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Abstract

:

Nitrogen availability is the key determinant of plant growth and development. The improvement of nitrogen use efficiency (NUE) in crops is an important consideration. In fruit and vegetables, such as watermelon, rootstocks are often utilized to control soil borne diseases and improve plant performance to a range of abiotic stresses. In this study, we evaluated the efficacy of 10 wild watermelon rootstocks (ZXG-516, ZXG-941, ZXG-945, ZXG-1250, ZXG-1251, ZXG-1558, ZXG-944, ZXG-1469, ZXG-1463, and ZXG-952) to improve the plant growth and nitrogen use efficiency (NUE) of the watermelon cultivar: Zaojia 8424. Nitrogen use efficiency (NUE) is a comprehensive parameter that represents the ability of a plant to absorb nitrogen (N) and convert the supplied resources to the dry biomass. Wild watermelon rootstocks substantially improved plant growth, rate of photosynthesis, stomatal conductivity, intercellular carbon dioxide concentration, rate of transpiration, nitrogen uptake efficiency, nitrogen use efficiency, and nitrogen utilization efficiency of watermelon. NUE of watermelon grafted onto ZXG-945, ZXG-1250, and ZXG-941 was improved by up to 67%, 77%, and 168%, respectively, at optimum N supply. Similarly, at low N supply (0.2 mM), NUE of watermelon grafted onto ZXG-1558 and ZXG-516 was improved by up to 104% and 175%, respectively. In conclusion, grafting onto some wild rootstocks can improve nitrogen use efficiency of watermelon, and this improved nitrogen use efficiency could be attributed to better N uptake efficiency of wild watermelon rootstocks.
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1. Introduction


Nitrogen (N) is a key nutrient required by plants for their growth and development. N is a component of amino acids, nucleic acid, proteins, chlorophyll, and hormones [1]. The availability of N positively influences the plant’s architecture, photosynthesis and photosynthates allocation, flowering, and fruit development [2,3,4]. Roots absorb N in the form of nitrate (NO3−) and ammonium (NH4+) from the medium. Nitrate and ammonium transporters are involved in the uptake of NO3− and NH4+. Usually the concentration of NH4+ in the xylem sap is low compared with NO3− ions. Roots transport these ions to the aboveground plant parts (shoot). During N assimilation, NO3− is converted to NH4+ through cytosolic nitrate reductase. This NH4+ is then converted into glutamine or glutamate. The compounds that are synthesized in this process are utilized as a precursor in the formation of amino acids, proteins, and other N-containing metabolites [4,5]. N-containing compounds play a central role in the growth and development of plants.



Watermelon is commercially cultivated on a large scale worldwide. China is the main producer and contributes to 67.5% of the World’s watermelon produce. A large amount of nitrogenous fertilizers are required for optimum plant production. According to the estimates of the National Bureau of Statistics of China, 24 million tons of nitrogen-containing fertilizers are utilized annually [6]. N-containing fertilizers are applied to fulfill the plant requirements; however, only 30% to 40% of the fertilizer is utilized by the crops. The remaining amount of fertilizer is wasted by means of leaching and volatilization, resulting in loss of resources and environmental pollution [7]. Nutrient use efficiency is generally referred to as the measurement of a plant’s capacity to absorb and use nutrients to produce biomass (i.e., harvestable yield). The variation of nitrogen use efficiency (NUE) among different plant species and varieties is because of uptake efficiency or use efficiency [8]. For nitrogen, it is measured on the basis of plant dry weight per unit N supplied (g dry weight (DW)/g N). This parameter is calculated based on plant N uptake and use capacity [9].



Several approaches are used to enhance the ion uptake efficiency of the crops. For instance, breeding for nutrient efficient cultivars, root architecture modifications [10,11,12], use of efficient methods for fertilizer application, and soil microbes are employed to obtain maximum crop yields with less fertilizer use [13,14]. In fruit and vegetable crops, rootstocks are utilized to improve nutrient use efficiency of elite scion cultivars [13,14,15,16]. NUE of grafted transplants is dependent on the genetic potential of the scion and the rootstock, and their interaction. Rootstocks improve the ion uptake in several plant species [4,16,17,18,19,20,21,22]. Selection of an appropriate rootstock for a specific scion cultivar is important in order to enhance water and ion absorption, nutrient use efficiency, and plant growth and yield [23,24]. Currently, the exploration and development of ion-specific rootstock [25] and specific ion-efficient rootstock is gaining the attention of plant biologists [14,23,24].



Wild watermelon genotypes can be an important rootstock for this plant species because they have good grafting compatibility and have no negative impact on fruit quality compared with other rootstocks, such as some cultivars of bottle gourd and pumpkin [14]. However, according to the best of our knowledge, the ability of wild watermelon rootstocks to improve the NUE of watermelon is not investigated. Thus, we evaluated the effect of 10 watermelon genotypes on plant growth, relative chlorophyll content, photosynthetic assimilation, nitrogen uptake efficiency, nitrogen utilization efficiency, and NUE under low and optimum levels of N supply.




2. Materials and Methods


2.1. Rootstocks and Scion Utilized, and Experimental Details


The experiments were conducted in a growth chamber at Huazhong Agricultural University, China. The watermelon cultivar “Zaojia 8424 (ZJ)”, developed by Xinjiang Academy of Agricultural Sciences, China, and 10 wild watermelon genotypes (ZXG-516, ZXG-941, ZXG-945, ZXG-1250, ZXG-1251, ZXG-1558, ZXG-944, ZXG-1469, ZXG-1463, and ZXG-952) were used as plant materials. Seeds were planted in plugged trays filled with a mixture of peat, perlite, and vermiculite. Rootstock seeds were sown five days earlier than the scion seeds. A total of 11 grafting combinations were produced that included ZJ self-grafted (ZJ/ZJ) and ZJ grafted onto 10 wild watermelon genotypes. For the preparation of grafted watermelon plants, the hole-insertion grafting method was used. The true leaves and growing point of the rootstock were carefully and completely removed just above the cotyledonary leaves, and a slanting hole was made with a wooden or plastic gimlet. The hypocotyl portion of the scion was prepared by making a slanting cut, with a tapering end for easy insertion [15,26]. During the healing period, plants were covered with a plastic sheet to maintain high humidity. The plastic sheet was removed for 30 min in the morning and afternoon, each day, to avoid the excessive increase of humidity. The film was completely removed after seven days of grafting. During this period, no nutrient solution was used and plants were simply irrigated with tap water until shifting to the nutrient solution. In this study, the self-grafted plants, of watermelon cultivar ZJ, were considered as the control. After healing and successful graft-union formation, uniform plants were shifted to plastic containers (8 L) filled with nutrient solution. In each container nine plants were shifted. In this study, two concentrations of N (0.2 mM and 9 mM) were used. The nutrient solution contained 3.5 Mm of Ca(NO3)2, 6 Mm of KCl, 0.5 mM of Ca(H2PO4)2, 1 mM of MgSO4, 1 mM of Mg(NO3)2, 89.7 μM of Na2Fe-EDTA, 46.3 μM of H3BO3, 9.5 μM of MnSO4, 0.8 μM of ZnSO4, 0.3 μM of CuSO4, and 0.1 μM of (NH4)2MoO4. The low N nutrient solution was prepared by using 0.1 mM of Ca(NO3)2, no Mg(NO3)2, and all other nutrients were kept similar [4]. In this study, 11 grafting combinations and two levels of nitrogen were used. All the treatments were repeated three times. Each replicate contained nine grafted watermelon plants. During the experimental period, the nutrient solution was regularly changed after every five days to evade the deficiency of a specific ion. Aeration was provided to the roots by an air pump working every 2 h during the experimental period. The temperature of the growth chamber was adjusted to 28 and 18 °C (day/night), respectively, and the relative humidity was maintained at 65%. Plants were harvested for growth and ionic analysis after 20 days of N application.




2.2. Plant Growth


Plant growth was measured by using three uniform plants from each replication. All the plants were divided into root, rootstock stem, scion stem, and leaf, and packed in paper bags. These samples were dried in an oven at 105 °C for a short time (15 min), and then the temperature was reduced to 72 °C for three days. The dry weight was measured using an electric balance.




2.3. Relative Chlorophyll Content (SPAD Index) and Leaf Photosynthetic Assessment


To measure the SPAD index, a fully developed leaf (third leaf from the top) was used. Photosynthesis related parameters, such as photosynthetic rate, stomatal conductance, intercellular CO2, and transpiration rate, were measured using the Li-6400XT, LI-COR, Lincoln, NE, USA. The chamber was adjusted to 25 °C (temperature), 360 µM/mol (CO2), and 800 µM/m2/s (photosynthetic photon-flux density).




2.4. Nitrogen Estimation and Nitrogen Use Efficiency


The dried plant samples were ground to a powder and digested with H2SO4–H2O2 (v/v, 5:1). N content was measured using the Kjeldahl method described by [27]. To measure the NUE, the following formulas were used [4,28]:


  Nitrogen   uptake   efficiency =   N   accumulated   in   plants   N   supplied     ( mg   N / mg   N )  



(1)






  Nitrogen   use   efficiency =   Dry   weight   of   plant   N   supplied     ( mg   DW / mg   N )  



(2)






  Nitrogen   utilization   efficiency =   Dry   weight   of   plant   N   accumulated   in   plants     ( mg   DW / mg   N )  



(3)








2.5. Statistical Analysis


SPSS statistical software (IBM SPSS 22.0, IBM-Corporation, New York, USA) was used to perform the statistical analysis. The two-way analysis of variance was performed. Values were means ± SE of three replicates. *, **, and *** represent p ≤ 0.05, 0.01, and 0.001, respectively, and ns means not significant.





3. Results


3.1. Wild Watermelon Rootstocks Improve the Growth of Watermelon Scion


The dry weights (DW) of the root, rootstock stem, scion stem, and the leaf of the watermelon plants were obviously affected by the use of different wild watermelon rootstocks, N availability, and their interaction (Figure 1). We observed that the dry weights of the root, rootstock stem, scion stem, and the leaf of the watermelon plants grown at the optimum level of N (9 mM) were obviously higher compared with the low level of N supply (0.2 mM), with a few exceptions. Considering the whole plant DW, at the optimum level of N (9 mM) watermelon plants grafted onto ZXG-941, ZXG-1250, ZXG-945, and ZXG-952 performed better compared with the watermelon grafted onto other rootstocks. However, at the low level of N supply (0.2 mM), watermelon plants grafted onto ZXG-516 and ZXG-1558 attained more DW compared with other rootstocks. Interestingly, the DW of watermelon plants grafted onto most of the wild watermelon rootstocks was higher compared with the self-grafted watermelon plants, and none of the rootstocks performed poorly compared with the self-grafted watermelon plants (Figure 1e).




3.2. Wild Watermelon Rootstocks Improve the Photosynthetic Responses of Watermelon Scion


Photosynthetic assimilation, transpiration rate, water use efficiency, and SPAD index (relative chlorophyll content) of watermelon cultivar Zaojia 8424 (ZJ) was obviously affected by the N availability, rootstock–scion combinations, and their interaction (Figure 2a,d–f). Stomatal conductance and intercellular CO2 were altered by the use of rootstock and the interaction between rootstock and N availability; however, these were not affected by N availability (Figure 2b,c). At low N (0.2 mM), the photosynthetic assimilation of watermelon grafted onto ZXG-1251, ZXG-1558, ZXG-944, and ZXG-1469 was substantially higher compared with the self-grafted watermelon plants. However, at the optimum level of N supply (9 mM N), the photosynthetic assimilation of watermelon grafted onto most of the rootstocks was improved, except for the watermelon grafted onto ZXG-1463 that was similar with the control (self-grafted ZJ). Some of the rootstock–scion combinations, such as watermelon grafted onto ZXG-1251, ZXG-1558, ZXG-944, and ZXG-1469, performed exceptionally well for the photosynthetic assimilation, and the difference between photosynthetic assimilation at low and optimum levels of N supply was negligible (Figure 2a). The stomatal conductance of watermelon grafted onto ZXG-1251 was substantially enhanced at the low level of N (0.2 mM); and stomatal conductance of watermelon grafted onto ZXG-945, ZXG-1250, ZXG-1251, and ZXG-1469 was improved at high N (9 mM) compared with the control (self-grafted ZJ). The use of several wild watermelon rootstocks improved the intercellular CO2 and the transpiration rate of watermelon scion compared with the self-grafted watermelon at low and optimum levels of nitrogen supply (Figure 2c,d). Water use efficiency was also affected by the different levels of N, rootstock, and their interaction (Figure 2e).




3.3. Wild Watermelon Rootstocks Improve the NUE


N uptake efficiency, N utilization efficiency, and N use efficiency of grafted watermelon plants was affected by the rootstock combinations, N availability, and their interaction (Figure 3). At low N supply (0.2 mM), the N uptake efficiency of watermelon plants grafted onto ZXG-516, ZXG-945, ZXG-1250, ZXG-1558, and ZXG-952 was substantially improved compared with the self-grafted watermelon plants. Similarly, at the optimum level of N supply (9 mM), the N uptake efficiency of the watermelon plants grafted onto ZXG-516, ZXG-941, ZXG-945, ZXG-1250, ZXG-1558, ZXG-1469, and ZXG-952 was better compared with the self-grafted watermelon plants (Figure 3a). The N uptake efficiency of the watermelon plants grafted onto ZXG-516 was 2.68-fold compared with the self-grafted watermelon plants. This rootstock–scion combination “ZJ8424 grafted onto ZXG-516” was better compared with any other rootstock–scion combination evaluated in this study at the low N supply (Figure 3a).



The result for N utilization efficacy showed that the N utilization efficacy of watermelon grafted onto seven of wild watermelon rootstocks (ZXG-941, ZXG-1250, ZXG-1251, ZXG-1558, ZXG-1469, ZXG-1463, and ZXG-952) was improved compared with the self-grafted watermelon plants at the low N supply (0.2 mM). At the optimum N supply (9 mM), generally the N utilization efficacy was reduced compared with the low N supply (0.2 mM); however, the N utilization efficacy of watermelon plants grafted onto ZXG-952, ZXG-941, ZXG-1250, ZXG-944, and ZXG-1463 was better compared with the self-grafted watermelon plants. At low N (0.2 mM), the N utilization efficacy of watermelon plants grafted onto ZXG-941 was improved by 62% compared with the self-grafted watermelon plants (Figure 3b).



N use efficiency of watermelon grafted onto different wild watermelon rootstock was also apparently affected by the rootstock, N availability, and their interaction. The N use efficiency at low N was many folds higher compared with the optimum level of N supply (Figure 3c). At low N, the N use efficiency of watermelon plants grafted onto nine of wild watermelon rootstocks (ZXG-516, ZXG-941, ZXG-945, ZXG-1250, ZXG-1251, ZXG-1558, ZXG-944, ZXG-1463, and ZXG-952) was improved compared with the self-grafted watermelon plants, except ZXG-1469 that was similar with the control (self-grafted ZJ). Similarly, at the optimum N (9 mM), the N use efficiency of watermelon grafted onto six different wild watermelon rootstocks (ZXG-516, ZXG-941, ZXG-945, ZXG-1250, ZXG-1558, and ZXG-952) was substantially enhanced compared with the self-grafted watermelon. The N use efficiency of watermelon grafted onto ZXG-516 and ZXG-1558 was improved by 175% and 104%, respectively, compared with the self-grafted watermelon at the low N supply. Similarly, at optimum N (9 mM), the N use efficiency of watermelon grafted onto ZXG-941, ZXG-1250, and ZXG-945 was enhanced by up to 168%, 77%, and 67%, respectively, compared with the self-grafted watermelon.




3.4. Percentage Biomass and N Allocation in the Scion


The percentage biomass allocation and percentage N allocation in the scion was apparently affected by the rootstock, N availability, and their interaction (Figure 4). At low N availability (0.02 mM) the parentage biomass allocation in the scion was substantially higher by the use of ZXG-941, ZXG-1558, and ZXG-1559 rootstocks. The critical observation of Figure 4b shows that the N allocation to the scion, in the cases of these rootstocks (ZXG-941, ZXG-1558, and ZXG-1559), was also higher compared with the self-grafted watermelon plants (ZJ/ZJ).





4. Discussion


Grafting scion cultivars onto rootstocks is utilized to manipulate plant adaptation to a range of stresses, thereby improving growth and development of vegetables [14,15,19,29]. According to a previous study, grafting watermelon onto Cucurbita maxima and Cucurbita moschata (pumpkin) rootstocks enhanced the dry matter accumulation under both limited and optimum N availability [4,14]. The authors attributed this increased dry matter accumulation to the enhanced supply of nitrogen and other macro- and micronutrients, such as calcium, phosphorous, copper, manganese, and zinc, and cytokinins. However, they did not investigate the effect of wild watermelon, and also did not present data regarding the photosynthetic responses. Grafting mini-watermelon onto rootstocks also enhanced the plant biomass, nitrogen uptake, and marketable yield [30]. In this study, grafting watermelon onto several wild watermelon rootstocks improved the growth and photosynthetic capacity of the plants compared with the self-grafted watermelon plants (Figure 1 and Figure 2). Use of rootstocks likely altered the leaf structure, mesophyll thickness, and the number of cells in the palisade parenchyma, the spongy parenchyma, and the intercellular spaces [4], thereby improving the photosynthetic assimilation. According to another report, under heavy metal stress conditions, pumpkin rootstock improved the chlorophyll content and rate of photosynthesis of watermelon scion [22]. Similarly, the chlorophyll contents and plant growth of brinjal cultivar “Jiza long” was substantially improved by grafting onto an eggplant rootstock “Hiranasu” under suboptimal temperature conditions [31]. The leaf structure affects the photosynthetic capacity of leaves. The leaf mesophyll conductance is affected by the structure and thickness of the palisade parenchyma and spongy parenchyma [4]. The palisade parenchyma affects light penetration and the spongy parenchyma alters light capture by scattering the light [32,33,34,35]. Grafting mini-watermelon onto rootstocks improved the total leaf area and the SPAD index [13]. Pumpkin rootstock improves the relative chlorophyll content and rate of photosynthesis of watermelon, by inducing the expression of the chlorophyll synthesis genes and reducing the expression of the chlorophyll degradation genes [4,22].



The vigorous root system of the rootstocks helps enhance water and ion uptake from the soil solution, and transport to aboveground plant parts [19]. For instance, the watermelon plants grafted onto pumpkin (Jingxinzhen No. 4) rootstock showed 2.24- and 2.02-fold improvement in root dry weight and K-uptake efficiency, respectively, compared with self-grafted transplants [36]. Melon cultivars grafted onto three Cucurbita maxima rootstocks (Shintoza, Kamel, and RS-84) showed an improved profile of macronutrients in the leaf tissues. Rootstocks enhanced the N concentration (6% to 81%) of leaves compared with transplants [37]. Similarly, watermelon cultivar “Crimson Tide” grafted onto gourd rootstocks (Lagenaria siceraria) apparently increased nitrogen and potassium absorption from the soil under salt stress conditions [38]. Grafting of watermelon cultivar Zaojia 8424 onto pumpkin cultivar “Qingyanzhen No. 1” and bottle gourd cultivar “Jingxinzhen No. 1” increased the total ion absorption of watermelon by up to 30% and 49% at fruit development, and 21% and 47% at fruit maturity, compared with self-rooted plants [39]. Pumpkin-grafted watermelon plants also showed maximum magnesium uptake compared with self-rooted watermelon plants under limited magnesium supply [40].



The improvement of NUE efficiency is required, and the use of rootstocks has been reported to enhance the NUE in different fruit and vegetable crops, including watermelon [4,15,17,21,36,40,41,42]. In this study, we observed that the N uptake efficiency, N utilization efficiency, and N use efficiency of watermelon was altered by the use of wild watermelon rootstocks (Figure 3a–c). The improved N use efficiency may be attributed to the N uptake efficiency of wild watermelon rootstocks because the uptake efficiency of ZXG-516, ZXG-1558, ZXG-945, and ZXG-952 was better compared with other rootstocks, and thus the N use efficiency of these rootstock–scion combinations was also better (Figure 3a,c). Watermelon grafting onto rootstocks enhanced the nitrogen uptake efficiency and nitrogen use efficiency by 21% and 38%, respectively [30]. According to some previous studies, rootstocks enhance nutrient [14,39,40] and cytokinin supply to the scion, improve growth and dry matter accumulation, and trigger the gene expression of nitrate reductase and nitrite reductase enzymes [4,22,43]. In fruit crops, such as grapes, nitrate uptake is favored by the presence of rootstocks and the characteristics of the scion. The overall nitrate acquisition is affected by low affinity nitrate uptake and efflux from the root cells [44]. Grafting mini-watermelon onto rootstocks increased the activity of nitrate reductase under different levels of nitrogen supply [30]. Thus, the activity of nitrite reductase and nitrate reductase is improved [45], thereby, leading towards the enhanced N assimilation capacity of grafted plants. Interestingly, for some rootstocks (ZXG-941, ZXG-1251, ZXG-1469, and ZXG-1463), their N uptake efficiency was lower compared with other rootstocks but their capacity to utilize the available N was better, thus their N utilization efficiency was improved. The improved nitrate reductase activity [4,30] probably helped the grafted watermelon plants to improve N assimilation and nitrogen use efficiency, particularly at low N supply.




5. Conclusions


This is the first study in which the assessment of wild watermelon genotypes to improve NUE of watermelon has been focused. NUE of watermelon can be improved using wild watermelon rootstocks. Wild watermelon rootstocks improved the NUE by improving the nitrogen uptake, relative chlorophyll content, rate of photosynthesis, and biomass and N allocation in the scion. Based on the results of this study, ZXG-945, ZXG-1250, and ZXG-941 can be used as nitrogen efficient rootstocks under optimum N supply, and ZXG-1558 and ZXG-516 under low N supplies. This study can aid in the selection of better wild watermelon rootstocks for efficient N utilization. However, the response of these rootstocks on reproductive behavior and fruit quality parameters requires further investigations. Additionally, genome-wide transcriptome analysis may help understand the underlying genetic regulation mechanisms [46] involved in N uptake and its utilization.
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Figure 1. Root dry weight (a), rootstock stem dry weight (b), scion stem dry weight (c), leaf dry weight (d), and total dry weight (e) of watermelon cultivar Zaojia 8424 (ZJ), self-grafted (ZJ/ZJ) and grafted onto 10 different wild watermelon rootstocks, under normal (9 mM) and low (0.2 mM) nitrogen (N) conditions. Values are means ± standard error (SE) of three replicates. *** represent P ≤0.05. 






Figure 1. Root dry weight (a), rootstock stem dry weight (b), scion stem dry weight (c), leaf dry weight (d), and total dry weight (e) of watermelon cultivar Zaojia 8424 (ZJ), self-grafted (ZJ/ZJ) and grafted onto 10 different wild watermelon rootstocks, under normal (9 mM) and low (0.2 mM) nitrogen (N) conditions. Values are means ± standard error (SE) of three replicates. *** represent P ≤0.05.
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Figure 2. Photosynthetic assimilation (a), stomatal conductance (b), intercellular CO2 (c), transpiration rate (d), water use efficiency (e), and SPAD index (relative chlorophyll content) (f) of watermelon cultivar Zaojia 8424 (ZJ), self-grafted (ZJ/ZJ) and grafted onto 10 different wild watermelon rootstocks under normal (9 mM) and low (0.2 mM) N conditions. Values are means ± SE of three replicates. *, **, and *** represent P ≤ 0.05, 0.01 and 0.001, respectively, and ns means not significant. 
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Figure 3. N uptake efficiency (a), N utilization efficiency (b), and N use efficiency (c) of watermelon cultivar Zaojia 8424 (ZJ), self-grafted (ZJ/ZJ) and grafted onto 10 different wild watermelon rootstocks under normal (9 mM) and low (0.2 mM) N conditions. Values are means ± SE of three replicates. *** represent P ≤ 0.05. 
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Figure 4. Percentage biomass allocation in the scion (a) and percentage of N allocation in the scion (b) of watermelon cultivar Zaojia 8424 (ZJ), self-grafted (ZJ/ZJ) and grafted onto 10 different wild watermelon rootstocks under normal (9 mM) and low (0.2 mM) N conditions. Values are means ± SE of three replicates. *** represent p ≤ 0.05. 
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