Genotypes
	Plant

Height (cm)
	Stem

Diameter (mm)
	Shoot

Fresh Weight (g)
	Root

Fresh Weight (g)
	Seeding

Index Value





	Scion
	14.25 ± 0.33 g
	3.42 ± 0.06 e
	6.02 ± 0.05 gh
	1.10 ± 0.022 d
	0.298 ± 0.036 g



	1
	15.70 ± 0.59 def
	3.98 ± 0.05 de
	6.53 ± 0.26 fgh
	1.17 ± 0.03 d
	0.344 ± 0.026 def



	2
	16.22 ± 0.14 de
	4.39 ± 0.04 cd
	7.75 ± 0.11 cde
	1.97 ± 0.11 cd
	0.381 ± 0.015 cd



	3
	16.03 ± 0.22 de
	4.14 ± 0.07 cde
	6.70 ± 0.25 efg
	1.96 ± 0.215 cd
	0.355 ± 0.034 de



	4
	16.11 ± 0.29 de
	4.17 ± 0.03 cde
	6.73 ± 0.15 efg
	1.36 ± 0.67 cd
	0.371 ± 0.011 cd



	5
	15.17 ± 0.18 efg
	4.11 ± 0.04 cde
	6.65 ± 0.24 efg
	1.80 ± 0.10 cd
	0.331 ± 0.045 efg



	6
	14.69 ± 0.20 fg
	4.33 ± 0.11 cd
	6.49 ± 0.33 fgh
	1.82 ± 0.10 cd
	0.325 ± 0.106 fg



	7
	21.69 ± 0.36 a
	5.47 ± 0.04 a
	10.23 ± 0.21 a
	2.49 ± 0.21 a
	0.593 ± 0.114 a



	8
	15.21 ± 0.28 efg
	4.33 ± 0.08 cd
	6.49 ± 0.22 fgh
	1.59 ± 0.05 cd
	0.338 ± 0.024 efg



	9
	15.72 ± 0.49 def
	4.06 ± 0.03 cde
	7.07 ± 0.26 defg
	1.87 ± 0.04 cd
	0.347 ± 0.081 def



	10
	15.78 ± 0.20 def
	4.01 ± 0.15 de
	7.28 ± 0.51 def
	1.56 ± 0.05 cd
	0.352 ± 0.014 de



	11
	17.53 ± 0.23 c
	4.73 ± 0.05 abcd
	8.16 ± 0.08 bcd
	2.08 ± 0.07 c
	0.382 ± 0.091 c



	12
	16.57 ± 0.27 cd
	4.62 ± 0.05 bcd
	7.88 ± 0.14 cd
	1.99 ± 0.04 cd
	0.381 ± 0.085 cd



	13
	19.03 ± 0.22 b
	4.88 ± 0.05 abc
	8.54 ± 0.10 bc
	2.28 ± 0.06 b
	0.403 ± 0.079 bc



	14
	16.20 ± 0.09 de
	4.06 ± 0.05 cde
	7.63 ± 0.49 cdef
	1.93 ± 0.07 cd
	0.379 ± 0.105 cd



	15
	14.47 ± 0.15 g
	4.04 ± 0.04 cde
	6.09 ± 0.26 gh
	1.15 ± 0.03 d
	0.305 ± 0.034 g







Date are mean ± SEs, with n = 15. Different letters indicate significant differences within grafted tomatoes with the 15 rootstock genotypes, by Tukey’s test at p = 0.05.
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Table 5. Fruit quality of grafted tomatoes with the 15 rootstock genotypes under greenhouse conditions.






Table 5. Fruit quality of grafted tomatoes with the 15 rootstock genotypes under greenhouse conditions.





	Rootstock

Genotypes
	Lycopene

mg/100 g FW
	Soluble Proteins

mg/g
	Soluble Sugar

%
	Ascorbic Acid

mg/100 g FW
	Titratable Acid

mg/100 g FW
	Soluble Solids

%





	Scion
	5.72 ± 0.073 e
	2.13 ± 0.027 d
	4.09 ± 0.32 ab
	6.59 ± 0.58 e
	435.2 ± 47.3 abc
	5.78 ± 0.21 ab



	1
	9.89 ± 0.064 bc
	2.29 ± 0.017 cd
	3.49 ± 0.11 cd
	7.25 ± 0.70 de
	438.1 ± 12.16 abc
	5.57 ± 0.34 ab



	2
	10.34 ± 0.110 bc
	1.97 ± 0.019 d
	2.92 ± 0.27 ef
	8.72 ± 0.46 cde
	395.2 ± 36.52 bc
	5.64 ± 0.17 ab



	3
	7.85 ± 0.117 cd
	1.89 ± 0.004 d
	3.68 ± 0.11 bc
	8.45 ± 0.74 cde
	457.1 ± 35.82 abc
	5.67 ± 0.26 ab



	4
	9.76 ± 0.152 bc
	1.58 ± 0.008 d
	2.52 ± 0.08 fg
	9.52 ± 0.80 bcd
	423.8 ± 27.43 bc
	5.13 ± 0.24 b



	5
	8.86 ± 0.065 bc
	2.13 ± 0.007 d
	2.41 ± 0.12 fg
	8.05 ± 0.58 de
	423.8 ± 35.13 abc
	5.67 ± 0.43 ab



	6
	11.10 ± 0.064 ab
	2.28 ± 0.002 cd
	4.24 ± 0.01 ab
	6.45 ± 0.12 e
	490.5 ± 11.67 a
	5.53 ± 0.12 ab



	7
	13.17 ± 0.147 a
	2.04 ± 0.015 d
	4.34 ± 0.13 a
	7.12 ± 0.68 de
	455.7 ± 46.62 abc
	5.92 ± 0.36 ab



	8
	9.01 ± 0.089 bc
	2.17 ± 0.026 d
	2.86 ± 0.13 ef
	8.98 ± 0.92 cde
	485.7 ± 30.59 a
	5.56 ± 0.15 ab



	9
	5.63 ± 0.120 de
	2.19 ± 0.009 d
	3.75 ± 0.17 bc
	6.85 ± 0.26 e
	471.4 ± 36.17 ab
	6.03 ± 0.37 a



	10
	4.77 ± 0.035 e
	1.79 ± 0.009 d
	3.48 ± 0.27 cd
	11.38 ± 0.92 ab
	485.7 ± 27.30 a
	5.93 ± 0.32 ab



	11
	9.53 ± 0.061 bc
	3.10 ± 0.022 bc
	3.77 ± 0.02 bc
	10.85 ± 1.26 abc
	452.4 ± 46.35 abc
	5.53 ± 0.09 ab



	12
	9.49 ± 0.067 bc
	4.22 ± 0.039 a
	3.29 ± 0.05 cde
	8.72 ± 0.80 cde
	466.7 ± 18.46 abc
	5.63 ± 0.07 ab



	13
	9.43 ± 0.076 bc
	3.29 ± 0.029 b
	4.07 ± 0.07 ab
	12.18 ± 0.74 a
	466.6 ± 15.83 abc
	5.46 ± 0.21 ab



	14
	9.25 ± 0.040 bc
	3.60 ± 0.048 ab
	3.09 ± 0.30 de
	7.25 ± 1.04 de
	471.4 ± 14.29 abc
	5.72 ± 0.25 ab



	15
	8.24 ± 0.044 bcd
	3.83 ± 0.063 ab
	2.05 ± 0.04 g
	7.65 ± 0.48 de
	481.0 ± 29.26 ab
	5.65 ± 0.15 ab







Values are the means of three replicates, separated by Tukey’s test at p = 0.05. Different letters indicate significant differences within grafted tomatoes with the 15 rootstock genotypes. Concentrations of lycopene (mg), ascorbic acid (mg), and titratable acids (mg) per 100 g fresh matter (FM), soluble proteins (mg) per 1 g fresh matter (FM) are shown.
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