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Abstract

:

Watermelon is one of the most desirable vegetable crops in the world. Recently, grafting is common in watermelons worldwide, but not all grafting methods are compatible with polyploids. In this study, diploid, triploid, and tetraploid from one watermelon variety, “Mi Mei”, were grafted on the “Xijiaqiangsheng” squash rootstock to study the effect of genome duplication on graft compatibility. Three grafting methods (splice, hole, and tongue) were used to determine graft compatibility. Significant differences in survival rates, hormones, antioxidants (AOX), sugars, and starch contents were observed between compatible/incompatible combinations. Compatible combinations with high survival rates showed high levels of hormones, AOX, carbohydrates, and low hydrogen peroxide H2O2 compared to incompatible plants. The hole grafting method was more efficient with diploid, while splice was efficient with a tetraploid, and both methods can be used for triploid. Compatibility is a combined effect of hormone, carbohydrate, and antioxidant activities. We predict that compatibility is a complex process and that further molecular studies must be performed to dig deep into this phenomenon.
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1. Introduction


Seedless watermelon cultivars (Citrullus lanatus L.) are the most desirable by consumers and have a high price and more excellent quality than seeded watermelon [1]. Seedless watermelons are triploids (3n = 33) produced by crossing a tetraploid (4n = 44) seed parent with a diploid (2n = 22) pollen parent [2,3]. Tetraploid induction can be done by different methods, like applying aqueous chemicals (Colchicine and Oryzalin) solution to the apical meristem of diploid seedlings [4,5,6].



Polyploidy is the heritable condition of possessing more than two complete sets of chromosomes, and very common among plants, and are usually fit and well adapted [7]. One of the main advantages of the polyploidy in the watermelon is triploid (seedless) fruits; another benefit, conferred by gene redundancy, is diversifying gene function by altering redundant copies of important or essential genes [7,8,9]. But generally, after genome doubling, the artificially induced autopolyploids always exhibit new characters, such as DNA contents, high secondary metabolite organisms, large tissues and organs, improved yield, higher contents of chlorophyll, lycopene, fructose, and glucose, and higher tolerance to both abiotic and biotic stress, than diploid, all of which are distinct advantages of polyploidy [2,3,5,10,11,12,13].



Recently, grafting has been used to enhance the resistance to biotic and abiotic stresses and improve yields [14,15]. Graft compatibility is a complex process of anatomical and biochemical interactions [16,17] that starts with wound response, then callus formation, and finished with cambium and functional vascular system between rootstock and scion creation [18]. All of these steps can determine the future of a grafted plant [19]. According to (Melnyk et al., 2017), who explained the graft junction formation steps at the first 1–2 days after grafting: (1) adhesion of scion and stock (2) cell divisions initiate and callus formation (3) callus makes contact between scion and stock. A week or more after grafting: (4) callus differentiate to xylem and phloem elements, (5) vascular connections are re-established to [20].



Several watermelon grafting methods have been reported [21,22]. The tongue (T), hole (H), and splice (S) are the most used methods in vegetable grafting, T is one of the initial techniques that are performed, and unpracticed producers prefer it, due to its simplicity, high success rate, and that it does not require much care or healing chambers [21,23,24]. Experienced watermelon growers prefer the H method, due to the limited space needed and the workers’ speedy process. [23]; on the other hand, it requires expert workers and more time than other methods and also needs careful environmental conditions control (light, humidity, temperature) after grafting [21,25]. Even though the S method is relatively simple, it is unpopular, due to the lower survival rate if the healing environment is not perfect [25,26]. However, grafting with the splice method gives a faster, stronger, and larger union region area than other methods [17,27,28].



IAA, and cytokinin, play an essential role in regulating scion–stock interactions [29] and are required for wound healing and vascular regeneration in the graft region area [30,31]. Graft incompatibility in the fruit trees occurs, due to hormone imbalance [32,33,34,35]. Auxin is a plant hormone that causes the elongation of cells in shoots and regulates plant growth. Low concentrations of auxin promote intact roots’ growth, whereas higher concentrations inhibit growth [36,37]. The growth rate of maize roots is more sensitive to changes in IAA concentration [38]. Cytokinin in tobacco increases root growth, primarily by increasing the size of the root apical meristem. Similarly, mutations that partially disrupt cytokinin perception also cause enhanced root growth and accelerate the process of vascular differentiation in the root tip [37].



Reactive Oxygen Species (ROS) accumulation leads to oxidative damage and cell death [11,39,40]. Increasing activity of defense-related enzymes, such as Catalase (CAT) and Peroxidase (POD), can scavenge ROS in plants and improve the resistance of plants to stress [41,42]. POX and CAT convert H2O2 to H2O [43]. The formation of graft union has coincided with antioxidants (AOX) activities in dealing with oxidative stress [44,45]. In comparison, incompatible grafts showed higher H2O2 levels and lower AOX activities in the grafting region [44,46,47].



Furthermore, carbohydrates play an essential role in plants’ cellular activities by providing energy [48,49]. Graft union development is due to the content of carbohydrates present in scion and rootstock at grafting time, higher carbohydrates levels, and auxins and cytokinin, essential for effective callus formation. Interactions among rootstock and scion cultivars for utilizing carbohydrates can influence starch depletion, which occurs throughout callus development; the survival rate increases by increasing starch content [49,50].



Rootstock-scion compatibility depends on anatomical, physiological, and genetic variables. Oda et al. (1993) Suggested that the reduction in the difference in diameter of the hypocotyls between the scion and rootstock was effective in increasing the survival rate and promoting cucumber plants’ growth, while the number of vascular bundles did not affect the survival rate [51]. Traka-Mavrona et al. (2000) [52] also showed that the differences in stem diameter between Cucurbita and Cucumis reduced grafts’ survival rate.



This research studied the effect of genome doubling on graft compatibility at physiological and anatomical levels, which maybe led to a good explanation of the compatibility mechanisms. It will also open the door for breeders to produce tetraploid rootstocks, which have high survival rates and high resistance to biotic and abiotic stress.




2. Materials and Methods


2.1. Plant Materials


Seedless watermelons are triploids (3n = 33) produced by crossing a tetraploid seed parent with a diploid (2n = 22) pollen parent. Tetraploid induction was done by applying colchicine to the growing apex of diploid seedlings. Polyploid seeds for one variety (mimei), which is homozygous and genetically stable, and passed the achievement appraisal of the Chinese Department of Agriculture in 1990 and won the second prize of science technology progress of the Department of Agriculture in 1991 [53], were used as scions and squash as rootstock, which is an interspecific hybrid (between Cucurbita moschata × Cucurbita maxima) (xijiaqiangsheng) and widely used in China as a rootstock, obtained from the polyploid watermelon group—Zhengzhou Fruit research institute (CAAS) China.



Plants were cultivated in a glasshouse with the growth conditions were set to 25–30 °C with 60–85% humidity with ordinary light. The sensor in each experimental plot’s center was used to record temperature and humidity (THtool-V151_En; Campbell Scientific Ltd., Beijing, China). We closed the healing room for seven days. After that, we start to open gradually until 12 days after grafting, and after 15 days, we collected survival rates data and samples.




2.2. Methods


2.2.1. Grafting Methods


This study used the three most commercial methods used in watermelon grafting, namely, tongue, splice, and hole methods (Figure 1).




2.2.2. Survival Rates


Survival rates were investigated after 15 days using the formula [54].


  Survival   rate =    Number   of   survived   grafted   plants     Total   number   of   grafted   plants      ×   100  











Survival rates were measured after 15 days from the grafting by counting the successful seedlings and dividing them by the total number of the grafting seedlings. The individual plants were counted from three biological replicates; each replicate contains 30 plants from the splice and hole grafting methods (which had significant differences between polyploids).



Samples were collected at three different stages (0, 3, and 15 days) after grafting for the determinations and histological studies. Samples were taken at 0 DAG as a control to study the grafting process development. At 3 DAG is the critical time for grafting, as it has the highest rate of cellular activity, which is determined based on compatibility/incompatibility in the grafting. At 15 DAG, samples were taken after survival and success compatibility. The most critical time in the healing process is 2–3 DAG during the healing stage [55], there is the highest rate of stress (complete dark, high humidity, and temperature), and the highest increase of hormones and antioxidants leads to graft compatibility [56].




2.2.3. Estimate Hormone Contents by ELISA Method


Three biological replicates were collected from the graft union at 0, 3, and 15 days after grafting (DAG). Indole-3-acetic acid (IAA) and Zeatin Riboside (ZR) contents were measured with the Enzyme-Linked Immunosorbent Assay (ELISA) method (China Agricultural University). The determination of hormonal contents was performed as outlined by [29].




2.2.4. Assay for Antioxidants Enzymes Activity and H2O2 Contents


Superoxide dismutase (SOD) activity in the supernatant was assayed for its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT) by reading the absorbance at 560 nm wavelength using SOD assay kit/ YX-C-A500 for the measurement of SOD activity. Catalase activity was determined by measuring the rate of change of H2O2 absorbance in 60 s at 240 nm, using a spectrophotometer by CAT assay kit/BC0200.



Peroxidase (POD) can catalyze the oxidation of phenols and amines by H2O2, which has the dual function of eliminating the toxicity of H2O2, phenols, and amines. POD catalyzes the oxidation of specific substrates by H2O2 and has characteristic light absorption at 470 nm using POD assay kit/ YX-C-A502. H2O2 forms a yellow titanium peroxide complex with titanium sulfate, with characteristic absorption at 415 nm wavelength using H2O2 assay kit/ YX-C-A400 (Sino best biological technology co., Beijing, China), according to the manufacturer’s instructions. Three biological replications from grafting union at 0, 3, and 15 DAG from three different plants for each replicate were collected for analysis.




2.2.5. Quantification of Carbohydrates, Sugars, and Starch


All experiments were carried out using starch assay kit/ YX-C-C400 for starch content estimation at 620 nm wavelength, sugars assay kit/YX-C-B629 for sugars content using 540 nm wavelength (Sino best biological technology co., Beijing, China), according to the manufacturer’s instructions. Three biological replications from grafting union at 0, 3, and 15 DAG from three different plants for each replicate were collected for analysis.




2.2.6. Rootstocks Roots Architecture and Development Measurements (Scanning of Rootstock Roots Morphology)


At different five stages (0, 3, 5, 7, and 15 DAG), roots from five grafting combination plants were taken, washed twice with water. The root morphology was carried by a scanner (i800 plus EZ V2.61p, Selangor, Malaysia) the image analysis system (Wseen LA-S) was used to analyze the root morphology parameters.




2.2.7. Anatomical Observation


Five samples (graft union region) were collected from each replicate in Diploid, Triploid, and Tetraploid watermelons after 15 DAG, which grafted with splice and hole grafting method and fixed in FAA solution for 48 h then dehydrated in an ethanol series (30, 50, 70, and 95%), each dehydrated step for 90 min, then softened in glycerol: alcohol mixture (1:1) about one week. Samples were embedded in paraffin wax (52–54 °C), then a ten μm thickness section was sectioned on a sliding microtome [17]. Finally, paraffin sections were examined with an epifluorescence microscope (Leica DM-LS, Leica Microsystems, Wetzlar, Germany). Images were captured with HPCCD-5 Color Microscope Camera with ScopePhoto, V3.1 software.





2.3. Statistical Analysis


The present experiment was designed based on a completely randomized design. The general linear model by two-way ANOVA, 2 × 3 were applied to analyze the data using SPSS 26 (IBM).



The two-way ANOVA model included the main effects of species (diploid or triploid or tetraploid), the grafting method (Splice or Hole), and interactions between species and grafting methods. Data are shown as the means of three replicates. Correlation between the characters was determined at 95%. Hormones, AOX, sugars, and starch contents in the graft union were subjected to Principal Component Analysis (PCA) to verify the interaction between different grafting methods among polyploid watermelons synthesize the considered variables using Excel (Microsoft Corporation, Redmond, WA, USA).





3. Results


3.1. Survival Rates of Di, Tri, and Tetraploid Watermelon Grafted by Different Grafting Methods


Plant Survive rate was measured at 15 DAG in diploid (Di), triploid (Tri), and tetraploid (Tetra) watermelons, which were grafted by using Tongue (T), Splice (S), and Hole (H) grafting methods during two consecutive seasons, March and August 2019. The statistical analysis showed significant differences between Di, Tri, and Tetra when S and H methods were used (Figure 2).



The results showed that the splice method was more compatible with tetraploid and triploid and gave a higher success rate than the diploid. On the contrary, the hole method was compatible with diploid more and gave a survival rate higher than the tetraploid. While the tongue method was lower in survival rate results and no high differences between polyploids, the following measurements will be completed on the splice and hole methods to study compatibility mechanisms and study the effect of genome duplication in graft compatibility.




3.2. Measurement of Indole-3-Acetic Acid (IAA) and Zeatin Riboside (ZR) in the Grafting Union among Di, Tri, and Tetraploid Watermelon at Different Days after Grafting


Diploid, triploid, and tetraploid watermelon grafted with splice and hole methods showed a significant effect on the graft union’s hormones contents during the grafting process (Figure 3). In this study, hormone contents increased during the grafting process, especially in 2–3 DAG; our results also showed that the hormone contents in Tetra were more than Tri and Di. The contents of hormones and their increment rates differ according to the grafting method, as there was a difference between splice and hole methods.



In the splice method at 0 DAG, IAA contents in Tetra were 1.28 and 1.32-fold higher than Di, while in Tri, IAA was 1.13 and 1.18-fold higher than Di in the first and second season, respectively. Also, the increment rate of IAA in the graft union at 3 DAG were 14.48, 3.93, and 30.24% in the first season and 21.97, 5.14, and 27.32% in the second season in Di, Tri, and Tetra watermelon, respectively. The increment rate of IAA in the graft union at 15 DAG were 48.63, 7.07, and 33.32% in the first season and 48.55, 7.1, and 36.62% in the second season in Di, Tri, and Tetra watermelon, respectively. While in hole method, the results showed different direction as were the results of IAA showed that no significant differences between different ploidy watermelon at 0 DAG, but the increment rates at 3 DAG were 45.12, 89.67, and 34.71% in the first season and 51.75, 91.34, and 31.74% in the second season in Di, Tri, and Tetra watermelon, respectively. The increment rates at 15 DAG were −14.57, 13.04, and 3.35% in the first season and −11.2, 16.31, and −4.2% in the second season in Di, Tri Tetra watermelon, respectively.



Whereas ZR results showed no significant differences between Di and Tetra at 0 DAG in both grafting methods, while at 3 and 15 DAG, there were highly significant differences during both seasons (Figure 3). ZR content increases significantly in the different ploidy watermelon during the grafting process, varying with the grafting method. In splice methods, ZR contents at 3 DAG were increased by 8.17, 2.85, and 21.52% in the first season and 5.32, −12.5, and 14.77% in the second season in Di, Tri, and Tetra watermelon, respectively. The increment rate at 15 DAG was 29.26, 9.9, 21.12% in the first season and 28.99, 16.73, and 23.35% in the second season in Di, Tri, and Tetra watermelon, respectively. While with hole methods, the content of ZR at 3 DAG was increased by 39.1, 20.13, and −0.16% in the first season and 58.72, 46.91, and −1.88% in the second season in Di, Tri, and Tetra watermelon, respectively. The increment rate at 15 DAG was 8.53, 5.92, and 58.29% in the first season and −3.57, −14.74, and 25.3% in the second season in Di, Tri, and Tetra watermelon, respectively.




3.3. Measurement of POD, SOD, CAT, and H2O2 Contents in the Grafting Union among Di, Tri, and Tetraploid Watermelon at Different Days after Grafting


Our results showed highly significant differences between different ploidy watermelons during both seasons in POD (Figure 4); when the splice method was used, the highest POD activities were recorded in Tri at 0 DAG, 4.1 and 2.82-fold, compared to Di, and Tetra, in the first season and 3.7 and 1.43-fold in the second season. At 3 DAG, POD activities’ increment rates were 114.4, 24, and 223.53% in the first season, 116.71, 32.82, and 219.13% during the second season Di, Tri, and Tetra watermelon, respectively. While when the hole method was used, the highest POD activities were recorded in Tri at 0 DAG, 2.28, and 1.74-fold, compared to Di and Tetra, in the first season and 2.28 and at least 1.74-fold and the second season. At 3 DAG, POD activities’ increment rates were 421.39, 22.58, and 219.95% in both seasons and 421.39, 22.58, and 219.95% second season in Di, Tri, and Tetra watermelon, respectively.



Significantly higher CAT content was observed in Tri than Tetra and Di (Figure 4), at 0 DAG with splice method, CAT activities were 1.35 and 1.3-fold higher in Tri than Di in the first and second season, respectively, and 1.12 and 1.1-fold higher than Tetra in the first and second season, respectively. CAT activities in the graft union start to increase at 3 DAG in all polyploids with increment rates of 57, 217.17, and 354.8% in the first season, 70.1, 226.82, and 400% in the second season in Di, Tri, and Tetra watermelon, respectively. While when the hole method was used, the highest CAT activities were recorded in Tetra at 0 DAG, 1.67, and 1.66-fold, compared with Di and Tri in the first season and 1.74, and 1.99-fold in the second season, respectively. At 3 DAG, the increment rates of CAT activities were 303.25, 252.15, and −45.97% in the first season and 311.39, 261.79, and −45.45% in the second season in Di, Tri, and Tetra watermelon, respectively; at 3 DAG stage, it was observed that catalase activities start to decrease in tetraploid when the hole method was used. In contrast, itis starts to increase with the splice method.



SOD activity was observed higher in Tetra and Tri watermelon than Di watermelon (Figure 4). With the splice method at 0 DAG, SOD activities in Tetra were 1.23 and 1.79-fold higher than Di and Tri in the first season and 1.24 and 1.63-fold in the second season. At 3 DAG, SOD activities start to increase in Tetra than compared to Tri and Di. The increment rates of SOD activities were 20.57, 22.25, and 46% in the first season and 10.2, 13.1, and 53.66% during the second season in Di, Tri, and Tetra watermelon, respectively. With the hole method, the highest SOD activities were recorded in Tetra at 0 DAG, 1.83, and 1.41-fold, compared with Di and Tri in the first season, and 1.53 and 1.26-fold in the second season. At 3 DAG, the increment rates of SOD activities were different with different ploidy where it was increased in Di but decreased in Tetra and Tri; SOD activities were 59.6, −15.9, and −34.81% in the first season and 49.1, −10.66, and −16.39% in the second season in Di, Tri, and Tetra watermelon, respectively, at 3 DAG stage. It was observed that SOD activity with the hole method was very high in Di, but it decreased in the Tri and decreased further in the Tetra.



Reactive Oxygen Species (ROS), like hydrogen peroxide (H2O2) accumulation leads to cell death, depends on the balance between the production of AOX and ROS. H2O2 contents were lower in Tri than Di and Tetra at 0 DAG stage when the splice method was used (Figure 4). It was 0.65 and 0.65-fold lower in Tri than Di and Tetra in the first season and 0.59 and 0.58-fold in the second season. But at 3 DAG, the increment rates of H2O2 activities in the graft union started to increase: 64.1, 116.49, and 8.59% in the first season and 65.57, 153.79, and 2.33% in Di, Tri, and Tetra, respectively. There were no significant differences between Di and Tetra in H2O2 contents at 0 DAG, but the increase at 3 DAG was significant in the Di and not significant in the Tri and Tetra. With the hole method, no significant differences between Di, Tri, and Tetra in the content of H2O2 in both seasons. At 3 DAG, the increment rates of H2O2 contents were 124.95, 77.37, 118.5% in the first season, 134.4, 85.44, and 149.89% in the second season in Di, Tri, and Tetra watermelon, respectively, at the 3 DAG stage.




3.4. Carbohydrates (Starch and Sugars) Contents in the Grafting Union among Di, Tri, and Tetraploid Watermelon with Different Grafting Methods at Different Days after Grafting


Generally, carbohydrates provide energy in the plant. The cotyledons are the source of carbohydrates in the seedlings; the survival rate was positively correlated with increased starch content during the grafting process. The sugars results (Figure 5) showed significant differences between different ploidy watermelons with hole and splice methods in both seasons at 0 DAG, where in Tetra were higher than Tri and Di. With the splice method, total sugars’ contents in Tetra were 1.54 and 1.54-fold in the first season and 2.12 and 2.12-fold in the second season, higher than Di and Tri, respectively. At 3 DAG, the contents of sugars start to decrease, where it was 288.5, 228.94, and 47.7% in the first season and 288.5, 229, 47.7% in the second season in Di, Tri, and Tetra, respectively; it was observed that the decrement rate is significantly lower in Tetra than Di and Tri at 3 DAG with splice method. At 15 DAG, sugars’ contents start to increase 322.29, 42.66, and 12.51% in the first season and 322.29, 42.66, and 12.5% in the second season in Di, Tri, and Tetra, respectively. While with the hole method, sugars’ contents at 0 DAG were higher in Tetra with 2.12 and 2.29-fold than Di and Tri, respectively, in both seasons. At 3 DAG, sugars’ contents start to increase in Di and Tri by 8.9 and 54, 55% in both seasons, while in Tetra, the sugars’ contents begin to decrease by 46% in both seasons. Also, at 15 DAG, sugar contents increased just in Di by 151% in both seasons, while Tri and Tetra decreased by 33.42 and 96.1%, respectively.



Starch results in (Figure 5) at 0 DAG using the splice method showed no significant differences between different ploidy watermelons in the first season. In the second season, Tetra starch contents are highly significant (1.31 and 1.51-fold) than compared to Di and Tri. Starch contents start to decrease at 3 DAG in all ploidy. Still, the decrement rates at Tetra were less than Di and Tri, 41.66, 25.31, and 7.38% at the first season, while in the second season no significant differences between 0 and 3 DAG with Di, but the decrement rates were high in Tri and Tetra by 21.11, and 20.9%, respectively. The results showed differences between different ploidy during the grafting process (0, 3, and 15 DAG) but no significance with the hole method. There are significant differences at 0 DAG in the second season, as the starch contents in Tetra were higher than Di and Tri by 1.63 and 1.24-fold in the first season and 1.79, 1.15 in the second season, respectively. At 3 DAG, no significant differences in Di during this stage but with Tri and Tetra’s content start to decrease by 13.38 and 65.68% in the first season and 143.14 and 74.31% in the second season, respectively. At 15 DAG, starch contents increase significantly by 53.85, 18.63, and 60.68% in the first season and 50.14, 101.78, and 62.18% in the second season in Di, Tri, and Tetra, respectively.




3.5. Rootstock Roots Growth and Development by Morphological Parameters


The four grafting combinations’ root morphology parameters (control without grafting, Di, Tri, and Tetra) grafted by splice and hole methods were shown in Figure 6, Figure 7 and Figure 8. There were significant differences in the coefficients of root morphology between levels of ploidy. The rootstock grafted with Tetra watermelon plant roots showed higher length, surface area, projected area, and fresh weight than the other combinations with both methods. The results showed that the growth of rootstock roots length increment rates was higher with Tetra, followed by Tri and Di in both methods. On the other side, Di and Tri’s roots length were higher than the splice method with the hole method. Surface area is an indicator for new roots production; there are significant differences between different ploidy in surface area during the grafting process with both methods. The results showed that the growth of new roots (surface area) was higher with Tetra in both methods than Di and Tri. Tri was a higher increment rate than Di in the surface area with the splice method, while the hole method had no significant differences. The increased production of new roots and the increase in length led to the increased projected area and fresh weight. It was observed in our results that the rootstock grafted with Tetra watermelon plants roots exhibited higher projected area and fresh weight than Di and Tri with both methods, also with the hole method, no significant differences between Di and Tri in the projected area and fresh weight, but it is highly significant with control. During the grafting and healing process, there are significant differences in volume, average diameter, and dry weight in the rootstock roots grafted with Di, Tri, and Tetra watermelon, using splice and hole grafting methods. Rootstock grafted with Tri gave a high increase in roots volume with the splice method followed by Di and Tetra, while with the hole method, Tetra gave a high increase in roots volume followed by Tri and Di. Because the control (without grafting) growing in roots length was less, the average diameter was higher. The results showed that the control rootstock roots gave a high increase in roots diameter than grafted plants in both methods. Finally, rootstock roots dry weight, which grafted with Di and Tri watermelon, gave highly significant weight than Tri and control in both methods.




3.6. Anatomical Observation


Comparative anatomical studies at the grafting union region (Figure 9) between different ploidy watermelon grafted with splice and hole methods reveal apparent differences between compatible and incompatible combinations (Figure 9). Long adhesion region and new tissues between the scion and rootstock were observed in the compatible plants of Tetra with splice method and Di and Tri with hole method. Conversely, the small adhesion regions were found in the graft union in the incompatible plants of Tetra with hole and Di with the splice method.




3.7. Principal Component Analysis


PCA can indicate the essential traits contributing to graft compatibility in the materials and methods under study (Figure 10). The resulting PCA scatterplot with the splice method showed a clear cluster for AOX, hormones, sugars, starch (on the right side of PC1), and H2O2 (on the left side of PC1). Other clustered groups showed additional separation in more than one group, in the second, third, and fourth quarters of the centroid, respectively, for Di, Tri, Tetra at different stages (0, 3, 15 DAG) using Splice (S) and Hole (H) grafting methods.





4. Discussion


In this study, we compared hole, splice, and tongue grafting methods among diploid, triploid, and tetraploid watermelon. The data showed that the hole method gave a high survival rate in Di and triploid watermelon, while the splice method gave a high survival rate with tetraploid watermelon. While with the tongue method, the differences were not very high.



Plant hormones play a vital role in callus initiation and vascular bundle formation at grafting union [29,30,31,34,35,54,56,57,58,59,60,61,62]. During the grafting process, the maximum contents of IAA were observed until 3 DAG in the scion [56,63]. We compared the IAA and ZR contents in Di, Tri, and Tetra watermelon graft unions (Figure 3) using splice and hole grafting methods on different days after grafting. The IAA and ZR contents in Tetra combinations were significantly high compared to Di and Tri combinations with the splice method. Di and Tri had a high content of IAA and ZR when the hole method was used. Our results showed high compatibility in Tetra grafted with splice method and high content and higher increment rates of hormones than Di, especially at 3 DAG (critical period) and 15 DAG. While Di and Tri gave high survival rate with hole method and high increment rates of IAA and ZR than Tetra, these results can explain the high survival rates in Tetra with the splice and the high survival rate in Di and Tri with hole method; these results were in agreement with [56,64,65].



The grafting process faced more stresses like injury or wound, complete dark, and high humidity during healing time [54,55]. The most critical time in the healing process is the 2nd and 3rd days after grafting. [56]. Polyploids are more tolerant of abiotic stresses than Di, and genome doubling gave high resistance to stresses because of the high contents of hormones and antioxidants’ high activities [66,67,68,69].



The results in both seasons showed that POD, SOD, and CAT activities were significantly different between different ploidy watermelons among splice and hole methods (Figure 4). In this study, POD, SOD, and CAT activities showed a high increase during the Tetra healing process with the splice method, while the increment rates were high in Di and Tri with the hole method. On the contrary, the content of hydrogen peroxide (H2O2) did not increase during the healing process in Tetra with the splice method. It didn’t increase in Di and Tri with the hole method. These results were because of the high activities of antioxidants, which leads to scavenging oxygen radicals and H2O2. According to [43,46].



Carbohydrates provide energy to plants, and the cotyledons are the source of carbohydrates in the seedlings [27,50]. The survival rate was positively correlated with an increase in starch content [51]. An increase in the percentage of carbohydrates before grafting by adding sucrose to the rootstocks led to a higher survival rate [50]. In our results, with the splice method, the accumulation of sugars and starch contents in the graft union at 0 DAG was significantly higher in Tetra than in Tri and Di. The decrement rates of sugars and starch were meager compared to Di and Tri. These results may explain the increment in the survival rate in Tetra with the splice method. Same with the hole method, Di and Tri gave a higher survival rate because of the higher content of starch and sucrose at 0 DAG and the lower decrement rates during 3 DAG than tetraploid watermelon. These results are consistent with [50,55], who suggested that higher carbohydrate contents in grafted tissues could lead to successful grafting.



Just as hormones are essential in the process of compatibility and callus formation, so are carbohydrates [50,51]. The experiment has proved that increasing the percentage of carbohydrates increased the grafting survival rate [50].



The roots are more sensitive to auxin than the stem. The roots can be elongated by adding auxin [36,37,38,67]. In the Arabidopsis, after germination, the root meristem growth is controlled by the interaction between cytokinin (promoting differentiation) and auxin (promoting division) [70]. Our experiment measured the rootstock roots’ growth rate and compared the effect of grafting by Di, Tri, and Tetra on roots’ development. It was found that in the case of tetraploid, the rate of rootstock roots growth was much higher during the grafting process than diploid and triploid. This could be due to the high hormone contents and the high interaction between cytokinin and auxin in tetraploid watermelon than diploid and triploid [36,37,38,67,70].



Rootstock–scion compatibility depends on anatomical, physiological, and genetic variables, and the survival rate increases with fewer differences between origin and taste [71]. The survival rate was inversely related to the difference between the diameters of the scion and the rootstock. Our anatomical study showed that the adhesion region in tetraploid with the splice method was long compared to the hole method. Since the tetraploid seedling is flat (not round), the hole method is not suitable for grafting. In the diploid, the slides showed that the adhesion area in the hole is bigger and longer than the splice; this may explain the high survival rate in the diploid with the hole method. Likewise, for triploid, the splice’s adhesion area was bigger than the hole, explaining the increased survival rate in the splice more than the hole.



The PCA scatter plot highlighted that the hormones, AOX, sugars, and starch had a pivotal role in the graft compatibility of Di, Tri, and Tetra watermelon during 0, 3, and 15 DAG using splice and hole grafting methods. Indeed, all AOX, hormones, and carbohydrates in the grafting union clustered together on the positive side of PC1. The opposite was noticed with H2O2 on the negative side of PC1 in both seasons.




5. Conclusions


This study investigated physiological and anatomical changes in graft-compatible and graft-incompatible polyploid watermelon with different grafting methods. Our results suggest that the higher content of hormones, antioxidants activities, and carbohydrates, would contribute to superior physiology, callus initiation, differentiation, and growth performance in the graft-compatible combination. These results provide us some advice, such as exogenous applications with sugars or hormones before grafting and reduce the stresses on the plant during the healing period to increase the survival rate; additionally, to study the effect of genome doubling on graft compatibility. Our findings should further understand the compatibility mechanisms to improve plant growth performance and cause incompatible rootstock grafting to influence plant growth. Also, it can open the door for breeders to produce tetraploid rootstock, which has high compatibility and high resistance for abiotic and biotic stresses.
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Figure 1. Three grafting methods were used for watermelon grafting, (A) tongue grafting method (T), (B) splice grafting method (S), and (C) hole grafting method (H). 
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Figure 2. The survival rate of different grafting methods among different ploidy watermelon at 15 days after grafting during March and August 2019 cropping seasons. The bars with different letters differ significantly (p < 0.05). 
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Figure 3. IAA and ZR hormones contents in different ploidy watermelon grafted with splice and hole methods at 0, 3, and 15 DAG, during March and August 2019 cropping seasons grafted with splice and hole methods. The bars with different letters differ significantly (p < 0.05). IAA: Indole acetic acid, ZR: Zeatin Riboside, DAG: Days after grafting. 






Figure 3. IAA and ZR hormones contents in different ploidy watermelon grafted with splice and hole methods at 0, 3, and 15 DAG, during March and August 2019 cropping seasons grafted with splice and hole methods. The bars with different letters differ significantly (p < 0.05). IAA: Indole acetic acid, ZR: Zeatin Riboside, DAG: Days after grafting.



[image: Agronomy 11 00913 g003]







[image: Agronomy 11 00913 g004 550] 





Figure 4. Peroxidase (POD), Superoxide dismutase (SOD), Catalase (CAT), and Hydrogen peroxide (H2O2) contents in different ploidy watermelons grafted with splice and hole methods at 0, 3, and 15 DAG during March and August 2019 cropping seasons. The bars with different letters differ significantly (p < 0.05). DAG: Days after grafting. 
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Figure 5. Sugars and Starch contents at different ploidy watermelon grafted with splice and hole methods at 0, 3, and 15 DAG. The bars with different letters differ significantly (p < 0.05). DAG: Days after grafting. 
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Figure 6. Roots’ growth and development of Xijiaqiangsheng rootstock grafted with splice and hole grafting methods among Cntl, Di, Tri, and Tetra watermelon at 0, 3, 5, 7, and 15 DAG. The bars with different letters differ significantly (p < 0.05). Cntl: control without grafting, Di: Diploid, Tri: triploid, Tetra: Tetraploid, DAG: Days after grafting. 
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Figure 7. Roots’ growth and development of Xijiaqiangsheng rootstock grafted with splice and hole grafting methods among Cntl, Di, Tri, and Tetra watermelon at 0, 3, 5, 7, and 15 DAG. The bars with different letters differ significantly (p < 0.05). Cntl: control without grafting, Di: Diploid, Tri: triploid, Tetra: Tetraploid, DAG: Days after grafting. 
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Figure 8. Roots’ growth and development of Xijiaqiangsheng rootstock grafted with splice methods among Cntl, Di, Tri, and Tetra watermelon at 3, 5, and 7 DAG. Cntl: control without grafting, Di: Diploid, Tri: triploid, Tetra: Tetraploid, DAG: Days after grafting. 
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Figure 9. Anatomical observation of Di, Tri, and Tetra watermelon grafted on squash rootstock using splice and hole grafting methods at 15 Days after grafting (zoom 40×), arrows indicate connection region between scions and rootstock. R: rootstock, S: Scion. 
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Figure 10. Principal Component Analysis (PCA) scatterplot based on total concentrations of the AOX, Hormones, starch, and sugars as a function of the grafting combination in Di, Tri, and Tetra watermelon at three stages (0, 3, 15 DAG). Di: Diploid, Tri: triploid, Tetra: Tetraploid. 
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