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Grafting is widely used in fruit, vegetable, and flower propagation to improve biotic and abiotic stress resistance, yield, and quality. At present, the systemic changes caused by grafting, as well as the mechanisms and effects of long-distance signal transport between rootstock and scion have mainly been investigated in model plants (Arabidopsis thaliana and Nicotiana benthamiana). However, these aspects of grafting vary when different plant materials are grafted, so the study of model plants provides only a theoretical basis and reference for the related research of grafted vegetables. The dearth of knowledge about the transport of signaling molecules in grafted vegetables is inconsistent with the rapid development of large-scale vegetable production, highlighting the need to study the mechanisms regulating the rootstock-scion interaction and long-distance transport. The rapid development of molecular biotechnology and “omics” approaches will allow researchers to unravel the physiological and molecular mechanisms involved in the rootstock–scion interaction in vegetables. We summarize recent progress in the study of the physiological aspects (e.g., hormones and nutrients) of the response in grafted vegetables and focus in particular on long-distance molecular signaling (e.g., RNA and proteins). This review provides a theoretical basis for studies of the rootstock–scion interaction in grafted vegetables, as well as provide guidance for rootstock breeding and selection to meet specific demands for efficient vegetable production.
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INTRODUCTION

Grafting is one of the main means of asexual reproduction of horticultural crops such as fruit trees, vegetables, and flowers. It is used extensively to ameliorate the biotic stress, such as that caused by fungi and viruses, of crops (Cohen et al., 2000, 2005, 2007; Ioannou, 2001; Nisini et al., 2002), enhance abiotic stress tolerance to extreme temperatures and other environmental factors (Zhou et al., 2007). Grafting can also induce alterations in fruit traits, such as size (Garcia-Lozano et al., 2020), rind thickness (Fredes et al., 2017), and flesh firmness (Bertucci et al., 2018).

The mechanisms regulating the rootstock–scion interaction can affect plant growth and development, adaptation to environmental conditions, and physiological and biochemical characteristics. For example, grafting can result in an improvement of vegetable quality by increasing the synthesis of endogenous hormones and the acquisition and transport of mineral nutrients (Lee et al., 2010; Wang Q. et al., 2017); it can also alter secondary metabolites, creating novel flavors (Lee et al., 2010; Kakizaki et al., 2017), and the concentrations of fruit metabolites such as lycopene, carotenoids, and amino acids (Lee et al., 1996; Davis et al., 2008).

Recent advances in molecular biotechnology and bioinformatics techniques have stimulated research into the dual interaction between rootstocks and scions (Warschefsky et al., 2016). In vegetables, grafting and “omics” analysis have been integrated to examine the transport of mRNAs, small RNAs [specifically small interfering RNAs (siRNAs)], and proteins (Kim et al., 2001; Haywood et al., 2005; Zhang K. et al., 2014). In addition, grafting, especially in horticultural plant propagation, is an important method and a means to study basic processes such as flowering mechanisms, and long-distance conduction in plants (Turnbull, 2010; Goldschmidt, 2014). In these experiments, different grafting combinations of mutant and wild-type materials are subjected to some treatment, and the substance of interest (e.g., plant hormone, mRNA, protein) is detected in the rootstock and scion.

Here, we summarize research over the past two decades on grafting-induced changes in and transport of endogenous substances, including phytohormones, mineral elements, RNAs, and proteins, in vegetables. We pay particular attention to the potential molecular mechanisms underlying long-distance trafficking of RNAs and proteins between rootstocks and scions. We supplement our discussion with information on signaling transport verified in other plants and in non-grafting experiments. Our purpose is to provide a perspective from which to unravel the mechanisms underlying long-distance signaling between vegetable rootstocks and scions, and to provide a reference for the selection of vegetable grafting combinations.



PHYSIOLOGICAL ASPECTS OF THE ROOTSTOCK–SCION INTERACTION IN GRAFTED VEGETABLES


Phytohormones

Current research on phytohormones is mainly focused on physiological function, biosynthesis, and metabolism, and signal perception and transduction (Li and Li, 2019). Arabidopsis thaliana (Arabidopsis), Oryza sativa L. (rice), and Gossypium (cotton) are most often used in this research. This work has laid a solid foundation for exploring phytohormone transport between the rootstock and scion in grafted vegetables.

Phytohormones can function either at their site of synthesis or can be transported through the vascular system to tissues relatively far from their source (Li and Li, 2019). Indole acetic acid (IAA; an auxin), cytokinins (CKs), and jasmonic acid (JA) have been shown to undergo polar transport between rootstocks and scions. For instance, red light sensed by leaves of normal tomato scions activates the synthesis of IAA (Guo et al., 2016), which is transported downward and promotes the normal development of lateral roots of diageotropica (DGT) mutant rootstocks whose organogenesis of lateral roots be abolished (Ivanchenko et al., 2015). In Arabidopsis, CKs and gibberellic acid (GA) can promote scion branch growth (Ko et al., 2014) and internode elongation (Regnault et al., 2015), respectively, through xylem transport (Matsumoto-Kitano et al., 2008; Kiba et al., 2013; Osugi et al., 2017) from root to shoot. Under osmotic stress, cotton roots induce leaves to synthesize a large amount of JA and transport it to the roots, which increases the content of PIP protein in the roots, enhancing their water absorption capacity (Luo et al., 2019). Furthermore, JA biosynthesis is induced by leaf injury, which causes shoot-to-root transport (Gasperini et al., 2015); conversely, carlactone (CL) can be transported upward from the rootstock to the scion, where it is converted into active strigolactone (SL) (Booker et al., 2005). Abscisic acid (ABA) in tomato rootstocks may be transported upward to regulate stomatal closure of scions (Dodd et al., 2009). Furthermore, GA may be produced tomato rootstocks and scions under drought stress (Gaion et al., 2018). However, further investigation using other methods, such as transgenic sequencing and RNA-seq, is needed to determine whether the phenotypic compensation, in mutants whose gene related to phytohormone transport was interfered, caused by grafting is a result of the transport of phytohormones between rootstocks and scions.

Interaction between phytohormones has been widely reported: (i) in biosynthesis – some genes encoding members of the auxin transcription factor ARF family can regulate CK biosynthesis by binding to the promoter of the adenylate isopentenyltransferase 5(IPT5) (Cheng et al., 2013) or the oxidase gene OsCKX4 (Gao et al., 2014). In addition, several reports have confirmed that other phytohormones [JA, ABA, ethylene (Eth), GA] influence IAA biosynthesis (Cui et al., 2005; Cai et al., 2014; Zhao et al., 2014; Miao et al., 2018. (ii) In function—IAA and GA can regulate the negative gravity response of rice stem by antagonizing the expression of XET (Cui et al., 2005), brassinosteroids (BRs) interact with IAA and phosphatidylinositol signals to regulate vascular morphogenesis in Arabidopsis cotyledons (Lin et al., 2005), in tomato, the ratio of CK/ACC (positively) and ACC/ABA (negatively) is positively and negatively related to leaf growth and photosystem II (PSII) efficiency, respectively (Albacete et al., 2009). (iii) In signal transduction – in Arabidopsis, Eth inhibits taproot elongation through PIN2-mediated auxin-mediated IAA transport (Miao et al., 2018), BRs also regulate the plant gravity response by changing the polar transport of IAA (Li et al., 2005), JA controls lateral root formation by regulating auxin biosynthesis and polar transport (Sun et al., 2009), and phloem-mediated CK transport increases IAA biosynthesis (Jones et al., 2010) and polar transport (Bishopp et al., 2011). In rice, under low-phosphorus and low-nitrogen conditions, SL affects root development by altering the transport of IAA from stem to root (Sun et al., 2014).

The molecular mechanism determining the transport mode of phytohormones in grafted seedlings and their regulation after transport is poorly understood. As different combinations of rootstocks and scions have different modes of synthesis and transportation of endogenous hormones (Lacombe and Achard, 2016), further efforts are needed to reveal the metabolic levels and interaction mechanisms of various endogenous hormones in rootstocks and scions after vegetable grafting and to determine how to affect the expression of rootstock traits.

Phytohormone crosstalk is also involved in the regulation of growth in grafted vegetables; and GA and ABA have been shown to regulate growth in grafted tomato (Gaion et al., 2018). These studies suggest that phytohormones (ABA, IAA, and CK) may function as long-distance signals in grafted plants.



Mineral Elements

Mineral elements are generally absorbed by the roots and then transported through the Casparian strip or by membrane transport proteins in the xylem (Thakur et al., 2016). Grafting has been the main method used to investigate ways to improve ion absorption, exclusion, and transport (Rouphael et al., 2008; Savvas et al., 2010b), as well as to confine heavy metal uptake and translocation in vegetables (Lux et al., 2011; Colla et al., 2013). Recently, several groups have reported that plants exposed to salt stress have altered gene expression patterns, metabolic activity, and ion and water transport, which reduces stress damage and restores water balance (Serrano and Gaxiola, 1994; Hasegawa et al., 2000; Si et al., 2010; Wang Q. et al., 2017). For example, it has been shown that Cucurbita rootstocks increase the plant’s tolerance to salt stress by excluding Na+ from leaf mesophyll cells and sequestering it in the leaf veins, retaining K+ in the leaf mesophyll cells, as well as by early ABA-induced stomatal closure (Niu et al., 2018b). The mechanism of ion (Na+, K+, V+, and Cu2+) exclusion has also been investigated in watermelon(Citrullus lanatus) rootstocks (Edelstein et al., 2011; Huang et al., 2013a, b; Nawaz et al., 2018) and cucumber(Cucumis sativus) rootstocks (Rouphael et al., 2008). In addition, grafting did not affect the uptake of Cd (cadmium) by the roots of grafted eggplant (Solanum melongena) (Arao et al., 2008) but did affect its transport in the xylem (Savvas et al., 2010a) and xylem loading (Mori et al., 2009).

In summary, the mechanisms by which grafting affects the absorption and transport of mineral elements in vegetables are controlled by the rootstock genotype or by rootstock–scion interactions, which can enhance the tolerance of grafted vegetables to high/low mineral element levels. Thus, grafting is one of the direct strategies used to overcome the effects of toxic heavy metals (Edelstein and Ben-Hur, 2018). However, studies of the corresponding genes or proteins are lacking (Shabala, 2003), and further studies are needed to identify the genes and proteins regulating the absorption, exclusion, and transport of toxic ions within grafted vegetables.



PHLOEM-MEDIATED SYSTEMIC TRANSPORT OF MACROMOLECULAR SIGNAL MOLECULES IN ROOTSTOCK-GRAFTED VEGETABLES

Signaling macromolecules such as RNAs, microRNAs, and proteins move between the rootstocks and scions of grafted horticultural crops during long-distance transport in the reconstructed vascular system. By participating in information exchange between rootstocks and scions, the processes of transcription, gene expression, and protein translation can not only regulate growth but also improve the adaptation of vegetables to the surrounding environment (Lucas et al., 2001; Harada, 2010; Goldschmidt, 2014; Notaguchi, 2015; Warschefsky et al., 2016; Ko and Helariutta, 2017). The translocation of DNA, mRNA, proteins, and siRNAs induced by grafting has become an active research topic (Haroldsen et al., 2012; Wu et al., 2013; Notaguchi and Okamoto, 2015).


“Omics” Analyses of Macromolecule Signal Exchanges Induced by Grafting

In horticultural plants, different rootstocks can induce significant changes in physiological responses (Ren et al., 2018), photosynthesis (Xu et al., 2018), hormonal responses (Ren et al., 2018), environmental adaptation (Yu et al., 2017; Xu et al., 2018), and the sugars and aromatic flavors of the plants (Zhao et al., 2018). Extensive mRNA signaling networks have been reported in the model plants A. thaliana (Thieme et al., 2015) and N. benthamiana (Zhang W. et al., 2014) by bioinformatics and “omics” analyses. Using large-scale data analysis technologies (genome-wide transcriptomic and proteomic analyses), researchers can analyze differentially expressed genes (DEGs), differentially expressed miRNAs (DEMs), and differentially accumulated proteins (DAPs) in various grafted plants.

Genome-wide analysis has made it possible to explore the expression patterns of IAA-related transporter genes such as ClLAX, ClPIN, and ClABCB in grafted watermelon in response to abiotic stresses (e.g., salt, drought, and cold), providing insight into the possible roles of the encoded transporters (Yu et al., 2017). Transcriptome profiling has been widely applied to analyze the roles of DEGs/DEMs in graft compatibility and abiotic stress resistance using watermelon scions grafted to squash rootstocks (Xu et al., 2016; Ren et al., 2018). Proteomics can be used to analyze the major categories of proteins in different treatments to investigate the mechanisms of graft-enhanced stress tolerance in scions. For example, comparative proteomic analysis was used to show that cucumber scions grafted to Momordica rootstocks could respond to heat stress by differentially accumulating photosynthesis-related proteins (Xu et al., 2018).

Therefore, “omics” analyses are important techniques that can be used to unravel the differential accumulation and transport of macromolecular signals in grafted vegetables.


mRNAs

Combined with heterologous grafting methods, RNA sequencing in different species after grafting showed that >3,000 endogenous mRNAs migrate between the stock and scion in grafted cucumber and watermelon (Omid et al., 2007; Ham et al., 2009; Zhang W. et al., 2016). In tomato, studies showed that 347 mRNAs move into the stems of the parasite plant dodder (Cuscuta sp.) near the attachment region (LeBlanc et al., 2013; Kim et al., 2014). In addition, some mobile mRNAs have been shown to have biological functions. For example, CmNACP (Ruiz-Medrano et al., 1999), CmGAIP (Haywood et al., 2005), StBEL5 (Banerjee et al., 2006), and PFP-Let6 (Kim et al., 2001) affect plant growth and development (i.e., dwarfing, apical meristem development, tuber growth, and root development, respectively; (Table 1).


TABLE 1. Overview of mobile mRNAs and proteins that have been identified in grafted vegetables.

[image: Table 1]Most mRNAs, but not their encoded proteins, are translated and function after transport. For example, tomato systemic protein precursor (prosystemin, PS) mRNA moves through the graft interface, after which it is unloaded to nucleated cells of the scion. PS mRNA’s ability to be translated into PS protein in response to external herbivore and pathogen damage – without the PS protein moving – demonstrates one function of mRNA transport (Zhang et al., 2018). Furthermore, long-distance transport of cyclophilin SlCyp1 mRNA is associated with modulation of the root-shoot ratio, which responds to changes in light intensity by regulating root growth (Spiegelman et al., 2015). Finally, antiflorigen PEBP mRNA has been confirmed to be mobile and to inhibit flowering in tomato–tobacco heterografts (Huang et al., 2018).



ncRNAs

Many non-coding RNAs (ncRNAs), including transfer RNAs (tRNAs), siRNAs, and microRNAs (miRNAs), are found in the phloem sap of pumpkin(Cucurbita moschata) and oilseed rape (Brassica napus L.) (Buhtz et al., 2008; Pant et al., 2008; Zhang et al., 2009; Hu et al., 2016; Zhang W. et al., 2016), and their functions in virus defense, cell signal transmission, and gene expression regulation have been demonstrated.



tRNAs

Similar to other phloem-specific RNAs, tRNA molecules are selectively transferred into the sieve tubes (Yoo et al., 2004). Pumpkin phloem sap contains many full-length specific tRNA fragments that can interfere with ribosomal activity and effectively block translation. The tRNA fragments delivered to the phloem are potential long-distance signals; for example, cytokinin-containing tRNAs that can breakdown into free cytokinins are a source of CK (cytokinins) (Mok and Mok, 2001; Table 2). Non-coding RNAs (longer than si/miRNAs) that range from 30 to 90 nucleotides are also found in pumpkin phloem exudates and may inhibit protein translation (Zhang et al., 2009).


TABLE 2. Overview of mobile non-coding RNAs that have been identified in grafted vegetables.
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si/miRNAs

Zhang W. et al. (2014) reported that si/miRNAs function in systemic acquired resistance and mineral element uptake after they are transported through the phloem in both model plants and vegetables. Buhtz et al. (2010) showed that the mobility of miRNAs produced in rootstocks through the graft union helps the scion (miRNA processing hen1-1 mutant, in this case) respond to nutrient deprivation. Nutrient starvation experiments showed that the levels of miR395, miR398, and miR399 in the phloem sap of B. napus were significantly increased in response to sulfate, copper, and phosphate starvation, respectively (Table 2). In particular, miR399 levels are markedly increased in low-phosphate medium, which is consistent with earlier studies in A. thaliana (Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006). CsmiR399a/e is upregulated to induce the tissue-specific transport of mRNAs under inorganic phosphate stress after grafting in cucumbers (Pant et al., 2008; Nawaz et al., 2016; Zhang Z. et al., 2016).

Visual markers can be used to track the distribution of siRNAs in the plant vascular system. Using asexual and sexual progeny of chimeras that consist of red cabbage (B. oleracea var. capitata) and tuber mustard (Brassica juncea var. tumida) after grafting (Li et al., 2013) showed that siRNAs are transported from the red cabbage to the tuber mustard, and that the transport of siRNAs created a heritable variation. Research on si/miRNA transportation provides a theoretical basis for using transgenesis to create an RNA interference vector to produce plants with reduced expression of related genes.



Proteins

Numerous studies have shown that phloem sap contain proteins that can move not only between adjacent cells and distant cells, but also between the rootstock and scion in grafted plants. Functional mobile proteins that move between the rootstock and scion include the transport proteins CmPP1 and CmPP2 (Tiedemann and Carstens-Behrens, 1994; Golecki et al., 1999), the florigen CmFT (Lin et al., 2007), and CmSTMwhich determines cell fate in the meristem (Groot et al., 2005; Table 1).

At least nine additional phloem transport proteins, such as CmPP16 and CmHSP70, or their precursors, form a ribonucleoprotein (RNP) complex that is also present in the phloem of both the rootstock and the scion, indicating that the proteins are exchanged through the reconstructed vascular system (Golecki et al., 1998; Xoconostle-Cázares et al., 1999). A model in which RNP complexes based on CmRBP50 function in the translocation stream has been proposed for pumpkin phloem (Ham et al., 2009) and B. napus phloem sap (Ostendorp et al., 2017). Similar to CmRBP50, CmWRKYP, CmPP2, Cmlec17, and CmPP16 are phloem RNA-binding proteins that can also help RNA transport via phloem (Ham et al., 2009).

Taken together, analyses of phloem sap collected from cucumber, watermelon, pumpkin, and B. napus have revealed significant differences in the metabolism and proteome characteristics of shoot–root junction regions and those of the sieve tube system (STS) (Cho et al., 2015; Hu et al., 2016; Zhang W. et al., 2016; Ham and Lucas, 2017; Wang J. et al., 2017; Kehr and Kragler, 2018). These observations suggest that the STS is a distinct and extremely complex metabolic space in the plant vascular system that facilitates stock–scion communication.



Studies on the Mechanism of RNA and Protein Signaling Between the Rootstock and Scion in Grafted Vegetables

The mechanism of mRNA signaling in vegetable plants is not particularly well understood. It is uncertain whether the mechanism of mRNA transport is sequence-specific or non-sequence-specific. It has been reported that mRNA transport in A. thaliana may be (i) directional and tissue specific (Wang J. et al., 2017; Kehr and Kragler, 2018); (ii) independent of transcript abundance and stability (Calderwood et al., 2016); and (iii) facilitated by a specific tertiary structural sequence (Zhong et al., 2007), homodomain region (Kim et al., 2001), 3′-UTR (Haywood et al., 2005; Huang and Yu, 2009), poly-CU (Ham et al., 2009), TLS (tRNA-related sequence) (Zhang W. et al., 2016), and 5-methylcytosine modifications (Yang et al., 2019) that recognize cytoplasmic ribosomes and chaperones, altering RNA self-conformation and the plasmodesma exclusion limit (SEL), as well as by selective loading and unloading in the CC-SE (companion cell–sieve element) (Figure 1).
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FIGURE 1. Proposed model for the selective movement of mRNA and protein from companion cells to sieve elements in grafted cucurbits. When grafted plants experience stress, the source tissues produce poly(A)-transcripts that are transcribed in companion cells, can be recognized by RNA-binding proteins, and selectively move through plasmodesmata into sieve elements. These mobile transcripts then bind with phloem proteins to form RNP complexes with specific motifs such as poly-CU, TLS, or 5-methylcytosine methylation sites. Furthermore, they are targeted to sink cells in the phloem flow and are unloaded into destination cells, where they are translated and function.


Transport of small RNA molecules via the phloem is mediated by the RNA-binding protein CmPSRP1 (Yoo et al., 2004). CmPSRP1 isolated from pumpkin phloem selectively binds to single-stranded siRNAs and mediates their intercellular trafficking through plasmodesmata, which is consistent with the function of CmPSRP1 in transporting siRNA through CC-SE plasmodesmata. These observations are related to the mechanism of siRNA-related gene silencing (Ham et al., 2009, 2014; Hu et al., 2016).

The mechanism of RNA and protein signaling between rootstock and scion in horticultural plants has been studied only in cucurbits, tomato, and Brassica species. Large-scale “omics” data analyses suggest that mRNA transport in grafted vegetables is directional and specific, and that the transcripts function after transport. Further studies that use gene-editing technology and focus on species-specific traits are needed.



DISCUSSION

Vegetables are exposed to various biotic and abiotic stresses that threaten production in open-field and greenhouse cultivation, in part because of continuous cropping (Cohen et al., 2000, 2005, 2007; Yu et al., 2017). Grafting has long been used to regulate plant growth and improve biotic and abiotic stress tolerance in the production of horticultural plants (Xu et al., 2018). Grafting has been studied for its striking effects on fruit quality (Bertucci et al., 2018; Zhao et al., 2018; Garcia-Lozano et al., 2020), physiological responses (Ren et al., 2018), and photosynthesis (Xu et al., 2018). Furthermore, heterografting is a powerful tool for identifying horizontal DNA movement (Yu et al., 2017) and the long-distance transport of mRNAs (Banerjee et al., 2006; Ham et al., 2009; Xu et al., 2016; Huang et al., 2018), ncRNAs (Mok and Mok, 2001; Yoo et al., 2004; Zhang et al., 2009; Ren et al., 2018), and proteins (Lin et al., 2007; Xu et al., 2018). Compared with those done in fruit trees, there are fewer studies on the physiological and molecular aspects of rootstock–scion interaction in vegetables. Currently, grafting is principally used in the Cucurbitaceae (watermelon, melon, cucumber) and Solanaceae (tomato, pepper, eggplant) families and has become a more commonly used and more efficient technique for studies aimed at elucidating the underlying mechanism(s) of the rootstock–scion interaction in vegetables than grafting for such studies in fruit trees. First, vegetables are herbaceous plants with short growth cycles (<2 years per growth cycle), so it is more convenient to investigate phenotypic changes during the growth and development of vegetables than during those of fruit trees. Second, owing to the high heterozygosity of germplasm resources in fruit trees, it is easier to obtain homozygous vegetable plants whose gene sequence is stable, which are advantageous for studies on rootstock–scion signaling exchanges. Third, gene modification/editing technology and ethyl methanesulfonate (EMS) mutation screen technology have been established in vegetables, especially in Cucurbitaceae (watermelon, cucumber) and Solanaceae (tomato), which offers more opportunity to study rootstock–scion signaling exchange and interaction by grafting mutants to transgenic plants. In a word, there is an urgent need for studies on rootstock breeding and the rootstock–scion interaction in grafted vegetables.

Unraveling the mechanisms that control vascular-delivered signaling molecules in grafted vegetables would enable the selection of suitable rootstock resources and also help to explain how grafting improves quality in vegetables. Several studies have focused on the changes in and transport of phytohormones (Noorden et al., 2006; Hirose et al., 2008), minerals (Huang et al., 2013b; Niu et al., 2018a), mRNAs (Omid et al., 2007; Ham et al., 2009; Zhang W. et al., 2016), ncRNAs (Buhtz et al., 2008; Pant et al., 2008), and proteins (Kehr and Kragler, 2018; Xu et al., 2018) that are induced by grafting. Some phytohormones (Ko et al., 2014; Ivanchenko et al., 2015; Regnault et al., 2015; Guo et al., 2016), mRNAs (Haywood et al., 2005; Banerjee et al., 2006), ncRNAs (Li et al., 2013), and proteins (Groot et al., 2005; Ham et al., 2009) that can be transported via the vascular system have been proven to have definite functions (Figure 2). Researchers have speculated about the mechanisms of RNA and protein phloem transport/co-transport, in regard to tissue specificity (Wang J. et al., 2017; Kehr and Kragler, 2018), whether specific structural sequences are required (Kim et al., 2001; Haywood et al., 2005; Huang and Yu, 2009; Ham et al., 2009; Zhang W. et al., 2016; Yang et al., 2019), and the role of RNA-binding proteins (Yoo et al., 2004; Ham et al., 2009; Ostendorp et al., 2017). Generally, research on grafted vegetables has mainly focused on stress resistance (Rouphael et al., 2008; Yu et al., 2017), graft compatibility (Ren et al., 2018), hormonal responses (Albacete et al., 2009; Gaion et al., 2018), and long-distance transport signals in vascular systems (Lin et al., 2007; Li et al., 2013; Zhang et al., 2018; Huang et al., 2018). Nevertheless, “omics” analyses are direct and rapid methods of detecting and identifying mobile and differentially expressed substances (Yu et al., 2017), such as DEGs (Xu et al., 2016), DEMs (Ren et al., 2018), and DAPs (Xu et al., 2018) in grafted vegetables; however, results obtained from “omics” datasets need to be verified by combining more biological experiments, such as fluorescence quantitative analysis of gene expression pattern.
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FIGURE 2. Proposed model of systemic long-distance signal transport in distant tissues of grafted vegetables. Grafting material: cucumber/pumpkin cotyledon-insertion grafts. Directionality: mineral elements and water acquired by the rootstock can be transported to the scion through the xylem; and plant hormones, some microRNAs, and proteins can be transported through the phloem rootstock–scion communication pathway in grafted vegetables. In addition, some binding proteins can transport RNAs. Selectivity: rootstocks of grafted vegetables will selectively absorb or reject mineral elements in the rhizosphere so as to achieve tolerance of grafted vegetables to high/low mineral element levels.




CONCLUSION

Despite the current state of research, the mechanisms that control the changes in and transport of specific molecules in vegetable grafts remain poorly understood. In particular, the basic questions (what, when, where, and how) concerning the transport of signal substances between rootstock and scion remain to be addressed and merit further study. Moreover, a scientific explanation for the long-distance trafficking of RNAs and proteins in rootstock grafts remains to be determined. This explanation will also provide a theoretical basis for rootstock breeding and selection to meet specific demands for efficient vegetable production.
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Cape gooseberry (Physalis peruviana L.) is one of the most exported Andean fruits in Colombia. Vascular wilt caused by Fusarium oxysporum f. sp. physali (FOph) has led to a reduction in crop areas in recent years. Therefore, the aim of this study was to select genotypes with resistance to vascular wilt that can be useful as rootstocks from a group of six Physalis genotypes (Physalis ixocarpa, Physalis floridana, and Physalis peruviana genotypes Colombia, Sudafrica, Peru, and Accession 62) using physiological variables such as maximum quantum efficiency of Photosystem II (Fv/Fm), leaf gas exchange properties [net photosynthesis rate (Pn) and stomatal conductance (gs)], and leaf water potential. An experiment was carried out under greenhouse conditions in which plants of the different Physalis materials were inoculated with the F. oxysporum f. sp. physali strain Map5 at a concentration of 1 × 106 conidia mL–1. Physiological and disease development variables were measured at 15, 23, and 31 days after inoculation (DAI). The results obtained showed that P. peruviana genotypes Colombia and Sudafrica showed greater susceptibility to the disease (disease severity index 3.8 and 3.6, respectively). Net photosynthesis rate (Pn), stomatal conductance (gs), water potential (Ψfw), and Fv/Fm ratio were lower compared to non-inoculated plants. P. floridana and P. ixocarpa plants inoculated with F. oxysporum showed similar behavior to non-inoculated plants for the evaluated variables. In conclusion, the results obtained suggest that these two genotypes can be considered in breeding programs or as rootstock for the establishment of cape gooseberry crops in soils with the presence of the pathogen.

Keywords: biotic stress, Fusarium, grafting, phenotyping, plant disease, physiological breeding


INTRODUCTION

Cape gooseberry (Physalis peruviana L.) is a fruit bush species from the Andean region of South America. It is of economic importance for Colombia due to the interest that international markets, mainly European countries, have shown in its fruits (Álvarez-Flórez et al., 2017; Cabrera et al., 2017). This fruit stands out for its flavor, color, and shape, as well as for its nutritional value (Valdenegro et al., 2012; Enciso-Rodríguez et al., 2013; Etzbach et al., 2018). Colombia is one of the main global producers of cape gooseberry; nevertheless, vascular wilt caused by Fusarium oxysporum (FO) is a disease of great economic importance for this crop since FO has caused significant yield drops (Fischer and Miranda, 2012; Osorio-Guarín et al., 2016; Simbaqueba et al., 2018). Therefore, cape gooseberry yield has decreased from 18 t. ha–1 in 2009 to 12.3 t. ha–1 in 2018 due to vascular wilt in Colombia (Agronet, 2020).

Fusarium oxysporum is characterized by the production of three types of propagules: macroconidia, microconidia, and chlamydospores (Okungbowa and Shittu, 2012). Plant infection and dissemination in the environment is mainly carried out by microconidia. Chlamydospores are resistance structures that allow the pathogen to remain in the soil for long periods (Zvirin et al., 2010; Zhang et al., 2015; Osorio-Guarín et al., 2016; Gordon, 2017). Besides, FO can infect plants at any development stage and its characteristic symptomatology begins with root rot, marginal and total chlorosis of mature leaves, defoliation and finally plant death (Enciso-Rodríguez et al., 2013; Joshi, 2018).

Fusarium oxysporum plugs vascular bundles which affects water uptake, nutrient transport, and photoassimilate distribution (Pantelides et al., 2013). On the other hand, vascular wilt causes negative physiological effects in plants such as low leaf gas exchange properties (lower photosynthetic rates and stomatal conductance) decreasing plant biomass (Nogués et al., 2002; Dong et al., 2012; Wang et al., 2015). The pathogen also causes degradation of chlorophyll pigments, reduction of chlorophyll fluorescence parameters and oxidative stress in infected plants (Morkunas and Bednarski, 2008; Dong et al., 2012; Wang et al., 2015; Chávez-Arias et al., 2019). Additionally, a low leaf water potential has been observed in infected plants, conditioning plant water status (Wang et al., 2015; Sun et al., 2017).

Disease management has been difficult due to factors such as the presence of chlamydospores in the soil, pathogen resistance to commercial fungicides and heterogeneous responses to different control strategies in cape gooseberry production areas in Colombia (Alabouvette et al., 2009; Osorio-Guarín et al., 2016). Among the most promising alternatives for disease management in the country are the use of biological control, plant breeding and grafting (rootstock selection; Simbaqueba et al., 2018). The understanding of the genetic diversity of the species and the pathosystem allow the identification of genes and traits that could contribute to plant breeding (Maryani et al., 2019). Studies on genetic diversity in the genus Physalis have also become important since they can provide genomic and geographic information that would facilitate breeding programs for the improvement of disease-resistant materials (Herrera et al., 2012; Chacón et al., 2016).

Physiological breeding helps to maintain or improve crop yield through the integration of morphological, agronomic and molecular traits to evaluate promising genetic resources in pre-breeding strategies (Reynolds and Trethowan, 2007; Reynolds and Langridge, 2016). The knowledge of physiological responses is a primary step to understand genetic tolerance mechanisms to stress conditions (Bhanu et al., 2016). Physiological traits such as leaf gas exchange, plant growth, leaf anatomy, leaf temperature, water relations, and chlorophyll a parameters have been used for plant phenotyping to abiotic stresses in different crops (Hernandez-Santana et al., 2019). Additionally, different physiological traits have been used for phenotyping of plants under abiotic and biotic stress conditions (Pandey et al., 2017). Finally, to use physiological traits for genotype selection it is necessary to consider the specific stress condition and genetic resources (Fiorani and Schurr, 2013).

Commonly used strategies for vascular wilt management have had a limited positive effect and resistant cultivars are scarce for most of the host crops the pathogen attacks (Jabnoun-Khiareddine et al., 2019). For these reasons, grafting could provide resistance to soil-borne pathogens such as fungi, bacteria, and nematodes in many crops (King et al., 2008). Among other diseases, vascular wilts caused by fungi like Fusarium and Verticillium have been the main objective of grafting since using resistant rootstocks allows planting susceptible cultivars in infested soils (King et al., 2008).

Although the mechanisms that involve grafting in plant vascular disease control are not well understood, the avoidance of the pathogen due to rootstock resistance has been reported (King et al., 2008). The increased vigor from the rootstock that allows the scion to develop even under the presence of the pathogen (Lee, 1994; Cohen et al., 2000) or the physical restriction of pathogen spread from the soil to the scion as reported by Grimault et al. (1994) could explain the lower disease levels observed when grafting is implemented. Positive results using resistant rootstocks have been reported in Capsicum and Passifloraceae species (Grech and Rijkenberg, 1991; Attia et al., 2003). Also, King et al. (2008) have studied the potential use of grafting against FO in cucumber, melon, watermelon, and tomato.

As mentioned above, F. oxysporum f. sp. physali (FOph) has infested soils, limiting crop growth, and yield in cape gooseberry (Fischer et al., 2014; Simbaqueba et al., 2018). Moreover, P. peruviana genotype Colombia is the most planted material in the country because of its high productivity; however, it is very susceptible to vascular wilt. Due to the low efficacy of strategies used for vascular wilt management in P. peruviana L. (Urrea et al., 2011), the use of rootstocks resistant to the pathogen becomes a promising alternative for this crop. Advances in cape gooseberry breeding to obtain resistance to FO are few and studies have been mainly focused on the search for genes for resistance to FOph (Enciso-Rodríguez et al., 2013; Simbaqueba et al., 2018). To evaluate different Physalis and other Solanaceae species as a source of resistance is of current interest in plant breeding programs. In grafting processes finding rootstocks with morphological and physiological affinity to the scions of interest becomes essential to evaluate their potential as a promising alternative to alleviate stress conditions (Zeist et al., 2017).

Grafting is one of the most extensively used techniques in the cultivation of horticultural and agronomic crops (Corso and Bonghi, 2014). The success of this technique may be influenced by several factors, such as physiological compatibility of bionts, polarity, climate or crop period, and genetic affinity between scion and rootstock combinations (Fregoni, 2005; Gregory et al., 2013). Additionally, rootstocks can be selected based on their tolerance to abiotic and biotic stress and their ability to beneficially alter scion phenotypes (Warschefsky et al., 2016). In this sense, studies on tolerance to biotic stress in species of the genus physalis are still limited. The available literature on these species shows that P. peruviana has been characterized as a possible rootstock for resistance to nematode attack (Dhivya et al., 2016).

An alternative for vascular wilt in cape gooseberry crops is to characterize Physalis species to select the promising ones to be used as rootstocks in pathogen-infected commercial soils. Physiological traits are an important tool that increases efficiency in breeding programs and assists in genotype selection (Pieruschka and Poorter, 2012; Reynolds and Langridge, 2016). The use of physiological markers in the P. peruviana – F. oxysporum f. sp. physali pathosystem can contribute to the selection of genotypes or rootstocks with the potential to reduce the impact of vascular wilt on cape gooseberry crops. Therefore, the aim of this study was the use of physiological variables, such as maximum quantum efficiency of Photosystem II (Fv/Fm), leaf gas exchange properties [net photosynthesis rate (Pn) and stomatal conductance (gs)], and leaf water potential, to characterize six Physalis genotypes (Physalis ixocarpa, Physalis floridana, and P. peruviana genotypes Colombia, Sudafrica, Peru, and Accession 62) as potential rootstocks for plant resistance to vascular wilt caused by FOph.



MATERIALS AND METHODS


General Growth Conditions and Plant Material

The experiment was performed between March and April 2015 in the greenhouses of the Faculty of Agricultural Sciences at Universidad Nacional de Colombia in Bogotá (4°35′56" N, 74°04′51" W, and altitude 2557 m.a.s.l.) with a natural photoperiod of 12 h (mean photosynthetically active radiation (PAR) between 900 and 1500 μmol m–2 s–1 at noon), a 40–70% relative humidity and an average temperature of 24°C.

Physalis peruviana L. genotypes Colombia, Sudafrica, and Peru were selected because of their importance as the most commercialized plant material by local nurseries due to the quality of their fruit and agronomic characteristics (Herrera et al., 2012). Also, P. peruviana genotype Accession 62, which belongs to the germplasm collection of the central and northeastern Andean regions of Colombia, was selected for its potential resistance to FO (Osorio, 2014). On the other hand, the species P. ixocarpa and Physalis floridana were also selected because they have shown resistance to FO (Soto-Zarazúa et al., 1998; Enciso-Rodríguez et al., 2013). Finally, Table 1 summarizes the general aspects of the six evaluated Physalis genotypes.


TABLE 1. General aspects of six Physalis genotypes evaluated for their physiological response profile to Fusarium oxysporum f. sp. physali (FOph) as potential rootstocks or parents.

[image: Table 1]Seeds of each plant material used were germinated in germination trays filled with peat without any nutrients (Klasmann®, Klasmann-Deilmann GmbH Germany) as a substrate for 51 days. When plants had two true leaves, they were fertilized every 3 days with 50 mL of a compound liquid fertilizer (Nutriponic ®, Walco S.A., Colombia) at a concentration of 5 mL per liter of water until the transplant date (plants with four true leaves).



Treatment Setup

Plants from each of the selected materials were separated into two groups to establish the inoculation condition (with and without pathogen). The first group of plants was inoculated with FOph at the time of transplanting, while the remaining group was not subjected to any type of inoculation. FOph strain Map5 (highly virulent strain; Osorio-Guarín et al., 2016) was supplied by the Agricultural Microbiology Laboratory of Agrosavia (Colombia). For pathogen inoculation, conidia multiplication was performed by adding disks of Potato Dextrose Agar (PDA) culture medium with fungal mycelium to malt extract liquid medium under constant agitation (125 rpm) in a shaker (Innova 2000, New Brunswick, NJ, United States) and in a dark room at 25°C for 7 days. Then, a suspension of 1 × 106 conidia mL–1 in sterile distilled water was adjusted (Villarreal-Navarrete et al., 2017; Chávez-Arias et al., 2019). The inoculation process was carried out 51 days after sowing (DAS) following the technique described by Lopez-Benitez et al. (2018) with modifications by dipping the roots of each of the previously washed plants in 300 ml of the conidial suspension for 3 min. Non-inoculated plants were subjected to a similar process by replacing the conidial suspension with sterile distilled water. Before inoculation, FOph absence in the plant material was confirmed by the indexation of plants according to the technique described by Leslie and Summerell (2006). Plants were then transplanted to 2 L capacity plastic pots containing a mix of soil, peat without nutrients and rice husk (3:1:1 v/v). The substrate was sterilized twice in an autoclave at 121°C and 0.103 Mpa for 25 min before transplanting.

In total, 12 treatments (six cape gooseberry genotypes vs. two inoculation conditions) were established using a completely randomized design with five repetitions per treatment. Each treatment group started with a population of 15 plants, using five individuals for each destructive evaluation of plant physiology and growth parameters at 15, 21, and 31 days after inoculation (DAI). Plants were randomly arranged in the greenhouse. Finally, the experiment lasted 81 days.



Disease Severity Analysis and Evaluation of FOph Presence

Vascular wilt severity was calculated in each treatment every 3 days from inoculation until the end of the experiment (31 DAI). Visual evaluations of the characteristic symptoms of the disease (epinasty, chlorosis, turgor loss in leaves, and defoliation until total plant wilting) were performed using the scale proposed by Barbosa (2013). Subsequently, the disease severity index was calculated using Eq. (1) described by Chiang et al. (2017).
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where n is the infection level according to the scale, v is the number of plants in each level and V is the total number of evaluated plants.

Finally, the disease intensity through the area under the disease progress curve (AUDPC) was estimated in each treatment following the trapezoidal integration method (Campbell and Madden, 1990) as presented in Eq. (2):
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where n is the number of evaluations, yi and yi+1 are the values of the severity scale on each evaluation date and (ti + 1−ti) is the time interval between evaluations.

On the other hand, FOph presence in the different genotypes was determined by obtaining typical colonies of the pathogen from explants taken from the base of the stem of inoculated and non-inoculated plants in PDA medium at 25°C (Leslie and Summerell, 2006) at 15, 23, and 31 DAI. Likewise, the isolation frequencies were calculated as shown in Eq. (3) to determine the infection and establishment of the pathogen in each of the genotypes (Šišić et al., 2018):
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where n is the number of stem explants infected with the pathogen and N is the total number of stem explants analyzed in each genotype.



Leaf Gas Exchange Properties and Maximum Quantum Efficiency of PSII (Fv/Fm)

Fully expanded leaves from the middle third of the plant were selected and dark-adapted for 15 min. Then, they received an actinic light pulse of up to 2.600 μmol m–2 s–1 on the surface to obtain the Fv/Fm ratio. The net photosynthesis (Pn) and leaf stomatal conductance (gs) were also estimated on the same leaves using a portable photosynthesis meter (Li-Cor 6200, Li-Cor Inc., Lincoln, NE, United States). The conditions of the chamber during leaf gas exchange measurements were: PAR 500–1200 μmol m–2 s–1 at noon; leaf temperature 27°C ± 2 and a CO2 concentration of 400 ± 15 μmol mol–1. Finally, intrinsic water use efficiency (WUEi) was also calculated as the Pn/gs ratio. The measurements were performed between 10:00 and 14:00 on completely sunny days.



Screening for FOph Tolerance in Terms of the Fv/Fm Ratio

The Fv/Fm readings recorded at the second sampling point (23 DAI) were used to calculate the decrease in the maximum quantum efficiency of PSII (DQE), since plants of some genotypes died due to FOph inoculation at 31 DAI. DQE was calculated by the (Eq. 4):
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where CP and IP represent control and inoculated plants, respectively.

Then, the cape gooseberry genotypes were ranked into four categories, explained as follows: DQE ≤ 25, high tolerance; between 26 and 41, moderate tolerance; between 42 and 55, low tolerance; and ≥56, susceptible.



Leaf Water Potential

The leaves used for Fv/Fm, Pn, and gs readings were cut to record the leaf water potential (Ψwf) using a Schollander pressure chamber (PMS, Model 615, OR, United States) at midday.



Growth Parameters and Relative Chlorophyll Concentration

Leaves, stems, and roots from each of the plants of the different genotypes were collected, weighed, and dried separately at 80°C. Additionally, the relative chlorophyll content was estimated in SPAD units using a chlorophyll meter (SPAD 502-Konica, Minolta Sensing Inc., Osaka, Japan) on the same leaves used for Fv/Fm, Pn, and gs readings. Finally, all physiological variables previously described were recorded at 15, 23, and 31 DAI.



Relative Tolerance Index (RTI)

The relative tolerance index was calculated indirectly to determine the tolerance of Physalis genotypes to FOph inoculation, using the net photosynthesis (Pn) of the inoculated genotypes in relation to the control genotypes (without inoculation). The RTI was obtained at 23 DAI, using (Eq. 5) adapted from Chávez-Arias et al. (2020):
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Experimental Design and Data Analysis

Data were analyzed using a factorial arrangement in which the main factor was the inoculation condition (with or without FOph) and the second one was the genotypes. Each treatment consisted of 5 plants per repetition. An analysis of variance (ANOVA) was also performed and when significant differences (P ≤ 0.05) were found, a Tukey post hoc test was used for mean comparison. Likewise, a correlation analysis between RTI and AUDPC, or Fv/Fm was carried out to determine the best genotype under inoculation conditions. The percentage values were transformed using the arcsine function. Data were analyzed using the software Statistix v 9.0 (Analytical Software, Tallahassee, FL, United States). SigmaPlot (version 10.0; Systat Software, San Jose, CA, United States) was used to draw figures, the three-dimensional plot, and to perform the correlation analysis.



RESULTS


Disease Severity

FOph-inoculated plants of all the different evaluated genotypes showed typical disease symptoms. Differences (P ≤ 0.001) were observed on the AUDPC and disease severity index in the different genotypes at 31 DAI. AUDPC showed the highest values in the plants of genotypes Sudafrica (56.0) and Colombia (50.4; Figure 1A). Intermediate values were recorded in “Accession 62” and “Peru” plants (40.8 and 36.0, respectively; Figure 1A), while plants of genotypes P. ixocarpa, and P. floridana were visually asymptomatic and did not present any disease value (Figure 1A). Likewise, similar trends were also obtained on the disease severity index at 31 DAI (Figure 1B). On the other hand, the frequency of pathogen isolation in PDA was lower in genotypes P. ixocarpa (0.20), and P. floridana (0.30) in contrast to all the other evaluated genotypes. In this case, “Colombia” (0.90), “Peru,” and “Accession 62” (0.83 both), and “Sudafrica” (0.78) showed higher FOph isolation values but without significant differences among them (Figure 1C). In this sense, the presence of the pathogen in inoculated plants was also confirmed by isolation in PDA from affected plant material (Figure 2). No pathogen was isolated from non-inoculated plants used as controls.
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FIGURE 1. Area under the disease progress curve (AUDPC; A) and disease severity index (B) of vascular wilt caused by Fusarium oxysporum f. sp. physali (FOph) and frequency of pathogen isolation from plant stems (C) of six Physalis genotypes [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] at 31 days after inoculation (DAI). Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ∗Means that plants of genotypes Ixocarpa and Floridana are materials that did not show any visual symptoms of the disease. p-Values of the ANOVA of genotypes are indicated as ∗∗∗p < 0.001.
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FIGURE 2. Leaf wilting and vascular browning of six Physalis genotypes with and without Fusarium oxysporum f. sp. physali (FOph). (A) Colombia, (B) Sudafrica, (C) Accession 62, (D) Peru, (E) Physalis floridana, and (F) Physalis ixocarpa at 23 days after inoculation (DAI). (A–C) Materials of interest for commercial production; (D–F) genotypes with rootstock potential. For each genotype, control (left) and FOph-inoculated (right) plants are shown in the upper part of the image; lower part of the image: cross-section of plants inoculated with the pathogen showing the intensity of the damage at the vascular level.




Leaf Gas Exchange Properties (Leaf Photosynthesis and Stomatal Conductance), Fv/Fm Ratio and SPAD Readings

Differences (P ≤ 0.01) in the interaction between genotypes and FOph inoculation on net photosynthesis (Pn), leaf stomatal conductance (gs), Fv/Fm ratio, and SPAD readings are shown in Figures 3, 4. At 15 DAI, inoculated genotypes started to show a reduction in Pn compared to non-inoculated plants, except for genotypes P. ixocarpa (14.4 mmol cm–2 s–1) and P. floridana (11.6 mmol cm–2 s–1), which showed similar values to non-inoculated plants (P. ixocarpa 15.5 mmol cm–2 s–1 and P. floridana 14.2 mmol cm–2 s–1). At the second sampling point (23 DAI), genotypes Colombia, Sudafrica, Accession 62 and Peru inoculated with FOph continued with a low Pn in comparison with P. floridana and P. ixocarpa, which did not show differences between inoculation conditions. At the end of the experiment (31 DAI), leaf photosynthesis could not be recorded in plants of genotypes Colombia and Sudafrica because this group of plants died due to vascular wilt. Meanwhile, FOph-inoculated plants of genotypes P. ixocarpa, Accession 62, and Peru showed a reduction (∼40%) in Pn. Finally, genotype P. floridana plants did not show any differences in Pn as a result of FOph inoculation (inoculated (13.2 mmol cm–2 s–1) vs. non-inoculated (14.6 mmol cm–2 s–1) plants; Figure 3A).
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FIGURE 3. Photosynthesis (Pn; A) and stomatal conductance (gs; B) of six cape gooseberry genotypes [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] with (dark gray bars) or without (light gray bars) Fusarium oxysporum f. sp. physali (FOph) inoculation at three different sampling points [15, 23, and 31 days after inoculation (DAI)]. Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ∗Means that the photosynthesis and stomatal conductance were not determined due to the death of the genotype because of the pathogen. p-Values of the ANOVA of genotypes, FOph inoculation and their interaction are indicated as ∗∗p < 0.01, and ∗∗∗p < 0.001.
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FIGURE 4. Efficiency of photosystem II (PSII; Fv/Fm ratio; A) and relative chlorophyll content (SPAD value; B) of six cape gooseberry genotypes [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] with (dark gray bars) or without (light gray bars) Fusarium oxysporum f. sp. physali (FOph) inoculation at three different sampling points [15, 23, and 31 days after inoculation (DAI)]. Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ∗Means that the efficiency of PSII and relative chlorophyll content were not determined due to the death of the genotype because of the pathogen. p-Values of the ANOVA of genotypes, FOph inoculation and their interaction are indicated as ∗p < 0.05 and ∗∗∗p < 0.001.


Statistical differences (P ≤ 0.01) were also found for gs in the interaction among genotypes, and inoculation at each sampling point. At 15 DAI, a reduction in gs was observed in FOph-inoculated plants of genotypes Colombia, P. ixocarpa, Sudafrica and Accession 62. However, inoculated P. floridana (0.31 mmol cm–2 s–1), P. ixocarpa (0.63 mmol cm–2 s–1), and “Peru” (0.26 mmol cm–2 s–1) plants did not show any differences compared to their control plants (0.28 mmol cm–2 s–1, 0.81 cm–2 s–1, and 0.32 mmol cm–2 s–1, respectively). AT 23 DAI, gs continued to show similar behavior to the one registered in the previous sampling point. At 31 DAI (end of the experiment), genotypes Accession 62 and Peru showed lower gs values in plants affected by vascular wilt; however, FOph inoculation did not cause any change on gs in genotypes P. floridana and P. ixocarpa (Figure 3B).

The Fv/Fm ratio showed similar results for the diseased and healthy plants of genotypes Colombia, P. ixocarpa, Sudafrica, Accession 62, and P. floridana at 15 DAI. However, plants with vascular wilt of genotype Peru showed a decrease (∼23%) compared to their control. At the second sampling point (23 DAI), the effect of FOph inoculation on the Fv/Fm ratio began to be observed, with genotypes Colombia (0.68), Sudafrica (0.57), Peru (0.67), and Accession 62 (0.68) showing a slight decrease in this variable compared to their control plants (cape gooseberry plants without FOph; ∼0.76); however, genotypes P. ixocarpa, and P. floridana did not show differences on Fv/Fm ratio between inoculation conditions. At 31 DAI, these values continued to be similar in genotypes P. ixocarpa and P. floridana under both inoculation conditions. Nevertheless, “Peru” plants with FOph showed an increase in the Fv/Fm with values similar to those registered in the plants of their respective control compared to the previous sampling point. Finally, “Accession 62” plants with vascular wilt showed a reduction (∼33%) of these values compared to plants without the pathogen (Figure 4A).

The relative chlorophyll content (SPAD units) registered a reduction in plants with vascular wilt in all genotypes at 15 DAI. Then, this trend was kept at 23 DAI. At the last sampling point (31 DAI), “Accession 62” (22.8), and “Peru” (25.9) plants with FOph inoculation continued to show a reduction in the relative chlorophyll content in SPAD units compared to their control plants (41.1 and 47.2, respectively). Finally, plants with and without FOph from P. ixocarpa and P. floridana did not show any changes in the SPAD readings (Figure 4B).



Biomass Yield

Total dry weight (TDW) was also influenced by the interaction between genotypes and the inoculation condition at the different sampling points (P ≤ 0.001; Figure 5). The TDW registered a decrease in plants with vascular wilt in genotypes Colombia (1.62 g dry matter), Sudafrica (1.84 g dry matter), Accession 62 (5.39 g dry matter), and Peru (2.82 g dry matter) compared to their respective controls (2.84 g dry matter, 3.14 g dry matter, 9.31 g dry matter, and 7.81 g dry matter, respectively). On the other hand, inoculated and non-inoculated plants of genotypes P. ixocarpa and P. floridana showed similar values in their TDW at 15 DAI. At 23 DAI, a drop in biomass accumulation was mainly observed in genotypes Colombia, Sudafrica, and Peru. At 31 DAI, TDW continued to be lower in “Accession 62” and “Peru” plants (∼51% and ∼71%, respectively) compared to their controls. Additionally, a decrease in TDW was observed in diseased plants compared to the healthy ones in genotypes P. floridana and P. ixocarpa (∼25%).
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FIGURE 5. Total dry weight of six cape gooseberry genotypes [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] with (dark gray bars) or without (light gray bars) Fusarium oxysporum f. sp. physali (FOph) inoculation at three different sampling points [15, 23, and 31 days after inoculation (DAI)]. Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ∗Means that the total biomass was not determined due to the death of the genotype because of the pathogen. p-Values of the ANOVA of genotypes, FOph inoculation and their interaction are indicated as ∗∗∗p < 0.001.




Leaf Water Potential

Leaf water potential (Ψwf) was also influenced by the inoculation factor in all the evaluated genotypes (P ≤ 0.001; Figure 6). At 15 DAI, all genotypes without FOph inoculation showed, in general, a better Ψwf than FOph-plants. At 23 DAI, it could be observed that FOph negatively affected Ψwf in genotypes Colombia (−0,9 MPa) and Sudafrica (−1.6 MPa) compared to Accession 62 (−0.35 MPa), Peru (−0.55 MPa), P. ixocarpa (−0.7 Mpa), and P. floridana (−0.72 MPa; Figure 6). At 31 DAI, the plants of genotypes Colombia and Sudafrica could not be evaluated because they also died of vascular wilt at 27 DAI. On the other hand, a decrease in Ψwf was observed in the remaining genotypes [P. ixocarpa (−0.60 Mpa), Accession 62 (−0.79 Mpa), P. floridana (−0.68 Mpa), and Peru (−0.59 Mpa)] due to FOph inoculation compared to their control plants [P. ixocarpa (−0.60 Mpa), “Accession 62” (−0.79 Mpa), P. floridana (−0.68 Mpa), and “Peru” (−0.59 Mpa).
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FIGURE 6. Leaf water potential (Ψwf) of six cape gooseberry [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] with (dark gray bars) or without (light gray bars) Fusarium oxysporum f. sp. physali (FOph) inoculation at three different sampling points [15, 23, and 31 days after inoculation (DAI)]. Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ∗Means that the leaf water potential was not determined due to the death of the genotype because of the pathogen. p-Values of the ANOVA of genotypes, FOph inoculation and their interaction are indicated as ∗∗∗p < 0.001.




Screening for FOph Tolerant Genotypes

The RTI, the correlations between RTI and AUDPC or Fm/Fv and the decrease in the maximum efficiency of PSII (DQE) were calculated only at 23 DAI to detect cape gooseberry genotypes as possible rootstock with some degree of resistance to FOph (Figure 7). The RTI and its respective correlations with the AUDPC (r2 = 0.98) and Fv/Fm ratio (r2 = 0.79) showed that genotypes P. floridana and P. ixocarpa had lower disease development and better efficiency of PSII. This was reflected in a higher RTI (90% for both genotypes) under FOph inoculation conditions (Figures 7A–C). The previous observations were also corroborated by the DQE since this index showed that FOph had less effect on the efficiency of PSII of the previously mentioned genotypes with DQE values of 25, classifying them with a good level of tolerance to the stress conditions caused by FOph (Figure 7D and Table 2). Finally, the three-dimensional plot (AUDPC, RTI, and DQE) also corroborated the conducted correlation analysis, with genotypes P. floridana and P. ixocarpa showing a better physiological behavior (less affectation on Pn and Fv/Fm ratio) under FOph infection (Figure 8).
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FIGURE 7. Correlation between the area under the disease progress curve (AUDPC; A) or the Fv/Fm ratio (B) and the relative tolerance index (RTI; C) and the decrease in the maximum efficiency of PSII (DQE; D) in six cape gooseberry genotypes [(Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana) and Physalis ixocarpa (Ixocarpa)] inoculated with Fusarium oxysporum f. sp. physali (FOph) at 23 days after inoculation (DAI). Data represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05).



TABLE 2. Classification of Physalis genotypes based on the decrease in the maximum quantum efficiency of photosystem II (Fv/Fm ratio; DQE) under Fusarium oxysporum f. sp. physali (FOph) at 23 days after inoculation (DAI).
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FIGURE 8. Three-dimensional plot [area under the disease progress curve (AUDPC), decrease in the maximum efficiency of PSII (DQE), and relative tolerance index (RTI)] for six cape gooseberry genotypes [Colombia, Sudafrica, Accession 62, Peru, Physalis floridana (Floridana), and Physalis ixocarpa (Ixocarpa)] inoculated with Fusarium oxysporum f. sp. physali (FOph) at 23 days after inoculation (DAI). Data represents the mean of five data ± standard error (n = 5).




DISCUSSION

Rootstocks are an important component in modern fruit production because of their ability to acclimate a particular crop to diverse environmental conditions and their capability to provide traits that are absent in the scion, such as disease resistance (Gainza et al., 2015). In this sense, the knowledge of mechanisms of resistance to vascular wilt in Physalis species and their use as rootstocks are not well known. Therefore, the effect of FOph inoculation on different Physalis genotypes (P. ixocarpa, Sudafrica, Colombia, Accession 62, P. floridana, and Peru) was evaluated at the physiological and pathological levels in the present work to identify genotypes with potential as rootstocks to mitigate the negative effect of FOph in cape gooseberry crops.

The physiological response of rootstocks under stress conditions helps to identify ideal genotypes to face challenges in fruit crops (Nimbolkar et al., 2016). A limitation of leaf Pn due to partial stomatal closure has been described as an early response to FO infection (Nali et al., 2011). In this regard, the negative impact of FOph on leaf gas exchange properties (Pn and gs) was a characteristic response of plant (genotypes Colombia, P. ixocarpa, Sudafrica, Accession 62, and Peru) susceptibility to vascular wilt. Low Pn and gs values have also been recorded in studies performed by Wang et al. (2015) and Sun et al. (2017) in cucumber plants inoculated with F. oxysporum f. sp. cucumerinum. These authors report that the infection of the pathogen inhibits the photosynthetic capacity because it induces stomatal closure and decreases the intracellular CO2 concentration, affecting carboxylation efficiency and Rubisco regeneration. On the other hand, diseased plants of genotype P. floridana did not register any reduction of Pn and gs compared to its control plants. Screenings carried out by Ahmad et al. (2010) in citrus rootstocks found that C-35 Citrange (Ruby orange × Poncirus trifoliate) and Cox mandarin hybrid (Scarlet mandarin × Poncirus trifoliate) did not show any change in their leaf gas exchange properties. The little variation of Pn in genotype P. floridana under FOph inoculation conditions may be associated with an increased N metabolism activity. Zhou et al. (2017) concluded that higher NO3– nutrition increased cucumber resistance to vascular wilt by suppressing FO colonization and fusaric acid production, which increases plant tolerance. The previous statement also helps to understand why the most tolerant genotypes (P. floridana and P. ixocarpa) to FOph showed less variation in their relative chlorophyll content (SPAD units).

The Fv/Fm ratio is a classic parameter that reflects the whole PSII function, and its decrease is associated with PSII damage under stress conditions (Penella et al., 2013). In the present study, the Fv/Fm values were seriously reduced by FOph inoculation in genotypes Accession 62, Peru, and Sudafrica. These results are consistent with findings by Pshibytko et al. (2006), who also reported a significant reduction in Fv/Fm levels of tomato plants due to FO (healthy plants 0.808 vs. FO-infected plants 0.719). Additionally, these authors mention that Fusarium causes a reduction of Fv/Fm due to an inhibition of the photosynthetic activity. Nogués et al. (2002) also stated that FO infection may cause a down-regulation of electron transport and photodamage to PSII reaction centers as a secondary effect of the depressed CO2 assimilation of leaves. Therefore, susceptible Physalis genotypes such as Accession 62, Colombia, or Peru showed lower Fv/Fm and chlorophyll content values. In contrast, P. floridana and P. ixocarpa had lower damage in the PSII centers (Figure 4A), suggesting that the Fv/Fm ratio is an easy and non-destructive method to screen photosynthesis damage under stressful conditions.

The leaf water potential is also an important indicator of plant water status (Kakani et al., 2007). In the present research, the negative effect on the plant water status generated by vascular wilt was recorded for all evaluated genotypes. Similar results were obtained in cape gooseberry plants of the genotype Colombia inoculated with FOph (healthy plants −0.19 Mpa vs. FOph-infected plants −0.52 Mpa; Chávez-Arias et al., 2019). A low Ψwf is one of the main responses to the stress condition caused by FO, in which the main factors that affect the plant water status are the uncontrolled loss of water due to cell membrane damage, the production of toxins by the pathogen and vascular plugging (Nogués et al., 2002; Dong et al., 2012; Wang et al., 2015; Sun et al., 2017).

The alterations caused by vascular wilt on the leaf gas exchange properties and Ψwf had a negative effect on total biomass accumulation (TDW) in most of the evaluated genotypes, except for P. floridana plants. Giurgiu et al. (2018) and Chávez-Arias et al. (2019) also recorded a reduction in biomass accumulation with periods of FO inoculation greater than 15 days in St. John’s wort and cape gooseberry plants, respectively, with a reduction of water and nutrient uptake and an indirect decrease of the synthesis of photosynthetic pigments (Pantelides et al., 2013).

Regarding vascular wilt development, genotypes Colombia and Sudafrica showed the highest values of disease severity index, AUDPC, and frequency of FOph isolation followed by Peru and Accession 62 plants. However, genotypes P. ixocarpa and P. floridana did not show the characteristic symptoms of the disease during the evaluated period although plants were colonized by the pathogen. As a result, FOph was isolated from inoculated plants of these two genotypes in PDA media at low frequencies (Figure 2C). The positive response observed in these two genotypes (P. ixocarpa and P. floridana) after FOph inoculation is of remarkable importance taking into account that the Map5 isolate used is highly virulent and caused plant death of the highly susceptible genotypes (Colombia and Sudafrica) in the middle of the evaluation time. This study confirms previous observations that suggested that these species showed resistance to FO, possibly due to their characteristics of genetic diversity (Apodaca-Sánchez et al., 2004; Pulido et al., 2011; Liberato et al., 2014).

Although not evaluated in this study, the results observed in less affected genotypes (low AUPC, low DEQ, or high RTI) may be related to early defense responses associated with xylem occlusion by compounds or parenchymal tissue growth that can limit pathogen growth. Plant defense mechanisms against vascular wilts may involve not only chemical defense responses that inhibit pathogen growth but also physical defense mechanisms that restrict it from further spread in the xylem vessels (Yadeta and Thomma, 2013). Occluding material in the xylem vessels of resistant cultivars or with some level of resistance has been observed in bean genotypes as a reaction against F. oxysporum f. sp. phaseoli infection (Pereira et al., 2013). Tyloses are also reported among the structural alterations in the host tissue that block the spread of vascular pathogens due to the growth of vessel-associated parenchyma cells in the xylem (Agrios, 2005; Fradin and Thomma, 2006; Yadeta and Thomma, 2013).

In summary, vascular wilt caused by FOph inhibits the photosynthesis in cape gooseberry plants and different mechanisms are involved in the suppression of the photosynthetic activity depending on the genotype and the development of the pathogen. In this regard, the Fv/Fm ratio was an indicator of the differentiation of plant response to vascular wilt between genotypes. The findings of the current study may also suggest Pn, gs, Fv/Fm ratio, and TDW to be considered as variables of interest in the phenotyping of Physalis genotypes for resistance to FOph. It was also confirmed that genotypes Colombia and Sudafrica are highly susceptible to FOph inoculation, while P. ixocarpa and P. floridana had a better physiological response to the pathogen infection and the subsequent development of the disease. Since FOph infests most of the soils of production areas in Colombia, grafting P. peruviana genotypes on resistant Physalis rootstocks may contribute to sow cape gooseberry crops again in those abandoned infested areas. Therefore, genotypes P. ixocarpa and P. floridana can be suggested as candidates to either enter a breeding program for vascular wilt management or to be used as rootstocks in future studies pursuing a real integrated approach for the management of this soil-borne disease.
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Adjustable crop load primarily involves bud manipulation, and usually switches from vegetative to reproductive buds. While this switch is not fully understood, it is still controlled by the ratio of hormones, which promote or inhibit bud formation. To determine the reasons for biennial bearing, the effect of apple rootstock, scion cultivar, crop load, as well as metabolic changes of endogenous phytohormones [zeatin, jasmonic acid, indole-3 acetic acid (IAA), abscisic acid (ABA), and gibberellins 1, 3, and 7 (GAs)], and soluble sugars (glucose, fructose, and sorbitol) were evaluated, and their connections with return bloom and yield of apple tree buds were analyzed. Cultivars “Ligol” and “Auksis” were tested on five rootstocks contrasting in induced vigor: semi-dwarfing M.26; dwarfing M.9, B.396, and P 67; and super-dwarfing P 22. Crop load levels were adjusted before flowering, leaving 75, 113, and 150 fruits per tree. Principal component analysis (PCA) scatter plot of the metabolic response of phytohormones and sugars indicated that the effect of the semi-dwarfing M.26 rootstock was significantly different from that of the dwarfing M.9 and P 67, as well as the super-dwarfing P 22 rootstocks in both varieties. The most intensive crop load (150 fruits per tree) produced a significantly different response compared to less intensive crop loads (113 and 75) in both varieties. In contrast to soluble sugar accumulation, increased crop load resulted in an increased accumulation of phytohormones, except for ABA. Dwarfing rootstocks M.9, B.396, and P 67, as well as super-dwarf P 22 produced an altered accumulation of promoter phytohormones, while the more vigorous semi-dwarfing M.26 rootstock induced a higher content of glucose and inhibitory phytohormones, by increasing content of IAA, ABA, and GAs. The most significant decrease in return bloom resulted from the highest crop load in “Auksis” grafted on M.9 and P 22 rootstocks. Average difference in flower number between crop loads of 75 and 150 fruits per tree in “Ligol” was 68%, while this difference reached ~ 90% for P 22, and ~ 75% for M.9 and M.26 rootstocks. Return bloom was dependent on the previous year’s crop load, cultivar, and rootstock.
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Introduction

Apple rootstocks are categorized according to tree vigor, i.e., dwarfing, semi-dwarfing, semi-vigorous, and vigorous. As the production of dwarfing rootstocks has greatly increased the yield efficiency, fruit size, and quality of the commercial apple orchard, focus on rootstock-scion interactions have become increasingly important. Studies performed in Lithuania investigating the effect of rootstock on fruit quality, particularly with respect to bioactive compound accumulation, revealed that a significantly higher phenol content was found in “Ligol” fruits on P 61 and P 22 rootstocks, compared to “Auksis” fruits produced on P 67 rootstock (Kviklys et al., 2014; Kviklys et al., 2017). Rootstock-cultivar interaction was found to be significant in evaluating the effect of rootstock on apple tree growth habit, or root architecture (Tworkoski and Miller, 2007; Harrison et al., 2016; Lordan et al., 2017).

The effect of different rootstocks on apple tree productivity was established in our rootstock trials performed in three countries. M.9 rootstock was the most productive under Lithuanian climate conditions; Pure 1, P 60, and B.9 were most productive in Latvia and Bulboga, while B.146 and M.26 were the most productive in Estonia (Kviklys et al., 2012). Significant rootstock behavior was established under varying growth conditions in a separate international trial, where the most productive trees were found on B.396 and M.9 rootstocks in Lithuania, on M.26 in Poland, on P 67 and P 22 in Latvia, and on M.26 in Estonia (Kviklys et al., 2013). Rootstock-scion or rootstock-location interactions were observed in NC-140 multi-location trials in the United States of America (Autio, 2001; Hirst et al., 2001), as well as in studies performed in other countries (Denardi et al., 2018).

Rootstock-cultivar interaction was found to be significant in evaluating the effect of rootstock on apple bearing stability (Kviklys et al., 2016). Alternate bearing is widespread in most of cultivated apple cultivars and causes serious economic losses for apple industry.

Plant vegetative and reproductive development is regulated by endogenous phytohormones. Phytohormones are translocated to the sites of action as signal molecules which affect tissue differentiation, and perform both above and below the grafted interface (Baron et al., 2019). Auxins and cytokinins (CKs) act antagonistically to regulate root and shoot growth, as well as the outgrowth of axillary meristems, while playing a role in each other’s synthesis and transport (Müller and Leyser, 2011). In contrast to auxins, CKs are produced in the root and translocated to the shoot, where they control important developmental processes such as shoot growth and productivity (Aloni et al., 2010). A decrease in the basipetal flow of indole-3 acetic acid (IAA) from the shoot stimulates the synthesis and export of CKs from the root. It was demonstrated that in contrast to non-grafted plants, grafting disturbed the auxin/CK balance (Sorce et al., 2002). Several studies have shown that, compared to vigorous rootstocks, dwarfing rootstocks (e.g., M.9) reduce the basipetal transport of IAA to the root, thereby reducing the amount of root-produced CK and gibberellin (GA) transported to the scion (Michalczuk, 2002; Van Hooijdonk et al., 2010), while others have shown an inverse relationship between the rate of IAA diffusion and the CK concentration in the xylem (Van Hooijdonk et al., 2011). Although GAs are well-known for promoting rosette flowering in herbaceous plants, they are commonly known to repress flowering in apple. A simple explanation for this repression is that GA induces the expression of MdTFL1-1 which acts as a flowering repressor in apple (Peace et al., 2019). In addition, GAs are leading phytohormones that modulate apical meristem differentiation by downregulating their levels at the induction of dormancy, followed by upregulation during dormancy release or bud burst (Liu and Sherif, 2019). Abscisic acid (ABA) coordinates root and shoot growth in plants (Sharp and LeNoble, 2002), regulates tolerance responses to a number of stress factors, and is one of the main determinants responsible for triggering the dwarfing process in higher species (Tworkoski and Fazio, 2015). ABA homeostasis in plants is essential for normal growth and development processes, in which buds are both the target site for ABA activity, and the principal location for ABA metabolism and catabolism (Liu and Sherif, 2019). Multiple physiological and transcriptomic studies have indeed proposed a central role for ABA in the repression of bud activity during early apical meristem differentiation, whereby ABA would function as a signal in response to short autumn days and decreasing temperatures in order to induce dormancy (Li et al., 2018; Tylewicz et al., 2018; Liu and Sherif, 2019).

Dwarfing apple rootstocks produced higher ABA concentrations compared to vigorous apple rootstocks. While there is no consensus, it has been suggested that ABA may support the role of GA in vigorous rootstocks, as opposed to dwarfing rootstocks (Baron et al., 2019). The proposed role of GAs in the dwarfing response (Van Hooijdonk et al., 2010) has been unclear since Van Hooijdonk et al. (2011) reported that concentrations of GA19 were similar in the xylem sap collected throughout the growing season from scions grafted on to M.9 or MM.106 rootstocks, and suggested that GA19 may be a precursor of bioactive GA1, required for shoot extension growth. Lower (GA19) levels were found in root and xylem exudates of scion cultivars grafted on dwarfing rootstock, compared to those grafted on semi-vigorous rootstocks (Tworkoski and Fazio, 2016). Thus, the effects of hormone signaling may vary at different stages of establishing communication in the graft union. Else et al. (2018) suggested that the manner in which rootstocks imparted their control over grafted scions was complex and included a “filtering effect” of the graft union at significantly low flow rates, an augmentation of xylem sap constituents via passage through the union at increased flow rates, and an altered synthesis or metabolism of key rootstock-sourced hormone signals.

One of the main causes of biennial bearing in apple trees is the inhibition of flower initiation by adjacent developing fruits. The distance between flower clusters in 1 year has long been known to influence the development of floral buds in the following year (Nichols et al., 2011). This localized inhibition may depend on a critical ratio of inhibitor and promoter hormones that inhibits the flowering of apical meristems (Pellerin et al., 2012), or may be a result of carbon limitation and/or hormonal inhibition of floral initiation by nearby seeds (Dennis, 2000). Inhibition of floral initiation by endogenous GAs (possibly GA1, GA4, and iso-GA7) produced by seeds was confirmed in heavily cropped “Fuji” trees (Kittikorn et al., 2010) and “Golden Delicious” (Ramíırez et al., 2004). GAs and jasmonic acid (JA) act antagonistically, with JA detected at high concentrations in apple trees when GA concentrations are low, suggesting its key role in floral initiation (Kittikorn et al., 2010).

Numerous studies have demonstrated a clear connection between sugar-sensing pathways and phytohormone metabolism and signaling (Eveland and Jackson, 2012; Ljung et al., 2015; Foster et al., 2017). Hormonal signals may regulate rootstock-mediated vigor by modulating gene expression in the scion, including sink activity (Albacete et al., 2015). Invigorating rootstocks upregulate genes involved in carbohydrate metabolism and sugar transport in the scion apical meristem (Foster et al., 2017). Increased sink strength of the primary form of transported carbon in the shoot apex show the best correlation between sorbitol dehydrogenase and plant size in grafted apple trees (Jensen et al., 2010). In addition, sorbitol dehydrogenase activity is modulated by phytohormonal changes, and is negatively (by ABA) and positively (by CKs) correlated with drought stress-induced hormonal changes (Li and Li, 2007). Cheng et al. (2002) suggested that glucose increases ABA biosynthetic gene expression. Glucose and auxin act synergistically in plant development (Procko et al., 2014) and promote polar auxin transport (Hornitschek et al., 2012). Glucose and CKs also share several transcriptional targets. Moore et al. (2003) demonstrated that a mutant defective in glucose sensing was hypersensitive to CK and insensitive to auxin. There is also evidence of metabolite dynamics, especially of raffinose family oligosaccharides, being correlated with many cold-related gene expression changes during transition to flowering (Peace et al., 2019).

Although it is unclear whether the reduced sugar concentrations in dwarfing rootstocks are the cause or result of altered hormone levels or signaling, these metabolic changes have a significant effect on grafted apple tree growth and development. In order to identify the physiological processes and regulatory networks involved with rootstock-induced dwarfing, we compared the metabolic changes of phytohormones and soluble sugars in apical meristems from dwarfing and vigorous rootstocks. The aim of the present study was to evaluate interactions between apple rootstocks, scions and different crop load levels that could influence return bloom and identify the differences in physiological status between dwarfing and vigorous rootstocks.



Materials and Methods


Growing Conditions

Experiments investigating the effect of apple rootstock, scion cultivar, and crop load on apple return bloom were performed in Lithuania (55°60′ N, 23°48′ E) in 2014–2016. Apple cultivars “Ligol” (Poland) and ““Auksis” (Lithuania) on five rootstocks with contrasting induced vigor were tested: semi-dwarf M.26; dwarf M.9, B.396, and P 67; and super-dwarf P 22. The orchard was planted in 2005, at 4 m × 1.5 m intervals. Trees were trained as slender spindles. Pest and disease management was carried out according to the rules of integrated plant protection (Valiuškaitė et al., 2017).

Thinning of flower clusters and fruitlets was carried out before flowering at the pink bud stage and corrected after the June drop by adjusting three crop load levels: 75, 113, and 150 fruits per tree. Taking the average fruit weight into account, the expected yield at these crop levels was 21, 32, and 43 t ha−1 for “Auksis”, and 27, 41, and 54 t ha−1 for “Ligol”, respectively.

Return bloom was evaluated a year following crop load adjustment, at the balloon stage of flowering, by counting all the flower clusters per tree.

Bud development in September and November was defined according to Foster et al. (2003). Thirty buds from each grafting and crop load treatment were evaluated.



Determination of Phytohormones

Approximately 0.5 g of fresh plant tissue (90–120 buds per treatment) was ground with liquid N2 and extracted with 5 ml of cold 50% (v/v) acetonitrile. An internal standard solution mixture containing isotope-labeled phytohormones (200 pmol IAA, 40 pmol GA1, GA4, and GA7, 100 pmol ABA, and 100 pmol zeatin) was added to the samples. Samples were purified using Chromabond HLB SPE cartridges (3 ml, 60 mg, Macherey-Nagel). Briefly, cartridges were conditioned with 2 ml MeOH and 2 ml H2O. Samples were applied to the cartridges, and the pass-through was collected. Sample elution was carried out with 30% acetonitrile, and each eluted sample was collected together with the pass-through. Samples were dried in a vacuum concentrator and dissolved in 50 µl of 30% (v/v) acetonitrile.

Phytohormone analysis was performed in buds collected in mid-September, according to the procedure described by Šimura et al. (2018) with modifications, using ultra performance liquid chromatography (UPLC; Waters) combined with mass spectrometry (LC-MS/MS). Separation of phytohormones (GAs: GA1, GA4, and GA7, IAA, JA, ABA, and zeatin) was performed using an Acquity BEH C18 column (1.0 × 150 mm; Waters). The mobile phase was A: water [with 0.02% (v/v) acetic acid], and B: acetonitrile with 0.02% (v/v) acetic acid, at a flow rate of 0.1 ml min−1. Gradient was maintained at 5% B for 3 min, raised to 40% B in 12 min, raised to 90% B in 1 min, maintained at 90% B for 1.5 min, and equilibrated at 5% B for 4 min, before starting the next injection. Hormones were detected with the Bruker Ultra HTC ion trap mass spectrometer in negative mode, using multiple reaction monitoring (MRM).



Determination of Sugars

Approximately 0.5 g of fresh plant tissue (90–120 buds per treatment) was ground and diluted with deionized H2O. The extraction process was carried out for 4 h at 20°C with mixing. Samples were centrifuged at 14,000 × g for 15 min. A clean-up step was performed prior to the chromatographic analysis. Briefly, 1 ml of supernatant was mixed with 1 ml of 0.01% (w/v) ammonium acetate in acetonitrile, and incubated for 30 min at +4 °C. The samples were centrifuged at 14,000 × g for 15 min and filtered through a 0.22-µm PTFE syringe filter (VWR International, USA). The analyses were performed using a Shimadzu HPLC instrument (Japan) equipped with an evaporative light scattering detector (ELSD). The separation of fructose, glucose, and sucrose was performed using a Shodex VG-50 4D HPLC column with deionized water (mobile phase A) and acetonitrile (mobile phase B) gradient. The gradient was maintained at 88% B for 13 min, changed linearly to 70% B in 9 min, maintained at 70% B for 1 min, raised back to 88% B in 2 min, and the column was equilibrated to 88% B for 5 min. The flow rate was set at 0.8 ml min−1.



Statistical Analysis

The experiment was carried out in a randomized complete block design with three replicates and one single tree in each plot. Data was processed using the XLStat software. Analysis of variance (ANOVA) was carried out along with the post-hoc Tukey’s HSD test for statistical analyses. Differences were considered to be significant at p < 0.05. Multivariate principal component analysis (PCA) was also performed. The agglomerative hierarchical cluster (AHC) analysis was used to generate similarity cluster diagrams based on the rootstock, crop load and metabolites similarity, and variables similarity.




Results

Evaluation of the effect of rootstock on apple return bloom showed that the average highest number of flower clusters for both tested cultivars was recorded in trees on M.9 and P 67 rootstocks (Table 1). “Auksis” trees on M.9, and “Ligol” trees on P 67 and M.9 rootstocks produced a significantly higher number of flower clusters. A significantly lower return bloom was recorded for “Auksis” on B.396 rootstock, and for “Ligol” on P 22 rootstock.


Table 1 | The effect of rootstock and crop load interaction on the return bloom of “Ligol” and “Auksis” apple trees (number of flower clusters tree−1).



Evaluation of the effect of crop load on apple return bloom showed that both cultivars responded in the same way, i.e., the higher the crop load established in the previous year, the lower the recorded return bloom. Significant differences were established among all crop load levels. However, suppression of return bloom was different for both cultivars when comparing the lowest and highest crop levels. The return bloom of “Ligol” at a crop load of 150 fruits per tree was lower by 68%, compared to that obtained at a crop load of 75 fruits per tree, while return bloom of “Auksis” was lower only by 24%.

Evaluation of the effect of rootstock and crop load interactions on cultivar response produced varying results. Return bloom of “Ligol” on all rootstocks significantly depended on crop load. Only crop load levels of 113 and 150 fruits per tree, established on B.396 rootstock, did not significantly differ. Differences between crop load effect on return bloom of “Auksis” were less pronounced. Significant differences were recorded by comparing only the highest and lowest crop load levels, with no differences found between adjacent crop load levels on almost all rootstocks, and no differences detected among all the levels on B.396 rootstock.

Generative bud development in September and November was defined for both varieties (Table 2). P 22 rootstock produced the slowest bud development for both varieties. In September, 85% and 75% of the buds developed until stage 4 (with formation of terminal floral meristems) in “Ligol” and “Auksis” apple trees respectively, while the remainder were at stage 5. Further development of terminal floral meristems with bractlets and sepals (stage 5) reached 75% and 100% in “Ligol” and “Auksis” apple trees, respectively, in November.


Table 2 | Bud development (%) of “Ligol” and “Auksis” apple trees in autumn.



Among flowering promoters, the phytohormone with the highest accumulation was JA, which ranged from 150 to 438 ng g−1 FW in both varieties. Among the inhibitor phytohormones the highest accumulation was observed in IAA and GA7. IAA concentrations ranged from 36 to 270 ng g−1 FW, and from 76 to 310 ng g−1 FW, while GA7 concentrations ranged from 36 to 187 ng g−1 FW, and from 96 to 354 ng g−1 FW in “Ligol” and “Auksis”, respectively (Tables 2 and 3). Compared to “Auksis”, such content range resulted in a higher ratio of promoter to inhibitor phytohormones in “Ligol” (Figure 1A). The significantly high content of all promoter and inhibitor phytohormones was observed in buds of semi-dwarfing M.26 rootstock with a crop load adjusted to 150 fruits per tree [M.26 (150)] in both varieties. Moreover, the accumulation of phytohormones and soluble sugars significantly increased with increasing crop load of “Auksis” on M.26, while an opposite tendency in soluble sugar accumulation in “Ligol” buds was observed (Tables 3–5). The lowest accumulation of all tested phytohormones was observed in buds of apple trees on dwarfing rootstocks M.9 and P 67, with crop load adjusted to 75 and 113, respectively in both varieties (Tables 3 and 4). The significant decrease in sugar contents in buds of “Ligol” was observed in the P 67 (crop load: 113 fruits per tree) treatment; however, M.9 (crop load: 150 fruits per tree) buds caused a significant decrease of sugars in “Auksis” (Table 5). Despite the content variation of phytohormones, the highest ratio of promoter to inhibitor phytohormones was in buds of “Ligol” on dwarfing P 67 rootstock with crop load adjusted to 113, while semi-dwarfing M.26 rootstock with crop load adjusted to 150 resulted in the lowest ratio of promoter to inhibitor phytohormones. However, a significant increase in the level of promoter to inhibitor hormones was observed in buds of “Auksis” on dwarfing rootstock B.396 (crop load: 75 fruits per tree) and a decrease was observed on M.9 (crop load: 75 fruits per tree) treatment (Figure 1A). Semi-dwarfing M.26 rootstock led to a significant increase, while dwarfing P 67 rootstock resulted in a significant decrease in phytohormone accumulation, in both varieties (Tables 3 and 4). The opposite effect of M.26 and P 67 rootstocks on the ratio of promoters to inhibitors was detected in “Ligol” trees (Figure 1B). However, neither rootstock nor crop load significantly affected the ratio of promoter to inhibitor phytohormones in “Auksis”. Although crop load did not significantly affect ABA accumulation, a load adjusted to 150 fruits per tree resulted in a significant increase in zeatin, JA, IAA, GA7, GA3, and GA1 levels in both varieties, in contrast to a load of 75 fruits per tree (Tables 3 and 4). No unique response was found for soluble sugar accumulation in apple tree buds (Table 5). M.26 rootstock produced a significant increase in glucose and sorbitol, while M.9 presented a significant increase in fructose in “Ligol” buds. A significant accumulation of all soluble sugars was detected in buds of “Auksis” on B.396 rootstock. A crop load of 75 fruits per tree significantly increased the content of glucose, fructose, and sorbitol in “Ligol”, while in “Auksis”, such increase was the result of crop load adjusted to 113 fruits per tree. Due to increased levels of inhibitor phytohormones, both rootstock and crop load produced either a strong or very strong negative correlation between the ratio of promoter to inhibitor phytohormones and analyzed phytohormones, while a positive correlation was found between the ratio of promoter to inhibitor phytohormones and fructose in “Ligol” (Figures 2A, C; Table S1). The correlation between the ratio of promoter to inhibitor phytohormones and sugars in buds of “Auksis” was not significant. In contrast to rootstock, crop load resulted in a strong correlation between the ratio of promoter to inhibitor phytohormones and zeatin, JA, IAA, ABA, GA7, GA3, and GA1 in “Auksis” (Figures 2C, D; Table S2).


Table 3 | The effect of rootstock and crop load interaction on the accumulation of phytohormones in “Ligol” buds (ng g−1, FW).






Figure 1 | The effect of rootstock (B) and crop load (C) interaction (A) on the ratio of flowering promoters to inhibitors phytohormones in “Ligol” and “Auksis” buds. *The different letters on bars of same cultivar indicate significant differences. The analysis was conducted with all data resulting from 9 trees of “Ligol” and “Auksis” apple tree grafted on M.26, M.9, B.396, P 67, and P 22, with crop-load adjusted to 75, 113, and 150 fruits per tree. The data were processed using analysis of variance (ANOVA), the Turkey (HSD) multiple range test at the confidence level p = 0.05. Promoters—zeatin and jasmonic acid; Inhibitors—indolyl-3 acetic acid; abscisic acid; gibberellins (GA7, GA3, GA1).




Table 4 | The effect of rootstock and crop load interaction on the accumulation of phytohormones in “Auksis” buds (ng g−1. FW).




Table 5 | The effect of rootstock and crop load interaction on the accumulation of soluble sugars in “Ligol” and “Auksis” buds (mg g−1. FW).






Figure 2 | Correlation circle of phytohormones, soluble sugars and return bloom depending on rootstock (A, C) and on crop load (B, D) in “Ligol” and “Auksis” apple trees respectively. The analysis was conducted with all data resulting from 9 trees of “Ligol” and “Auksis” apple trees grafted on M.26, M.9, B.396, P 67, and P 22, with crop-load adjusted to 75, 113, and 150 fruits per tree. JA, jasmonic acid; IAA, indolyl-3 acetic acid; ABA, abscisic acid; GA7, GA3, GA1, gibberellins; Glu, glucose; Fru, fructose; Sorb, sorbitol.



PCA results show the average coordinates of individual phytohormones (zeatin, JA, IAA, ABA, GA7, GA3, and GA1), soluble sugars (glucose, fructose, and sorbitol), ratio of promoter to inhibitor phytohormones, and return bloom, in response to rootstocks with different growth vigor, and crop load. The first two factors (F1 vs. F2) of the PCA, as shown in the correlation circle (Figure 2) and scatterplot (Figure 3), explained 84.32% and 82.44% of the total data variance of rootstocks (Figures 3A, C), as well as 94.57% and 84.86% of that of crop load (Figures 3B, D) in “Ligol” and “Auksis”, respectively. F1 explained 11%–23% of the total variance, whereas F2 explained 72.57% and 61.80% (effect of rootstock on “Ligol” and “Auksis”, respectively), as well as 71.90% and 61.49% (effect of crop load for “Ligol” and “Auksis”, respectively) of the total variability. Therefore, F2 described the disparity among rootstock and crop load effects. To summarize all the effects observed in the PCA scatter plot, the effect of the semi-dwarfing M.26 rootstock was significantly different from that of the dwarfing M.9 and P 67 rootstocks, in both varieties (Figures 3A, C). The super-dwarfing P 22 rootstock also presented a similar metabolic response of phytohormones and sugars to dwarfing rootstocks. The most intensive crop load (150 fruits per apple tree) produced a significantly different response to less intensive crop loads (113 and 75) in both varieties (Figures 3B, D).




Figure 3 | The PCA scatterplot, indicating distinct differences in phytohormones, soluble sugars and return bloom depending on rootstock (A, C) and crop load (B, D) in “Ligol” and “Auksis” apple trees respectively. The analysis was conducted with all data resulting from 9 trees of “Ligol” and “Auksis” apple trees grafted on M.26, M.9, B.396, P 67, and P 22, with crop-load adjusted to 75, 113, and 150 fruits per tree.



The AHC analysis was used to divide the rootstock and crop load into groups of increasing dissimilarity. Three clusters were identified in both “Ligol” (Figure 4A) and “Auksis” (Figure 4B) samples. This division correspond to apple rootstocks grouped according to vigor and crop load in cluster 2 [M.26(113), M.26(150), B.396(150)] and cluster 3 [M.9(75), P 67(75), P 67(113)], but did not correspond in cluster 1 [M.26(75), M.9(113), B.396(75), P 67(150), P 22(75)] in both varieties. Rootstocks M.9 and P 22 with crop load of 150 fruits per tree and rootstocks B.396 and P 22 with crop load of 113 fruits per tree belonged to cluster 3 in “Ligol” and to cluster 1 in “Auksis”. With regards to bud phytohormones and sugars concentrations and return bloom four clusters were identified in “Ligol” (Figure 4A) and three clusters were identified in “Auksis” (Figure 4B). Group, which included M.9 and P 67 rootstocks with crop load of 75 fruits per tree and P 67 with crop load of 113 fruits per tree, was characterized by low JA (cluster 2), GA7, and IAA (cluster 3) concentrations in both varieties. Other rootstock and crop load combinations distinguished in medium to high JA, GA7, and IAA concentrations. The return bloom was in the same cluster with IAA and GA7 (C3) in “Auksis” (Figure 4B), while in “Ligol” return bloom was in C4, but IAA and GA7 in C3 clusters (Figure 4A). Lower contents of inhibitory phytohormones (IAA and GA7) resulted in higher values of return bloom and vice versa. Other tested phytohormones and sugars were in C1 in both varieties. In contrast to “Auksis”, during generative bud development in September (Table 1), semi dwarfing M.26 rootstock with crop load of 113 and 150 fruits per tree (cluster 2) distinguished in lower soluble sugars contents and low ratio of promoter to inhibitor phytohormones (Figure 4). Super dwarfing rootstock P 22 (cluster 1 and 3 for “Ligol”, cluster 1 for “Auksis”) showed low to medium contents of tested metabolites. There was no common tendency established for metabolite variation in dwarfing rootstocks M.9, B.396, and P 67.




Figure 4 | Agglomerative hierarchical cluster (AHC) analysis in “Ligol” (A) and “Auksis” (B). Phytohormones, soluble sugars and return bloom grouped by similarities in concentration mean and intensity values. The analysis was conducted with all data resulting from 9 trees of “Ligol” and “Auksis” apple trees grafted on M.26, M.9, B.396, P 67, and P 22, with crop-load adjusted to 75, 113, and 150 fruits per tree.





Discussion

Fruit tree species from the Rosaceae family are non-sensitive to changes in photoperiod and required mainly low nighttime temperatures to become floral (Hanninen and Tanino, 2011). Fadón et al. (2020) suggested that winter dormancy induction is associated with leaf fall and refers to growth suppression imposed on particular organs by other tree structures (e.g., apical dominance) due to the production and/or action of inhibitory molecules. Hoover et al. (2004) and Mcartney et al. (2001) noticed that the duration of doming differs in different apple tree cultivars and the timing of floral commitment is not related either to the time of flowering, or to the time of fruit maturity of the cultivar the other cultivars. We found that apical meristems formed terminal floral meristems in both “Ligol” and “Auksis” cultivars (Table 2) in September. Therefore, with regards to morphological changes inside the buds, they became florally committed at the end of the growing season. Foster et al. (2003) found that the gynoecium and stamens were not distinguishable in Malus spp. during dormancy initiation, suspending flower development during early stages of apical meristems differentiation. Phytohormones such as ABA, GAs, IAA, CK, and possibly JA were implicated in direct or indirect regulation of different phase transitions during floral initiation processes (Charrier et al., 2011; Liu and Sherif, 2019) for the following year (Stephan et al., 2001). Compared to analyzed phytohormones, apple buds distinguished in the highest accumulation of JA, followed by GA7, and IAA in September (Tables 3 and 4). Moreover, a strong positive correlation between JA and inhibitor phytohormones was found (Figure 2; Tables S1 and S2), approved by AHC analysis (Figure 4) suggesting the important role of JA in apple bud developmental processes. ABA, a growth inhibitor and storage promoter, has been described as a key hormonal regulator in the floral initiation processes. In many plant species, ABA is antagonized by the growth promoter GA, which act as floral inhibitors (Wilkie et al., 2008; Fadón et al., 2020). However, in concurrence with Peace et al. (2019), ABA and GAs in apple trees acted synergistically, a positive correlation was found between ABA and GAs in both varieties (Figure 2; Tables S1 and S2; Figure 4). At the early stage of apical meristem differentiation, GAs may activate the metabolic pathways, even though a decline in GA (especially GA3 and GA4) levels induces growth cessation and bud set. GA4 treatment led to the enhancement of several energy metabolism pathways, including those associated with sugar metabolism (Zhuang et al., 2015). In contrast to rootstock, crop load resulted in negative correlations between GAs (GA1, GA3, and GA7) and soluble sugars (glucose and sorbitol) (Figure 2; Tables S1 and S2). Nonstructural carbohydrate dynamics have often been assigned as long-distance sugar signaling pathway in developmental changes in shoot apical meristems (Moghaddam and Van den Ende, 2013). Fadón et al. (2020) stated that trees exhibit strong fluctuations in early shoot apical meristem developmental stages in the rates at which soluble sugars (i.e., glucose, fructose, and sorbitol) and starch are synthesized and degraded. In late autumn and during winter, carbohydrate synthesis declines progressively until leaf fall, with nonstructural carbohydrates acting as reserve molecules, and possibly supporting future growth. Xylem transport is progressively limited (by IAA and CK antagonistic action in the shoot apical meristem) in autumn, because leaf senescence and leaf fall cause a progressive reduction in transpiration (Aloni et al., 2010; Müller and Leyser, 2011). Li et al. (2012) indicated that apple is unique in terms of sugar metabolism and accumulation, as almost all sorbitol and a half of sucrose are converted to hexoses by invertase.

Aloni et al. (2010) suggested that invigorating properties of the rootstocks induced a higher growth rate in the scion, possibly by increasing the supply of CK to the shoot and decreasing that of IAA. In addition, rootstocks with dwarfing characteristics similar to those of M.9 and MM.106 indicated that altered auxin transport was also likely to be involved, with dwarfing rootstocks exhibiting a reduced capacity for polar auxin transport (Else et al., 2018). Compared to dwarfing rootstocks, the semi-dwarfing M.26 rootstock induced the accumulation of zeatin and IAA in buds of both apple tree varieties (Tables 3 and 4). Baron et al. (2019) found that dwarfing apple rootstocks contained lower amounts of plant growth promoter phytohormones, but higher amounts of inhibitor phytohormones, than vigorous rootstocks of the same species, with high ABA levels present in dwarfing rootstock stems. We found that buds of “Ligol” on dwarfing rootstocks accumulated larger amounts of flowering promoter phytohormones (zeatin and JA) compared to the semi-dwarfing M.26 rootstock (Figure 1B), and that buds of dwarfing rootstocks presented lower ABA levels in both varieties (Tables 3 and 4). Though dwarfing rootstocks of apple plants contain large amounts of ABA in their xylem (Lordan et al., 2017; Else et al., 2018), ABA accumulation in buds was induced by the more vigorous M.26 rootstock (Tables 3 and 4). While ABA can limit extension growth by suppressing GA1 accumulation (Benschop et al., 2005), it is not known whether rootstock-sourced ABA and scion-derived GAs interact to regulate shoot extension in grafted scions. Van Hooijdonk et al. (2010) determined that exogenously applied GA4+7 primarily reduced the proportion of primary and secondary shoots that presented early terminated growth, thereby increasing the final length and node number of “Royal Gala” shoots on M.9. An endogenous signaling mechanism is proposed here, whereby dwarfing rootstocks reduce the basipetal transport of IAA to the root, consequently decreasing the amount of root-produced CK and GA transported to the scion. However, no evidence was found to suggest that the dwarfing capacity of M.9 rootstocks could be attributed to a reduced supply of CKs from the rootstock to the scion (Else et al., 2018). Compared to the semi-dwarfing M.26 rootstock, dwarfing rootstocks (M.9, B.396, P 67, and P 22) resulted in a decrease of zeatin, JA, IAA ABA, and GAs except for an increase of GA1 in “Ligol” and an increase of GA7 in “Auksis” on B.396 (Tables 2 and 3). This could explain why the return bloom on B.396 rootstock was markedly the lowest for “Auksis” and average for both cultivars (Table 1). However, it should be noted that the accumulation, and especially the ratio, of these phytohormones was highly dependent on the developmental stage of apical meristems.

IAA and ABA can act as control factors in the ripening process, as sharp increases in the accumulation of both hormones occurred, and were followed by, the corresponding fruit quality indices. A significant increase of IAA concentration in the leaves of “Ligol” trees grafted on M.9 rootstock lead to slower ripening, while a significant increase of ABA concentration, together with the highest ripening rate, were detected in “Ligol” apple trees with the lowest crop load (Samuolienė et al., 2019).

Foster et al. (2017) found that compared to the dwarfing M.27 and the vigorous M.793 rootstocks, fructose and glucose concentrations were significantly lower in stems (above and below the graft junction) and roots tissues of the “Royal Gala” M.9 trees. This suggested that the low concentration of glucose, fructose, and myo-inositol in trees with M.9 rootstock would have a significant effect on the physiology of both rootstock and scion. In comparison to semi-dwarfing or super-dwarfing rootstocks, a similar decrease in soluble sugars in “Ligol” leaves from dwarfing P 67 and B.396 rootstocks was reported by Samuolienė et al. (2016). In agreement with previously obtained data, the significant decrease in fructose, glucose, and sorbitol levels in “Ligol” buds was also found in less vigorous rootstocks, except for a significantly higher fructose concentration in buds of “Ligol” trees on M.9 rootstock. A significant increase in soluble sugar content in buds of “Auksis” on dwarfing B.396 rootstock was observed, while no difference in glucose accumulation was observed between the semi-dwarfing M.26, dwarfing B.396, and super-dwarfing P 22 rootstocks (Table 5). The differences in soluble sugar accumulation in buds produced by these rootstocks may be related to the different periods of time required for fruit ripening between “Ligol” and “Auksis”. Guitton et al. (2016) suggested that competition for carbohydrates between the developing fruit and nearby apical buds lead to local carbon depletion and reduced cellular activity in the vegetative meristems, thus blocking the onset of floral development. While all sugars are transported via the sap to the buds just before budburst, carbohydrate dynamics are restricted to the bud tissues during early stages of apical meristems differentiation. Therefore, soluble sugar levels were increased in (Signorelli et al., 2018). Rootstock-dependent positive correlations between glucose and IAA, as well as between glucose and ABA (Figure 2; Tables S1 and S2) indicated that glucose, IAA, and ABA act synergistically and that apple tree flower induction was influenced by sugar metabolism, as well as auxin and ABA signaling pathways. However, crop load-dependent correlations between glucose, sorbitol, and phytohormones were not significant in both varieties.

Tromp (2000), in his review on the effect of thinning on return bloom, indicated that the flower formation process is not sufficiently understood, especially in the early phases. Return bloom generally decreases as crop load increases (Serra et al., 2016). Marini et al. (2013) found that flower density was negatively correlated with the previous season’s crop load and that the interaction between rootstock and crop load was not established. Our data confirmed a negative correlation between crop load and return bloom (Table 1) of both tested cultivars, based on the averaged data obtained from all rootstocks. The highest crop load significantly suppressed return bloom and supported the findings of Embree et al. (2007), where biennial bearing was observed in “Honeycrisp” apple trees thinned to 150 blossom clusters. However, the effect of rootstock on the suppression of return bloom when comparing the lowest and highest crop levels was different for both cultivars. “Ligol” on M.26 rootstock recorded a decrease in flowering of approximately 90%, while a decrease of approximately 75% was recorded on M.9 and P 22 rootstocks. Meanwhile, the highest decrease in flowering (38%) was recorded for “Auksis” on M.9 rootstock. A very stable return bloom of “Auksis” was produced on B.396 and P 67 rootstocks, where differences between contrasting levels were only 5% and 11% respectively. This, however, cannot be explained by the ratio of flowering promoters to inhibitor phytohormones (Figure 1), indicating that bearing stability is more dependent on these rootstocks, but not on the crop load. Rootstock-scion interactions on return bloom were detected in our previous study (Kviklys et al., 2016) and in the study of 48 apple rootstocks, where several Geneva rootstocks were distinguished by low alternate bearing (Reig et al., 2018).

Return bloom of “Ligol” significantly correlated with the ratio of promoter and inhibitor hormones, while no such correlation was established for “Auksis” (Tables S1 and S2). The AHC analysis showed that return bloom was more dependent on IAA, GA7 and JA, rather than on other phytohormones or sugars in both varieties. Generally, higher correlations between phytohormones, soluble sugars, and return bloom were established, evaluating the effect of crop load, but not that of rootstocks. Return bloom of both cultivars on all rootstocks negatively correlated with the amount of sorbitol in buds, and additionally with the amount of fructose in the case of “Auksis”.

The PCA scatter plot on the metabolic response of phytohormones and sugars indicated that the effect of the semi-dwarfing M.26 rootstock was significantly different from that of the dwarfing M.9 and P 67, as well as of the super-dwarfing P 22 rootstocks in both varieties. The most intensive crop load (150 fruits per apple tree) produced a significantly different response compared to less intensive crop loads (113 and 75) in both varieties. In contrast to soluble sugar accumulation, increased crop load resulted in increased levels of phytohormones, but did not affect ABA accumulation.

Dwarfing rootstocks M.9, B.396, and P 67, as well as the super-dwarf P 22 resulted in altered accumulation of promoter phytohormones, while the more vigorous semi-dwarfing M.26 rootstock induced a higher content of glucose in “Ligol” buds, of glucose and sorbitol in “Auksis” buds, and of inhibitory phytohormones, by increasing the levels of IAA, ABA, and GAs. Therefore, soluble sugars, especially glucose, and hormonal pathways were interconnected and acted together to control flower induction, while being both rootstock- and crop load-dependent.

Apple return bloom was dependent both on rootstock and crop load. Interactions between rootstocks and cultivars were established: M.9 rootstock determined the highest return bloom for “Auksis”, and P 67 rootstock for “Ligol”. The lowest return bloom was recorded on the super dwarfing P 22 rootstock in “Ligol”, and on the dwarfing B.396 in “Auksis”. Comparing the effect of rootstock on return bloom under different crop load levels showed that the most significant decrease in return bloom resulted from the highest crop load in “Auksis” grafted on M.9 and P 22 rootstocks, and in “Ligol” grafted on P 22 rootstock.
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To understand the roles of Malus rootstock, scion, and their interaction in Cd accumulation and tolerance, four scion/rootstock combinations consisting of the apple cultivars “Hanfu” (HF) and “Fuji” (FJ) grafted onto M. baccata (Mb) or M. micromalus “qingzhoulinqin” (Mm) rootstocks differing in relative Cd tolerance were exposed either to 0 µM or 50 µM CdCl2 for 18 d. Cd accumulation and tolerance in grafted Malus plants varied within rootstock, scion, and rootstock–scion interaction. Cd-induced decreases in photosynthesis, photosynthetic pigment level, and biomass were lower for HF grafted onto Mb than those for HF grafted onto Mm. Reductions in growth and photosynthetic rate were always the lowest for HF/Mb. Cd concentration, bioconcentration factor (BCF), and translocation factor (Tf) were always comparatively higher in HF and FJ grafted onto rootstock Mm than in HF and FJ grafted on Mb, respectively. When HF and FJ were grafted onto the same rootstock, the root Cd concentrations were always higher in HF than FJ, whereas the shoot Cd concentrations displayed the opposite trend. The shoot Cd concentrations and Tf were lower for HF/Mb than the other scion/rootstock combinations. Rootstock, scion, and rootstock–scion interaction also affected subcellular Cd distribution. Immobilization of Cd in the root cell walls may be a primary Cd mobility and toxicity reduction strategy in Malus. The rootstock and scion also had statistically significant influences on ROS level and antioxidant activity. Cd induced more severe oxidative stress in HF and FJ grafted onto Mm than it did in HF and FJ grafted onto Mb. Compared with FJ, HF had lower foliar O2-, root H2O2, and root and leaf MDA levels, but higher ROS-scavenging capacity. The rootstock, scion, and rootstock–scion interaction affected the mRNA transcript levels of several genes involved in Cd uptake, transport, and detoxification including HA7, FRO2-like, NRAMP1, NRAMP3, HMA4, MT2, NAS1, and ABCC1. Hence, the responses of grafted Malus plants to Cd toxicity vary with rootstock, scion, and rootstock–scion interaction.




Keywords: heavy metal, apple, rootstock, scion, detoxification, transcriptional regulation



Introduction

Cadmium (Cd) has accumulated in orchard soils as a consequence of industrial activity and agrochemical misuse and overuse (Pizzol et al., 2014; Sungur, 2016). Cd is a non-essential and highly phytotoxic element. It impairs root function, inhibits nutrient uptake and assimilation, impedes photosystem II activity, lowers carbohydrate concentrations, hinders protein synthesis, suppresses plant growth, and limits fruit yield (Lopez-Climent et al., 2011; Stachowiak et al., 2016). Cd accumulation in edible plant parts may ultimately enter the human body via the food chain and poses a serious threat to human health (Nawrot et al., 2006). From agronomic and food safety perspectives, then, it is important to determine how to mitigate Cd toxicity and reduce Cd uptake and accumulation in plant tissues.

Several approaches have been proposed to attenuate Cd accumulation and phytotoxicity in crops (Nawaz et al., 2016; Qian et al., 2017; Zhou et al., 2017). Grafting affects crop yield and quality and enhances plant tolerance to various stressors such as heat, drought, and heavy metals (HM) (Savvas et al., 2010; Yuan et al., 2019). Certain rootstocks prevent Cd uptake and/or transport by ion exclusion or retention. In this manner, they mitigate heavy metal phytotoxicity. Grafting eggplant and tomato scions onto Solanum torvum rootstocks decreased foliar Cd accumulation (Yuan et al., 2019). Grafting cucumber (Cucumis sativus L.) scions onto “Power” (C. maxima × C. moschata) rootstocks reduced Cd absorption and transport (Savvas et al., 2013). However, the shoots may also influence the mechanisms that control root HM uptake and accumulation by altering metabolite transport (Savvas et al., 2010). Thus, HM uptake and accumulation depend on the rootstock, the scion, and the rootstock–scion interaction (Liao et al., 2015). Nevertheless, the complex communication between rootstock and scion that regulates HM uptake has not yet been elucidated.

Plants have evolved various Cd detoxification strategies (He et al., 2015). They may bind Cd to cell walls, compartmentalize it into vacuoles, and restrict its accumulation in sensitive organelles (Luo et al., 2016). Scions can affect subcellular HM distribution in rootstock roots. When Ralls and Fuji apple cultivars were grafted onto the same Malus hupehensis rootstock, the former sequestered more Cu in the root cell walls than the latter (Wang et al., 2016). To the best of our knowledge, however, little is known about the effects of the rootstock, the scion, and the rootstock–scion interaction on subcellular Cd distribution in woody crops such as fruit trees.

In recent years, remarkable progress has been made on clarifying the physiological responses of crops to Cd exposure (Romero-Puertas et al., 2012; Edelstein and Ben-Hur, 2018). In certain plant species, Cd phytotoxicity is manifested by reactive oxygen species (ROS) and malonaldehyde (MDA) induction (Luo et al., 2016). Nonenzymatic antioxidants such as free proline, soluble phenolics, ascorbate (ASC), and reduced glutathione (GSH), and several antioxidant enzymes scavenge Cd-induced ROS and protect cells from oxidative damage (He et al., 2015). Both rootstock and scion influence ROS and antioxidant responses to Cd exposure. These mechanisms have been explored in herbaceous crops such as watermelon (Shirani Bidabadi et al., 2018) and tomato (Gratao et al., 2015). Therefore, scions grafted onto the appropriate rootstocks could attenuate Cd phytotoxicity by increasing antioxidant enzyme activity, raising the levels of nonenzymatic antioxidants, and decreasing ROS and lipid peroxidation (Kumar et al., 2015). Compared to herbaceous crops, the toxic effects of Cd on perennial woody plants such as fruit trees are more severe as these species have very long growth periods and, by extension, prolonged soil Cd exposure (Peryea, 2001). However, relatively little is known about the responses of ROS and antioxidants to Cd exposure in woody crops such as fruit trees.

Cd uptake, transport, and detoxification are mediated by several genes (Luo et al., 2016). Plasma membrane (PM) H+-ATPases furnish the proton motive force for ion transmembrane transport (Ma et al., 2014). HA7, HA2.1, and AHA10.1 encode various H+-ATPases that play important roles in Cd uptake (He et al., 2015; He et al., 2020). FRO2-like encoding Fe(III) reductase proteins and natural resistance-associated macrophage protein 1 (NRAMP1) are located in the PM and control Cd penetration into root cell cytosols (Gao et al., 2011; Lin and Aarts, 2012). Tonoplast-localized NRAMP3 and PM-localized HM ATPase 4 (HMA4) transport Cd from the root to the shoot (Verret et al., 2004; Lin and Aarts, 2012). In the cytosol, Cd cations and phytochelatin (PC)-Cd chelates are sequestered in vacuoles by tonoplast-localized cation exchanger 4 (CAX4) and ATP-binding cassette transporter C1 (ABCC1), respectively (Mei et al., 2009; Park et al., 2012). Nicotianamine synthase 1 (NAS1) is the key enzyme regulating nicotianamine (NA) biosynthesis (Weber et al., 2004). Cd is chelated by NA and metallothionein (MT) which detoxify cytosolic Cd (Cobbett and Goldsbrough, 2002; Luo et al., 2016). Previous studies showed that the rootstock significantly affects stress-related gene expression in the scion (Jensen et al., 2003; Si et al., 2010). Hence, certain signals transported from the root to the shoot might influence Cd uptake and tolerance. Nevertheless, transcriptional regulation of the genes involved in Cd uptake, translocation, and detoxification in fruit tree scion/rootstock combinations remains largely unknown.

In a previous study, we compared Cd accumulation and tolerance among various apple rootstocks. Malus baccata and M. micromalus “qingzhoulinqin” markedly differed in terms of Cd uptake, translocation, and detoxification (Zhou et al., 2016; Zhou et al., 2017). To elucidate the physiological and molecular mechanisms by which the Malus rootstock, scion, and their interaction control Cd accumulation, translocation, and tolerance, we prepared graft combinations consisting of Malus domestica “Hanfu” (HF) and M. domestica “Fuji” (FJ) scions grafted onto either M. baccata (Mb) or M. micromalus “qingzhoulinqin” (Mm) rootstocks and exposed them either to 0 µM or 50 µM CdCl2 for 18 d. We hypothesized that (i) the rootstock, the scion, and their interaction influence Cd accumulation and translocation, and (ii) the rootstock–scion interaction regulates physiological acclimation and the key genes involved in Cd uptake and transport, thereby alleviating Cd toxicity. To test these hypotheses, we evaluated and compared growth characteristics, Cd accumulation and translocation, subcellular Cd distribution, oxidants, antioxidants, and the key genes regulating Cd uptake, translocation, and detoxification.



Materials and Methods


Plant Material and Cd Exposure

The apple cultivars “Hanfu” (HF) and “Fuji” (FJ) were grafted onto M. baccata (Mb) or M. micromalus “qingzhoulinqin” rootstocks and used in this study. Hereafter, “Hanfu” and “Fuji” grafted onto M. baccata are referred to as HF/Mb and FJ/Mb while “Hanfu” and “Fuji” grafted onto M. micromalus “qingzhoulinqin” are referred to as HF/Mm and FJ/Mm, respectively. Seeds of the M. baccata and M. micromalus “qingzhoulinqin” rootstocks were stratified in sand at 0–4°C for 60 d. The seedlings were transferred in early April 2016 to nursery plates containing substrate and cultivated for 40 d in a greenhouse under natural light and temperature conditions (26°C day/18°C night; RH = 50–60%). Seedlings with similar growth from two rootstock species were selected and transplanted in plastic pots (20 cm × 20 cm ×18 cm) containing sand. One seedling was planted per pot. Each plant was slowly chemigated every 2 d with 50 mL Hoagland solution. In April 2017, virus-free “Hanfu” and “Fuji” budwood was grafted onto Mb and Mm rootstocks that were uniform in diameter (4–5 mm). All plants were cultivated in a greenhouse under the aforementioned environmental conditions. Twelve weeks after budding, healthy and uniform grafted plants (height 35 cm) were selected and transplanted to aerated Hoagland nutrient solution (pH 6.0) that was renewed every 3 d. After 2 weeks, 36 plants similar in height and growth performance were selected from each graft combination, divided into two groups of 18 plants, and cultivated for 18 d in Hoagland solution containing either 0 µM or 50 µM CdCl2. Six plants per group were randomly selected for histochemical root and stem analyses. The remaining 12 plants per group were harvested after gas exchange measurements.



Gas Exchange Measurement and Harvest

Before harvest, gas exchange parameters were measured using mature leaves (leaf plastochron index = 9–12) of each plant from four apple scion/rootstock combinations. The CO2 assimilation rate (A), stomatal conductance (gs) and transpiration rate (E) were measured on sunny days between 9:00 and 11:00 h with the CIRAS-2 photosynthesis system (PP Systems, USA) as described previously (Wang et al., 2013).

After gas exchange measurement, each plant was harvested via separation of root, rootstock stem, scion stem and leaf tissues. The roots were carefully rinsed in 20 mM EDTA disodium solution for 5 min to remove Cd2+ from the root surface, and then washed with deionized water. All of the harvested samples were wrapped with tinfoil after the fresh weight of samples were recorded and frozen immediately in liquid nitrogen. The frozen samples were milled to ﬁne powder in liquid nitrogen with a ball mill (MM400, Retsch, Haan, Germany) and stored at −80°C. To perform biochemical and gene expression analysis, equal amounts of powder from different tissues of four plants that received the same treatment were pooled to form a biological sample (i.e., three independent biological samples for each treatment). The fresh powder (ca. 50 mg) obtained from each tissue per plant was dried at 60°C for 72 h to determine the fresh-to-dry mass ratio, which was used to calculate the dry mass of each tissue.



Histochemical Staining of Cd

Cd distribution was investigated in the root and scion stem tissues of apple trees using the histochemical staining method as described by He et al. (2013) with some modifications. In brief, hand sections or intact tissues from fresh samples of fine roots and scion stems were rinsed in de-ionized H2O. Subsequently, the samples were exposed to a staining solution (30 mg of diphenylthiocarbazone dissolved in 60 ml of acetone, 20 ml of H2O and seven drops of glacial acetic acid) for 90 s. After a brief rinse in deionized H2O, the well-stained samples with Cd-dithizone precipitates that displayed as red coloration were immediately photographed under an Eclipse E200 light microscope (Nikon, Tokyo, Japan) using a CCD camera (DS-Fi1; Nikon) connected to a computer.



Analysis of Foliar Pigments, Cd, Bio-Concentration (BCF) and Translocation Factor (Tf)

To measure contents of foliar pigments, fine powder of fresh leaves (ca. 50 mg) was extracted in 5 ml of 80% acetone for 24 h in darkness until the color disappeared completely. The contents of chlorophyll in the extracts were determined using a spectrophotometer (UV-3802, Unico Instruments Co. Ltd, Shanghai, China) as suggested by Wellburn (1994).

The fine powder (ca. 100 mg) samples obtained from the root, rootstock stem, scion stem and leaf tissues were digested in a mixture containing 7 ml concentrated HNO3 and 1 ml concentrated HClO4 at 170°C as described previously (Zhou et al., 2017). The Cd concentrations in different tissues were determined using graphite furnace atomic absorption spectrophotometry (Hitachi 180-80, Hitachi Ltd, Tokyo, Japan). Bio-concentration factor (BCF) was defined as the ratio of Cd concentration (μg g−1) in roots, rootstock stems, stem scions and leaves to that in the solution (μg g−1) (Zacchini et al., 2009). The translocation factor (Tf) was defined as Cd concentration (μg g−1) in the aerial tissues of a plant divided by that in the roots and multiplied by 100% (Zacchini et al., 2009).



Determination of Cd Subcellular Distribution

Root and leaf samples were separated into four subcellular fractions (cell wall fraction, organelle-rich fraction, membrane-containing fraction, and soluble fraction) using the gradient centrifugation technique according to Fu et al. (2011). Briefly, plant tissues were homogenized in 10 ml of pre-cold extraction buffer (pH 7.5) which contained 50 mM HEPES, 500 mM sucrose, 1.0 mM dithioerythritol, 5.0 mM ascorbic acid, and 1.0% w:v Polyclar AT PVPP. The homogenate was sieved through a nylon cloth (100 µm mesh size) and the residue was designated as the cell wall fraction (F I). Subsequently, the filtrate was centrifuged at 10,000 g for 30 min, and the resultant deposition was the organelle-rich fraction. The left supernatant was continued centrifuged at 100,000 g for 30 min, and the pellet retained was the membrane-containing fraction, while the supernatant was designated as the soluble fraction. All the above steps were performed at 4°C. The four fractions were evaporated at 65°C to dryness, and then digested with a mixture (7 ml concentrated HNO3 and 1 ml concentrated HClO4) at 170°C. Cd concentration in different fractions was determined by graphite furnace atomic absorption spectrophotometry (Hitachi 180-80, Hitachi Ltd, Tokyo, Japan).



Determination of O2•−, H2O2 and MDA

The concentrations of O2.− and H2O2 in the roots and leaves of plants were measured using a spectrophotometer at 530 and 410 nm, respectively, as suggested by He et al. (2011).

The concentrations of MDA in the roots and leaves were determined spectrophotometrically at 450, 532 and 600 nm, according to the previous study (Lei et al., 2007).



Assays of Non-Enzymatic Metabolites and Antioxidative Enzyme Activities

The concentration of free proline and soluble phenolics was determined spectrophotometrically as reported previously (He et al., 2011). Ascorbate (ASC) and reduced glutathione (GSH) was measured based on the protocol described by Chen et al. (2011).

The soluble proteins in the root and leaf tissues were extracted and quantified according to Luo et al. (2008). The enzyme activities of catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) were determined according to the method of Ding et al. (2017).



Determination of the Transcript Levels of the Genes Involved in Cd Uptake and Translocation

Total RNA extraction and purification and RT-PCR were performed according to the methods of Zhou et al. (2016). Total root and leaf RNA was extracted and purified with a plant RNA extraction kit (R6827; Omega Bio-Tek, Norcross, GA, USA) and treated with DNase I (M6101; Promega, Madison, WI, USA) to eliminate genomic DNA. The concentration and quality of the extracted RNA samples were analyzed by agarose gel electrophoresis and spectrophotometry (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, USA), respectively. The purified total RNA was used to synthesize first-strand cDNA in a PrimeScript RT reagent kit with gDNA Eraser (DRR037A; Takara, Dalian, China) according to the manufacturer’s instructions. Quantitative PCR was conducted on the genes in a reaction system containing 10 μL of 2× SYBR Green Premix Ex Taq II (DRR820A; Takara, Dalian, China), 2 μL cDNA, and 0.2 μL of 20 mM primer specifically designed for each gene (Table S1). The reaction was run in a CFX96 real time system (CFX96; Bio-Rad Laboratories, Hercules, CA, USA). β-Actin was the reference gene. PCR product homogeneity was confirmed with a melting curve program. PCR was conducted in triplicate for each gene. Relative mRNA expression was calculated according to the 2−ΔΔCt method (Livak and Schmittgen, 2001). The expression level was set to unity for each gene in the roots or leaves of “Hanfu” (HF) grafted on M. baccata (Mb) rootstock not exposed to Cd. The corresponding fold changes in the transcripts were calculated for other scion/rootstock combinations subjected to 0 µM or 50 µM CdCl2. A gene expression heatmap was generated for the log base 2 average expression fold values using the heatmap.2 () command in the “gplots” package in R (http://www.r-project.org/).



Statistical Analysis

All data were processed in Statgraphics (STN; St. Louis, MO, USA). All data were tested for normality before the statistical analyses. Three-way ANOVA was applied using CdCl2 (Cd), rootstock (R), and scion (S) as the three factors to test all parameters for significant changes. A posteriori means comparisons were performed by Tukey’s method when statistically significant interactions were detected. All the results were presented as means ± standard error (SE) of three biological replicates. Differences between means were considered significant at P < 0.05 according to the three-way ANOVA F-test.




Results


Plant Gas Exchange, Chlorophyll Content, and Growth

To explore the Cd-induced phytotoxic effects, gas exchange, photosynthetic pigments, and biomass were determined (Table 1, Figure S1). There were remarkable differences in gas exchange among the four graft combinations. In the absence of Cd, the CO2 assimilation rates and gs were markedly higher in HF than FJ, regardless of the rootstock (Table 1). Relative to their respective controls, the four graft combinations presented with dramatically lower CO2 assimilation rates, gs, and E in response to 50 μM Cd exposure for 18 d (Table 1). The reductions in CO2 assimilation rate, gs, and E were the highest for HF/Mm, but the lowest for HF/Mb (Table 1). Cd exposure significantly decreased foliar Chl(a+b) in all four graft combinations. However, the reduction was more pronounced in FJ/Mm than the other three graft combinations (Table 1). Cd stress significantly inhibited plant growth (Table 1, Figure S1). Large differences in scion and rootstock tissue biomass were observed among the various graft combinations (Table 1). Root, scion stem, and leaf biomass were always greater in HF than FJ, irrespective of rootstock and Cd conditions (Table 1). Cd exposure decreased root biomass in FJ/Mb, rootstock stem and leaf biomass in HF/Mm, and scion stem biomass in all graft combinations (Table 1). The inhibitory effects of Cd exposure on scion stem biomass were signiﬁcantly less pronounced in HF and FJ grafted onto Mb than they were for the same scions grafted onto Mm (Table 1).


Table 1 | CO2 assimilation rate (A, μmol CO2 m−2 s−1), stomatal conductance (gs, mol H2O m−2 s−1), transpiration rate (E, mmol H2O m−2 s−1) and photosynthetic pigments (mg g−1 DW) in leaves, and the dry mass (g) of root, rootstock stem, scion stem and leaf tissues of four scion/rootstock combinations exposed either to 0 µM or 50 µM CdCl2 for 18 d.





Cd Localization, Concentration, BCF, and Tf

No Cd-dithizone complexes were detected in the roots or scion stems of any scion/rootstock combination not exposed to Cd (Figures 1 and S2). In the roots, Cd was localized mainly to the epidermal cells (Figure S2). For the scion stems, Cd was enriched in the phloem collenchyma and cortex (Figure 1). The Cd localization pattern was similar for all combinations (Figures 1 and S2). However, Cd staining was more intense in the roots and scion stems of HF and FJ grafted onto Mm than it was in the same organs of HF and FJ grafted onto Mb after Cd treatment (Figures 1 and S2).




Figure 1 | Cadmium (Cd) localization in the scion stems of four scion/rootstock combinations exposed either to 0 µM CdCl2 (CK) or 50 µM CdCl2 (Cd) for 18 d. The figures shown were representative of three biological replicates. Arrows point to Cd-dithizone precipitates. Histochemical Cd detection in “Hanfu” (HF) and “Fuji” (FJ) scion stems grafted onto M. micromalus “qingzhoulinqin” (Mm) under 0 µM CdCl2 resembled those for HF and FJ grafted onto M. baccata (Mb). HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively; xyl, xylem; ph, phloem; cam, cambium; cc, cortical cells; cl, collenchyma.



Relative to the no-Cd treatment, Cd exposure induced considerable accumulation in the roots, rootstock stems, scion stem, and leaves of all plants (Figure 2). Most of the Cd accumulated in the roots followed by the rootstock stems, scion stems, and leaves. There were substantial differences among the graft combinations in terms of tissue Cd level. Cd concentrations in the tissues of HF and FJ grafted onto Mm were higher than in the tissues of HF and FJ grafted onto Mb (Figure 2). For the same rootstock, the root Cd concentrations were always higher in HF than FJ. HF/Mm presented with the highest root Cd levels (Figure 2A). In contrast, Cd concentration in the rootstock stems, scion stems, and leaves trends radically differed from those seen in the roots (Figures 2B–D). The Cd concentrations were the highest in the FJ/Mm rootstock stems (Figure 2B). However, the order of Cd concentration in the treated scion stems was HF/Mm > FJ/Mm > FJ/Mb > HF/Mb, and leaves was HF/Mm > FJ/Mb and FJ/Mm > HF/Mb.




Figure 2 | Cd concentrations in the root (A), rootstock stem (B), scion stem (C) and leaf (D) tissues of four scion/rootstock combinations exposed either to 0 µM or 50 µM CdCl2 for 18 d. Data are presented as the means of three biological replicates ( ± SE). Different letters on the bars indicate significant difference between the treatments. P-values of the ANOVAs of Cd2+ (Cd), scion (S) and rootstock (R) are indicated. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns: not significant. HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively.



The root BCF displayed the same pattern as the root Cd concentration. The rootstock stem and scion BCFs were significantly higher in HF and FJ grafted onto Mm than they were in HF and FJ grafted onto Mb. For the same rootstock, the shoot BCFs were higher in FJ/Mm than they were in HF/Mm. No significant difference in shoot BCF was found between HF/Mb and FJ/Mb (Figure 3A). The scion Tf assumed the order HF/Mm > FJ/Mm > FJ/Mb > HF/Mb (Figure 3B).




Figure 3 | Bio-concentration factor (BCF, A) in the roots, rootstock stem and scion, and translocation factor (Tf, B) of four scion/rootstock combinations exposed either to 0 µM or 50 µM CdCl2 for 18 d. Data are presented as the means of three biological replicates ( ± SE). Different letters on the bars indicate significant difference between the treatments. P-values of the ANOVAs of Cd2+ (Cd), scion (S) and rootstock (R) are indicated. ****P ≤ 0.0001. HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively.





Subcellular Cd Distribution

Cd was stored mainly in the cell wall fraction (F I) followed by the soluble fraction (F IV), the organelle-rich fraction (F II), and the membrane-containing fraction (F III) of the roots and leaves of the various apple graft combinations (Table 2). The Cd concentrations in the foliar and root F I and F IV were strongly influenced by the Cd concentrations in their corresponding tissues. Similar changes in tissue Cd concentration were noted for all graft combinations (Table 2). The subcellular Cd levels in F I-IV were always higher for the roots and leaves of HF and FJ grafted onto Mm than they were for the roots and leaves of HF and FJ grafted onto Mb (Table 2). However, the pattern of change in the Cd distribution ratios of the four subcellular fractions differed from the change trend in the Cd subcellular concentrations. The Cd distribution ratios for F I were the highest in the roots and leaves of HF/Mb and the lowest in the leaves of FJ/Mm (Table 2). The highest Cd distribution ratios for the root and leaf F II were detected in FJ/Mm and HF/Mm while the lowest were detected in the roots and leaf F II of HF/Mb (Table 2). The highest and lowest Cd distribution ratios for the root F III were found in FJ/Mm and FJ/Mb, respectively. There were no relative differences in Cd distribution ratio for the leaf F III among the four combinations (Table 2). The highest Cd distribution ratios for the root and leaf F IV were measured for HF/Mm and FJ/Mm (Table 2).


Table 2 | Subcellular distribution of Cd and its proportion in root and leaf tissues of four scion/rootstock combinations exposed to 50 µM CdCl2 for 18 days.





O2•−, H2O2, MDA, and Non-Enzymatic and Enzymatic Antioxidants

The root and leaf O2•−, H2O2 and MDA concentrations were significantly increased in all four combinations exposed to Cd, relative to their untreated controls, (Figure 4). The only exception was the leaf MDA content for HF/Mb (Figure 4C2). The rootstock affected the root and leaf O2•−, H2O2, and MDA levels with the exception of leaf H2O2. Cd-induced root and leaf O2•−, root H2O2, and leaf MDA were always lower in HF and FJ grafted onto Mb than they were in HF and FJ grafted onto Mm (Figure 4). Cd-induced root and leaf O2•−, root H2O2, and leaf MDA were always lower in HF than FJ when grafted onto the same rootstocks (Figure 4).




Figure 4 | O2.− (A1, A2), H2O2 (B1, B2) and MDA (C1, C2) in the roots (A1–C1) and leaves (A2–C2) of four scion/rootstock combinations exposed either to 0 µM or 50 µM CdCl2 for 18 d. Data are presented as the means of three biological replicates ( ± SE). Different letters on the bars indicate significant difference between the treatments. P-values of the ANOVAs of Cd2+ (Cd), scion (S) and rootstock (R) are indicated. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001; ns: not significant. HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively.



Cd exposure significantly induced root and leaf free proline, soluble phenolics, ASC, and GSH production for all four graft combinations (Figure 5). The only exceptions were the foliar soluble phenolics for FJ/Mm (Figure 5B2) and the root GSH for HF/Mm (Figure 5D1). The rootstocks and scions significantly influenced the non-enzymatic antioxidant levels. The Cd-induced increases in foliar free proline and root and leaf soluble phenolics and GSH were more pronounced in HF and FJ grafted onto Mb than they were in HF and FJ grafted onto Mm (Figure 5). However, the opposite trend was noted for the root ASC (Figure 5C1). The root and leaf free proline, root soluble phenolics, and foliar ASC levels were higher in plants with HF scions grafted onto Mb than in those with FJ scions grafted onto Mb (Figure 5).




Figure 5 | Free proline (A1, A2), soluble phenolics (B1, B2), ASC (C1, C2) and GSH (D1, D2) in the roots (A1–D1) and leaves (A2–D2) of apple scion/rootstock combinations exposed either to 0 µM or 50 µM CdCl2 for 18 d. Data are presented as the means of three biological replicates ( ± SE). Different letters on the bars indicate significant difference between the treatments. P-values of the ANOVAs of Cd2+ (Cd), scion (S) and rootstock (R) are indicated. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001; ns: not significant. HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively.



Unlike the comparatively uniform change profiles of non-enzymatic antioxidants in response to Cd exposure, the changes in the enzymatic antioxidants were complex after Cd treatment (Figure S3). Root CAT activity was upregulated only in plants with Mb rootstocks (Figure S3). In contrast, foliar CAT activity was downregulated in FJ/Mb, HF/Mm, and FJ/Mm after Cd treatment (Figure S3). Cd exposure increased root APX by 206.9%, 66.5%, and 57.7% for HF/Mb, HF/Mm, and FJ/Mm, respectively, and foliar APX by 72.1% for FJ/Mb. However, it inhibited root and leaf APX activity in the other graft combinations (Figure S3). Cd treatment inhibited root GR in HF/Mb, FJ/Mb, and HF/Mm but promoted root GR in FJ/Mm (Figure S3). Cd exposure reduced foliar GR activity in HF/Mm but had no effect on foliar GR in the other graft combinations (Figure S3). In response to Cd exposure, HF grafted onto Mb presented with higher root CAT, APX, and GR activity than FJ grafted onto Mb. However, the opposite results were observed for the foliar activity levels of the aforementioned enzymes in HF and FJ grafted onto Mm (Figure S3).



Transcript Levels of Genes Involved in Cd Transport and Detoxification

To elucidate the molecular mechanisms governing the observed morphophysiological changes in the graft combinations in response to Cd stress, we analyzed nine genes putatively implicated in Cd uptake, transport, and detoxification in the roots and leaves (Figures 6 and S4). The HA7 mRNA levels increased by 4.6-fold and by 1.7-fold in the roots of HF and FJ, respectively, grafted onto Mm when exposed to Cd. On the other hand, they remained unchanged in the FJ/Mb roots and markedly decreased in the HF/Mb roots in response to Cd exposure (Figure 6A). FRO2-like encoding Fe(III) reductase proteins and NRAMP1 also regulate Cd uptake (Gao et al., 2011; Lin and Aarts, 2012). Here, the root transcript levels of FRO2-like and NRAMP1 were differentially expressed in response to Cd exposure (Figure 6A). Cd treatment upregulated FRO2-like but downregulated NRAMP1 in the roots of all graft combinations (Figure 6A). In response to Cd, the FRO2-like and NRAMP1 mRNA levels were always higher in the roots of HF and FJ grafted onto Mm than they were in the roots of HF and FJ grafted onto Mb (Figure 6A). The root HA7, FRO2-like, and NRAMP1 mRNA levels varied greatly among the four graft combinations, irrespective of rootstock type and Cd exposure (Figure 6A). Cd exposure caused a more significant increase in root FRO2-like mRNA for FJ than it did for HF, regardless of rootstock type (Figure 6A).




Figure 6 | Heatmap of genes encoding proteins involved in Cd uptake, transport and detoxiﬁcation in the roots (A) and leaves (B) of four scion/rootstock combinations exposed either to 0 µM CdCl2 (CK) or 50 µM CdCl2 (Cd) for 18 d. For each gene, the expression level was set to 1 in the roots or leaves of “Hanfu” (HF) grafted on M. baccata (Mb) rootstock without Cd exposure, and the corresponding fold changes were calculated in other scion/rootstock combinations under 0 or 50 µM CdCl2 treatments. The gene expression heatmap was generated on the log base 2 average expression fold values. HF/Mb and FJ/Mb, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. baccata (Mb) rootstock, respectively; HF/Mm and FJ/Mm, “Hanfu” (HF) and “Fuji” (FJ) apple cultivars grafted onto M. micromalus “qingzhoulinqin” (Mm) rootstock, respectively.



NRAMP3 and HMA4 are metal efﬂux transporters, which move Cd from root to shoot. Cd exposure markedly upregulated NRAMP3 mRNA in all graft combinations except HF/Mb (Figure 6A). In contrast, Cd exposure downregulated HMA4 mRNA in the roots of four graft combinations subjected to Cd (Figure 6A). The NRAMP3 and HMA4 mRNA levels significantly varied among the four graft combinations, regardless of Cd exposure. The NRAMP3 and HMA4 expression levels were lower in the HF and FJ scions grafted onto Mb than they were in the HF and FJ scions grafted onto Mm (Figure 6A).

ABCC1, CAX4, MT2, and NAS1 may be involved in plant Cd detoxification. In response to Cd exposure, ABCC1 was markedly upregulated in the roots of all graft combinations except HF/Mb. In contrast, the CAX4 and NAS1 mRNA levels were decreased in the roots of all graft combinations following Cd treatment (Figure 6A). After Cd exposure, the apple homolog MT2 transcript levels were downregulated in the roots of FJ/Mb, HF/Mm, and FJ/Mm compared with their respective controls. However, no change in MT2 transcript level was detected in the roots of HF/Mb following Cd treatment. The mRNA levels of the aforementioned genes were influenced by the rootstock and scion, (Figure 6A). After Cd exposure, the CAX4 and MT2, transcript levels were significantly higher for HF/Mb than they were for the other graft combinations (Figure 6A).

In response to Cd treatment, the foliar HA7 transcript levels were relatively higher for HF/Mm and FJ/Mm but comparatively lower for HF/Mb and FJ/Mb (Figure 6B). Cd exposure upregulated NRAMP3 but downregulated HMA4 in all graft combinations except FJ/Mb (Figure 6B). After Cd exposure, the NRAMP3 mRNA levels were markedly lower in the scions grafted onto Mb than they were in the scions grafted onto Mm (Figure 6B). Moreover, following Cd treatment, the foliar NRAMP3 transcript levels were significantly lower for HF than they were for FJ, regardless of rootstock type (Figure 6B). The Cd treatments increased the ABCC1 and CAX4 expression levels in all graft combinations except ABCC1 in HF/Mm and FJ/Mm and CAX4 in HF/Mm (Figure 6B). Cd exposure caused the strongest upregulation of ABCC1 and CAX4 in HF/Mb and FJ/Mb, respectively (Figure 6B). The Cd treatments also increased the foliar NAS1 transcript levels for HF/Mb and HF/Mm but decreased them for FJ/Mb and FJ/Mm (Figure 6B). Cd exposure significantly downregulated foliar MT2 transcription in FJ/Mb, HF/Mm, and FJ/Mm but had no apparent effect on foliar MT2 transcription in HF/Mb (Figure 6B). Following Cd exposure, the foliar NAS1 and MT2 transcript levels were always higher for HF than for FJ grafted to the same type of rootstock (Figure 6B).




Discussion


Cd Tolerance and Accumulation Is Mediated by Both Rootstock and Scion

Reductions in photosynthesis, growth, and photosynthetic pigments are responses of higher plants to Cd toxicity (Luo et al., 2016; Kaya et al., 2019). Grafting plants onto certain rootstocks dramatically alleviates Cd toxicity. Watermelons grafted onto summer squash showed less reduction of shoot and root biomass, chlorophyll content, and photosynthetic efficiency than those grafted onto winter squash (Shirani Bidabadi et al., 2018). Here, the apple cultivar scions HF and FJ grafted onto Mb rootstocks presented with relatively less reduction of CO2 assimilation rate, Chl(a+b) concentration, and shoot biomass than HF and FJ grafted onto Mm (Table 1). Thus, the Cd tolerance of a graft complex depends on the rootstock genotype. Further, the Mb rootstock efficiently improved Cd tolerance in apple trees. The comparatively higher root, scion stem, and leaf biomass in HF than FJ under Cd exposure indicated that the scion itself also influenced Cd tolerance. This finding was consistent with those reported for Citrus in response to Al stress (Liao et al., 2015). Of the four scion/rootstock combinations tested here, HF/Mb exhibited the highest Cd tolerance.

It has been demonstrated that the rootstock affects heavy metal accumulation and translocation to the shoots (Stachowiak et al., 2016). Cd deposition in the root restricts the translocation of the metal to the shoot. This mechanism is an important factor in plant Cd tolerance (Zhou et al., 2017). Here, the rootstock Mb accumulated less Cd and restricted Cd transport to the shoot more effectively than the rootstock Mm (Figures 1–3). Therefore, Mb may have well-coordinated physiological mechanisms that limit Cd accumulation and translocation and mitigate its deleterious effects. This hypothesis was corroborated by the relatively lower biomass reduction in the scion grafted onto the Mb rootstock (Table 1). Numerous studies have attempted to limit Cd translocation to the shoots and enhance Cd tolerance by grafting scions onto special rootstocks (Savvas et al., 2010). However, few investigations have explored the effects of scion cultivars on Cd uptake and accumulation. Zhen et al. (2010) reported that grafting cucumber with salt-tolerant scions limited Na+ transport to the leaves and partially improved salt tolerance in the seedlings. In the present study, the type of scion significantly influenced BCF, Tf, and Cd concentration in all tissues (Figures 2 and 3). HF grafted onto Mb had lower leaf and stem Cd concentrations than FJ grafted onto the same rootstock. Nevertheless, the opposite results were obtained when the Mm rootstock was used. Therefore, Cd accumulation and translocation also depend on the scion type in Malus. The Cd tolerance was greater in HF/Mb than the other three scion/rootstock combinations because the former accumulated and translocated comparatively less Cd. However, there might be a complex communication mechanism within specific scion/rootstock combinations that regulate Cd accumulation and root-to-shoot translocation. The physiological and molecular mechanisms underlying the inhibition of root Cd uptake and acropetal translocation by rootstock–scion interactions remain unclear.



Rootstock–Scion Interactions Affect Subcellular Cd Distribution and Antioxidant Defense

In plants, subcellular Cd distribution is vital to Cd accumulation, migration, and detoxification (Xin et al., 2013). Cell walls are the first barrier restricting the entrance of metals into cells. The wall material may bind Cd and attenuate organellar damage caused by it (Luo et al., 2016). Our previous study demonstrated that subcellular Cd distribution in various parts of the roots differed among apple rootstocks and resulted in differential tolerance to Cd accumulation (Zhou et al., 2017). In the present study, the roots and leaves of HF and FJ grafted onto Mb had higher cell wall fraction (F I) Cd distribution ratios than those of the same cultivar grafted onto Mm (Table 2). Hence, Mb may bind Cd in its cell wall and mitigate organellar Cd toxicity. This theory was confirmed by the comparatively lower Cd distribution ratios in the organelle-rich fraction (F II). On the other hand, subcellular HM distribution also varied with scion type. Ralls apple cultivar scions grafted onto the M. hupehensis Rehd. rootstock sequestered more Cu in their fibrous root cells than Fuji apple cultivar scions grafted onto the same rootstock. Consequently, the Ralls had a higher Cu tolerance than the Fuji (Wang et al., 2016). Here, the roots of HF grafted onto Mb presented with higher Cd distribution ratios in the cell wall fraction (F I) and lower Cd distribution ratios in the organelle-rich fraction (F II) than the roots of FJ grafted onto Mb. Therefore, the scion type also affects subcellular root Cd distribution. As Cd has lower root mobility in HF/Mb than in FJ/Mb, the former may have a relatively higher Cd2+ detoxification capacity. Of the four scion/rootstock combinations tested in this study, the roots and leaves of HF/Mb had the highest Cd distribution ratios in their cell wall fraction (F I) but the lowest Cd distribution ratios in their organelle-rich fraction (F II). As a result, HF/Mb had the lowest Cd accumulation and translocation capacity and, by extension, the highest Cd tolerance and the strongest ability to prevent Cd from interfering with the organelles.

Cd is non-essential and toxic to most organisms (Luo et al., 2016). The observed increases in O2•−, H2O2, and MDA in the roots and leaves of all apple scion/rootstock combinations exposed to Cd indicated the presence of Cd phytotoxicity. However, the changes in ROS and MDA concentration in response to the Cd treatment differed among the four scion/rootstock combinations. There was less pronounced induction of O2•− and MDA in the roots and leaves and H2O2 in the roots of the apple cultivar scions grafted onto Mb than there was in those grafted onto Mm. Therefore, Mb more effectively alleviated Cd toxicity than Mm. The tomato cultivar “Ikram” grafted onto “Maxifort” had lower ROS and MDA levels than self-grafted “Ikram” (Kumar et al., 2015). The scion also significantly affected the root and leaf ROS and MDA concentrations but not the leaf H2O2 concentrations. Here, we found lower Cd-induced root and leaf MDA and O2•− and root H2O2 production in HF than FJ when they were grafted onto the same rootstock. Hence, HF might partially ameliorate Cd toxicity in apple trees. Zhen et al. (2010) reported that salt stress induced more H2O2 in the roots of grafted cucumber Jinchun No. 2 (salt-tolerant) than it did in the roots of grafted cucumber Jinyu No. 1 (salt-sensitive) when Figleaf Gourd was the rootstock. Overall, both rootstock and scion control the tissue ROS and MDA concentrations in plants subjected to Cd stress. Thus, the rootstock–scion interaction might regulate the antioxidant system.

To contend with Cd toxicity, plants require non-enzymatic and enzymatic antioxidant mechanisms that effectively scavenge Cd-induced ROS (He et al., 2015). Non-enzymatic antioxidants such as free proline, soluble phenolics, ASC, and GSH in the roots and leaves and enzymatic antioxidants including CAT and APX in the roots may play key roles in Cd detoxification (Anjum et al., 2016; Guo et al., 2019). However, the significant differences in antioxidant level in response to Cd stress among the various apple scion/rootstock combinations suggest that the stress defense pathways are influenced by both the rootstock and the scion. The elevated concentrations of free proline in the leaves, soluble phenolics in the roots, and GSH in the roots and leaves of apple cultivars grafted onto Mb were associated with the lower O2•− and MDA concentrations observed in the same scion/rootstock combination. These results suggest that all apple scion genotypes have relatively higher capacities to scavenge Cd-induced ROS when they are grafted onto Cd-tolerant rootstocks such as Mb rather than Cd-sensitive ones such as Mm. Similar findings were reported for Citrus (Hippler et al., 2016), watermelon (Shirani Bidabadi et al., 2018), and Cyphomandra betacea (Liu et al., 2019) under HM stress. Although a great deal of work has been done to improve the crop antioxidant system under Cd stress by grafting the scions onto Cd-tolerant rootstock, few studies have evaluated the effects of grafting with different scion genotypes. In the present study, the influences of the scion on free proline, soluble phenolics, and root ASC and enzyme activity (except for APX) were all significant. For this reason, the scion plays important roles in enhancing antioxidant capacity and alleviating Cd-induced oxidative damage. In response to Cd exposure conditions, the free proline, soluble phenolics, and ASC concentrations were higher in the roots of HF grafted onto Mb than they were in the roots of FJ grafted onto Mb. Hence, HF more efficiently ameliorated Cd toxicity than FJ when it was grafted onto the Mb rootstock.



Expression Levels of Genes Involved in Cd Uptake, Translocation, and Tolerance Were Affected by Rootstock and Scion

The four apple scion/rootstock combinations differed in terms of Cd accumulation and tolerance because of the influences of both the rootstock and the scion. It was expected that scion/rootstock interactions affected the transcription of the genes involved in Cd uptake, translocation, and detoxification. Plasma membrane-bound H+-ATPases, Fe(III) reductase, and NRAMPs regulate the uptake of divalent cations such as Cd2+ in plants (Zhou et al., 2016; Ding et al., 2017; He et al., 2020). HA7 and FRO2-like encode PM-bound H+-ATPase and Fe(III) reductase, respectively. HA7, FRO2-like, and NRAMP1 downregulation in M. baccata roots lowered net Cd2+ influx in this species more than it did in other apple rootstocks (Zhou et al., 2016). Here, the root HA7, FRO2-like, and NRAMP1 mRNA levels and the leaf HA7 mRNA levels were lower in Cd-challenged HF and FJ grafted onto Mb than they were in Cd-challenged HF and FJ grafted onto Mm This observation was consistent with the fact that the Cd concentrations in the roots and leaves of these scions were relatively lower when Mb was the rootstock. Therefore, Mb might effectively prevent foliar Cd uptake because the rootstock affects transcription of the genes controlling Cd uptake. Si et al. (2010) reported that the rootstock significantly affected gene expression in the Citrullus colocynthis scion, and certain signals transported from the root to the shoot may influence Cd uptake. The significant differences in the root HA7, FRO2-like, and NRAMP1 mRNA levels between scions grafted onto the same rootstock indicated that the scion genotype also influenced the transcription of the genes involved in Cd uptake. There were relatively higher HA7 and NRAMP1 mRNA levels in the roots of Cd-treated HF/Mb than in those of Cd-treated FJ/Mb. This discovery corresponded well to the comparatively higher Cd accumulation measured in the roots of HF/Mb than in those of FJ/Mb.

Tonoplast-localized NRAMP3 and PM-localized HMA4 play key roles in plant Cd transport. AtNRAMP3 is required for HM vacuolar remobilization and root-to-shoot translocation (Thomine et al., 2000; Oomen et al., 2009). AtHMA4 overexpression enhanced root-to-shoot Cd translocation (Verret et al., 2004). The NRAMP3 and HMA4 transcript levels were altered in apple rootstocks subjected to Cd. Therefore, these genes probably participate in Cd translocation in Malus (Zhou et al., 2016). In this study, the observed HMA4 downregulation in all scion/rootstock combinations suggested that these plants limit Cd translocation to the shoots and alleviate Cd toxicity and injury to the photosynthetic apparatus. Compared to the rootstock Mm, Mb more effectively restricted leaf Cd accumulation and translocation in the scion. This may be related to the fact that the downregulation of NRAMP3 and HMA4 mRNA was greater in Mb than in Mm. Moreover, compared to FJ/Mb, the comparatively greater repression of HMA4 transcription and unaltered NRAMP3 expression in HF/Mb roots subjected to Cd resulted in relatively less Cd transport to the HF/Mb shoots. These results suggest that the scion also affects transcription of the genes involved in Cd transport. Further, HF downregulated these genes when it was grafted onto Mb.

To alleviate Cd phytotoxicity, cytosolic Cd may be chelated by NA, MT, and PC, and the Cd cations and PC–Cd chelates may be sequestered into vacuoles by CAX4 and ABCC1 (Mei et al., 2009; Park et al., 2012; Luo et al., 2016). Transgenic Arabidopsis overexpressing CAX4 presented with elevated vacuolar Cd2+ sequestration and, by extension, higher Cd tolerance than the wild type (Mei et al., 2009). Our previous study found that the mRNA levels of ABCC1 and NAS1 catalyzing NA synthesis were higher in M. baccata than in M. micromalus “qingzhoulinqin”. Hence, the former had relatively greater Cd tolerance (He et al., 2020). The ABCC1, CAX4, and MT2 transcript levels were substantially higher in Cd-treated HF/Mb than they were in Cd-challenged HF/Mm which led to comparatively higher Cd tolerance in the former. This theory was confirmed by the relatively less ROS and MDA accumulation and enhanced antioxidant defense in HF/Mb. The expression patterns of the genes involved in Cd detoxification markedly differed between HF and FJ grafted onto Mb and Mm. The communication mechanisms among rootstocks and scions might be highly complex and diverse. Thus, gene expression in response to Cd stress must be assessed for each scion/rootstock combination rather than each rootstock or scion alone. Differential transcriptional regulation of ABCC1, CAX4, MT2, and NAS1 in various scions grafted onto the same rootstock indicated that the scions also modulated the mRNA levels of the genes involved in Cd detoxification. Certain signals may participate in root-to-shoot Cd transport and influence the transcriptional regulation of the genes involved in Cd uptake, translocation, and detoxification (Savvas et al., 2010). Therefore, further research is required to elucidate the scion-rootstock interaction regulating Cd uptake, translocation, and detoxification and the changes in putative signaling factors such as calcium ion and phytohormones in Malus.




Conclusion

Cd accumulation and tolerance in Malus plants depends on the rootstock, scion, and rootstock–scion interaction. HF and FJ apple scions grafted onto Mb rootstocks alleviated Cd-induced decreases in photosynthetic rate, photosynthetic pigment, and biomass. Mb may have restricted Cd accumulation and translocation to the shoot. The comparatively higher Cd tolerance in HF and FJ grafted onto Mb than those grafted onto Mm may be attributed to the fact that the root cell walls of Mb immobilized Cd and reduced O2•− and MDA foliar accumulation. Further, the scions grafted onto Mb presented with relatively higher foliar free proline, ASC and GSH concentrations and CAT activity. Thus, grafting apple scions onto the Cd-tolerant Mb rootstock increased the apple seedling antioxidant capacity. Scion genotype also affects the photosynthetic rate, biomass, Cd accumulation and translocation, and ROS and antioxidant levels. Compared with FJ exposed to Cd, HF presented with lower foliar O2•−, root H2O2, and root and leaf MDA concentrations but higher ROS-scavenging capacity when grafted onto Mb. In addition to regulating physiological acclimation, the rootstock, scion, and the rootstock–scion interaction influenced the mRNA transcript levels of several genes participating in Cd uptake, transport, and detoxification including HA7, FRO2-like, NRAMP1, NRAMP3, HMA4, MT2, NAS1, and ABCC1. Therefore, the responses of grafted Malus plants to Cd toxicity vary with rootstock, scion, and rootstock–scion interaction. Therefore, each scion/rootstock combination rather than each separate rootstock and scion must be assessed for Cd accumulation and tolerance.
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Alejandro Expósito1, Montserrat Pujolà1, Isabel Achaerandio1, Ariadna Giné1, Nuria Escudero1, Aïda Magdalena Fullana1, Marina Cunquero2, Pablo Loza-Alvarez2 and F. Javier Sorribas1*

1Department of Agri-Food Engineering and Biotechnology, Universitat Politècnica de Catalunya, Esteve Terradas, Castelldefels, Spain

2Institut de Ciències Fotòniques (ICFO), The Barcelona Institute of Science and Technology, Castelldefels, Spain

Edited by:
Alessandro Vitale, University of Catania, Italy

Reviewed by:
María Serrano, Miguel Hernández University of Elche, Spain
Spyridon Alexandros Petropoulos, University of Thessaly, Greece

*Correspondence: Francisco Javier Sorribas, francesc.xavier.sorribas@upc.edu

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 07 May 2020
Accepted: 16 October 2020
Published: 05 November 2020

Citation: Expósito A, Pujolà M, Achaerandio I, Giné A, Escudero N, Fullana AM, Cunquero M, Loza-Alvarez P and Sorribas FJ (2020) Tomato and Melon Meloidogyne Resistant Rootstocks Improve Crop Yield but Melon Fruit Quality Is Influenced by the Cropping Season. Front. Plant Sci. 11:560024. doi: 10.3389/fpls.2020.560024

Four rotation sequences consisting of ungrafted tomato cv. Durinta – melon cv. Paloma or tomato grafted onto the resistant rootstock ‘Aligator’ – melon grafted onto the resistant Cucumis metuliferus accession BGV11135, and in reverse order, were conducted from 2015 to 2017 in a plastic greenhouse infested or not with Meloidogyne incognita to determine the plant tolerance (T), the minimum relative crop yield (m) and fruit quality. The relationship between M. incognita densities in soil at transplanting (Pi) of each crop and the crop yield was assessed and T and m were estimated by the Seinhorst’s damage model. In addition, the volume and the number of nuclei of single giant cells and the number of giant cells, its volume and the number of nuclei per feeding site in susceptible tomato and melon were compared to those in the resistant tomato and C. metuliferus 15 days after nematode inoculation in pot test. The relationship between the Pi and the relative crop yield fitted the Seinhorst’s damage model in both ungrafted and grafted tomato and melon, but not for all years and cropping seasons. The estimated T for ungrafted and grafted tomato did not differ but m was lower in the former (34%) than the latter (67%). Sodium concentration in fruits from ungrafted but not from grafted tomato increased with nematode densities in spring 2015 and 2016. The estimated ungrafted melon T did not differ from the grafted melon cultivated in spring, but it did when it was cultivated in summer. The relative crop yield of ungrafted melon was lower (2%) than the grafted cultivated in spring (62%) and summer (20%). Sodium concentration in melon fruits from ungrafted plants increased with nematode densities. No variations in fruit quality from grafted melon cultivated in spring were found, although less dry matter and soluble solid content at highest nematode densities were registered when it was cultivated in summer. Lower number of giant cells per feeding site was observed in both susceptible tomato germplasms compared to the resistant ones but they were more voluminous and held higher number of nuclei per giant cell and per feeding site.
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INTRODUCTION

Tomato (Solanum lycopersicum) and melon (Cucumis melo) are two of the major horticultural crops worldwide with annual productions of 5.163.466 and 655.677 tonnes in 2017, respectively (FAOSTAT, 2017). Root-knot nematodes (RKN), Meloidogyne spp., are one of the most important limiting soil borne pathogens for vegetable production (Hallmann and Meressa, 2018). Among the more than 100 RKN species described, M. arenaria, M. incognita, M. javanica and M. hapla are the most damaging species, which are worldwide distributed, have a wide range of host plants and reproduce by parthenogenesis (Jones et al., 2013), allowing an exponential increase of nematode densities at the end of the crop from low densities at planting (Greco and Di Vito, 2009).

RKN are obligate sedentary endoparasitic nematodes. The infective second-stage juvenile (J2) moves between the soil particles and penetrates the host plant roots near to the elongation zone. The J2 moves intercellularly to the root tip, turns after the casparian strips, enter into the vascular cylinder to establish a feeding site and becomes sedentary. A feeding site is composed by five to seven multinucleate and hypertrophied cells, called giant cells, which supply nutrients to the nematode for the rest of its life cycle (Abad et al., 2009). After that, the parasitic J2 undergoes three molts to reach the adult female that lays the eggs in a gelatinous matrix, the egg mass, located outside or into the root. The embryogenesis leads to the J1 that molts inside the egg and becomes J2 until hatching occurs.

The hypertrophy and hyperplasia of root parenchyma cells lead to the formation of galls that reduce the water and nutrients uptake in the infected plants, which can show aboveground symptoms, such as, dwarfism, wilting and nutrient deficiency. The severity of the symptoms can range from asymptomatic to plant death depending on nematode densities in soil and the plant tolerance. Crop yield losses due to RKN under different environmental conditions have been summarized by Greco and Di Vito (2009). Regarding fruiting vegetables cultivated under protected or open fields, maximum yield losses of 88% and 75% have been reported for ungrafted and grafted cucumber onto Cucurbita hybrid rootstock, respectively; 65% and 57% for ungrafted and grafted melon onto Cucurbita hybrid rootstock; 56% for tomato; 39% for zucchini; and 37% for watermelon (Ploeg and Phillips, 2001; Kim and Ferris, 2002; Giné et al., 2014, 2017; López-Gómez et al., 2014; Vela et al., 2014). In addition, RKN could affect fruit quality reducing its nutritive value. For instance, Vinay (2018) reported a reduction of the lycopene content in tomato fruits up to 37% and an increase of titratable acidity, total soluble solids and vitamin C up to 20%, 75% and 21% respectively, when plants were cultivated in soil inoculated at a rate of 6 J2 g–1 of soil compared to the non-inoculated.

RKN control has been mainly conducted by non-fumigant and fumigant nematicides (Nyczepir and Thomas, 2009). However, the current legal regulations, such as the European directive 2009/128/CE, promote the use of alternative control methods in order to reduce their harmful effects to the environment and human health. Plant resistance has been proven to be an effective, economic, environmental and human health friendly control method against RKN (Sorribas et al., 2005; Starr and Mercer, 2009; Williamson and Roberts, 2009) able to be used in integrated nematode management strategies. Plants bearing resistance genes lead to an incompatible plant-RKN interaction by the activation of several plant genes that suppress giant cell formation and/or induction of cell apoptosis affecting nematode development and/or reproduction (Shukla et al., 2018). Plant resistance genes to some RKN species have been reported in several crops (reviewed in Williamson and Roberts, 2009), but only a few of them have been introgressed into commercial fruiting vegetable cultivars including tomato and pepper. Nonetheless, several sources of plant resistance against RKN that are able to be used in plant breeding programs or as rootstocks have been reported (Lee et al., 2010). Commercial RKN resistant rootstocks are currently available for aubergine, pepper, and tomato. Regarding cucurbit crops, the watermelon rootstock Citrullus amarus ‘Strongback’, released by the USDA-ARS (Kemble et al., 2019), will be commercially available soon. But currently, there is none available for melon or cucumber although RKN resistant wild Cucumis species that could be used in breeding programs or as rootstocks have been described, such as C. africanus, C. anguria, C. dipsaceus, C. ficifolius, C. hystrix, C. metuliferus, C. myriocarpus, C. proferatum, C. pustulatus, C. subsericeus, C. zambianus and C. zeyheri (Liu et al., 2015; Expósito et al., 2018; Cheng et al., 2019). Despite the effectiveness of plant resistance against RKN, virulent nematode populations able to circumvent plant defense mechanisms can be selected after repeated cultivation of resistant plants bearing the same R-gene (Verdejo-Lucas et al., 2009; Thies, 2011; Ros-Ibáñez et al., 2014; Expósito et al., 2019). Consequently, plant resistance will be effective and durable only if it is adequately used, as for example in rotation sequences with different resistance genes. In a previous study, cropping melon grafted onto C. metuliferus followed by tomato grafted onto the resistant rootstock ‘Aligator’ or viceversa, reduced the reproduction rate of the nematode and yielded more compared to ungrafted crops; and also reduced the level of virulence to the Mi1.2 gene after cropping grafted melon onto C. metuliferus (Expósito et al., 2019).

Grafting vegetables onto resistant rootstocks is an effective management method against biotic and abiotic stresses that also provide yield stability (Rouphael et al., 2018). However, physicochemical fruit quality, storability, and nutritive value can be affected by grafting, being necessary the knowledge of particular scion-rootstock compatibility to be used by growers (Kyriacou et al., 2017). In order to know the tolerance of grafted plants to RKN, two parameters have to be considered: the tolerance limit (T), that is, the maximum nematode population that do not cause crop yield losses, and the minimum relative yield (m) at high nematode densities (Seinhorst, 1998).

Thus, the main objective of this study was to determine the plant tolerance, the minimum relative crop yield and fruit quality of ungrafted and grafted tomato cv. Durinta onto the resistant rootstock ‘Aligator’, and ungrafted and grafted melon cv. Paloma onto the resistant C. metuliferus accession BGV11135, cultivated in a rotation sequence of ungrafted tomato-ungrafted melon, grafted tomato-grafted melon and viceversa, conducted from 2015 to 2017 in plots infested or not with M. incognita in a plastic greenhouse. In addition, histopathology analyses were conducted to determine the number and the volume of giant cells per feeding site and the number of nuclei per giant cell and per feeding site in susceptible tomato and melon and being compared to those in the resistant germplasm 15 days after nematode inoculation in pot test.



MATERIALS AND METHODS


Plant Material

The susceptible tomato cv. Durinta (Seminis Seeds, United States and Canada) (T), the resistant tomato rootstock ‘Aligator’ (previously PG76) (Gautier seeds, France) (GT), the susceptible melon cv. Paloma (Fitó Seeds, Spain) (M), and the resistant C. metuliferus accession BGV11135 (GM) (Institute for Conservation and Improvement of Valencian Agrodiversity collection, COMAV-UPV, Valencia, Spain) were used in the plastic greenhouse experiment conducted to determine the damage function models, and the effect of grafting and nematode densities in fruit quality parameters. Plantlets were produced by the commercial nursery HishtilGS (Malgrat de Mar, Spain). Rootstocks seeds of tomato and melon were germinated in 104-cell polystyrene trays, and those of tomato and melon cultivars in 216-cell polystyrene trays during 2 days in a growth chamber at 25°C ± 1 °C and 90% relative humidity in the darkness. After that, plantlets were transferred to a greenhouse bench. Plantlets were watered and weekly fertilized with a 5-3-7 NPK liquid fertilizer. After 15 days, melon plants were grafted using the one cotyledon grafting method (Davis et al., 2008). Tomato plants were grafted after 25 days using the tube grafting method (Lee et al., 2010). Grafted plants were placed in a healing room at 25 °C ± 1 °C and 90% relative humidity for 5 days. After that, plants were acclimated in the shadow for 1 day and then, were transferred to a greenhouse bench for 10 days before transplanting.

The optical histopathology study was conducted with the majority of plant material used in the plastic greenhouse experiment, but the resistant tomato rootstock ‘Aligator’ was replaced by the resistant tomato cv. Monika (Syngenta Crop Protection AG, Basel, Switzerland), because it was no longer commercially available in Spain at the time of the study was conducted. Seeds were sown into vermiculite and incubated at 25 °C ± 2 °C and 16:8 h light:dark photoperiod in a growth chamber. Three-leaf stage plants were transferred to 200 cm3 pots filled with sterilized sand at 121 °C for 1 h and repeated after 1 day. Afterward, plants were fertilized with a slow release fertilizer (15% N, 9% P2O5, 12% K2O, 2% MgO2, microelements: Osmocote Plus), watered as needed and maintained in a growth chamber at the same growing conditions described previously until nematode inoculation.



Damage Function Models

The experiment was conducted over three growing seasons (2015, 2016 and 2017) in a 700 m2 experimental plastic greenhouse located in Viladecans (Barcelona, Spain). The plastic greenhouse management history, the characteristics of the experiment and its design are described in Expósito et al. (2019). In brief, the experiment consisted of eight treatments replicated 10 times: grafted tomato (GT), grafted melon (GM), tomato (T) and melon (M) cultivated in both M. incognita infested and non-infested plots. Four individual rotation schemes were conducted in the same plots in 2015 and 2016: GT-GM, T-M, GM-GT and M-T from March to July (spring crop) and July to November (summer crop). In 2017 only the spring crop was carried out. Grafted and ungrafted melon and tomato were cultivated from April to August and from April to September, respectively. Individual plots consisted in a row of 2.5 m long and 1.5 m wide containing 4 plants spaced 0.55 m between them. Plots were spaced 0.9 m within a row and 1.5 m between rows. The soil of each plot was prepared separately to avoid cross contamination. The soil was loamy sand textured, with 1.8 organic matter (w/w) and 0.5 dS m–1 electric conductivity. Plants were irrigated and fertilized by a drip irrigation system with a solution of NPK (15-5-30) at 31 kg ha–1, and iron chelate and micronutrients at 0.9 kg ha–1. Weeds were removed manually during the growing seasons. Soil temperature and water content were recorded with four sensors (5TM digital soil probes, Decagon Devices, Inc.) at 1 h intervals placed at a depth of 15 cm randomly in the plots. Tomato and melon fruits were collected and weighed when they reached the commercial standards, and the relative crop yield was calculated as the crop yield in a RKN infested plot in relation to the mean crop yield in non-infested plots. The nematode population densities were determined at transplanting (Pi) and consisted of eight cores taken from the upper 30 cm of the soil with a 2.5 cm diameter auger, mixed and sieved through a 4 mm-pore sieve to remove stones and roots. For each experimental plot, J2 were extracted from 500 cm3 of soil using Baermann trays (Whitehead and Hemming, 1965) and incubated at 27°C ± 2°C for 1 week. Then, the J2 were collected with a 25 μm aperture screen sieve, counted, and expressed as J2 250 cm–3 of soil. The relationship between Pi and the relative crop yield (kg plant–1) was estimated per each crop to determine its compliance with the Seinhorst damage function model (y = m + (1-m) 0.95 (Pi/T–1)) (Seinhorst, 1998).



Fruit Quality Assessment

The third tomato cluster at the red ripening stage and one melon fruit when fully slip per each plant, when they were available, were used for fruit quality analyses. Fruits were conserved at 10 °C ± 1 °C until processed. All the parameters were analyzed twice. When it was available, the official methods of analysis (AOAC) were used (George and Latimer, 2019). Tomato and melon color was determined by using a Minolta colorimeter CR-400 model (Minolta Camera, Osaka, Japan) in the CIElab color space. Lightness (L∗), a∗ and b∗ values were recorded, and hue angle (H) and chroma (C∗) parameters were calculated as: H = tan–1(b∗/a∗) and chroma: C∗ = (a*2 + b*2)1/2. Fruit flesh firmness was measured using a Texture Analyzer TA.TXPlus (Stable Microsystems, Ltd., United Kingdom) interfaced to a personal computer. Firmness was evaluated as the maximum force (N) needed to depress 4 mm into the fruit with a 4 mm diameter stainless steel flat end probe (P/4). Six measurements were conducted by sample for color and firmness. Chemical analyses were conducted from melon and tomato flesh obtained by crushing melon flesh from each single melon or all tomato fruits from each cluster. The soluble solid content (SSC) was measured with a digital refractometer (model PR-101, Atago, Co., Tokyo, Japan) at 20°C and the results were expressed as°Brix. The pH and titratable acidity (TA) were determined according to AOAC 981.12 and AOAC 942.15, respectively, and expressed as g citric acid ⋅ kg–1 dry weight (dw). The dry matter content was obtained following the gravimetric method (AOAC 931.04) and was expressed as percentage of the fruit dry weight in relation to the fresh fruit weight. After that, dried samples were kept in a muffle furnace and incinerated at 475°C until white ashes were obtained (AOAC 940.26). Then, mineral content was assessed. Sodium and potassium content were determined by flame atomic emission spectrometry Corning 410 C (England). Iron, calcium and magnesium were determined by atomic absorption spectrometry Varian SpectrAA-110 (Australia). The results were expressed as g kg–1 dw, except for iron (mg kg–1 dw). Ascorbic acid content was measured using a titration method (AOAC 967.21) and oxalic acid as an extracting solution (Teixeira et al., 2012) and the results were expressed in g of ascorbic acid ⋅ kg–1 dw. The total phenolic content (TPC) of oxalic-aqueous extract was assessed according to the Folin-Ciocalteu assay (Singleton et al., 1999) and the results were expressed as g of gallic acid equivalent (GAE) kg–1 dw. The antioxidant activity of the oxalic-aqueous extracts of fruit samples was performed using the oxygen radical absorbance capacity (ORAC) assay (Gorjanovic et al., 2013). The results were expressed as mmol of Trolox equivalents (TE) kg–1 dw. Carotenoid extracts were obtained as proposed by Rodriguez-Amaya and Kimura (2004). Total carotenoid content was analyzed by UV-Vis Spectrophotometry following the method stated by Scott (2001). Melon extracts were measured at λ = 450 nm (β-carotene, maximum absorbance) and tomato extracts at λ = 470 nm (lycopene, maximum absorbance) in a Nicolet Evolution 300 Spectrophotometer (Thermo electron Corporation, Basingstoke, United Kingdom). Results were expressed in mg of carotenoid kg–1 dw (β-carotene for melon; lycopene for tomato).



Optical Histopathology

A histopathology study with laser-scanning confocal microscopy of cleared galled-roots was performed. Three-leaf stage plants of the susceptible tomato cv. Durinta and melon cv. Paloma and the resistant tomato cv. Monika and C. metuliferus BGV11135 were transplanted in 200 cm3 pots filled with sterilized sand. Five days later, 1 or 3 M. incognita J2 cm–3 of soil were added to the pots with nematode susceptible or resistant plants, respectively, into two opposite holes of 3 cm depth and 1 cm from the stem. In order to obtain the nematode inoculum, eggs were extracted from tomato roots by blender maceration in a 5% bleach solution (40 g L–1 NaOCl) for 5 min (Hussey and Barker, 1973). Then, the suspension was filtered through a 74 μm sieve screen to remove root debris, and eggs were collected on a 25 μm sieve screen and placed on Baermann trays (Whitehead and Hemming, 1965) maintained at room temperature. J2 emerged during the first 24 h were discarded. After that, J2 were collected on a 25 μm sieve screen every 2 days for 6 days and kept at 9 °C until inoculation. Fifteen days after the nematode inoculation, 10 galled-root pieces per each plant were taken. Galled-root pieces were fixed, clarified and stored following the procedure described in Cabrera et al. (2018) with some modifications. In brief, galled-root pieces were handpicked and introduced in a vial containing 1 mL of sodium phosphate buffer (10 mM, pH = 7). The pieces were fixed in sodium phosphate buffer (10 mM, pH = 7) with glutaraldehyde 4% under soft vacuum for 15 min, and maintained at 4°C overnight. Afterwards, pieces were rinsed for 10 min with sodium phosphate buffer and sequentially dehydrated for 20 min in 30, 50, 70 and 90% ethanol solutions, and finally in pure ethanol for 60 min. Clarification was conducted in a solution 1:1 v/v EtOH: BABB (1:2 v/v benzyl alcohol: benzyl benzoate) for 20 min, followed by 20 min in BABB solution at room temperature. The galls were then left in an automatic tube-shaker at 4°C for 2 weeks. Afterwards, the samples were stored at 4°C. The cleared galls were imaged with laser-scanning confocal microscopy. This allowed to determine: the number of nuclei and giant cells (GC) per feeding site and the volume of each GC. The thinnest galls were selected and mounted in #1.5 bottom-glass petri dishes and fully embedded in BABB solution. Fluorescence images were acquired with an inverted Leica TCS 5 STED CW microscope (Leica Microsystem) equipped with a 10 × 0.40NA HCX Pl Apo CS air objective. The different structures within the cleared galls produced different autofluorescence spectra, partly overlapping. Two different excitation-emission schemes were used to separate them. Thus, the root cell walls of the samples were excited with a 488 nm argon laser and the fluorescence emission was collected with a hybrid detector in the range of 498–550 nm. The nuclei of GC and the nematodes was visualized with 633 nm HeNe laser and the fluorescence emission was collected with a hybrid detector in the range of 643–680 nm. Depending on the sample, the visualized volume had a thickness ranging from 60 to 170 μm. Each volume was optically sectioned to produce a collection of Z-stack images (step size of 2–3 μm). Representative frames of each crop variety are shown in detail in Supplementary Figure S1 and Supplementary Video S1. A three-dimensional (3D) reconstruction of the full imaged volume of susceptible melon cv. Paloma is shown in Supplementary Video S2. For the GC volume measurements, images were segmented using TrakEM2 ImageJ plugin (ImageJ, version 1.50i). The 3D gall reconstructions were done with Huygens software (Huygens SVI, Netherlands).



Statistical Analyses

Statistical analyses were performed using the SAS system V9 (SAS Institute, Inc., Cary, NC, United States). The non-linear procedure proc nlin was used to determine the compliance of the relationship between the initial population densities (Pi) and the relative crop yield (y) with the Seinhorst damage-function model y = m + (1-m) 0.95 (Pi/T–1) when Pi ≥ T, and y = 1 when Pi < T, where m is the minimum relative yield, and T is the tolerance limit (Seinhorst, 1998). The relative crop yield was calculated as the crop yield for a given Pi/mean crop yield at Pi = 0. Twenty data per treatment and cropping season were used. Seinhorst’s damage function models obtained per each crop were contrasted considering confidence intervals at 95% of m and T, and a general model was constructed with pooled data when no differences were found.

Pi were grouped in classes represented in both treatments in order to determine the effect of grafting (Pi < T) and nematode densities (Pi > T) on fruit quality. Data were submitted to non-parametrical analysis by the npar1way procedure to compare between grafted and ungrafted plants for a given Pi classes by the Wilcoxon test and by the Kruskal–Wallis test to determine the effect of nematode densities per treatment per each cropping season.

The number of nuclei and GC per feeding site, the volume of each GC and the volume of GC per feeding site from the histopathology study were compared between resistant and susceptible germplasm per each crop using the JMP v.15 (SAS Institute, Inc.) software. Data were submitted to non-parametric Wilcoxon test or Student’s t-test (P < 0.05).



RESULTS


Damage Function Models

The relationship between Pi and the relative crop yield fitted the Seinhorst’s damage model for both ungrafted and grafted tomato and melon crops in 2016 and 2017 and some cropping seasons (Figures 1A,B). Minimum and maximum average soil temperatures at 15 cm depth during spring crops were 13.1 and 31.9 °C, respectively, and 17.1 and 30.6 °C during the summer crops. Grafted and ungrafted tomato cultivated in spring in non-infested plots yielded 4.1 and 3.9 kg plant–1 on average, respectively, and 2.2 and 2.0 kg plant–1 when cultivated in summer. At the end of the spring tomato crop cultivated in 2016, 4 out of 5 plots cultivated with ungrafted plants in non-infested soil were reinfested by the same nematode population. Pi densities at the beginning of the following melon crop ranged from 0 to 3494 J2 250 cm–3 of soil. In spring 2016, the minimum relative crop yield (m) and the tolerance (T) of grafted tomato cultivated in a Pi range from 0 to 1237 J2 250 cm–3 were 0.67 ± 0.03 and 5 ± 2 J2 250 cm–3 of soil, respectively (R2 = 0.99, P < 0.05). For ungrafted tomato cultivated in a Pi range from 0 to 1496 J2 250 cm–3 of soil, the T-value (10 ± 7 J2 250 cm–3 of soil) did not differ from that estimated for the grafted one, but the m-value did (0.41 ± 0.19). In spring 2017, m- and T-values for ungrafted tomato cultivated in a Pi range from 0 to 2174 J2 250 cm–3 of soil were 0.27 ± 0.26 and 32 ± 25 J2 250 cm–3 of soil, respectively, (Figure 1A) and did not differ from those estimated in spring 2016. Then, a single model was constructed with the pooled data for ungrafted tomato, which provided estimated values of m and T of 0.34 ± 0.12 and 15 ± 7 J2 250 cm–3 of soil, respectively (R2 = 0.96, P < 0.0001). The relationship between Pi and the relative tomato crop yield cultivated in summer did not fit the Seinhorst damage function model, irrespective of grafting.


[image: image]

FIGURE 1. Seinhorst damage function model y = m + (1-m) 0.95 (Pi/T–1), where y is the relative crop yield, m is the minimum relative yield, Pi is the nematode population density at transplanting and T is the tolerance limit for (A) ungrafted tomato cv. Durinta (T) or grafted onto the resistant rootstock ‘Aligator’ (GT); and for (B) ungrafted melon cv. Paloma (M) or grafted onto the resistant rootstock C. metuliferus (GM) cultivated in M. incognita infested soil in a plastic greenhouse.


Regarding melon, grafted and ungrafted melon cultivated in non-infested plots in spring yielded on average 2.5 and 2.4 kg plant–1, respectively, and 1.5 and 1.6 kg plant–1 when cultivated in summer. At the end of the spring melon crop cultivated in 2016, 4 out of 5 plots cultivated with ungrafted plants in non-infested soil were reinfested by the same nematode population. Pi in the following tomato crop ranged from 0 to 241 J2 250 cm3 of soil. Values of m and T for ungrafted crop cultivated in a Pi range from 0 to 7306 J2 250 cm–3 of soil in summer 2016 were 0.06 ± 0.06 and 32 ± 11, respectively (R2 = 0.94; P < 0.0001) (Figure 1B). Concerning grafted melon cultivated in a Pi range from 0 to 12258 J2 250 cm–3 of soil in summer 2016, the estimated m- and T-values were 0.2 ± 0.08 and 3 ± 3 J2 250 cm–3 of soil, respectively (R2 = 0.97; P < 0.0001). In spring 2017, m- and T-values for grafted melon were 0.62 ± 0.1 and 56 ± 32 J2 250 cm–3 of soil, respectively, when cultivated in a Pi range from 0 to 6086 J2 250 cm–3 of soil (R2 = 0.99; P < 0.0001), and 0.07 ± 0.05 and 27 ± 6 J2 250 cm–3 of soil, respectively, for ungrafted melon cultivated in a Pi range from 0 to 6680 J2 250 cm–3 of soil (R2 = 0.99; P < 0.0001). The estimated Seinhorst damage function models for ungrafted melon cropped in summer 2016 and in spring 2017 did not differ according to the confidence interval values of m and T. Consequently, a single model was constructed with the pooled data for ungrafted melon. The estimated m- and T-values were 0.02 ± 0.02 and 33 ± 7 J2 250 cm–3 of soil, respectively (R2 = 0.97; P < 0.0001).



Fruit Quality

The range (minimum and maximum values) of the fruit quality parameters of tomato and melon fruits produced on ungrafted and grafted plants cultivated in spring or summer in infested and non-infested soil are presented in Tables 1, 2, respectively.


TABLE 1. Values of fruit quality parameters (minimum and maximum) of the tomato cv. Durinta ungrafted (T) and grafted (GT) onto cv. Aligator, cultivated in infested and non-infested M. incognita plots in plastic greenhouse in spring or summer during 3 years (2015–2017), and those reported by the department of Agriculture of United States of America (USDA), and by Coyago-Cruz et al. (2017) for the cluster tomato cv. Tigerella, Palamós and Byelsa, and the cherry tomato cv. Lazarino and Summerbrix.

[image: Table 1]
TABLE 2. Values of fruit quality parameters (minimum and maximum) of the cantaloupe melon cv. Paloma ungrafted (M) and grafted (GM) onto C. metuliferus BGV11135 cultivated in infested and non-infested M. incognita plots in plastic greenhouse in spring or summer during 3 years (2015–2017), and those reported by the department of Agriculture of United States of America (USDA), and by Colla et al. (2006) for the melon cantaloupe cv. Cyrano, grafted or ungrafted onto C. maxima x C. moschata, and by Lester (2008) for the honeydew melon cv. Orange Dew.

[image: Table 2]Tomato fruit quality parameters produced on plants cultivated in spring and summer 2015 and in spring 2017 in non-infested plots did not differ (P > 0.05) irrespective of grafting. However in 2016, lycopene, Na and TPC were higher (P < 0.05) in fruits produced in ungrafted than in grafted plants (1057 ± 71 vs. 663 ± 45 mg lycopene kg–1 dw; 2.7 ± 0.1 vs. 2 ± 0.1 g of Na kg–1 dw; and 4.5 ± 0.2 vs. 3 ± 0.5 g GAE kg–1 dw) (Figures 2A–C). Increasing nematode densities did not affect (P > 0.05) any of the tomato fruit quality parameters from grafted plants, but it did from ungrafted ones. The Na concentration in tomato fruits produced on ungrafted plants cultivated in infested plots was higher than those cultivated in non-infested plots in spring 2015 and 2016 (Figure 3A). Moreover, lower (P < 0.05) TPC was found in fruits from ungrafted tomato plants cultivated in a Pi range from 135 to 572 J2 250 cm–3 of soil (3.6 ± 0.1 g GAE kg–1 dw) than those cultivated in a Pi range from 0 to 27 J2 250cm–3 of soil (6.5 ± 0.3 g GAE kg–1 dw) in summer 2016 (Figure 3B).
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FIGURE 2. Effect of grafting on lycopene (A), sodium concentration [Na+] (B) and total phenolic compound (C) in tomato cv. Durinta fruits produced in spring 2016. Data are mean ± standard error (n = 5). Column with the same letter did not differ (P < 0.05) according to the non-parametric Wilcoxon test.
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FIGURE 3. Effect of nematode density at transplanting (Pi) on (A) sodium concentration [Na+] in tomato fruits produced on ungrafted tomato cv. Durinta (T) cultivated in spring 2015 and 2016, and on (B) phenolic compounds in summer 2016. Data are mean ± standard error (n = 5). Column of the same year with the same letter did not differ (P < 0.05) according to the non-parametric Kruskal–Wallis test (A) or to the non-parametric Wilcoxon test (B).


Concerning melon, higher (P < 0.05) Na content was found in fruits from ungrafted plants respect to the grafted ones cultivated in non-RKN infested plots irrespective of the cropping season. Dry matter and SSC also differed (P < 0.05) between melon fruits produced on ungrafted and grafted plants cultivated in summer 2015 and spring 2016 (Table 3). However, higher (P < 0.05) Na and dry matter content were found in fruits produced on ungrafted melon cultivated in infested soil in spring 2015, as well as of Na and SSC when cultivated in spring 2017. About fruits produced on grafted plants, the majority of the quality parameters were not affected by RKN densities, except dry matter and SSC that were lower (P < 0.05) at high nematode densities when cultivated in summer but not in spring (Table 3).


TABLE 3. Soluble solid content (SSC), dry matter (Dm) and sodium content in ungrafted melon cv. Paloma (M) or grafted onto the resistant rootstock C. metuliferus BGV11135 (GM) cultivated in soil infested with increasing Meloidogyne incognita densities at transplanting (Pi) in a plastic greenhouse during 3 years (2015–2017).
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Optical Histopathology

Fifteen days after M. incognita inoculation, the nematode induced 1.8 more (P < 0.05) giant cells (GCs) in C. metuliferus than in melon cv. Paloma, but they were less (P < 0.05) voluminous (94.3%) holding 92.9% fewer (P < 0.05) nuclei per GC. Both GCs volume and number of nuclei per feeding site were higher (P < 0.05) in susceptible melon than in C. metuliferus (Table 4). Some GCs in C. metuliferus did not emit fluorescence and no nuclei were observed compared to those observed in the susceptible melon cv. Paloma which were more voluminous, multinucleated and vacuolated (Figures 4A,B, Supplementary Figure S1 and Supplementary Videos S1, S2).


TABLE 4. Giant cell volume (GCV), GC volume per feeding site (GCV fs–1), number of nuclei per GC (N GC–1), number of nuclei per feeding site (N fs–1), and number of cells per feeding site (NC fs–1) in the resistant (R) C. metuliferus BGV11135 and tomato cv. Monika and the susceptible (S) melon cv. Paloma and tomato cv. Durinta 15 days after nematode inoculation with 3 or 1 J2 cm–3 of soil, respectively, and cultivated in 200 cm3 pots in a growth chamber.
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FIGURE 4. Laser scanning confocal microscope images of giant cells induced by Meloidogyne 15 days after inoculation in the resistant Cucumis metuliferus BGV11135 (A), the susceptible melon cv. Paloma (B), the resistant tomato cv. Monika (C) and the susceptible cv. Durinta (D). Nematode (N), vacuoles (V), giant cells (asterisk), some nuclei (white arrowhead), esophageal median bulb (yellow arrowhead) and necrosed area (red arrowhead) are indicated. Scale bar: 50 μm.


Regarding tomato, 2.1 more (P < 0.05) GCs were induced in the resistant tomato cv. Monika than in the susceptible cv. Durinta, but they were 72.5% less (P < 0.05) voluminous and had 93.3% fewer (P < 0.05) nuclei per GC (Table 4). However, GCs volume per feeding site did not differ between tomato cultivars, but the number of nuclei per feeding site did, being higher (P < 0.05) in susceptible than in resistant tomato (Table 4). In resistant tomato, several GCs did not emit fluorescence and no nuclei were observed compared to the voluminous and multinucleated GCs observed in the susceptible tomato (Figures 4C,D, Supplementary Figure S1 and Supplementary Video S1).



DISCUSSION

The results of this study provide novel information on the effect of nematode densities and the cropping season on grafted tomato and melon tolerance to M. incognita, crop yield losses, and fruit quality.

Expósito et al. (2019) found that tomato yield did not differ between ungrafted and grafted tomato onto the tomato rootstock ‘Aligator’ cultivated in non-nematode infested soil, but it did in infested. The results of the present study have shown that the tolerance of ungrafted and grafted tomato cv. Durinta onto ‘Aligator’ to M. incognita cultivated in the same season and year did not differ but the later suffered a 36% less relative yield losses (59% vs. 23%). Di Vito et al. (1991) found that the tolerance to M. incognita of the susceptible cv. Ventura and the resistant cv. Disa N did not differ (0.55 J2 cm–3 of soil) but yield losses were lower in the resistant than in the susceptible tomato (30% vs 100%) in microplot conditions. In our study, the tolerance to M. incognita of the susceptible tomato cv. Durinta cultivated in spring was similar to that previously reported by Giné and Sorribas (2017).

Grafting did not influence the majority of fruit quality parameters of tomato cultivated in non-infested soil, except lycopene, Na and TPC that were lower in fruits from grafted than ungrafted plants but only in one out of 3 years. It is known that grafting can affect tomato fruit quality depending on the scion-rootstock combination and environmental conditions, including abiotic and biotic factors (Fernández-García et al., 2004; Turhan et al., 2011; Vrcek et al., 2011; Di Gioia et al., 2013; Erba et al., 2013). Nonetheless, Grieneisen et al. (2018) conducted an extensive review of data from 159 publications to point light on the effect of grafting on tomato yield and fruit quality. They concluded that grafting rarely causes fruit quality changes and that self-grafted plants yielded similarly than ungrafted plants. However, the occurrence of abiotic and/or biotic stresses and its intensity during a given phenological stage of the plant can lead to changes in fruits and vegetables quality such as an increase of bioactive compounds (Nicoletto et al., 2019; Toscano et al., 2019). Interestingly, there is a crossing-talk between signaling pathways allowing plant plasticity to be adapted to environmental situations (Martinez-Medina et al., 2017; Ghahremani et al., 2020). Atkinson et al. (2011) studied the effect of water stress and M. incognita (10 eggs g–1 soil) alone and in combination on the nutritional fruit quality of tomato cv. Shirley cultivated in pots in a growth chamber. They found that the second cluster produced by nematode inoculated plants had less dry matter content than that produced by non-inoculated, contrarily to the results obtained from the fifth cluster that in addition had more content of phenolic compounds. When both kinds of stresses were combined, the percentage of fruit dry matter of the second cluster was similar to that the water stressed plants alone. It seems that the initial nematode densities at transplanting was not enough to affect the quality of the second cluster fruits but increasing nematode density after completion of the first generation affected the fifth cluster. In our study, that was conducted in non-controlled conditions, in which the third cluster fruit was used for assessing fruit quality parameters when they reached the commercial standards, increasing nematode densities at transplanting did not affect the quality of fruits produced by grafted plants. However, the TPC in fruits from ungrafted tomato decreased at nematode densities between 135 and 572 J2 250 cm–3 of soil in summer 2016, and Na concentration increased in spring 2015 and 2016. The range of Na content in tomato fruits were between 2.1 and 8.8 times higher than that reported by U.S. Department of Agriculture [USDA] (2020a) (Table 1). The tomato cultivar and crop management can affect the concentration of nutritional compounds as it has been reported by Erba et al. (2013) who found values of Na content in three tomato cultivars between 4.8 and 17.6 higher than that reported by U.S. Department of Agriculture [USDA] (2020a) depending on the tomato cultivar, N fertilization, and fungicide application.

In relation to melon, Expósito et al. (2019) found that the yield of ungrafted and grafted melon onto C. metuliferus cultivated in non-nematode infested soil did not differ irrespective of the cropping season. In the present study, the estimated tolerance to M. incognita of ungrafted and grafted melon cultivated in spring did not differ but maximum yield losses did, being 98% for ungrafted and 38% for grafted melon. Reports about grafted melon tolerance to RKN and yield losses are scarce. Kim and Ferris (2002) estimated the tolerance to M. arenaria and yield losses of melon cv. Geumssaragi-euncheon grafted onto the Cucurbita hybrid rootstock ‘Shintoza’ cultivated at nematode densities between 0 and 2980 J2 per 100 cm–3 of soil, being 0 J2 100 cm–3 of soil and 57%, respectively. According to these results, C. metuliferus is more tolerant to RKN and experience less yield losses than the Cucurbita maxima x C. moschata rootstock. In fact, plant tolerance and crop yield losses of grafted cucumber onto the Cucurbita hybrid rootstock ‘RS841’ did not differ from ungrafted but the nematode population growth rate did, being higher in grafted than ungrafted cucumber, indicating that it was not resistant to the nematode (Giné et al., 2017). Plant species supporting high nematode population growth rates leave high nematode densities at the end of the crop causing more yield losses to the following one. C. metuliferus has been proven to suppress nematode population growth rate compared to melon, being an indicator of its resistance against the nematode (Expósito et al., 2018). Under an agronomic point of view, rootstocks bearing resistance and tolerance genes to RKN are needed to manage them and to avoid crop yield losses.

Regarding melon fruit quality, it has been reported that the C. metuliferus accession BGV11135 did not affect physical fruit traits, SSC and pH when cultivated in hydroponic system (Expósito et al., 2018). But fruit quality can be affected according to the scion-rootstock combination and the cultivation system. For example, Guan et al. (2014) did not find differences on flesh firmness and SSC between ungrafted melon cv. Honey Yellow and grafted onto C. metuliferus cultivated under both conventional and organic standards, but did in fruits from grafted melon cv. Arava cultivated under both cropping systems as well as less SSC was found when cultivated under conventional system. In our study, lower Na content was measured in fruits from grafted than ungrafted plants cultivated in non-infested soil. Interestingly, increasing nematode densities increased Na content in fruits from ungrafted but not from grafted plants. Nonetheless, the levels of Na reached in melon fruits from both grafted and ungrafted plants (1.8 to 8.5 g Na kg–1 dw) were in the range of that reported by Colla et al. (2006) but slight higher in ungrafted melon than that reported by Lester (2008) and U.S. Department of Agriculture [USDA] (2020b) (Table 2). Furthermore, increasing nematode densities reduced the SSC and the dry matter content in fruits produced in ungrafted plants in spring and in those produced in grafted plants cultivated in summer. Ploeg and Phillips (2001), found an increase in the percentage of dry matter of the areal plant part of melon cv. Durango after 8 weeks of cultivation in pots non-inoculated and inoculated with an increasing nematode density from 0.06 to 15 J2 100 g–1 of soil. In field conditions, significant yield reduction was observed due to a reduction in the number of fruits at increasing nematode densities over T. It seems that the metabolic activity of the nematode would compete with fruit development which could be inhibited.

In this line, the effect of suboptimal growing conditions, as for example high temperatures and radiation levels which are achieved in the Mediterranean areas at transplanting during the summer season can affect plant metabolism. Heat stress can affect plant photosynthesis and the phenylpropanoid pathway. Moreover, ROS can be accumulated in the tissues and the plant will activate antioxidants mechanisms to protect cell structures from oxidation. In addition, light excess can induce severe damage to the photosystem II (Toscano et al., 2019). These stresses will lead to a reduction in the potential yield of the crop and potential changes in the fruit quality. Thus, the selection of the best season for cropping is also necessary to maximize its efficiency as it was previously described for cucumber-M. incognita and for zucchini-M. incognita (Giné et al., 2014, 2017; Vela et al., 2014). These studies found that cucumber and zucchini were more tolerant and suffered lower yield losses when cultivated in spring than in summer or autumn. Similar results were observed in our study for grafted melon, which was more tolerant and experienced less yield losses when cultivated in spring instead of summer. So, it is expected that the damage of the nematode infection increase and the tolerance were reduced under those stressful conditions due the required energy to overcome RKN infection and the abiotic stress together. Grafting onto tolerant rootstocks has been used widely to overcome the damage to different abiotic stresses, including high temperatures (Tao et al., 2020). Consequently, screening for resistant-RKN and tolerance to abiotic stress will increase the availability of scion-rootstock combinations for agriculture production to overcome RKN and sub-optimal growing conditions.

The histopathological study provided interesting information related to the number and volume of giant cells and the number of nuclei into them. Giant cells formation is a key factor for a successful plant-nematode interaction after the nematode arrive into the cortical cylinder. The induced multinucleated giant cells have a high metabolic activity necessary for nematode nutrition for its life cycle completion (Abad et al., 2009). Conversely, if giant cells are not formed or appear as degenerated holding none or few nuclei, the nematode development and/or reproduction will be suppressed indicating a resistant response of the plant. Cabrera et al. (2015) used 3D reconstructions of GCs induced by M. javanica in Arabidopsis roots, and to compare GCs formed in the Arabidopsis transgenic line J0121 > > DTA, in which the GCs are genetically ablated, with a control (line J0121 > > GFP). These authors found that the GCs volume in the control was 2 fold larger. The results of our study have shown that both resistant C. metuliferus and tomato cv. Monika had more number of giant cells per feeding site than melon and susceptible tomato 15 days after M. incognita inoculation, but they were smaller, less voluminous, with fewer nuclei and some of them were empty of cytoplasm. Previous histopathological studies reported some of the observations pointed out in this study. Fassuliotis (1970) observed small GCs in C. metuliferus accession C-701 compared with those induced by M. incognita in melon; the nematode developed slow and a 20% of juveniles’ differentiated to males. Walters et al. (2006) observed elongated GCs conforming abnormal in shape feeding sites in C. metuliferus accession 482454 compared with melon. More recently, Ye et al. (2017) observed that the most of the GC were empty of cytoplasm in the C. metuliferus accession PI 482443-M. incognita interaction 14 days after nematode inoculation along with a slow nematode development compared with melon. Expósito et al. (2018) reported poorly GC development with multiple vacuoles, some of them without cytoplasm and necrotic areas surrounding the nematode head in the C. metuliferus accession BGV11135–M. javanica interaction compared to cucumber. Interestingly, the major number of GCs found in both resistant C. metuliferus and tomato could be due to an attempt of the nematode to achieve enough nutrients for its life cycle completion. In fact, the development of small GCs holding low number of nuclei could indicate a low effective metabolic activity for nematode nourishment. This strategy to achieve nutrients can have a biological cost for the nematode resulting in a slow development rate, as it was previously reported for both C. metuliferus and Mi1.2 resistant tomato as well as for other resistant germplasms (Fassuliotis, 1970; Pedrosa et al., 1996; Walters et al., 2006; Williamson and Roberts, 2009; Ye et al., 2017).

Our research pointed out the importance to use grafted fruiting vegetables onto resistant rootstocks to decrease yield losses caused by RKN without conferring significant non-desirable quality traits. According to our data, the use of grafted plants could not be necessary to increase crop yield in absence of RKN because crop yield did not differ in our scenario. Nonetheless, rootstocks also bear other sources of resistance against soil-borne plant pathogens increasing its interest to be included in integrated disease management strategies. For example, C. metuliferus is also resistant to Monosporascus root rot and Fusarium wilt as well as to vine decline (Castro et al., 2020). Some other putative hybrid Cucumis rootstocks, such as C. ficifolius x C. anguria and C. ficifolius x C. myriocarpus, which are tolerant to Monosporascus cannonballus, and resistant to Fusarium oxysporum f.sp melonis and to RKN and did not affect the quality of melon fruit compared to non-grafted or self-grafted (Cáceres et al., 2017), will increase the number of possible rootstocks that could be available for growers in the near future. Special attention should be pay to the selection of the optimal cropping season in order to maximize the performance of grafted plants as it was observed in this study. The main effect of RKN on tomato and melon yield was on quantity but not in quality since the most fruit quality parameters assessed were in the range of values previously reported for these crops.
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Supplementary Figure 1 | Selected planes of Z-stack images of laser-scanning confocal microscopy of giant cells induced by Meloidogyne 15 days after inoculation in the resistant Cucumis metuliferus BGV11135 (A), the susceptible melon cv. Paloma (B), the resistant tomato cv. Monika (C) and the susceptible cv. Durinta (D). Nematode (N), vacuoles (V), giant cells (asterisk), some nuclei (white

arrowhead), esophageal median bulb (yellow arrowhead) and necrosed area (red arrowhead) are indicated. Scale bar: 50 μm.

Supplementary Video 1 | Z-stack images of laser-scanning confocal microscopy images of giant cells induced by Meloidogyne 15 days after inoculation in the resistant Cucumis metuliferus BGV11135 (A), the susceptible melon cv. Paloma (B), the resistant tomato cv. Monika (C) and the susceptible cv. Durinta (D). Scale bar: 50 μm.

Supplementary Video 2 | 3D rendering of confocal Z-stack images of giant cells induced by Meloidogyne 15 days after inoculation in the susceptible melon cv. Paloma. Scale bar: 40 μm.
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Grafting is a technique used for millennia for vegetative propagation, especially in perennial fruit crops. This method, used on woody and herbaceous plants, can improve several agronomic characteristics, such as yield or vigor, as well as tolerance to biotic and abiotic stresses. However, some scion/rootstock combinations suffer from poor graft compatibility, i.e., they are unable to form and/or sustain a successful graft union. Identifying symptoms of graft incompatibility is difficult because they are not always present in the first years after grafting and in most cases the causes of incompatibility are still poorly understood. Studies of changes in transcript abundance during graft union formation indicate that grafting responses are similar to responses to wounding and include the differential expression of genes related to hormone signaling, oxidative stress, formation of new vascular vessels, cell development, and secondary metabolites, in particular polyphenols. This review summarizes current knowledge of the changes in transcript abundance, redox status and metabolites accumulation during graft union formation and in cases of graft incompatibility. The goal of this review is to discuss the possibility of identifying marker transcripts, enzyme activities and/or metabolites of grafting success and graft compatibility which could be used to score grafting success for genetic research and in breeding programs. We highlight gaps in current knowledge and potential research directions in this field.

Keywords: grafting, transcripts, polyphenols, graft incompatibility, scion and rootstock, oxidative stress


INTRODUCTION

Grafting is a traditional horticultural technique that manipulates plant wound healing mechanisms to join together two genotypes to form a composite plant. Grafting is used for different reasons: for example, to control vegetative multiplication, reduce the time to obtain the fruits, change cultivars quickly, increase or decrease the size, or provide tolerance to biotic or abiotic stresses (Mudge et al., 2009). Grafting is frequently used in the production of woody fruit crops such as citrus, figs, apples, pears, quince, and grapevine and various vegetable crops such as tomatoes, watermelons, and cucumbers. Today, thanks to the large panel of rootstocks available in many grafted plants, the scion/rootstock combination can be adapted to a type of soil, climate or production objective (for example for a certain vigor and yield).

We can differentiate several stages of development for the formation of a successful graft. Presumably, the first stage of graft union formation is the initial mechanical injury response (i.e., cellular damage and the disruption of the protective layers), which requires rapid wound closure to prevent water loss and pathogen entry. Polymerized phenolic compounds such as suberin and lignin accumulate to act as a physical and antimicrobial barrier at the site of wounds. Wounding triggers an oxidative stress burst, changes to metabolism, wound-related hormone signaling and the initiation of defense responses such as the induction of pathogenesis-related proteins. During graft union formation, there is a proliferation of parenchymal cells, to form the callus which will serve as a bridge between the two tissues. Then, there is the differentiation of the cambial cells into vascular vessels, which begins with the formation of phloem vessels in some herbaceous plants [from 3 days after grafting (DAG)] and then xylem vessels (Trinchera et al., 2013; Melnyk et al., 2015) and allows the connection between scion and rootstock (Figure 1C).


[image: Figure 1]
FIGURE 1. Summary of (A) the transcripts and proteins accumulated at the graft interface during graft union formation (stars indicate the transcripts and proteins which are more highly accumulated in hetero-grafts vs. homo-grafts, and/or incompatible vs. compatible combinations), (B) a photograph of a cross section of a homo-graft interface, 4 months after grafting, illustrating the appearance of necrosis, callus and vascular continuity, and (C) the sequence of events underlying graft union formation. PALs, PHENYLALANINE AMMONIA LYASEs; UGPase, UDP-glucose pyrophosphorylase; 4CL, 4-COUMARATE:COA LIGASE; ROS, reactive oxygen species.


However, in cases of some scion/rootstock combinations, both genotypes do not always form a successful graft and the graft interface is associated with necrosis (Figure 2), which impacts the quality of the plant formed, even several years after grafting (Pina and Errea, 2005). In general, graft incompatibility increases with taxonomic distance, which most intra- and inter-specific being compatible, and most interfamilial grafts being incompatible (Goldschmidt, 2014). Graft incompatibilities have been described in many woody species such as grapevine (Sarooshi et al., 1982), pear or quince (Musacchi et al., 2000; Ciobotari et al., 2010), litchi (Chen et al., 2016), apricot (Usenik et al., 2006), and cherries (Usenik and Stampar, 2001). However, in herbaceous plants, it is possible to graft different plant families together in the short-term, such as Brassicaceae spp. or tomato with Arabidopsis thaliana, although their compatibility is limited due to poor vascular connection between the scion and rootstock (Flaishman et al., 2008). Graft-inoculation of pathogens often exploits the short-term survival of interfamilial grafts for scientific study in cases when the pathogen is not readily or not at all mechanically transmissible (Vigne et al., 2005; Aryan et al., 2016). It has recently been shown that Nicotiana benthamiana is very interfamily graft compatible, which is due to the ability of this species to express an extracellular β-1,4-glucanase (Notaguchi et al., 2020).


[image: Figure 2]
FIGURE 2. Photographs of the graft interface of homo-grafts of grapevine 4 months after grafting showing decreasing levels of tissue continuity between the scion (S) and rootstock (R). Necrosis in the callus tissue is absent in (A), small amounts of necrosis are indicated in by red arrows in (B) and (C), and poor tissue continuity in (D). Graft interface indicated by a dashed line.


The causes of graft incompatibility are multiple; genetic proximity, poor craftsmanship, climatic conditions or pathogens can harm a successful graft union formation and maintenance as well as differences in the metabolism of the scion and the rootstock. It is difficult to know if a grafted plant will survive or die, moreover, there are few visual indicators of grafting success at an early stage of development (Figure 1B) (Tedesco et al., 2020). The identification of molecular markers of grafting success would be a great advantage for genetic research and rootstock selection programs. The objective of this review is to provide an overview of our current knowledge on the molecular mechanisms potentially involved in graft union formation and graft incompatibility with the view to identifying markers of grafting success in woody species. Although plant hormones are known to be involved in graft union formation and hormonal treatments can alter grafting success, this will not be included in this review as it has been reviewed elsewhere (Nanda and Melnyk, 2018).



IDENTIFYING THE TRANSCRIPTS AND PROTEINS ASSOCIATED WITH TISSUE HEALING AND GRAFT UNION FORMATION IN HOMO-GRAFTS

In horticulture, hetero-grafting is used in which two different genotypes are grafted together to combine different shoot and root traits of interest. However, homo-grafting (when a genotype is grafted with a plant of the same genotype) and auto-grafting (when the same plant is grafted with itself) are only used in scientific study (e.g., Moore and Walker, 1981; Turnbull et al., 2002). In woody perennial species, changes in gene expression during homo-graft formation has been most studied in Carya spp. (Zheng et al., 2010; Qiu et al., 2016; Mo et al., 2018a,b). Firstly, cDNA-AFLP (complementary DNA amplified fragment length polymorphism) was used (at 0, 3, 7, and 14 DAG; Zheng et al., 2010) and subsequently RNAseq was used to quantify both mRNAs (at 0, 7, and 14 DAG; Qiu et al., 2016, and at 0, 8, 15, and 30 DAG; Mo et al., 2018b) and microRNAs (at 0, 8, 15, and 30 DAG; Mo et al., 2018a). These studies have been complemented by proteomic studies (at 7 DAG; Xu et al., 2017, and at 0, 3, 8, 15, and 30 DAG; Mo et al., 2017), which are described below. As stated above, grafting triggers wound responses such as the rapid up-regulation of the expression of genes involved in oxidative stress, wound-related hormone signaling and defense responses; these responses were also seen in the first 14 DAG in homo-grafts of Carya spp. (Qiu et al., 2016; Mo et al., 2018b). Another early response to grafting is the proliferation of cells at the graft interface to form a callus, as such genes involved in cell proliferation and cambium development were found to be highly expressed in the graft interface in the first 14 DAG (Zheng et al., 2010; Qiu et al., 2016; Mo et al., 2018b). The vascular connections then form between scion and rootstock to allow the long-term survival of the graft and are essential for successful graft union formation (Pina and Errea, 2005). At 30 DAG, a high expression of different genes involved in the formation of vascular tissues such as lignin metabolic processes, tubulin genes (involved in cell elongation), R2R3-type MYB transcription factors (involved in cell wall synthesis) and metacaspase genes (probably involved in the process of plant programmed cell death) was found at the graft interface of C. illinoinensis (Mo et al., 2018a). Unfortunately, the data from these papers has not been integrated together to give an overview of the changes occurring during graft formation in Carya spp. Furthermore, the results are difficult to interpret because gene expression was only quantified at the graft interface, without control scion and/or rootstock tissue samples, so it is impossible to determine which transcripts are associated with graft union formation and which are associated with plant responses to the environment or other factors. As such the results from these papers seem rather different even though they are working on the same genus using the same grafting technique, for example, in Qiu et al. (2016) 10 times more genes are differentially expressed (DE) at 7 than 14 DAG (relative to 0 DAG), whereas in Mo et al. (2018b) the number of genes DE from 0 to 8, 15, and 30 DAG increases over time. Despite these differences, genes belonging to some functional categories were DE in the graft interface tissues over time in both studies, such as categories related to metabolism, defense responses and hormone signaling (Qiu et al., 2016; Mo et al., 2018b).

Gene expression changes occurring during homo-graft formation in woody plants has also been studied in pear (although the plants were micro-grafted in vitro; Yang et al., 2017, and grapevine; Cookson et al., 2013). The study of Yang et al. (2017) was also only done on graft interface tissues, without the corresponding scion and/or rootstock stem controls, but as the growth conditions were controlled, it is more reasonable to assume that there was little change in gene expression in the stem over time due to factors other than grafting. However, only few genes were studied because Yang et al. (2017) used cDNA-AFLP rather than more performant transcript quantification techniques. Cookson et al. (2013) compared the transcriptomes of the rootstock wood and graft interface tissues at 3 and 28 DAG in woody homo-grafts of grapevine using whole genome microarrays. The graft union was associated with the up-regulation of gene expression, and more genes were DE at 28 than 3 DAG (Cookson et al., 2013). In agreement with the studies on Carya spp. described above, the genes highly expressed at the graft interface were associated with cell wall, secondary metabolism, stress, jasmonate signaling and various other signaling pathways. As grapevine grafting is done on dormant woody stem in the spring time, graft union formation coincides with the spring activation of the stem growth and metabolic activity; Cookson et al. (2013) found that far more genes were DE over time (from 3 to 28 DAG, i.e., genes associated with spring activation of growth and metabolic activity) than between the wood and graft interface (i.e., genes associated with graft union formation). Furthermore, there was a considerable overlap between those genes DE between the graft interface and the wood tissue, and those genes DE over time suggesting that similar mechanisms are involved in graft union formation and spring stem activation. This observation suggests that identifying the genes involved in graft union formation in woody perennials requires a detailed time-course, as well as scion and rootstock control samples.

There have also been a number of studies into the gene expression changes occurring during homo-graft union formation in herbaceous plants (Yin et al., 2012; Melnyk et al., 2018; Xie et al., 2019). The most complete and detailed study was done by Melnyk et al. (2018) who described the genes DE during the first 10 DAG of hypocotyl homo-grafts of A. thaliana; this excellent study separated the response of the scion and rootstock, and included necessary controls such as un-grafted plants, and cut, but not assembled scions and rootstocks. Melnyk et al. (2018) showed that genes associated with cambium, phloem and xylem formation are sequentially up-regulated during graft union formation and that the response of wounded tissue is different to that of grafted tissues. Furthermore, Melnyk et al. (2018) demonstrated that the response of the scion and rootstock are different; this was in part driven by the carbon gradient between the photosynthetically active scion and the carbon-starved rootstock (Melnyk et al., 2018). Genes specifically up-regulated only during grafting were probably involved in recognition mechanisms that contribute to a successful graft union formation (Melnyk et al., 2018). Studies of a similar level of detail have yet to be done in woody, perennial grafts.

The most complete proteome analysis done to date was done in homo-grafts of bottle gourd at the graft interface and in the scion just above the graft interface 7 DAG along with un-grafted controls using mass spectroscopy-based techniques (Wang et al., 2016). The graft interface was associated with the accumulation of proteins related to wound responses and defense signaling such as genes from the gene ontology (GO) groups “response to stimulus,” “phenol-containing compound metabolic process,” “oxidoreduction coenzyme metabolic process,” and “salicylic acid metabolic process.” The proteins accumulated in the scion relative to the un-grafted control were enriched in the GO terms “response to abiotic stimulus,” suggesting that grafting alters protein abundance beyond the graft interface. Proteome studies have been done on C. cathayensis homo-grafts using mass spectroscopy-based techniques in which the graft interface tissue 7 DAG was compared to a pool of scion and rootstock tissue harvested before grafting (Xu et al., 2017); the GO terms “defense response,” “stress response,” and “flavonoid biosynthesis” were enriched in the proteins accumulated at the graft interface. Proteomic analysis has been done using less powerful gel-based techniques on C. illinoenis graft interfaces at 0, 3, 8, 15, and 30 DAG, which identified the differential accumulation of proteins related to many aspects of energy metabolism and stress and defense responses; however, this study was done without scion, rootstock or un-grafted controls (Mo et al., 2017). To date, there has been no comprehensive study including scion and rootstock wood control samples of the proteome changes occurring during graft union formation in any perennial crop species.



IDENTIFYING TRANSCRIPTS AND PROTEINS ASSOCIATED WITH GRAFT UNION FORMATION BETWEEN DIFFERENT GENOTYPES AND ASSOCIATED WITH GRAFT INCOMPATIBILITY

Comparison of gene expression at the graft interface during early stages of graft union formation (3, 7, 14, and 28 DAG) between two hetero-grafts and the scion homo-graft was first done in grapevine (Cookson et al., 2014). This work showed the high expression of genes involved in the stress responses at the graft interface of the hetero-grafts relative to the homo-graft control, such as, genes belonging to the functional categories pathogenesis-related proteins, polyamine oxidase, as well as several enzymes associated with oxidative stress, such as peroxidases, and enzymes involved in secondary metabolism. However, the rootstock homo-graft control sample was absent in this study (Cookson et al., 2014).

Recently, the genes DE at the graft interface between incompatible and compatible clones of the same scion variety grafted with a common rootstock was studied at 21 and 80 DAG in grapevine (Assunção et al., 2019b). At 21 DAG, genes belonging to the categories cell wall, polyamine metabolism, RNA, DNA, and signaling were more highly expressed in the compatible combination, whereas some genes related to secondary metabolism were more highly expressed in the incompatible combination (Assunção et al., 2019b). At 80 DAG, more genes were DE between the two scion/rootstock combinations than at 21 DAG. At 80 DAG, the graft interface of the least compatible combination had a higher level of expression of genes related to phenolic compounds, wound responses, hormone signaling, and galactinol synthase than the more compatible combination (Assunção et al., 2019b). It is interesting that two different clones of the same variety can behave so differently in terms of grafting success; it would be good to further characterize the differences between the clones. In particular, it is important to exclude the possibility that these differences could be due to differences in the viromes of the two clones studied. The presence of a viral agent in one of the clones could explain the lower grafting success rate, therefore, it is advisable to check for the presence of viral RNAs in RNA sequencing experiments studying hetero-grafting in the future.

The expression of genes at the graft interface of litchi has also been studied; the expression at the graft interface was compared between a compatible homo-graft and an incompatible hetero-graft at 2 h after grafting and, 14 and 21 DAG, without rootstock homo-graft, scion or rootstock wood controls (Chen et al., 2017). The expression of genes involved in the synthesis of growth-regulating hormones, such as indole-3-acetic acid, was higher at graft interface in the compatible combination compared to the incompatible combination (Chen et al., 2017). However, unlike most studies in which defense responses are more highly up-regulated in incompatible combinations, at 21 DAG, the compatible combination had a higher expression of genes involved in secondary metabolite and lignin synthesis in comparison the incompatible hetero-graft (Chen et al., 2017).

Comparative proteomic analysis of hetero- vs. homo-grafting has been done on bottle gourd 7 DAG and the hetero-graft interface was associated with the accumulation of proteins related to hydrogen peroxide (Wang et al., 2016). Other proteome studies (using gel electrophoresis-based techniques) on an in vitro callus graft system in Prunus spp. have led to the suggestion that UDP-glucose pyrophosphorylase (UGPase) could be a marker of graft compatibility, being expressed at a lower level, and in lower protein concentration and activity in incompatible callus grafts (Pina and Errea, 2008b). The high concentration of UGPase in compatible callus grafts could be indicative of a high flow of carbon to the production of metabolites, cellulose synthesis and as a consequence cellular growth.

Changes in the abundance of proteins and the expression of genes encoding enzymes of secondary metabolism are often observed in studies of graft incompatibility along with the accumulation of secondary metabolites (described below). This has led to the study of the role of PHENYLALANINE AMMONIA LYASE (PAL), the first and committed step in the phenyl propanoid pathway, in graft union formation and graft incompatibility. In Prunus spp., two PAL genes have been identified: ParPAL1 and ParPAL2 (Irisarri et al., 2016). In the case of an incompatible in vitro callus graft, ParPAL1 was more highly expressed at 10 and 21 DAG, and ParPAL2 was more highly expressed at 21 DAG in comparison to compatible combinations or homo-grafts or wounded callus (Irisarri et al., 2016). This suggests that more polyphenols are produced at the graft interface of incompatible callus grafts (Irisarri et al., 2016), which is consistent with an earlier study from the same group (Pina and Errea, 2008a). However, the high expression of PAL at the callus graft interface in Prunus spp. may be restricted to these species or the experimental system. For example, although the expression of PAL genes was higher in some hetero-grafts of Hevea brasiliensis, there was no clear relationship to grafting success (Prabpree et al., 2018). Furthermore, genome-wide transcriptome studies into differences between grafting compatible vs. incompatible scion/rootstock combinations have not necessarily found the same response in other species (e.g., the expression of three PALs was lower at the graft interface of incompatible than compatible grafts of litchi; Chen et al., 2017). The high expression of the 4-COUMARATE:COA LIGASE/4CL, another enzyme of phenyl propanoid synthesis, at the graft interface has also been associated with graft incompatibility in Prunus spp. two years after grafting (Pereira et al., 2013) and three 4CL genes were more highly expressed at the graft interface of compatible hetero-grafts of grapevine than the homo-grafted control (from 3 to 28 DAG) (Cookson et al., 2014). However, no 4CL genes were DE between incompatible and compatible scion/rootstock combinations of grapevine at 21 and 80 DAG (Assunção et al., 2019b).

Gene expression in the scion was recently studied in interfamilial grafts of N. benthamiana/Arabidopsis at 2 h after grafting, and 1, 3, 5, and 7 DAG and compared to gene expression in intact stems (Notaguchi et al., 2020). This study highlighted the increased expression of genes related to auxin signaling, cambium, xylem, phloem and provasculature development and wounding in the interfamilial hetero-graft and identified an extracellular β-1,4-glucanase involved in interfamilial grafting success. This study is important because it identified the first gene responsible for graft incompatibility, but the function of this gene is not known. It will be interesting to study the role of β-1,4-glucanases in graft union formation in the future.

Despite the differences described in the studies above, in many species common transcriptome/proteome responses have emerged as typical of a less graft compatible scion/rootstock combination: such as higher expression of genes related to stresses, wounding and secondary metabolism (Figure 1A). However, no study has been done to date including all the necessary controls to reliably identify all the genes DE during hetero-grafting and associated with graft incompatibility.



IDENTIFYING PRIMARY METABOLITES ASSOCIATED WITH GRAFTING SUCCESS AND/GRAFT INCOMPATIBILITY

Graft union formation requires cell proliferation presumably requiring the reprogramming of the primary metabolism. Grafting with photosynthetically active tissues (such as hypocotyl grafting in herbaceous or in vitro micro-grafting in perennial plants) rapidly results in the formation of a strong carbon gradient from the carbon-rich scion to the carbon-starved rootstock, which disappears once the phloem has reconnected. This asymmetry triggers the differential expression of the sugar-responsive genes above and below the graft union (Melnyk et al., 2018; Xie et al., 2019). Presumably, this asymmetry of carbon immediately after grafting is absent in non-photosynthetic, dormant woody perennial grafts rich in carbon reserves. Recently, the metabolite profile of the graft interface, and scion and rootstock wood of woody grafts of grapevine was studied 28 DAG: the starch content at the graft interface was lower than the surrounding woody tissues, whereas the concentration of glucose was higher (Prodhomme et al., 2019). The concentration of histidine, threonine, arginine, tyrosine, lysine, and phenylalanine was lower, and the concentration of glutamine, γ-aminobutyric acid and total proteins was higher at the graft interface compared to the surrounding tissues (Prodhomme et al., 2019). These differences in the concentration of primary metabolites between the graft interface and surrounding woody tissues are presumably related to the formation of callus cells at the graft interface, which require the mobilization of store reserves (such as starch and arginine) and are typically rich in proteins, glutamine and γ-aminobutyric acid (Prodhomme et al., 2019). To date there have been no studies linking primary metabolite profile of the graft interface and grafting success in any species.

In addition to short-term modification of primary metabolite profile during graft union formation, many months to years after grafting, the accumulation of carbon in the scion is often associated with graft incompatibility and poor phloem functioning (Moing et al., 1990; Moing and Gaudillère, 1992; Ermel et al., 1999). Although not necessarily documented in the scientific literature, graft incompatibility in the field is often associated with reddening of leaves earlier at the end of the growing season than the other compatible combinations, which is also indicative of accumulation of carbon in the scion (Figure 3). However, these observations were not found in a study of four varieties of pear grafted onto two rootstocks (compatible and incompatible) (Ciobotari et al., 2010) and in citrus chip-budded trees (Mendel and Cohen, 1967).


[image: Figure 3]
FIGURE 3. Photograph of grafted grapevines showing symptoms of graft incompatibility 10 years after grafting.




IDENTIFYING REDOX MARKERS OF GRAFTING SUCCESS AND/OR GRAFT INCOMPATIBILITY

Grafting induces a response to wounding and therefore results in the generation of reactive oxygen species (ROS), such as singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radicals, which can cause severe damage to cell structure and functions. Plant have complex antioxidant system to control ROS via non-enzymatic (such as carotenoids, tocopherols, flavonoids, ascorbate, glutathione and proline) and enzymatic antioxidants [such as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), dehydroascorbate reductase (DHR), and ascorbate peroxidase (APX)]. The high expression of genes (Cookson et al., 2013; Assunção et al., 2019b; Xie et al., 2019) and the accumulation of proteins (Wang et al., 2016; Xu et al., 2017) associated with different elements of the antioxidant system is frequently observed at the graft interface in homo-grafts. Some studies have measured the activity of certain antioxidant enzymes during homo-graft formation, but frequently not at the graft interface itself or without adequate intact plants or stem control samples (Fernandez-Garcia et al., 2004; Miao et al., 2019).

The idea that hetero-grafting together different genotypes results in an increased level of oxidative stress at the graft interface has been supported by gene expression (Cookson et al., 2014; Assunção et al., 2019b) and proteomic studies (Wang et al., 2016; Xu et al., 2017). Some studies have measured the activity of antioxidant enzymes at the graft interface of different scion/rootstock combinations. For example, APX, DHR, GR, SOD, and CAT activities are higher in microcalli floating on suspensions quince (which is normally graft incompatible with pear) relative to the pear control suspensions (Nocito et al., 2010). Peroxidase activity at the graft interface of incompatible grafts is often higher than that of compatible grafts e.g., in Prunus spp. at 4 and 8 months after grafting (Zarrouk et al., 2010), in micro-grafts of eucalyptus (De Cooman et al., 1996) and in pepper/tomato grafts (Deloire and Hébant, 1982). Although SOD activity was higher at the graft interface 24 DAG in incompatible hetero-grafts of melon/Cucurbita rootstocks in comparison to compatible hetero-grafts, cell wall and soluble peroxidase activity was lower in the incompatible combination (Aloni et al., 2008). However, homo-graft rootstocks were missing from the study of Aloni et al. (2008).

To date there have been few studies quantifying ROS themselves at the graft interface during graft union formation except the study of Aloni et al. (2008), which found high hydrogen peroxide concentration at the graft interface of an incompatible scion/rootstock combination in comparison to intact scions, homo-grafted scions and hetero-grafted compatible plants at 24 DAG. The study of Aloni et al. (2008) also showed that hydrogen peroxide and the activities of antioxidant enzymes changed over time suggesting that a time course should be studied. Some studies have also examined the presence of ROS at the graft interface using histological analysis (Aloni et al., 2008; Irisarri et al., 2015). We suggest that quantifying the oxidative status of the graft interface over time in different homo- and hetero-grafts should be a priority for future research.



IDENTIFYING SECONDARY METABOLITES ASSOCIATED WITH GRAFTING SUCCESS AND/GRAFT INCOMPATIBILITY

Many studies have highlighted the accumulation of phenolic compounds in the graft interface (Table 1), which play a role in defense responses as well as processes such as cell division, development and differentiation (Gainza et al., 2015; Pina et al., 2017).


Table 1. Summary of secondary metabolites accumulated at the graft interface of incompatible scion/rootstock combinations in the literature.
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The first step in the synthesis of phenolic compounds is the conversion of the amino acid phenylalanine to ammonia and trans-cinnamic acid by PAL. Although the expression of PAL genes has been quantified in a number of studies of graft union formation and graft incompatibility (cited above), only one study has quantified PAL activity at the graft interface, which was 2-fold higher than to the surrounding woody tissues 28 DAG in homo-grafts of grapevine (Prodhomme et al., 2019). This high PAL activity was associated with the halving of the concentration of phenylalanine and high polyphenol concentration (Prodhomme et al., 2019). The high concentration of polyphenols at the graft interface was largely due to the accumulation of stilbenes; as the concentration of many flavanols (particularly epicatechin) was lower at the graft interface relative to the surrounding woody tissues. The low epicatechin concentration at the graft interface is in agreement with another study of graft union formation in grapevine (Canas et al., 2015). An accumulation of stilbenes in response to grafting is in agreement with a study of mechanical wounding in leaves (Chitarrini et al., 2017). Stilbenes are a particular family of molecules found only in some species of the plant kingdom; most of the studies about these compounds have focused on few species such as the grapevine or pine trees (Parage, 2013). These compounds play a protective role in plants and are involved in wound responses thanks to their antioxidant and antifungal properties (Chong et al., 2009). They also serve as signals for growth regulation (jasmonate biosynthesis), nutrition or photosynthesis. For example, certain polymers can attach to the cell wall to reinforce it following an infection (Chong et al., 2009; Marques et al., 2009). Thanks to numerous studies characterizing high concentrations of stilbenes in grapevine canes (Pawlus et al., 2013; Guerrero et al., 2016; Billet et al., 2018; Loupit et al., 2020), it is advisable to include the measurement of stilbenes in studies of graft union formation in grapevine.

The concentration of some phenolic compounds was compared at the graft interface of dormant grafts (1 year after grafting) of clones of Vitis vinifera cv. Syrah that are reported to be either susceptible or non-susceptible to dieback in the field many years after grafting (Canas et al., 2015). The concentration of the phenolic compounds measured differed between the scion, rootstock and graft interface tissues, and some metabolites were potentially associated with the dieback phenotype: e.g., sinapic acid was at a lower and gallic acid was at a higher concentration at the graft interface of the grafts with the Syrah clone susceptible to dieback. The same group confirmed these results in another study, including the measurement of some additional metabolites and stages of graft union development (Assunção et al., 2016). However, in both these studies data relative to actual grafting success and dieback phenotypes were absent. In another study, the metabolite profiles of graft interface, and scion and rootstock wood of two clones of grapevine grafted with a common rootstock were compared at three time points (Assunção et al., 2019a). The clone with the lower level of grafting success 3 years after grafting was associated with higher concentrations of sinapic acid at the end of the growth cycle, high concentrations of catechin during the rooting phase (after 28 DAG), and a lower concentrations of caffeic acid than the more compatible clone (Assunção et al., 2019a). The metabolites associated with grafting success (Assunção et al., 2019a) and long-term dieback (Canas et al., 2015; Assunção et al., 2016) in these studies appear to be quite different suggesting that different metabolites are involved in these two types of incompatibility responses. In addition, the work of Assunção et al. (2019a) shows that the metabolite profile of the scion, rootstock and graft interface differs at different times after grafting suggesting that metabolites markers of graft incompatibility will be specific to different stages of graft union formation.

The most famous example of a secondary metabolite involved in graft incompatibility is prunasin, which has been long known to be responsible for graft incompatibility in pear/quince grafts (Gur et al., 1968). Prunasin, a cyanogenic glycoside present in quince can move a short distance to the pear scion where it is hydrolyzed by a glucosidase resulting in the release of toxic hydrocyanic acid/cyanide, which damages cells and vessels at the graft interface and induces graft incompatibility (Gur et al., 1968). As prunasin is relative immobile, graft incompatibility in pear/quince grafts can be overcome by grafting with a compatible interstock between the pear and quince (Hartmann et al., 2011). Pear genotypes differ in their sensitivity to grafting with quince rootstocks and the concentration of other polyphenols has been studied in different pear/quince combinations. Epicatechin and procyanidin B1 were at higher, and catechin was at lower concentrations in the stem/bark at the graft interface in comparison to the surrounding woody tissues of some pear/quince and pear/pear combinations 2 years after grafting (Musacchi et al., 2000). The accumulation of procyanidin B2 at the graft interface seemed to be higher in the compatible pear/pear grafts, but no clear incompatibly marker could be identified (Musacchi et al., 2000). Another study on pear/quince incompatibility measured polyphenol concentration in the bark/phloem above and below the graft interface of three scions grafted onto five different rootstocks (and self-rooted controls) 4 years after grafting (Hudina et al., 2014). Hudina et al. (2014) showed in the rootstock of the most incompatible combination had the highest concentration of catechin, procyanidin B1 and B2, and arbutin (a compound found in Vaccinium spp. and pear trees), but this did not affect scion metabolite concentrations (Hudina et al., 2014).

Several phenolic compounds, such as gallic acid, gentisic acid, ellagic acid, p-coumaric acid, catechin, and quercetin-3-glucoside, were found in high concentration in less compatible combinations compared to more compatible combinations in micro-grafts of Eucalyptus gunnii 20 DAG (De Cooman et al., 1996). However, scion and rootstock tissues, and homo-grafted controls were absent from this study making these results difficult to interpret.

In both cherries and apricots rootstock polyphenol concentration differs between different genotypes and it seems like the rootstock alters scion polyphenol concentrations just above the graft union (Usenik and Stampar, 2001; Usenik et al., 2006), however, rootstock induced differences in scion metabolite profile was not tested statistically in these papers.

Total soluble and cell wall bound phenol concentrations were studied at the graft interface of homo- and hetero-grafts of Uapaca kirkiana 3 years after grafting; both total soluble and cell wall bound phenol concentrations were higher at the graft interface than the surrounding woody tissues for some, but not all, of the homo- and hetero-grafts studied (Mng'omba et al., 2008). Total soluble and cell wall bound phenol concentrations also appeared to differ between the different genotypes studied (Mng'omba et al., 2008).

In addition to the quantification of metabolites in bulk samples, the accumulation of polyphenols at the graft interface has been studied using imaging methods; the visualization of necrosis areas and callus development provides knowledge of the tissue specific location of different metabolites. For example, flavonoid accumulation has been studied in callus grafts (Pina and Errea, 2008a) and phenols in U. kirkiana grafts (Mng'omba et al., 2008). The exact localization of phenolic compounds at the graft interface remains to be elucidated. The use of state-of-the-art analysis methods could provide new insights into tissue level metabolites profiles at the graft interface, such as metabolite imaging using Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry imaging (MALDI-MS imaging), which has previously been used in plant samples to visualize proteins (Grassl et al., 2011), primary metabolites such as sugars (Horikawa et al., 2019) and stilbenes (Becker et al., 2014).

As described above, there have been a number of studies into the accumulation of phenolic compounds associated with graft union formation and these studies have highlighted the complexity of the metabolite responses of different species. It is difficult to make generalities about the metabolite response to grafting because different samples have been taken, such as, entire stems vs. just the phloem, cambium and/or bark. Many of the results in the literature are difficult to interpret because control samples are missing. Similarly the metabolite profile of woody tissues appears to change over time suggesting that a marker of graft incompatibility may only be valid at a certain developmental stage.



DISCUSSION

It is known that graft incompatibility is under genetic control (Salesses and Al Kaï, 1985; Salesses and Bonnet, 1992) and the parentage of a given genotype is frequently a likely indicator of its compatibility (Cordeau, 1998). In general, to identify the genetic basis of traits of interest a range of different genetic approaches such as genome-wide association and quantitative trait loci mapping can be used. However, phenotyping graft compatibility in large populations is challenging as it requires grafting many (hundreds) individuals to accurately score this trait, which has many logistical problems. To begin to overcome these problems, recently graft union formation was assessed at 1 month and 1 year after grafting by scoring the necrotic line, and wood and bark discontinuity, and cellular arrangements at the interface in a bi-parental F1 apricot scion population grafted onto a plum rootstock (Irisarri et al., 2019). Continuous variation was found in the graft union traits scored (Irisarri et al., 2019); this study paves the way for further studies into the genetic control of graft union formation. However, understanding the genetic basis of graft incompatibility would be greatly accelerated if marker metabolites or transcripts could be identified. As outlined above, many studies have tentatively identified transcript/metabolite or enzyme activity markers of grafting success and graft incompatibility, but frequently these studies lack the control samples required to unequivocally identify marker metabolites; this should be a priority for future research. Identifying robust transcript or metabolite markers of successful graft union formation and/or graft incompatibility is challenging largely because these studies require so many control samples: the ideal experimental design would include compatible and incompatible hetero-grafts, homo-graft controls for all genotypes used, wounded controls for all genotypes used, rootstock and scion wood, graft interface samples, and intact plants. Also, it would be interesting to specify the analysis of different tissues to differentiate the grafting and/or incompatibility responses of the scion, rootstock, interface and callus tissues. Furthermore, in woody plants, grafting generally coincides with the end of dormancy in spring, which makes interpretations more complicated and requires a time-course experiment, once marker transcripts or metabolites have been identified this may suggest that their use will be restricted to certain time points after grafting.
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Plant grafting, the ancient practice of cutting and joining different plants, is gaining popularity as an elegant way to generate chimeras that combine desirable traits. Grafting was originally developed in woody species, but the technique has evolved over the past century to now encompass a large number of herbaceous species. The use of plant grafting in science is accelerating in part due to the innovative techniques developed for the model plant Arabidopsis thaliana. Here, we review these developments and discuss the advantages and limitations associated with grafting various Arabidopsis tissues at diverse developmental stages.

Keywords: grafting, Arabidopsis, micrografting, organ transplantation, hypocotyl


INTRODUCTION

The transplantation of plant organs, commonly referred to as plant grafting, involves cutting and joining plant tissues from at least two different plants to generate a chimeric organism (Melnyk and Meyerowitz, 2015). Since ancient times grafting has been successfully applied for horticultural and agricultural purposes like improving plant vigor, enhancing disease and stress resistance, or for plant propagation. At first, grafting was established in woody plant species (Figure 1A) and more recently expanded to include diverse herbaceous plant species. By developing new graft combinations and automation techniques, over a billion plants are nowadays grafted worldwide, with an increasing number each year (Mudge et al., 2009; Lee et al., 2010).
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FIGURE 1. Multiple grafting techniques in woody and herbaceous plants. (A) In the 17th century there were already diverse grafting methods used which are illustrated in this exemplified trunk. Reprinted from Robert Sharrock’s “The history of the propagation and improvement of vegetables” (Sharrock, 1660). (B) Arabidopsis thaliana, a modern-day Sharrock’s tree. A cartoon showing A. thaliana cut at positions suitable for grafting including inflorescence stems, rosette stems, true leaf petioles, epicotyls, cotyledon petioles, hypocotyls, and roots. Dashed lines denote potential cutting patterns.


In parallel, grafting of the model plant species Arabidopsis thaliana was established nearly 30 years ago and has developed extensively since (Figure 1B). However, rather than for propagation or stress tolerance, the initial motivation for Arabidopsis grafting was to study the long-distance movement of molecules. By grafting different Arabidopsis genotypes or even different species, such as a mutant and a wild-type whereby one genotype lacks the respective molecule or pathway, the appearance of a molecule not found in that genotype would signify mobility (Tsutsui and Notaguchi, 2017; Thomas and Frank, 2019). Arabidopsis grafting has led to major scientific discoveries which depend on long-distance transport of different molecules. For instance, the organ-to-organ transport of plant hormones (Matsumoto-Kitano et al., 2008; Ragni et al., 2011; Camut et al., 2019), RNAs (Brosnan et al., 2007; Molnar et al., 2010), proteins (Corbesier et al., 2007; Yoo et al., 2013; Takahashi et al., 2018), nutrients (Green and Rogers, 2004; Widiez et al., 2011), or secondary metabolites like glucosinolates (Andersen et al., 2013) have been already investigated. Notably, such studies were not often performed in traditionally grafted species such as apple or grape vine due to a lack of genetic resources and inadequate assaying techniques. Nowadays with whole genome sequencing and the development of RNA-Seq, sensitive hormone profiling, and quantitative mass spectrometry, these types of experiments can be performed on nearly any grafted plant species. Another relevant development is the use of A. thaliana as a tool to study the process of grafting itself (Yin et al., 2012; Melnyk et al., 2015). Due to its short generation time, extensive genetic resources, relatively small size and its great ability to graft to itself and to related species, A. thaliana is a powerful tool to study graft formation in detail. To date, significant process is being made in our understanding of how plants graft and the underlying mechanism (Goldschmidt, 2014; Melnyk, 2017c; Wang et al., 2017; Baron et al., 2019). We are beginning to understand processes involved such as wound healing and vascular differentiation (Melnyk et al., 2015, 2018; Matsuoka et al., 2016). In this context, the old enigma of graft failure (graft incompatibility) could be studied in greater detail in the near future by using a suitable incompatible grafting partner with A. thaliana. Using the genetic resources of Arabidopsis would allow communication, recognition, and tissue regeneration between incompatible grafted tissues to be examined in greater detail (Melnyk, 2017a). Moreover, using Arabidopsis to address the development and role of plasmodesmata formation across the graft junction could be studied further (Kollmann and Glockmann, 1985, 1991; Kollmann et al., 1985; Pina et al., 2012). Arabidopsis would also be highly relevant to study the mechanistic basis for rootstock-scion interactions such as stress tolerance and changes in plant vigor that are commonly observed in horticultural graft chimeras (Warschefsky et al., 2016). In contrast to these numerous advantages, it remains uncertain whether this enhanced Arabidopsis-based knowledge can be directly transferred to important horticultural species. However, is it likely that grafting shares common features in both woody and herbaceous plants and on some levels, including wound healing and vascular formation, there is likely to be some mechanistic conservation between grafting in different species (Goldschmidt, 2014; Melnyk, 2017c).

Grafting in A. thaliana was first reported for inflorescence stems (Tsukaya et al., 1993). Since this technique is limited to mature plants, another technique was developed nearly a decade later that involved grafting young Arabidopsis seedlings, termed micrografting (Turnbull et al., 2002). Arabidopsis micrografting has transformed our ability to graft – both due to the high success rates, rapid healing, fast numbers that can be done per hour and the large number that can be grafted per petri dish. Since this revolutionary technique has emerged, diverse grafting techniques have been described for hypocotyls (Turnbull et al., 2002; Marsch-Martínez et al., 2013; Melnyk, 2017b), epicotyls (Li et al., 2019), roots (Wang et al., 2011), and even for embryonic leaves (Yoo et al., 2013; Bartusch et al., 2020). Moreover, grafting techniques for older developmental stages have developed in parallel (Ayre and Turgeon, 2004; Chen et al., 2006; Nisar et al., 2012; Huang and Yu, 2015).

In this review, we discuss the various grafting techniques for the model plant species A. thaliana and present some of their respective advantages and limitations.



MICROGRAFTING – THE TRANSPLANTATION OF SEEDLING TISSUES

The core idea of micrografting is to transplant tissues or organs at very early developmental stages (Figure 2; Turnbull et al., 2002). Although the handling of small seedlings needs practice and skill, it provides important benefits compared to the grafting of older and larger plants. Firstly, providing sufficient seedlings for grafting is not time or space-consuming because large numbers can be grown on media plates within several days. Moreover, the success of grafting can be assessed after only a few days and high throughputs of up to 80 plants per hour can be reached by an experienced grafter (Melnyk, 2017b). Additionally, seedlings show a great ability to regenerate since after grafting, the vasculature reconnects and growth resumes after a week (Yin et al., 2012; Melnyk et al., 2015). Diverse protocols were developed which describe suitable methods for different seedling’s tissues, each typically achieving high success rates of over 80% (Marsch-Martínez et al., 2013; Melnyk, 2017b; Bartusch et al., 2020). Apart from this, grafting of seedlings is not limited to A. thaliana. Other model species like Eutrema salsugineum (Li et al., 2019) and also important crop plants like Brassica napus (Ostendorp et al., 2016) and Solanum lycopersicum (Marsch-Martínez et al., 2013) were successfully grafted at seedling stage. However, micrografting typically needs further technical prerequisites like sterile conditions and a stereomicroscope (Turnbull et al., 2002). Depending on the method, special grafting tools are also necessary (Turnbull et al., 2002; Tsutsui et al., 2020). Nonetheless, the establishment of micrografting was transformative and the method is increasingly utilized in research and beyond. In the following, we focus on specific organs and tissues of A. thaliana that can be transplanted using the micrografting setup.
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FIGURE 2. Different grafting methods for Arabidopsis thaliana. (A–H) Micrografting techniques in small plant seedlings. (A) A two-segment graft consists of a scion and rootstock joined via a horizontal cut in the hypocotyl region. (B) A three-segment graft combines an upper, middle and lower hypocotyl. (C) A Y-graft reconnects two scions and one rootstock in the hypocotyl region. (D) A wedge graft is a two-segment graft with a V-shaped cut scion inserted into a slit made in the rootstock. (E) An epicotyl graft maintains the cotyledons of the rootstock and the scion with true leaves is positioned on top. (F) A cot-graft unifies a donor cotyledon with a recipient plant. (G) A scion-to-petiole graft associates a donor scion and a recipient plant in the petiole region. (H) A root graft adds a donor root to a recipient plant. (I–K) Grafting techniques in older plants with mature rosettes. (I) A rosette hypocotyl graft consists of a mature scion rosette which is transplanted to the rootstock hypocotyl. (J) A rosette stem graft retains the lower leaves of the rootstock and transplants the upper part of the scion rosette. (K) An inflorescence stem graft is performed by joining the upper part of the scion inflorescence with the lower part of the rootstock inflorescence. Black and white colors indicate different origins of transplanted organs. Red arrows mark graft junctions.



Micrografting in the Hypocotyl Region

Traditionally, grafting aims to join a shoot, the so-called scion, and a rootstock in the stem region. A. thaliana is a characteristic rosette plant and its hypocotyl presents the most accessible stem-like tissue where a scion and rootstock can be fused. Thus, micrografting in the hypocotyl region of A. thaliana can provide an analogous tissue to stem grafting in woody or herbaceous horticultural plants (Turnbull et al., 2002). Still, the Arabidopsis hypocotyl is hard to access and visualization of the graft junction can be impaired, especially in older tissues (Figure 3D). Although the hypocotyl structure is similar to roots, it is thicker due to one extra cortex layer (Lin and Schiefelbein, 2001). In addition, the hypocotyl also contains chloroplasts which make it harder to see into the tissue and these also have a high autofluorescence signal.
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FIGURE 3. Various tissues grafted in Arabidopsis thaliana. (A–D) Arabidopsis hypocotyl micrografting performed on a 7-day old plant and imaged 10 days after grafting (A–C) or 48 days after grafting (D). (C) Shows a three-segment graft. (E) Arabidopsis cotyledon micrografting performed on a 5-day old plant and imaged 7 days after grafting. (F,G) Arabidopsis Y-grafting performed on a 7-day old plant and imaged on day 0 (F) or 25 days after grafting (G). An Arabidopsis inflorescence 4 days after grafting on a mature plant secured with a wedge graft. (A–H) Triangles (white or black) denote the graft junction and scale bars are indicated.


Initially, two different techniques were developed for hypocotyl micrografting (Turnbull et al., 2002). The group of Ottoline Leyser developed a technique whereby hypocotyl micrografting was performed directly on the agar growth medium in 7–9 days old seedlings and grafts were assembled using a silicon tube across the graft junction to assist with attachment and stabilization (Turnbull et al., 2002; Bainbridge et al., 2014). The assembly of the graft is more time consuming but the tube seems to impair adventitious root growth (Turnbull et al., 2002). In parallel, the group of Colin Turnbull developed a technique whereby 4-day old seedlings were transferred to a membrane on top of wet filter papers prior to grafting so to provide a flat solid cutting surface. The cut scion and rootstock can be attached without a stabilizing tube which simplifies the procedure and saves time, but might promote adventitious root formation (Turnbull et al., 2002; Marsch-Martínez et al., 2013; Melnyk, 2017b). Sharp scalpels can be used for cutting (Turnbull et al., 2002; Marsch-Martínez et al., 2013). Alternatively, more expensive special surgical micro knives are recommended to increase surgical precision and improve grafting success rates (Andersen et al., 2014; Melnyk, 2017b; Bartusch et al., 2020). More recently, a micrografting chip was developed as a device to assist with A. thaliana grafting. This chip serves as growth, grafting and recovery facility in one. Thus, the grafting process can be facilitated compared to other techniques and makes it technically much less challenging (Tsutsui et al., 2020). In contrast to conventional hypocotyl micrografting success rates of up to 90 or 100% (Marsch-Martínez et al., 2013; Melnyk, 2017b), this chip method achieved a 24–88% success rate (Notaguchi et al., 2020; Tsutsui et al., 2020). The lower success rates observed with the chip could be due to agar surrounding the junction or the lack of manual adjustment of the graft junction.

Turnbull et al. (2002), introduced three different ways of joining scions and rootstocks in the hypocotyl region. The most popular approach is to combine one rootstock with one scion for the analysis of shoot-to-root or root-to-shoot molecule transport. The hypocotyl cuts are either performed horizontally or V-shaped to produce a horizontal two-segment graft (Figure 2A) or a wedge graft (Figure 2D), respectively. Horizontal cutting is easier and faster, but V-shaped cuts might promote attachment due to the greater surface area in contact between scion and rootstock. Today, the V-shaped cut is not commonly used and instead, most protocols use the horizontal cut (Figures 3A,B,D; Brosnan et al., 2007; Molnar et al., 2010; Melnyk, 2017b; Tsutsui et al., 2020). While Turnbull et al. (2002), left both cotyledons, more recent methods recommend removing one cotyledon so that the scion hypocotyl lies flat on the graft surface facilitating alignment between rootstock and scion (Brosnan et al., 2007; Melnyk, 2017b). It is also possible that removing one cotyledon partially reduces auxin levels which might otherwise promote adventitious root formation (Steffens and Rasmussen, 2016). The removal of both cotyledons was also tested, but here, a supplement of sucrose is needed to reach high success rates (Marsch-Martínez et al., 2013). In contrast, sucrose addition appears to diminish grafting success when one cotyledon is left. In this case, sucrose probably promotes adventitious root formation rather than graft formation (Melnyk, 2017b).

To test shoot-to-shoot transport of molecules, two-shoot grafting, referred to as Y-grafting (Figures 2C, 3F,G), was developed by inserting a V-shaped cut scion into a slit made on the hypocotyl of the recipient plant (Turnbull et al., 2002). Later on, a three segment graft was developed where the hypocotyl is cut twice and three pieces – an upper, middle, and lower hypocotyl – are rejoined (Figures 2B, 3C; Melnyk, 2017b). Such three segment grafts conceptually resemble inter-stock grafts seen in horticulture (Melnyk and Meyerowitz, 2015). As other approaches of joining plant organs in the hypocotyl regions already exist in other plant species, it is very likely that further modifications will appear in the future. For instance, an inverted Y-grafting method was used in Lotus japonicus by inserting a V-shaped cut rootstock into the recipient plant hypocotyl to investigate root-to-root signaling (Magori et al., 2009). This inverted Y-graft could probably be also implemented in A. thaliana. As micrografting in the hypocotyl region can only focus on shoot-root signaling, micrografting was also extended to other seedling’s tissues (Wang et al., 2011; Yoo et al., 2013). Nevertheless, the general micrografting setup developed by Turnbull et al. (2002), is still widely used, with some minor modifications, due to its high success rates (>80%), rapid speed (40–80 grafts per hour) and ease with which many grafts can be grown in a small space. However, specialist tools are beneficial, and training is required to master the technique (Table 1). In our experience, the greatest challenges are avoiding damaging the seedlings and not adding too much water to the grafting plates (Melnyk, 2017b). There are also possible limitations with assaying movement of molecules since there appears to be bias in the direction of mobility for some signals. For instance, studies with small RNA movement observed rapid movement from shoot to root but much slower movement of an RNA silencing signal from root to shoot (Brosnan et al., 2007; Molnar et al., 2010; Melnyk et al., 2011) that seemed to progress through a cell-to-cell, non-vascular pathway (Liang et al., 2012). This greater efficiency from shoot to root may represent the directionality of the phloem (source to sink movement) and should be kept in mind when designing movement experiments with hypocotyl grafting.


TABLE 1. The main Arabidopsis grafting techniques.

[image: Table 1]


Micrografting in the Petiole Region

Micrografting of embryonic leaves, the cotyledons, was also reported in A. thaliana where one cotyledon of the donor plant is transferred to a cut petiole of a recipient plant, a technique we abbreviate as cot-grafting (Figures 2F, 3E; Yoo et al., 2013; Bartusch et al., 2020). Cotyledons show an incredible regenerative capacity despite their relatively short life span of a few weeks. The vasculature between both organs connected as fast or even faster than in hypocotyls (Bartusch et al., 2020). The first published cot-grafting protocol performed cotyledon surgery directly on agar medium and reached a low success rate of <2% (Yoo et al., 2013), whereas a flat solid cutting surface and an elevated temperature level was recently identified to be critical for reaching success rates up to 92% (Bartusch et al., 2020). Cot-grafting was previously used to investigate cotyledon-shoot interactions (Yoo et al., 2013; Bartusch et al., 2020). In the future, cot-grafting could be used to study cotyledon-root signaling as well. Still, the cotyledon as an embryonic leaf does not represent a true leaf and is most relevant to study early plant development. However, the removal or substitution of cotyledons does affect plant development and biomass production (Wang et al., 2019; Bartusch et al., 2020). Techniques to graft true leaves in the petiole regions have been developed but are not yet published (Akira Iwase and Keiko Sugimoto, RIKEN, Japan). Such techniques would provide a new approach to study leaf-leaf, leaf-shoot, and leaf-root interactions. Moreover, we recently described a new approach for joining organs where scions are transferred to cut petioles, termed scion-to-petiole micrografting (Figure 2G). In this case, one cotyledon from each scion is cut-off before joining (Bartusch et al., 2020). Shoot-shoot interactions can be studied similar to Y-grafts, although it remains unknown whether this technique can be used to study the mobility of molecules.

To conclude, micrografting in the petiole region is probably less relevant for studying graft formation and more interesting for long distance signaling research. Still, cotyledon-derived substances could affect graft formation in hypocotyls and cot-grafting can provide deeper insights in these processes. A natural extension of this process will be the implementation of true leaf grafting.



Micrografting in the Root Region

Plants can form connections between their roots, a process termed natural root grafting, which was already described in the 19th century (Reum, 1835; Goeppert, 1842). Root grafting is widespread across many species, especially trees. Grafts can form within a plant or between different plants of the same species but distantly related species forming root grafts is very uncommon (Graham and Bormann, 1966). These vascular connections between trees can be efficiently used for spreading pathogens. Thus, root grafting has to be considered in forest management and in forest plantations (Epstein, 1978). Despite its abundance in nature, nothing is known about its underlying mechanism. These natural grafts presumably form through contact and fusion which differ from human-derived grafts that normally involve cutting or deep wounds. A. thaliana micrografting in the root region could contribute to our understanding of root grafting. The Arabidopsis root is easy to access and to visualize compared to the hypocotyl, and many respective mutant and well described reporter lines for the root are already available. However, artificial micrografting in the root region often induces adventitious root formation rather than graft formation (Turnbull et al., 2002). Despite these challenges a root micrografting technique was developed (Figure 2H) where horizontal cuts and graft junction formation occur just below the root-shoot junction (Wang et al., 2011). Still, root micrografting appears challenging and likely has low success rates. To simulate natural root grafting where roots fuse in the absence of wounding, induction conditions need to be determined like the identification of suitable developmental stages and environmental parameters. To our knowledge, there are no reports about natural root grafting in A. thaliana so far, except inter-species root connections caused by parasitic plant infections such as by Phtheirospermum japonicum (Ishida et al., 2016). If A. thaliana is not capable of natural root grafting, the establishment of another model system might be necessary such as the use of a woody species. Better understanding natural grafting could contribute to our understanding of graft evolution and also help better manage pathogen transfer in natural environments.



TRANSPLANTING ORGANS OF MATURE PLANTS

While micrografting usually needs sterile conditions and special tools, grafting of A. thaliana at later developmental stages does not need sterile conditions and the plants are grown on soil (Ayre and Turgeon, 2004; Huang and Yu, 2015) or in hydroponic conditions before grafting (Chen et al., 2006). Additionally, widely available razor blades, tapes, tubes, and metal pins were reported as sufficient for cutting and to ensure attachment (Rhee and Somerville, 1995; Ayre and Turgeon, 2004; Nisar et al., 2012; Huang and Yu, 2015). In contrast to this technical simplicity, the accessibility of the graft junction or the developmental processes that can be analyzed is more limited compared to micrografting since tissues are older and in some cases, the junction not easily observed (Turnbull et al., 2002). When graft junctions form in mature tissues, there is less time for graft attachment and signal exchange than grafting in very young or juvenile tissues due to the short life span of Arabidopsis. Hence, there might also be limitations for phenotypic differences observed.


Grafting of Rosettes

Arabidopsis thaliana forms a characteristic rosette that can be transplanted as well. Rosette grafting has been performed starting from the four rosette leaf stage onward and is suitable to study long distance signaling (Huang and Yu, 2015). Grafting in horticultural crop plants is often performed at a similar developmental stage in the stem region either above or below the first set of true leaves (Lee et al., 2010). Thus, rosette grafting in A. thaliana represents an analogous model to horticultural grafting in herbaceous species. The graft junction can be located in the rosette stem region (Figure 2J; Ayre and Turgeon, 2004; Chen et al., 2006; Huang and Yu, 2015), between the cotyledons and first true leaves in the epicotyl region (Figure 2E; Li et al., 2019) or below the cotyledons in the hypocotyl region (Figure 2I; Huang et al., 2012; Huang and Yu, 2015). Apart from shoot-root interactions, signaling within a shoot or between leaves can be studied by transplanting a scion with leaves and the apical meristem to a rootstock with leaves (Huang and Yu, 2015). For instance, signal molecule transport from one leaf to another could be studied more efficiently. Moreover, transgenerational inheritance studies could benefit from this technique since the graft junction forms before the inflorescence emerges and the reproductive tissue is formed. Limitations include preparation of appropriate grafting partners needs several weeks and also more space compared to micrografting. In addition, the visualization of the graft junction within the rosette is challenging due to the surrounding leaves and extremely short stem of Arabidopsis (Huang and Yu, 2015). Therefore, rosette grafting is not particularly suitable for studying graft junction formation.



Grafting of Inflorescences

Inflorescence stem grafting (Figures 2K, 3H) was the first organ transplantation procedure established in A. thaliana (Tsukaya et al., 1993) and was then adapted in subsequent studies due to the highly accessible and relative ease to perform (Rhee and Somerville, 1995; Haywood et al., 2005; Huang and Yu, 2009; Lu et al., 2012; Nisar et al., 2012). Thus, studies of both graft junction formation and long distance signaling are possible. Moreover, high success rates of up to 87% were achieved and grafting can be done quickly (Nisar et al., 2012). The inflorescence stem of A. thaliana was previously used as a model system for wound healing and vascular regeneration (Asahina et al., 2011; Mazur et al., 2016) and future studies, including signals passing to developing seeds that allow transgenerational inheritance studies, will benefit from inflorescence stem grafting. Admittedly, inflorescence stem grafting requires more growth space and quite developmentally advanced plants than does rosette grafting. A possible horticultural relevance for inflorescence grafting is also lower than rosette grafting, since inflorescences are not the tissue that is usually used (Lee et al., 2010). As many developmental stages have already passed, the systemic movement of molecules across inflorescences might also be limiting compared to grafting at earlier stages (Turnbull et al., 2002).



TRANSPLANTING ORGANS OF ARABIDOPSIS THALIANA TO OTHER PLANT SPECIES

So far, we have focused on intra-species grafting of A. thaliana. However, grafting within one species restricts the ability to investigate signaling pathways and why graft failure occurs since most self-grafts are successful in dicots. The more genetically similar two graft partners are, the less differences there are to identify mobile molecules. Furthermore, grafting in horticulture is most often done between different cultivars or closely related species to improve stress tolerance or modify growth phenotypes (Lee and Oda, 2010; Bie et al., 2017). To overcome these limitations and to provide greater relevance, grafting and generating chimeras between different species with an increasing evolutionary distance expands the range and depth of questions that can be addressed. For example, plant chimeras combining C3 photosynthesis of A. thaliana and C4 carbon fixation in Cleome gynandra (Newell et al., 2010) or salt tolerance in E. salsugineum and salt sensitivity in A. thaliana (Li et al., 2019) can be investigated by inter-species grafting. To this end, several protocols and reports of inter-species grafting were published during the past years. For instance, micrografting between scions and rootstocks of A. thaliana and the related E. salsugineum is possible (Amtmann, 2009; Melnyk et al., 2015; Li et al., 2019). A major issue of combining divergent species is to overcome graft incompatibility. A. thaliana can form graft junctions with members of the Brassicaceae family like Brassica oleracea, Raphanus sativus (Flaishman et al., 2008), Capsella rubella, Cardamine hirsuta, and Olimarabidopsis pumila (Melnyk et al., 2015), however, grafting of A. thaliana with more distantly related species is not possible in most cases. Inter-family grafts between Nicotiana benthamiana and A. thaliana seem to be exceptional (Notaguchi et al., 2012, 2015, 2020).

Different degrees of incompatibility are distinguished: short-term incompatibility is observable by failed vascular reconnection and wilted scions, whereas long-term incompatibility show vascular connections, but plant development or graft junction formation is affected later, in some instances months or years after the grafting event (Goldschmidt, 2014; Melnyk, 2017a,c). Additionally, other types of incompatibility need to be considered like that of grafted inflorescence scions of A. thaliana on stocks of S. lycopersicum which flower but their vasculature fails to connect (Flaishman et al., 2008). To solve this enigma, parasitic plants could serve as a model since they can connect their vasculature with evolutionarily distant plant species as their hosts through the formation of specialized invasive structures called haustorium. Interestingly, the parasitic plant P. japonicum not only forms natural root connections to various species, it can even be grafted to the distantly related A. thaliana (Kurotani et al., 2020). However, there is still limited information of which combinationcould serve as a good model for compatibility or incompatibility where the enhancement or inhibition of graft junction formation could be studied in detail. Nevertheless, inter-species grafting is gaining relevance in grafting research as it is of great agricultural importance and could be a useful tool to investigate scion-rootstock interactions (Warschefsky et al., 2016).



DISCUSSION

Sharrock’s book from 1660 illustrates the various types of grafting that are possible on a single tree, and nowadays, A. thaliana has become a modern Sharrock’s tree (Figure 1). A technique that began as a small part of a paper published in 1993 (Tsukaya et al., 1993) has now developed and emerged as a growing field of research used to understand graft formation, long distance signaling and rootstock-scion interactions. Grafting is possible in Arabidopsis hypocotyls, stems, inflorescences, roots, and leaves (Figure 2). With sufficient patience and skill, it is likely that most tissues of Arabidopsis can be grafted highlighting the remarkable developmental plasticity and wound healing abilities this plant has.

Various techniques have now been developed and the choice of which technique and tissue to use will depend on the experimenter’s needs, training and resources (Table 1). For many applications, hypocotyl (Figure 2A) or inflorescence grafting (Figure 2K) will be suitable and are the best tested and most widely used in the community. Intriguing grafting techniques include rosette grafting (Figures 2I,J), leaf grafting (Figure 2F) and root grafting (Figure 2H). These methods are not as widely used but could prove quite useful.

Grafting Arabidopsis has huge advantages – the speed, genetic resources, size of plants and their competency to rapidly graft both to themselves and to closely related species. The notable drawback for studying graft formation and rootstock-scion interactions is that there is seemingly little horticultural relevance for grafting Brassicaceae. However, it is likely that the ability to graft did not evolve independently in the Brassicaceae but instead shares common features with wound healing and vascular formation in many diverse plant species. As such, the developments and knowledge obtained in Arabidopsis should be tested in other relevant plant species and families. Discoveries made in Arabidopsis regarding graft formation have been confirmed in other species (Xie et al., 2019; Notaguchi et al., 2020), whereas discoveries made in Arabidopsis regarding long distance movement are now being tested in other plant species (Ye et al., 2014; Putterill and Varkonyi-Gasic, 2016; Zhao et al., 2020). Conversely, important findings made with grafting in non-Arabidopsis species such as organelle movement across the graft junction (Stegemann et al., 2012; Gurdon et al., 2016) and graft-induced dwarfing (Mudge et al., 2009) could be studied in Arabidopsis to better understand the mechanisms for these phenomena. It remains unknown whether enigmatic grafting processes like natural root grafting of trees can be studied in Arabidopsis analogously. Outstanding questions that deserve further attention include studying graft incompatibility using Arabidopsis and a suitable partner, developing robust protocols to graft organs such as roots and leaves, investigating the role of plasmodesmata and using divergent species grafts to better understand the range of molecules that move systemically. Arabidopsis will remain a powerful tool for grafting research and combined with horticulturally relevant species, will provide major insights into the processes of grafting, wound healing and vascular regeneration that should lead to an improvement in graft formation and a greater understanding of inter-tissue communication.



AUTHOR CONTRIBUTIONS

KB conceptualized the review. Both authors wrote the review, made figures, and edited and approved the final manuscript.



FUNDING

Research in CM’s Lab is supported by a Wallenberg Academy Fellowship (2016.0274), an ERC starting grant (805094-GRASP), a Formas Early Career Researcher grant (2018-00533), and a Vetenskapsrådet starting grant (2017-05122). Financial support for publication costs was provided by the Swiss Federal Institute of Technology in Zurich (ETH-Z).



ACKNOWLEDGMENTS

We thank Syahfitri R. Wulandari for preparing the drawings for Figures 1B, 2.



REFERENCES

Amtmann, A. (2009). Learning from evolution: Thellungiella generates new knowledge on essential and critical components of abiotic stress tolerance in plants. Mol. Plant 2, 3–12. doi: 10.1093/mp/ssn094

Andersen, T., Liang, D., Halkier, B., and White, R. (2014). Grafting Arabidopsis. BIO-Protoc. 4:1164. doi: 10.21769/BioProtoc.1164

Andersen, T. G., Nour-Eldin, H. H., Fuller, V. L., Olsen, C. E., Burow, M., and Halkier, B. A. (2013). Integration of biosynthesis and long-distance transport establish organ-specific glucosinolate profiles in vegetative Arabidopsis. Plant Cell 25, 3133–3145. doi: 10.1105/tpc.113.110890

Asahina, M., Azuma, K., Pitaksaringkarn, W., Yamazaki, T., Mitsuda, N., Ohme-Takagi, M., et al. (2011). Spatially selective hormonal control of RAP2.6L and ANAC071 transcription factors involved in tissue reunion in Arabidopsis. Proc. Natl. Acad. Sci. 108, 16128–16132. doi: 10.1073/pnas.1110443108

Ayre, B. G., and Turgeon, R. (2004). Graft transmission of a floral stimulant derived from CONSTANS. Plant Physiol. 135, 2271–2278. doi: 10.1104/pp.104.040592

Bainbridge, K., Bennett, T., Crisp, P., Leyser, O., and Turnbull, C. (2014). ““Grafting in Arabidopsis,”,” in Arabidopsis Protocols Methods in Molecular Biology, eds J. J. Sanchez-Serrano and J. Salinas (Totowa, NJ: Humana Press).

Baron, D., Amaro, A. C. E., Pina, A., and Ferreira, G. (2019). An overview of grafting re-establishment in woody fruit species. Sci. Hortic. 243, 84–91. doi: 10.1016/j.scienta.2018.08.012

Bartusch, K., Trenner, J., Melnyk, C. W., and Quint, M. (2020). Cut and paste: temperature-enhanced cotyledon micrografting for Arabidopsis thaliana seedlings. Plant Methods 16:12. doi: 10.1186/s13007-020-0562-1

Bie, Z., Nawaz, M. A., Huang, Y., Lee, J., and Colla, G. (2017). “Introduction to vegetable grafting,” in Vegetable grafting: principles and practices, eds G. Colla, F. Pérez-Alfocea, and D. Schwarz (Wallingford: CABI).

Brosnan, C. A., Mitter, N., Christie, M., Smith, N. A., Waterhouse, P. M., and Carroll, B. J. (2007). Nuclear gene silencing directs reception of long-distance mRNA silencing in Arabidopsis. Proc. Natl. Acad. Sci. 104, 14741–14746. doi: 10.1073/pnas.0706701104

Camut, L., Regnault, T., Sirlin-Josserand, M., Sakvarelidze-Achard, L., Carrera, E., Zumsteg, J., et al. (2019). Root-derived GA12 contributes to temperature-induced shoot growth in Arabidopsis. Nat. Plants 5, 1216–1221. doi: 10.1038/s41477-019-0568-8

Chen, A., Komives, E. A., and Schroeder, J. I. (2006). An improved grafting technique for mature arabidopsis plants demonstrates long-distance shoot-to-root transport of phytochelatins in arabidopsis. Plant Physiol. 141, 108–120. doi: 10.1104/pp.105.072637

Corbesier, L., Vincent, C., Jang, S., Fornara, F., Fan, Q., Searle, I., et al. (2007). FT protein movement contributes to long-distance signaling in floral induction of Arabidopsis. Science 316:5.

Epstein, A. H. (1978). Root graft transmission of tree pathogens. Annu. Rev. Phytopathol. 16, 181–192. doi: 10.1146/annurev.py.16.090178.001145

Flaishman, M. A., Loginovsky, K., Golobowich, S., and Lev-Yadun, S. (2008). Arabidopsis thaliana as a model system for graft union development in homografts and heterografts. J. Plant Growth Regul. 27, 231–239. doi: 10.1007/s00344-008-9050-y

Goeppert, H. R. (1842). Beobachtungen über das sogenannte Überwallen der Tannenstöcke für Botaniker und Forstmänner. (Bonn: Henry & Cohen).

Goldschmidt, E. E. (2014). Plant grafting: new mechanisms, evolutionary implications. Front. Plant Sci. 5:727. doi: 10.3389/fpls.2014.00727

Graham, B. F., and Bormann, F. H. (1966). Natural root grafts. Bot. Rev. 32, 255–292. doi: 10.1007/BF02858662

Green, L. S., and Rogers, E. E. (2004). FRD3 controls iron localization in Arabidopsis. Plant Physiol. 136, 2523–2531. doi: 10.1104/pp.104.045633

Gurdon, C., Svab, Z., Feng, Y., Kumar, D., and Maliga, P. (2016). Cell-to-cell movement of mitochondria in plants. Proc. Natl. Acad. Sci. 113, 3395–3400. doi: 10.1073/pnas.1518644113

Haywood, V., Yu, T.-S., Huang, N.-C., and Lucas, W. J. (2005). Phloem long-distance trafficking of GIBBERELLIC ACID-INSENSITIVE RNA regulates leaf development: phloem delivery of RNA regulates leaf development. Plant J. 42, 49–68. doi: 10.1111/j.1365-313X.2005.02351.x

Huang, N.-C., Jane, W.-N., Chen, J., and Yu, T.-S. (2012). Arabidopsis thaliana CENTRORADIALIS homologue (ATC) acts systemically to inhibit floral initiation in Arabidopsis. Plant J. 72, 175–184. doi: 10.1111/j.1365-313X.2012.05076.x

Huang, N.-C., and Yu, T.-S. (2009). The sequences of Arabidopsis GA–INSENSITIVE RNA constitute the motifs that are necessary and sufficient for RNA long–distance trafficking. Plant J. 59, 921–929. doi: 10.1111/j.1365-313x.2009.03918.x

Huang, N.-C., and Yu, T.-S. (2015). A pin-fasten grafting method provides a non-sterile and highly efficient method for grafting Arabidopsis at diverse developmental stages. Plant Methods 11:38. doi: 10.1186/s13007-015-0081-7

Ishida, J. K., Wakatake, T., Yoshida, S., Takebayashi, Y., Kasahara, H., Wafula, E., et al. (2016). Local auxin biosynthesis mediated by a YUCCA flavin monooxygenase regulates haustorium development in the parasitic plant Phtheirospermum japonicum. Plant Cell 28, 1795–1814. doi: 10.1105/tpc.16.00310

Kollmann, R., and Glockmann, C. (1985). Studies on graft unions. I. Plasmodesmata between cells of plants belonging to different unrelated taxa. Protoplasma 124, 224–235. doi: 10.1007/BF01290774

Kollmann, R., and Glockmann, C. (1991). Studies on graft unions. III. On the mechanism of secondary formation of plasmodesmata at the graft interface. Protoplasma 165, 71–85. doi: 10.1007/BF01322278

Kollmann, R., Yang, S., and Glockmann, C. (1985). Studies on graft unions. II. Continuous and half plasmodesmata in different regions of the graft interface. Protoplasma 126, 19–29. doi: 10.1007/BF01287669

Kurotani, K., Wakatake, T., Ichihashi, Y., Okayasu, K., Sawai, Y., Ogawa, S., et al. (2020). Host-parasite tissue adhesion by a secreted type of β-1,4-glucanase in the parasitic plant Phtheirospermum japonicum. Commun. Biol. 3:407. doi: 10.1038/s42003-020-01143-5

Lee, J.-M., Kubota, C., Tsao, S. J., Bie, Z., Echevarria, P. H., Morra, L., et al. (2010). Current status of vegetable grafting: diffusion, grafting techniques, automation. Sci. Hortic. 127, 93–105. doi: 10.1016/j.scienta.2010.08.003

Lee, J.-M., and Oda, M. (2010). “Grafting of Herbaceous Vegetable and Ornamental Crops,” in Horticultural Reviews, ed. J. Janick (Oxford, UK: John Wiley & Sons, Inc).

Li, Y., Sun, W., Liu, F., Cheng, J., Zhang, X., Zhang, H., et al. (2019). Methods for grafting Arabidopsis thaliana and Eutrema salsugineum. Plant Methods 15:93. doi: 10.1186/s13007-019-0477-x

Liang, D., White, R. G., and Waterhouse, P. M. (2012). Gene silencing in Arabidopsis spreads from the root to the shoot, through a gating barrier, by template-dependent, nonvascular, cell-to-cell movement. Plant Physiol. 159, 984–1000. doi: 10.1104/pp.112.197129

Lin, Y., and Schiefelbein, J. (2001). Embryonic control of epidermal cell patterning in the root and hypocotyl of Arabidopsis. Development 128, 3697–3705.

Lu, K.-J., Huang, N.-C., Liu, Y.-S., Lu, C.-A., and Yu, T.-S. (2012). Long-distance movement of Arabidopsis FLOWERING LOCUS T RNA participates in systemic floral regulation. RNA Biol. 9, 653–662. doi: 10.4161/rna.19965

Magori, S., Oka-Kira, E., Shibata, S., Umehara, Y., Kouchi, H., Hase, Y., et al. (2009). Too much love, a root regulator associated with the long-distance control of nodulation in lotus japonicus. Mol. Plant-Microbe Interac. 22, 259–268. doi: 10.1094/MPMI-22-3-0259

Marsch-Martínez, N., Franken, J., Gonzalez-Aguilera, K. L., de Folter, S., Angenent, G., and Alvarez-Buylla, E. R. (2013). An efficient flat-surface collar-free grafting method for Arabidopsis thaliana seedlings. Plant Methods 9:14. doi: 10.1186/1746-4811-9-14

Matsumoto-Kitano, M., Kusumoto, T., Tarkowski, P., Kinoshita-Tsujimura, K., Václavíková, K., Miyawaki, K., et al. (2008). Cytokinins are central regulators of cambial activity. Proc. Natl. Acad. Sci. 105, 20027–20031. doi: 10.1073/pnas.0805619105

Matsuoka, K., Sugawara, E., Aoki, R., Takuma, K., Terao-Morita, M., Satoh, S., et al. (2016). Differential cellular control by cotyledon-derived phytohormones involved in graft reunion of Arabidopsis hypocotyls. Plant Cell Physiol. 57, 2620–2631. doi: 10.1093/pcp/pcw177

Mazur, E., Benková, E., and Friml, J. (2016). Vascular cambium regeneration and vessel formation in wounded inflorescence stems of Arabidopsis. Sci. Rep. 6:33754. doi: 10.1038/srep33754

Melnyk, C. W. (2017a). Connecting the plant vasculature to friend or foe. New Phytol. 213, 1611–1617. doi: 10.1111/nph.14218

Melnyk, C. W. (2017b). “Grafting with Arabidopsis thaliana,” in Plant Hormones: Methods and Protocols Methods in Molecular Biology, eds J. Kleine-Vehn and M. Sauer (New York, NY: Springer).

Melnyk, C. W. (2017c). Plant grafting: insights into tissue regeneration. Regeneration 4, 3–14. doi: 10.1002/reg2.71

Melnyk, C. W., Gabel, A., Hardcastle, T. J., Robinson, S., Miyashima, S., Grosse, I., et al. (2018). Transcriptome dynamics at Arabidopsis graft junctions reveal an intertissue recognition mechanism that activates vascular regeneration. Proc. Natl. Acad. Sci. 115:E2447. doi: 10.1073/pnas.1718263115

Melnyk, C. W., and Meyerowitz, E. M. (2015). Plant grafting. Curr. Biol. 25, R183–R188. doi: 10.1016/j.cub.2015.01.029

Melnyk, C. W., Molnar, A., Bassett, A., and Baulcombe, D. C. (2011). Mobile 24 nt Small RNAs direct transcriptional gene silencing in the root meristems of Arabidopsis thaliana. Curr. Biol. 21, 1678–1683. doi: 10.1016/j.cub.2011.08.065

Melnyk, C. W., Schuster, C., Leyser, O., and Meyerowitz, E. M. (2015). A developmental framework for graft formation and vascular reconnection in Arabidopsis thaliana. Curr. Biol. 25, 1306–1318. doi: 10.1016/j.cub.2015.03.032

Molnar, A., Melnyk, C. W., Bassett, A., Hardcastle, T. J., Dunn, R., and Baulcombe, D. C. (2010). Small silencing rnas in plants are mobile and direct epigenetic modification in recipient cells. Science 328, 872–875. doi: 10.1126/science.1187959

Mudge, K., Janick, J., Scofield, S., and Goldschmidt, E. E. (2009). “A History of Grafting,” in Horticultural Reviews. (Hoboken, NJ: John Wiley & Sons, Ltd).

Newell, C. A., Brown, N. J., Liu, Z., Pflug, A., Gowik, U., Westhoff, P., et al. (2010). Agrobacterium tumefaciens-mediated transformation of Cleome gynandra L., a C4 dicotyledon that is closely related to Arabidopsis thaliana. J. Exp. Bot. 61, 1311–1319. doi: 10.1093/jxb/erq009

Nisar, N., Verma, S., Pogson, B. J., and Cazzonelli, C. I. (2012). Inflorescence stem grafting made easy in Arabidopsis. Plant Methods 8:50. doi: 10.1186/1746-4811-8-50

Notaguchi, M., Higashiyama, T., and Suzuki, T. (2015). Identification of mRNAs that move over long distances using an RNA-Seq Analysis of Arabidopsis/Nicotiana benthamiana heterografts. Plant Cell Physiol. 56, 311–321. doi: 10.1093/pcp/pcu210

Notaguchi, M., Kurotani, K., Sato, Y., Tabata, R., Kawakatsu, Y., Okayasu, K., et al. (2020). Cell-cell adhesion in plant grafting is facilitated by β-1,4-glucanases. Science 369:698. doi: 10.1126/science.abc3710

Notaguchi, M., Wolf, S., and Lucas, W. J. (2012). Phloem-Mobile Aux/IAA transcripts target to the root tip and modify root architecture. J. Integr. Plant Biol. 54, 760–772. doi: 10.1111/j.1744-7909.2012.01155.x

Ostendorp, A., Pahlow, S., Deke, J., Thieß, M., and Kehr, J. (2016). Protocol: optimisation of a grafting protocol for oilseed rape (Brassica napus) for studying long-distance signalling. Plant Methods 12:22. doi: 10.1186/s13007-016-0122-x

Pina, A., Errea, P., and Martens, H. J. (2012). Graft union formation and cell-to-cell communication via plasmodesmata in compatible and incompatible stem unions of Prunus spp. Sci. Hortic. 143, 144–150. doi: 10.1016/j.scienta.2012.06.017

Putterill, J., and Varkonyi-Gasic, E. (2016). FT and florigen long-distance flowering control in plants. Curr. Opin. Plant Biol. 33, 77–82. doi: 10.1016/j.pbi.2016.06.008

Ragni, L., Nieminen, K., Pacheco-Villalobos, D., Sibout, R., Schwechheimer, C., and Hardtke, C. S. (2011). Mobile gibberellin directly stimulates Arabidopsis hypocotyl xylem expansion. Plant Cell 23, 1322–1336. doi: 10.1105/tpc.111.084020

Reum, J. A. (1835). Pflanzen-Physiologie, Oder Das Leben, Wachsen Und Verhalten Der Pflanzen, Mit Hinsicht Auf Deren Zucht Und Pflege; Für Naturforscher Und Freunde Der Forst-, Garten- Und Landwirthschaft. (Dresden and Leipzig: Arnoldische Buchhandlung).

Rhee, S. Y., and Somerville, C. R. (1995). Flat-surface grafting in Arabidopsis thaliana. Plant Mol. Biol. Rep. 13:118. doi: 10.1007/BF02668781

Sharrock, R. (1660). The history of the propagation & improvement of vegetables. (Oxford: Oxford University).

Steffens, B., and Rasmussen, A. (2016). The physiology of adventitious roots. Plant Physiol. 170:603. doi: 10.1104/pp.15.01360

Stegemann, S., Keuthe, M., Greiner, S., and Bock, R. (2012). Horizontal transfer of chloroplast genomes between plant species. Proc. Natl. Acad. Sci. 109, 2434–2438. doi: 10.1073/pnas.1114076109

Takahashi, F., Suzuki, T., Osakabe, Y., Betsuyaku, S., Kondo, Y., Dohmae, N., et al. (2018). A small peptide modulates stomatal control via abscisic acid in long-distance signalling. Nature 556:235. doi: 10.1038/s41586-018-0009-2

Thomas, H. R., and Frank, M. H. (2019). Connecting the pieces: uncovering the molecular basis for long–distance communication through plant grafting. New Phytol. 223, 582–589. doi: 10.1111/nph.15772

Tsukaya, H., Naito, S., Redei, G. P., and Komeda, Y. (1993). A new class of mutations in Arabidopsis thaliana, acaulis1, affecting the development of both inflorescences and leaves. Development 118:751.

Tsutsui, H., and Notaguchi, M. (2017). The Use of Grafting to Study Systemic Signaling in Plants. Plant Cell Physiol. 58, 1291–1301. doi: 10.1093/pcp/pcx098

Tsutsui, H., Yanagisawa, N., Kawakatsu, Y., Ikematsu, S., Sawai, Y., Tabata, R., et al. (2020). Micrografting device for testing systemic signaling in Arabidopsis. Plant J. 103, 918–929. doi: 10.1111/tpj.14768

Turnbull, C. G. N., Booker, J. P., and Leyser, H. M. O. (2002). Micrografting techniques for testing long-distance signalling in Arabidopsis. Plant J. 32, 255–262. doi: 10.1046/j.1365-313X.2002.01419.x

Wang, J., Jiang, L., and Wu, R. (2017). Plant grafting: how genetic exchange promotes vascular reconnection. New Phytol. 214, 56–65. doi: 10.1111/nph.14383

Wang, L., Liu, P.-C., Wu, L. M., Tan, J., Peacock, W. J., and Dennis, E. S. (2019). Cotyledons contribute to plant growth and hybrid vigor in Arabidopsis. Planta 249, 1107–1118. doi: 10.1007/s00425-018-3068-6

Wang, T., Li, F., Xu, S., Bian, P., Wu, Y., Wu, L., et al. (2011). The time course of long-distance signaling in radiation-induced bystander effect in vivo in Arabidopsis thaliana demonstrated using root micro-grafting. Radiat. Res. 176, 234–243. doi: 10.1667/RR2486.1

Warschefsky, E. J., Klein, L. L., Frank, M. H., Chitwood, D. H., Londo, J. P., von Wettberg, E. J. B., et al. (2016). Rootstocks: diversity, domestication, and impacts on shoot phenotypes. Trends Plant Sci. 21, 418–437. doi: 10.1016/j.tplants.2015.11.008

Widiez, T., Kafafi, E. S. E., Girin, T., Berr, A., Ruffel, S., Krouk, G., et al. (2011). HIGH NITROGEN INSENSITIVE 9 (HNI9)-mediated systemic repression of root NO3–uptake is associated with changes in histone methylation. Proc. Natl. Acad. Sci. 108, 13329–13334. doi: 10.1073/pnas.1017863108

Xie, L., Dong, C., and Shang, Q. (2019). Gene co-expression network analysis reveals pathways associated with graft healing by asymmetric profiling in tomato. BMC Plant Biol. 19:373. doi: 10.1186/s12870-019-1976-7

Ye, J., Geng, Y., Zhang, B., Mao, H., Qu, J., and Chua, N.-H. (2014). The Jatropha FT ortholog is a systemic signal regulating growth and flowering time. Biotechnol. Biofuels 7:91. doi: 10.1186/1754-6834-7-91

Yin, H., Yan, B., Sun, J., Jia, P., Zhang, Z., Yan, X., et al. (2012). Graft-union development: a delicate process that involves cell–cell communication between scion and stock for local auxin accumulation. J. Exp. Bot. 63, 4219–4232. doi: 10.1093/jxb/ers109

Yoo, S. J., Hong, S. M., Jung, H. S., and Ahn, J. H. (2013). The cotyledons produce sufficient ft protein to induce flowering: evidence from cotyledon micrografting in Arabidopsis. Plant Cell Physiol. 54, 119–128. doi: 10.1093/pcp/pcs158

Zhao, D., Zhong, G., and Song, G. (2020). Transfer of endogenous small RNAs between branches of scions and rootstocks in grafted sweet cherry trees. PLoS One 15:e0236376. doi: 10.1371/journal.pone.0236376


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Bartusch and Melnyk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 10 December 2020
doi: 10.3389/fpls.2020.590847





[image: image]

Mechanisms Underlying Graft Union Formation and Rootstock Scion Interaction in Horticultural Plants

Aatifa Rasool1, Sheikh Mansoor2, K. M. Bhat1, G. I. Hassan1, Tawseef Rehman Baba1, Mohammed Nasser Alyemeni3, Abdulaziz Abdullah Alsahli3, Hamed A. El-Serehy4, Bilal Ahmad Paray4 and Parvaiz Ahmad3*

1Department of Fruit Science, Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir, Srinagar, India

2Division of Biochemistry, Faculty of Basic Science, Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir, Srinagar, India

3Botany and Microbiology Department, College of Science, King Saud University, Riyad, Saudi Arabia

4Department of Zoology, College of Sciences, King Saud University, Riyad, Saudi Arabia

Edited by:
Rosario Paolo Mauro, University of Catania, Italy

Reviewed by:
Wenna Zhang, China Agricultural University, China
Qiusheng Kong, Huazhong Agricultural University, China
Ana Pina, Agrifood Research and Technology Centre of Aragon (CITA), Spain

*Correspondence: Parvaiz Ahmad, pahmad@ksu.edu.sa

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 06 August 2020
Accepted: 23 October 2020
Published: 10 December 2020

Citation: Rasool A, Mansoor S, Bhat KM, Hassan GI, Baba TR, Alyemeni MN, Alsahli AA, El-Serehy HA, Paray BA and Ahmad P (2020) Mechanisms Underlying Graft Union Formation and Rootstock Scion Interaction in Horticultural Plants. Front. Plant Sci. 11:590847. doi: 10.3389/fpls.2020.590847

Grafting is a common practice for vegetative propagation and trait improvement in horticultural plants. A general prerequisite for successful grafting and long term survival of grafted plants is taxonomic proximity between the root stock and scion. For the success of a grafting operation, rootstock and scion should essentially be closely related. Interaction between the rootstock and scion involves complex physiological-biochemical and molecular mechanisms. Successful graft union formation involves a series of steps viz., lining up of vascular cambium, generation of a wound healing response, callus bridge formation, followed by vascular cambium formation and subsequent formation of the secondary xylem and phloem. For grafted trees compatibility between the rootstock/scion is the most essential factor for their better performance and longevity. Graft incompatibility occurs on account of a number of factors including of unfavorable physiological responses across the graft union, transmission of virus or phytoplasma and anatomical deformities of vascular tissue at the graft junction. In order to avoid the incompatibility problems, it is important to predict the same at an early stage. Phytohormones, especially auxins regulate key events in graft union formation between the rootstock and scion, while others function to facilitate the signaling pathways. Transport of macro as well as micro molecules across long distances results in phenotypic variation shown by grafted plants, therefore grafting can be used to determine the pattern and rate of recurrence of this transport. A better understanding of rootstock scion interactions, endogenous growth substances, soil or climatic factors needs to be studied, which would facilitate efficient selection and use of rootstocks in the future. Protein, hormones, mRNA and small RNA transport across the junction is currently emerging as an important mechanism which controls the stock/scion communication and simultaneously may play a crucial role in understanding the physiology of grafting more precisely. This review provides an understanding of the physiological, biochemical and molecular basis underlying grafting with special reference to horticultural plants.
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INTRODUCTION

Grafting has been performed in agriculture since the beginning of civilization. Historical records have revealed that ancient Chinese and Greeks have been practicing it since 1560 B.C. (Melnyk and Meyerowitz, 2015). Since fruit and nut trees are difficult to propagate by cuttings, grafting is used for their propagation. Moreover, the superiority and quality of the grafted crops further led to widespread adoption of this technique. It is a well-established practice which makes it possible to physically join two or more genetic entities in a single tree to influence the productivity characters of a tree favorably and facilitates asexual propagation in horticultural crops like apple, pear, plum and cherry (Figures 1A–D; Kumari et al., 2015). A “de novo” formed meristematic area must develop between scion and rootstock for a successful graft union. The scion becomes the new shoot system and the rootstock (under stock, stock) forms the root system of the grafted plant. Scions are selected based on yield related traits and are generally grafted over specific rootstocks having the ability to survive the biotic and abiotic components of the environment. Rootstock mostly influences scion vigor and its water relations. Grafting is usually practiced in perennial horticultural trees with the main aim to reduce vegetative growth and shorten the juvenile period. Additional benefits of grafting include dwarf tree structures to increase the planting density per unit area and hence productivity simultaneously with minimal investments in orchard cultural practices like pruning, pest and foliar disease control. For an efficient root system to develop the rootstock and scion compatibility plays a crucial role (Goldschmidt, 2014; Warschefsky et al., 2016). However, rootstock and scion compatibility vary to an extent that even the closely related species might not be compatible therefore, it becomes necessary to evaluate the compatibility before grafting a particular scion into a rootstock (Lee et al., 2010; Guan et al., 2012). Success of a grafting operation depends on the strength of the union formed. Stronger unions result in successful grafting operation. On the contrary, weaker unions lead to graft failure and in adverse cases the trees may fall apart. Graft union formation depends on a number of factors viz., molecular pathways and physiological/biochemical responses. Lot of effort has been put into studying the physiological mechanism of union formation, causes and consequences of graft incompatibility and also as to how molecules are being transferred across the graft unions to reveal the mechanisms responsible for inducing the phenotypic changes by grafting. In this review we not only get an idea about the fundamental mechanism of graft union formation, graft incompatibility: its types, mechanism and causes, but it also makes some of the critical molecular and physiological mechanisms associated with grafting much easier for us to understand.
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FIGURE 1. (A) Grafted Apple (Rootstock- M9, grafting method-Wedge grafting, Age-7 years); (B) Grafted Pear (Rootstock- Quince- C, grafting method- Wedge grafting, Age-8 years); (C) Plum (Rootstock- Seedling, grafting method- Tongue grafting, Age-5 years); (D) Cherry (Rootstock- Gisela 5, Grafting method- Tongue grafting, Age-6 years).




GRAFTING TECHNIQUES IN FRUIT TREES

Grafting has become immensely important in view of improving cultivation especially of fruit and vegetable crops. Besides this, grafting tends to improve adaptability and resistance of plants to different environments and stresses (Kumar et al., 2017). The latter can be achieved by using a suitable rootstock. However, not every grafting operation is successful. Apart from a number of factors including stock scion combination used, season, temperature, etc., the technique of grafting followed is the most important one to determine the degree of grafting success (Soleimani et al., 2010). Grafting techniques include side, tongue, cleft, bark, and splice grafting methods (Figure 2). Among these cleft grafting also known as wedge grafting is the most commonly used method. Additionally, budding is also a form of grafting in which the scion size is reduced to a small piece of stem with one or more axillary bud attached to it. In general, success of a grafting operation depends on combining anatomical structures of the stock and scion, so much so that if there is some dislocation of vascular elements, weak or distorted unions may get formed eventually leading to graft failure (Wang, 2011). Thus, the choice of an appropriate grafting method is critical to ensure proper contact between stock and scion and to avoid the formation of incompatible or weak graft unions. Depending upon the existing environmental conditions the success of any grafting method may vary from one crop to another. Maximum success percentage i.e., 100% was obtained in mango by following cleft grafting technique in the month of June or March. On the other hand, Allan et al. (2010) reported that in papaya side grafting brings about 80% success rate while Nguyen and Yen (2018) recommended cleft grafting using 1-month old rootstocks as the best method for maximum grafting success in papaya. Maximum graft success in plum i.e., 9.67 out of 10 grafts was achieved by following cleft grafting in April suggesting it to be the commercial method for grafting (Mozumder et al., 2017). In walnut wedge grafting was found comparatively superior to tongue grafting in terms of sprouting percentage, graft union success, and plant growth (Srivastava, 2012). The influence of grafting technique on plant growth has been studied in peach cultivar Shan-e-Punjab grafted on wild peach rootstock. Different grafting methods including tongue grafting, chip budding and T budding were followed. Tongue grafted plants showed maximum sprouting percentage, graft success, plant height, girth and number of branches. The results indicate that tongue grafting is the best method of propagation for peach variety Shan-e-Punjab (Sharma et al., 2018). Bud take and bud sprouting were found to be earliest when T budding (with wood) was performed in cherry. Also, maximum shoot length and the highest number of leaves and lateral branches were obtained with T budding (with wood) compared to the other two methods i.e., T without wood budding and chip budding (Yazdani et al., 2016). Graft take success in apple cultivars grafted on different rootstocks was evaluated and it was found that the cultivar Gala mast grafted on crab apple rootstock by means of bench grafting showed maximum graft take success as well as prominent growth (Fazal et al., 2014). Whip and cleft grafting methods have been reported to be the most promising ones for the asexual propagation of Jabuticabeira Acu grafted on rootstocks belonging to other species of the same family (Cassol et al., 2017). Depending upon the research purposes other grafting methods like in vitro grafting have been introduced. Besides being time consuming, the planting material used in the conventional system of plant propagation is not healthy. To overcome these problems application of in vitro techniques is an effective alternative. One such application is shoot tip grafting or micrografting. Micrografting involves in vitro placing of shoot tip as an explant on a decapitated rootstock grown from a seed (Hussain et al., 2014). Micrografting protocols have been developed for many fruit crops including grapes (Aazami and Bagher, 2010), walnut (Wang et al., 2010), almond (Yıldırım et al., 2013), etc. Rafail and Mosleh (2010) reported that in in vitro grafting of apple and pear, homografting was relatively more successful compared to heterografting and an increase in micrograft success was noticed from 30 to 90% in pear (cv. Aly-sur on Calleryana pear) and 40 to 90% in apple (cv. Anna on MM106) with increasing benzylaminopurine (BAP) concentration from 0 to 2.0 mg/L. Patharnakh shoot tips were propagated in vitro on Kainth rootstock. Graft success and vigor was found to be maximum by following wedge grafting method and using 5–10 mm scions and M2 (MS liquid media +20 g/l sucrose) media (Rehman and Gill, 2014). Hetero-grafting allows the alteration of important plant processes including water uptake, nutrient absorption, hormonal signaling and enzyme activity. Cookson and Ollat (2013) reported that it is heterografting and not homografting which affects the gene expression pattern in shoot apical regions. Stress response genes were upregulated at the graft interface of heterografts compared to homograft’s indicating that the cells at the graft interface have the ability to recognize and function differently as soon as they come in contact with a self or non-self-grafting partner (Cookson et al., 2014). Comparative analysis of differentially expressed genes in homo and heterografted tomato seedlings was carried out and it was found that in heterografts healing process was slightly slow compared to homograft’s and several genes involved in oxidative stress were significantly up-regulated in the scion of heterografted tomato (Wang et al., 2019). Gene expression studies in homo and heterografts of grapevine revealed upregulation of genes involved in the synthesis of cell wall, wound responses, hormone signaling and other metabolic pathways in homograft’s, while in heterografts stress responsive genes were up-regulated at the graft interface (Clemente Moreno et al., 2014). Studies on efficiency of grafting techniques and time of grafting have been conducted and standardized for different areas (Ghosh and Bera, 2015). This information may help in determining ideal grafting time for quick multiplication of fruit crops to enhance quality fruit production. In view of the same, application of in vitro grafting techniques for propagation of fruit crops can be considered a relatively sustainable alternative to conventional methods of propagation. Micrografting technique has a great scope in plant improvement and their large-scale propagation. Production of virus free plants is one important advantage of this technique due to which it finds application in fruit crop propagation. In addition to this, prediction of graft incompatibility has been possible through micrografting. Grafting operation can be conducted at any time of the year through micrografting. Due to an adequate number of advantages this technology has great potential to be practically used by researchers and nursery growers.
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FIGURE 2. Different types of grafting like side, tongue, cleft, bark, and splice.




GRAFT UNION FORMATION

For grafting to be successful, a number of complex biochemical and structural processes are involved. The latter result in establishing a connection between the root-stock and scion. Adhesion of parenchyma is the first step for union formation followed by formation of vascular elements and their differentiation into xylem and phloem. Formation of vascular connection between the stock and scion during wound healing is of utmost importance as the wound given to the stock and scion during grafting causes disruption of the vascular system in plants (Asahina and Satoh, 2015), hence connecting up of the vascular system is required to facilitate water uptake as well as to ensure nutrient transport to the graft junction. In addition to this, vascular reconstruction enables macromolecules to be transported across the graft union (Harada, 2010). This specifies that vascular differentiation is imperative for grafting success during the process of wound healing. Five histological stages are reported to come about during graft union formation in rootstock scion combinations: (1) formation and orientation of necrotic layers, (2) callus cell proliferation, (3) formation of callus bridge at the graft interface, (4) vascular cambium formation and (5) vascular tissue reconstruction between the stock and scion (Figure 3). Except for the outer cortex necrotic layers tend to disappear by the cellular activities in the callus. In most of the cases the portion of necrotic layers in the outer cortex gets transformed into bark (Yildirim et al., 2010). The process of graft union formation is temporally separated. Herbaceous plants take relatively shorter time for the successful formation of a graft union compared to trees. Time required for graft union formation in the Arabidopsis micrograft system is 7–12 days (Turnbull, 2010). On the contrary, trees take several months to form a union at the graft interface (Olmstead et al., 2006). The process of vascular reconnection during the formation of a graft union has been studied in Arabidopsis thaliana. Attachment of tissues on either side of the cut surfaces, establishment of a connection between the phloem cells of rootstock and scion, resumption of root growth, and connection between xylem vessels were found to be temporally separated. It was found that at first the two parts get attached to each other, this is followed by connecting up of phloem about 3 days after germination (DAG), growth of the roots gets resumed at this stage around 5 DAG, and at 7 DAG xylem vessels get re-joined. By analyzing the pattern of cell division and tissue regeneration at the graft junction it was observed that cells at first showed an asymmetrical pattern of cell division and differentiation but as soon as a contact establishes between the stock and scion, they tend to lose this asymmetry and the vascular connection gets re-established (Melnyk et al., 2015). Melnyk et al. (2018) in their subsequent study explained in detail the differential expression and upregulation of many genes during the union formation leading to vascular regeneration. They described that genes are expressed asymmetrically at the graft junction in Arabidopsis hypocotyl grafts. This differential expression of genes was observed on account of abundant carbon concentration in the scion and less carbon in the rootstock, till the phloem was reconnected. At the graft union, genes associated with the formation of vascular tissues were upregulated, thereby activating a recognition mechanism between the stock and the scion. Different stages of union formation at the graft interface in tomato seedlings revealed that a number of structures appeared to interconnect the stock and scion 8 DAG, vascular bridges appeared at 11 DAG and connection between the root-stock and scion got completely established 14 DAG (Fan et al., 2015). On the other hand, histological stages of development of graft union in spur type apple varieties grafted on different apple rootstocks revealed that ample amounts of callus boomed in all the stock-scion combinations. Formation of cambium and reconnection of vascular cells was apparently successful in 90-day old grafts. Callus bridge filled the stock and scion gap on 120th day and it continued for a few more days, following which xylem and phloem strands bridged the union (Polat et al., 2010). Also, study of changes at the graft union in cashew by Mahunu et al. (2012) revealed that 30 DAG the necrotic layer disappeared, coinciding with the enlargement of callus, while adhesion of stock and scion occurred at 60 DAG. At 98 DAG cambial connections and healed unions were visible. However, in case of unsuccessful graft combinations at 98 days after grafting, a gap between the cells of stock and scion was noticed indicating that union formation is the key factor for graft success and further growth of the grafted plant. Since grafting puts a considerable amount of stress on plants, it is associated with the stimulation of a number of wounding responses such as production of ROS (reactive oxygen species), upregulation of certain genes providing stress resistance, synthesis of enzymes and other chemical substances. These compounds eventually trigger the formation of wound induced callus. Furthermore, the growing callus is sustained by production and stimulation of specific metabolites. Study of transcriptional changes at the graft interface in grapevine at 3 and 28 DAG revealed differential expression of certain genes involved in the synthesis of cell wall and formation of vascular elements. Expression of these genes was particularly upregulated at the graft interface compared to the rootstock which resulted in the identification of genes specific to the graft interface (Cookson et al., 2013). To identify the compounds involved in callus formation, Prodhomme et al. (2019) conducted metabolite profiling in grapevine. The study revealed increased production of amino acids (basic and branched chain) as well as accumulation of stilbene compounds at the graft interface. Additionally, the union formation was associated with increased activity of two enzymes viz., PAL and NI at the graft interface compared to the surrounding tissue. All these metabolic modifications together support callus growth and serve as a source for the identification of potential markers for selection in breeding programs. Despite these findings, we still lack the understanding of how the two components i.e., stock and scion actually establish a physical connection, integration of the vascular tissues, role of plasmodesmata in union formation, and material exchange at the graft interface. Thus, advanced research is needed to address these basic questions. This can be done by using fluorescent markers and correlative light-electron microscopy techniques (Gautier et al., 2019).
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FIGURE 3. Represents stages of graft union formation: Stage 1, Parenchymatous tissue divides to form callus cells; Stage 2, Xylem vessel formation; Stage 3, Formation of vascular cambium across the graft union linking the two partners; Stage 4, Secondary xylem and phloem dedifferentiate across the graft union establishing sufficient vascular continuity for plant growth [Hartmann and  Kester, (2002)].




GENETIC LIMITS OF GRAFTING

A prerequisite for graft compatibility is taxonomic proximity. Autografts are taxonomically quite close and thus are expected to be always compatible. When grafting is performed within the same species it forms compatible combinations, if the grafting partners are from different species but the genus to which they belong is same, grafts are more or less compatible, intra familial grafts are rarely compatible, while inter familial grafts are essentially unsuccessful due to incompatibility (Mudge et al., 2009). Therefore, the taxonomic proximity between the grafting partners is essential for the successful re-establishment of both the rootstock and scion fused together. It is a very well-known fact that presence of vascular cambium is a prerequisite for grafting. Vascular cambium due to its meristematic activity divides to form xylem and phloem during the secondary growth resulting in increased plant diameter (Spicer and Groover, 2010). Monocots cannot be grafted, moreover grafting of a monocot plant onto a dicotyledonous plant is also not possible. This is because vascular bundles in monocots are scattered and they lack cambium, which is a basic requirement for graft union formation. The parallel venation in the leaves of monocots indicates that the veins do not interconnect to each other like they do in dicots. Thus, it is the lack of vein connection in stem and leaves of monocot plants which makes grafting in monocots an impossible task (Figure 4). Plants that are closely related have a good chance of successful union formation compared to the remotely related ones. Such plants have less or no chance of successful graft union formation. In order to achieve maximum success, grafting should be performed between or within the clones (Kumar, 2011). However, successful interfamilial graft combinations between Nicotiana benthamiana (Nb) and Arabidopsis thaliana (At) have been reported where the growth of Nb scion was slow but distinct at the same time (Notaguchi et al., 2015). During the course of time, plants have developed a specialized haustorium that pierces into the host plant to derive nutrients by means of tissue adhesion and this property of cell to cell adhesion can be used to develop interfamilial grafts (Westwood et al., 2010). Natural tendency for cell to cell adhesion with plants belonging to different families including vegetables, fruits trees as well as monocots is found in Nicotiana. Here, the reconstruction of vascular structures follows the normal pattern as in case of intrafamilial grafting. A transcriptomic study revealed the upregulation of β-1,4-glucanases followed by graft adhesion in inter as well as intra familial grafts. The use of Nicotiana stem, an interscion produced tomato fruits on rootstocks belonging to different families. Therefore, the mechanism of cell to cell adhesion can be used to modify plant grafting techniques and to develop graft combinations which are otherwise difficult to obtain (Notaguchi et al., 2020).
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FIGURE 4. It shows correlation between taxonomic proximity and graft compatibility. Grafting between closely related plants is comparatively more successful than distantly related ones. Maximum grafting success is achieved by performing grafting within or between the clones. Grafting success goes on decreasing as the plants become less related taxonomically.




GRAFT INCOMPATIBILITY: TYPES AND DETERMINING TECHNIQUES

Graft incompatibility is generally referred to as inability of the stock and scion to bind together to form a successful graft union. Lack of compatibility between the rootstock and scion is the major limiting factor in propagation of fruit trees, particularly stone fruits (Zarrouk et al., 2006). Graft incompatibility is therefore a critical issue for breeding rootstocks of fruit trees and longevity of an orchard (Hossein et al., 2008). It leads to the formation of unhealthy trees, breakage at the graft union and premature death of grafted plants (Zarrouk et al., 2006). The arrival of these symptoms could take a number of years (Guclu and Koyuncu, 2012). Thus, to ensure a successful graft union the selection of a mutually compatible scion/rootstock combination is important (Goldschmidt, 2014).

Graft incompatibility is broadly categorized as: translocated and localized (Zarrouk et al., 2006). In case of “translocated” incompatibility, symptoms are observed at early stages of plant development. Scion and root growth tend to terminate at a very early stage, reduced carbohydrate translocation at the union, shriveling of leaves, leaf chlorosis leading to leaf reddening and early leaf drop are commonly observed symptoms. Translocated incompatibility can be evaluated using the soil plant analysis development (SPAD) chlorophyll meter which measures the chlorophyll content and nitrogen status of plants. Low SPAD index values indicate restricted carbohydrate assimilation and nitrogen uptake due to translocated incompatibility (Zarrouk et al., 2006). Significantly lower SPAD index values were observed for rootstocks “Mirabolano 29C” and “Marianna 2624” in the three scion cultivars, ultimately resulting in death of the trees owing to incompatibility between the graft partners. The rootstocks showing translocated graft incompatibility symptoms like reddening of leaves, excessive leaf curling, leaf drop, etc., with scion cultivars died 5 months after planting. SPAD index values did not decrease in other scion/rootstock combinations after 9 months of planting, indicative of their compatibility (Figures 5A,B; Neves et al., 2017). Thus, SPAD chlorophyll meter serves as an effective and non-destructive tool for the prediction of incompatible graft combinations.
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FIGURE 5. (A) SPAD values for Jade and Maciel (scion cultivars) grafted onto a range of clonal rootstocks. (B) SPAD values BRS-Kampai scions grafted on a range of clonal rootstocks (Neves et al., 2017).


Localized incompatibility, on the other hand, leads to malformation at the graft union due to physiological and morphological changes taking place which eventually results in impaired union formation and in severe cases the tree might fall apart at the junction after some years of grafting (Errea, 1998). The alterations associated with localized incompatibility include disruption of vascular cambium, lower rate of tissue differentiation, lignification may not take place efficiently and disruption of vascular continuity. These changes might cause the graft union to rupture (Zarrouk et al., 2006, 2010; Pina et al., 2012, 2017). The most known example of localized incompatibility is between pear and quince, when pear cultivars are used as scion and quince as rootstock, prunasin, a cyanogenic glycoside generally present in quince but absent in pear is translocated into the phloem cells in pear scion, where the pear enzymes disrupt the prunasin in the region of graft union, producing hydrocyanic acid as one of the products of decomposition. Hydrocyanic acid obstructs the actively dividing cambial cells at the graft union and also disrupts phloem tissues at and above the graft union. Restriction in water flow and mineral/metabolite translocation across the union consequently kills quince phloem as well (Gur et al., 1968). Early and correct forecast of graft incompatibility is of utmost significance because the unwanted incompatible combinations could be avoided while the desirable compatible ones could be selected (Petkou et al., 2004; Gökbayrak et al., 2007). Standardized methods for evaluation of compatibility between the rootstock and scion would be of great use to the breeders while using a particular rootstock and scion for grafting (Pina et al., 2017). In several apricot combinations grafted on prunus rootstocks, graft incompatibility resulted in breakdown of the trees at the union years after planting, therefore an early selection process could help in detecting a comparatively compatible combination. Analysis of the phenol content at the graft union can be used as a technique for the estimation of graft incompatibility (Dogra et al., 2018). Callus formation is of utmost importance for stock and scion to be compatible and grafting to be successful. In grapevine it was found that it is not the graft take rates but the status of callus formation at 21 DAG which is an indicative of compatibility between the stock and scion. Moreover, analysis of leaf chlorophyll content can also serve as an efficient means to estimate the compatibility (Tedesco et al., 2020). The difference in the quality and quantity of phenol in the stock and scion can point toward metabolic dysfunctions at the graft union (Errea, 1998) and can serve as a biochemical marker to predict graft incompatibility (Musacchi et al., 2000). Histological studies of callus formation and cell alignment have made it possible to predict the compatibility of any combination way before the symptoms appear (Errea and Borruey, 2004). Additionally, the findings of Guclu and Koyuncu (2012) revealed that by using peroxidase activity as a technique it is possible to predict graft incompatibility before the grafting operation is conducted particularly in those combinations that might show delayed incompatibility symptoms (Figure 6). Furthermore, electrophoresis method and X-ray tomography can serve as important tools for assessment of graft quality and success (Dogra et al., 2018). The complex mechanisms involved in the incompatibility reaction between the stock and scion have been studied in many ways, however, still many processes remain unclear therefore, advanced research is needed to completely understand the physiology of graft incompatibility especially in perennial plants.
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FIGURE 6. Overgrowth above the union caused by blockage of photosynthates, translocating from the scion into the stock, when sweet cherry is grafted onto sour cherry [(A) Age 10–12 years; (B) Age 7–8 years].




ROLE OF PHENOLIC COMPOUNDS IN GRAFT INCOMPATIBILITY

Incompatibility is allied with complex biochemical and physiological interactions between the grafting partners (Pereira et al., 2014). Pina and Errea (2008), suggested that graft compatibility/incompatibility response could be related to the protein UDP-glucose pyrophosphorylase. Phenolic substances play a crucial part in plants and are one of the most important compounds that determine the rootstock-scion interactions. Errea (1998) believed that quality and quantity of phenols in rootstock-scion parts indicated why the rate of metabolic activities is low at the graft union. Mng’omba et al. (2008) presented that the combinations which are apparently less compatible possessed high concentrations of phenolic compounds than the compatible ones. r-coumaric acid was present in a huge amount in relatively less compatible combinations. Therefore, phenols particularly r-coumaric acids and flavonoids resulted in weak union formation at the graft junction. This is the peculiar sign of graft incompatibility. Pear stock-scion combinations were found associated with profuse amounts of arbutin in phloem above and below the graft union, after that procyanidin B1 and chlorogenic acid. Compatible combinations had greater arbutin levels above the graft junction, whereas in the incompatible combinations of “Williams” on quince MA high arbutin concentration was recorded at the lower side of the graft union. In all the cultivars under study, arbutin content was found to be highest below the graft union specifying that it’s not just catechin and procyanidin B1, but also arbutin and a number of flavonols may possibly serve as a cause for graft incompatibility (Hudina et al., 2014). Several studies have shown that phenolic compounds in incompatible combinations move from vacuole to cytoplasm and cause inhibition of lignification which is required during early stages of establishment of scion–stock connections. The cell wall of xylem vessels are dynamic in nature composed of phenolic compounds (for example, lignins), minerals, polysaccharides and proteins (Liu, 2012; Herrero et al., 2014). These phenolic compounds can serve as important markers for determining compatibility between different graft combinations (Prabpree et al., 2018). The role of different cyanogenic glycosides (CGs) in the incompatibility reaction of Prunus has been evaluated in different graft combinations belonging to prunus species viz., Prunus persica and Prunus mume and ungrafted genotypes. The incompatible graft combinations were found to have greater prunasin levels and activity of the enzyme phenylalanine ammonia lyase (PAL) was also higher in rootstock. Additionally, the scion and stock were found to have a moderately higher concentration of total phenolic compounds with high antioxidant activity. Differences in concentration of CGs, primarily prunasin, was found to be responsible for the incompatibility between Prunus persica and Prunus mume (Pereira et al., 2018). Therefore, grafting between such plants with great differences in CG concentrations may end up in generating incompatibility reactions between the partners (Pereira et al., 2015). Plant hormones, especially auxins determine the compatibility of a rootstock-scion combination by interacting with phenolic compounds. Incompatibility has been associated with increased levels of phenolic compounds above the graft union which adversely affect the auxin transport (Errea, 1998). Low auxin concentration in incompatible combinations in turn affect the differentiation of vascular tissues and lignification (Aloni, 2010; Koepke and Dhingra, 2013). All these changes will lead to the formation of weak unions which may cause huge economic losses to the growers. More information about the compounds responsible for inducing graft incompatibility is needed. This knowledge is necessary for the development of molecular markers for rootstock breeding (Gainza et al., 2015).



HORMONAL CONTROL OF GRAFT UNION

The development of successful grafts involves some fundamental steps in the following pattern: phloem tissue reunion, root growth, and xylem tissue reconnection (Melnyk et al., 2015). The key event involved in the formation of a graft is the joining of vascular tissues between the rootstock and scion. Grafting first and foremost causes the discharge of pectins from cells at the graft union which makes the rootstock and scion adhere together. Dedifferentiated cells at the union form callus at the graft interface, these cells then interdigitate and form a connection via plasmodesmata. The vascular tissues differentiate together with the callus at the grafting site giving rise to phloem which is succeeded by reconnection of xylem tissue (Jeffree and Yeoman, 1983; Melnyk et al., 2015; Ribeiro et al., 2015). Plant hormones commonly known as phytohormones regulate all phases of growth and development in plants, from embryogenesis to reproductive development. They standardize the response of plants to a wide range of biotic and abiotic stresses. Additionally, phytohormones regulate the physiological processes taking place at the site of graft union. Phytohormones facilitate plants to combat the stress induced by grafting. Aloni (1995) found that relatively less concentration of indole-3-acetic acid (IAA) encouraged phloem differentiation, but higher levels brought about the differentiation of xylem. Similarly, in grafting trials, auxins are an essential group of elements resulting in the formation of compatible graft unions (Figure 7). Auxins are produced from the vascular strands of the stock and scion, which bring about the vascular tissue differentiation, hence working as a growth regulating substance (Aloni, 1987; Mattsson et al., 2003). Plant hormones are translocated from source to sink as signal molecules influencing growth of cells and differentiation of vascular tissues, especially at the graft crossing point (Aloni, 2010). Kümpers and Bishopp (2015) demonstrated that phytohormones regulate the complex physiological interaction between scions and rootstocks in A. thaliana. Along these lines, they may be well thought-out candidates in the scion–rootstock communication both above and below the grafted interface (Kondo et al., 2014). Nanda and Melnyk (2018) inspected the function of eight plant hormones for the period of grafting to determine their role in healing of cut surfaces and vascular tissue differentiation in plants at the graft interface (Melnyk, 2017). They concluded that every known plant hormone controls the vascular tissue differentiation during the period of graft union formation. Nonetheless, auxin is the principal regulator of vascular differentiation and other hormones augment its signaling pathway to make satisfactory adjustments in this process. After the cut is given, wound induced dedifferentiation 1 (WIND1) stimulates cytokines which triggers the formation of callus at the graft junction. Simultaneously, auxin gets transported basipetally and due to the lack of vascular connectivity, its flow across the union is hampered, resulting in its accumulation above the graft interface and low concentration at the bottom junction. Auxin accumulation, along with ethylene signaling, triggers the expression of Arabidopsis NAC domain containing protein 71 (ANAC071) above the graft union, and simultaneously inhibits the expression of RAP2.6L as well as Jasmonic acid biosynthesis. Beneath the graft, the depleted auxin levels trigger the biosynthesis of Jasmonic acid and expression of RAP2.6L. The expression of ANAC071 and RAP2.6L prompts cell division around the graft junction. Auxin, in collaboration with gibberellins and cytokinins, stimulates differentiation of cells, resulting in formation of vascular connection and re-joining between both junctions, thereby restoring auxin symmetry. Gibberellins, in collaboration with auxin, stimulate emergence of tissues by means of cell expansion (Figure 7; Nanda and Melnyk, 2018).
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FIGURE 7. Hormonal signaling taking place at the graft interface during the grafting process. CKs, cytokinins; IAA, auxin; 534 JAs, Jasmonic acids; GAs, Gibberellins.




EFFECT OF ROOTSTOCK-SCION INTERACTION ON GROWTH, QUALITY AND STRESS TOLERANCE IN PLANTS

Many reports recognized the interactions between several parameters related to physiology of the grafted trees and their fruit quality (Naor, 1998). These relationships are important since they provide a source for choosing the most compatible graft combination for specific environments and good fruit quality. Choice of a suitable combination is fundamental for increased production of trees, for the reason that the interaction between the stock and scion effects translocation of water and minerals, gas exchange in leaves, size of the plant, time and duration of flowering, time and percentage of fruit set and quality of fruits (Gonçalves et al., 2003). Therefore scion-stock combination is a key factor to be well thought-out in orchards before taking up the planting procedure. In grafted trees, the rootstock mainly controls the plant size. Performance of the fruit trees is fundamentally related to forming an optimum balance amongst growths and fruiting. Excessive vegetative growth always reduces the yield and deteriorates fruit quality (Mitre et al., 2012). Thus, for successful fruit production it is equally important to maintain an appropriate balance between the vegetative and reproductive processes (Sharma et al., 2009). Grafting scions on a less vigorous rootstock is the first and foremost step to achieve this equilibrium. In case of apple dwarfing rootstocks, it has been found that the sugar concentration is considerably low in these rootstocks and cellular action in these rootstocks is significantly reduced regardless of having huge starch reserves. Additionally, in dwarfing rootstocks, the down-regulation of MdAUX1 and MdLAX2 (auxin influx transporters) together with increase in flavonoids concentration lead to the reduced auxin movement which correlates to the dwarfing stature of these rootstocks (Foster et al., 2017). Lately, in apple WRKY transcription factor family has been found to be responsible for dwarfing phenotype in M26 rootstock. MdWRKY9 on account of its differential expression in dwarfing and non-dwarfing rootstocks is considered as a candidate gene for controlling the dwarfing phenotype (Zheng et al., 2018). In addition to growth, many agronomically desirable qualities are also influenced by the pattern of stock-scion interaction. Pal et al. (2017) established that rootstock has a pronounced effect on growth as well as fructification in cherry. Lesser number of fruiting branches were formed in trees grafted on Mahaleb than those grafted on “Gisela 5.” A comparative evaluation of the two rootstocks indicated that fruit yield was almost double where “Gisela 5” was used as a rootstock compared to Mahaleb, in the first 3 years of fruiting. Rootstocks differ in their ability to utilize soil resources and transport these resources through the union to the scion. Owing to their different root architectures, rootstocks of grapevine and citrus differently take up phosphate and remobilize phosphorus reserves (Zambrosi et al., 2012; Gautier et al., 2018). Greater root length increases stomatal conductance in grafted grapevine under the conditions of water deficit (Peccoux et al., 2018). The influence of rootstocks on mineral concentration in scion leaf and fruits, plant growth, yield potential and quality traits of two apple cultivars was studied by Amiri et al. (2014). They found that rootstocks exert their influence on scion yield, quality and vigor by influencing the amount of minerals reaching the scion. M.9 rootstocks were more effective in nitrogen (N), manganese (Mn), and iron (Fe) uptake. The rootstock MM.106 was found to have the highest uptake potential for phosphorus (P) uptake, while M.9 had the lowest uptake potential for potassium (K) and calcium (Ca). One of the chief historic benefits of rootstocks is their ability to control diseases. These diseases can kill the plants at an early stage before they become productive or cause substantial impairment and yield reductions. The levels of disease resistance in a given cultivar can vary according to the rootstock onto which it is grafted (Cline et al., 2001). Jensen et al. (2012) measured the influence of rootstock on fire blight resistance of scion and observed that rootstocks predominantly influenced gala scion’s susceptibility to fire blight. Rootstocks were found to regulate the expression of different transcription factors. This differential gene expression pattern could be associated with variation in susceptibility. Besides increasing scion’s ability to deal with biotic stresses, rootstocks can also improve tolerance to a number of abiotic stresses. Amongst these, drought and high salinity have a massive control on crop production; certainly, they are one of the major aspects which restricts the plant productivity and effect yield severely (Cramer et al., 2007; Tsago et al., 2014). In grapevine the rootstocks “110R,” “1103P,” and “99R” have been found to enhance efficiency of using the water during critical stages of growth and as a result are effective in battling the drought stress (Nimbolkar et al., 2016). Grafting is the commercial method of propagation in citrus where the rootstock influences numerous horticultural traits, including tolerance to drought. A transcriptome analysis conducted in Sweet orange where Rangpur lime was used as the rootstock recommended that the rootstock was responsible for inducing the drought tolerance in scion cultivar by up regulating the transcription of genes associated to the cell wall, biotic and abiotic stress resistance, antioxidant systems and soluble carbohydrate, TFs, PKs, and ABA signaling pathway, and at the same time by down regulating the activity genes involved in the light reaction, metabolic processes and biosynthesis of ethylene (Gonçalves et al., 2019). In case of temperate fruits genetically diverse genotypes are available which serve as potential rootstocks against abiotic stress (Cimen and Yesiloglu, 2016). The interaction between the scion–rootstock has been reported to influence the quality and functioning in Prunus avium. The rootstock has been found to influence the movement of water and the process of photosynthesis in sweet cherry trees whereas the scion chiefly exerts its influence on other physical and chemical quality traits in cherry (Gonçalves et al., 2006). Santarosa et al. (2016) showed that the physiological interaction between rootstock-scion modified the vascular system in grapevines by altering the xylem vessel. Rootstock-scion combination that was highly vigorous had vessels with larger diameters, xylem areas, and proportion of vessels with diameters, greater than 50 μm. The effect of scion variety on rootstock growth and development via signals stimulated in shoot has been studied. These signals regulating root elongation and development in model plants include metabolites, hormones, peptides, HY5, microRNA 156, and microRNA 399. More study needs to be done to understand how scions modify phenotype of the rootstocks (Gautier et al., 2019). Tietel et al. (2020) studied the reciprocal effect between rootstock and scion, further they proposed that the interactions between the two could possibly be organ, time or distance dependent. Rootstock affected fruit yield and biochemical parameters of the fruit in relations with the scions. Overall distribution of 6 out of 53 and 14 out of 55 basic metabolites in the sap of scion and rootstock, was controlled by the rootstock, whereas 42 and 33 were affected by the rootstock-scion interaction, correspondingly.



MOLECULAR RESPONSES AT THE GRAFT INTERFACE

Presently, besides its application in horticulture, grafting has become more prominent as an important domain for research, chiefly regarding signaling mechanisms associated with rootstock and scion interaction. Recent studies have laid emphasis on detecting the transport of molecules particularly proteins and RNAs across long-distances. Proteins and RNAs transport across long-distances via phloem and their possible role in generating signals between the organs has turned to be a major field of research lately (Harada, 2010; Kehr and Buhtz, 2013).


Movement of Genetic Components

Stegemann and Bock (2009) validated the movement of genetic material through the graft union and found that plastid genes travel small distances across the graft union. However, Stegemann et al. (2012) later found that the intact plastid genome moves across the graft union at the molecular level. Many genes on account of their role in hormones signaling are responsible for successful graft union formation. In Arabidopsis, it was found that the genes involved in wound healing and cleaning up of cellular debris were over expressed during the development of graft union (Yin et al., 2012). In grape vine, formation of the graft union triggered the differential pattern of expression of genes participating in secondary metabolism, modification of cell wall, and cell signaling (Cookson et al., 2013). The movement of the nuclear genome between the stock and scion led to the development of fertile alloploid plants (Fuentes et al., 2014). Phenotypic changes induced by grafting have led to the discovery of endogenous factors responsible for these changes. Initially the study was confined to anatomical aspects, nutrient and hormonal movement but now the latest technologies have shown that some mobile RNA molecules are transported via phloem tissue in the form of genetic material to complete the entire growth and development process. miRNAs, are a group of non-coding RNAs with roughly 22 nucleotides that control gene expression. These miRNAs, bring about either degradation of or inhibit translation of their target mRNAs (Bartel, 2004). Li et al. (2014) identified miRNAs in heterografts of vegetables, and observed that miRNAs played a critical role in controlling physiological processes in heterografts. Mo et al. (2018) identified miRNAs linked with graft union formation in Pecan and noticed the involvement of miRS26 in formation of callus and miR164, miR156, miRS10, miR160, and miR166 were found to be associated with differentiation of vascular bundles. These results suggest the role of miRNA in the successful graft union formation of pecan. Zhang et al. (2012) evaluated the movement of gibberellic acid insensitive (GAI) through a pear graft union. The results show that only 4 to 10 days after micro-grafting, Pyrus-GAI could be transported endogenously and not just this but it could also be transported to a scion of 10–50-cm height in a 2-year-old tree. The results serve as a basis for improving rootstocks and controlling scion properties in trees by the application of portable mRNA to fruit tree grafting. Agronomically significant traits such as compatibility, short juvenile period, dwarf phenotypes and antivirus can be transferred to the scion by making use of the transmissible mRNA in a transgenic rootstock (Rivera-Vega et al., 2011). Transport of GAI-mRNA in both directions between stock and scion has been reported in apple (Malus × domestica cv. Fuji and Malus xiaojinensis). Transport of GAI mRNA across the union took place 5 days after grafting, which points out the movement of GAI mRNA in both upward and downward direction (Xu et al., 2010). This study can serve as the basis for using RNA transport and its influence on properties of fruit trees. The study of complex rootstock-scion interactions in fruit trees is necessary for firming up resistance, higher yield and improving quality of fruits (Li et al., 2012). miRNAs have been known to influence several important stages of development like flowering time, response to various hormonal signaling, morphology of plant organs such as stem, leaves and roots (Pant et al., 2008; Xing et al., 2016). Moreover, miRNAs are also found to influence the interaction between the stock and scion. Earlier studies have revealed that miR398, miR395, and miR399 in the phloem are greatly linked with stress, and that the latter two are capable of moving from scions to rootstocks (Buhtz et al., 2008). Maturity in grafted avocado was found to be controlled by scion whereas rootstock encourages the successful union formation along with its influence on miRNA and mRNA profusion in the scion. The large amount of miR172, miR156 and the miR156 target gene SPL4, was directly associated with the scion and rootstock maturity in avocado (Ahsan et al., 2019). By comparing the expression of miRNAs in leaves and roots of homografts of cucumber seedlings, it was found that the expression of most miRNAs in the leaves and roots of heterografted seedlings altered vigorously: prompted under regular conditions and down regulated after some time of drought stress, and then again up regulated after 24 h of drought stress. These outcomes are valuable for the purposeful analysis of miRNAs in the facilitation of grafting induced drought tolerance. An et al. (2018) conducted a Gene Ontology study which showed that miRNAs which are expressed differentially throughout grafting regulated genes involved in a number of processes, including biosynthesis of cellular compounds and metabolism. Various studies revealed that miRNA172 can travel from source to sink in Nicotiana (Kasai et al., 2010) and that miRNA156 functions as a signal which is mobile through the phloem to affect important traits in potato (Bhogale et al., 2014). Lower expression levels of microRNAs (Vvi-miRNA159 and Vvi-miRNA166) were detected in more compatible combination compared to the less compatible. These microRNAs target the key TFs which promote plant growth and development (Assunção et al., 2019). It could therefore be said that it is the changes in RNA abundance brought about by grafting across the union that leads to differences in gene expression pattern resulting in changed phenotype. In cherry Zhao et al. (2020) detected more than 2 million sRNAs in each scion, among them 21-nt sRNA were the most abundant followed by 24-nt sRNA. On the other hand, 3000 sRNAs were transported from the scion into the rootstock. Out of these the most abundant ones were 24-nt sRNA followed by 21-nt sRNA. The study of sRNAs transported across the graft union provides a better understanding about their role in rootstock-scion interactions. Thus, the technique of grafting involves transport of genetic material across the union which facilitates further study of grafting mechanisms, rootstock scion interaction and the potential role of grafting in evolving new plant species (Wang et al., 2017).



Movement of Proteins

The phloem sap is known to contain mobile proteins which move across the graft union between the rootstock and scion. Long distance transport of proteins in plants across the graft union influences their growth and development by regulating some important processes, for example adventitious root formation in Arabidopsis is induced by the transport of Arabidopsis translationally controlled tumor protein 2 (AtTCTP2) protein across the graft union (Toscano-Morales et al., 2016). Besides their role in regulating plant growth and development, long distance transfer of proteins also plays an important role in combating different types of stresses. Proteomic analysis in cucumber scions grafted on Momordica rootstocks in response to heat stress revealed accumulation of 77 different proteins associated with important processes like photosynthesis, energy metabolism and synthesis of nucleic acids which eliminated the inhibitory effect of heat stress on scion growth (Xu et al., 2018). Buhtz et al. (2010) have shown that xylem vessels which generally transport water and solutes of low molecular weight contain proteins, even though at lesser concentrations compared to phloem. It has been reported that during transport from the site of production to sink tissues within the plants some proteins are able to bind with mRNAs as chaperones. These proteins can aid the transport and protect mRNAs from getting degraded. Duan et al. (2015) reported that polypyrimidine tract binding protein 3 (PbPTB3), which falls in PTB family of proteins and binds to a number of mRNAs in pear variety, Du Li (Pyrus betulaefolia) gets transported to long distances in the phloem and this process of transport is rather complex in nature controlled by the form of a tree, environmental conditions and nutrient concentration of the tree (Figure 8). There are other proteins which can move to long distances and regulate important cellular functions. For example, cyclophilin protein (SICyp1), a phloem-mobile protein was found to move from the scion to the stock through phloem. This transport accompanied by augmented auxin levels, eventually helped in promoting the root growth (Spiegelman et al., 2015). Paultre et al. (2016) reported protein trafficking in Arabidopsis thaliana micrografts, which displayed fluorescent protein-tagged signal peptides originally expressed in scion only, in the roots of rootstocks. This indicates extensive movement of proteins from the scion cells to the root cells. The study distinctly supports the existence of long-distance mRNAs and proteins transport, which can modify the physiological and morphological development of plants. The three TFs, VviLBD4, VviHB6, and VviERF3 involved in cambium activity, growth, and differentiation were found to be expressed differently between the two heterograft. A Transcriptomics study revealed that after 80 days of grafting expression of TF VviLBD4 is relatively high in compatible combination, together with VviHB6 and VviERF3. Since these TFs play a crucial role in maintaining the activity of cambial cells, growth, and tissue differentiation suggesting that in compatible combinations at 80 days after grafting, the transcription factors regulating cambial activity, cell differentiation and proliferation of callus are expressed at a higher rate. Furthermore, the results indicate that in the more compatible combination the expression of the above mentioned three TFs is substantially less reduced from 21 days after grafting to 80 days after grafting than in the less compatible ones (Assunção et al., 2019). In the same context, VviLBD4, VviERF3, and VviHB6 could serve as markers for the estimation of compatibility at the 80 DAG. Compatibility between the rootstock and scion is largely governed by the formation of callus cells at the union, which in turn is under the control of specific proteins. Differential expression of proteins at the graft union influences major biological functions including flavonoid synthesis. The up-regulation of proteins involved in flavonoid biosynthesis play a major role in callus formation during the healing of graft union (Xu et al., 2017) Another study reported enhancement of callus formation by the upregulation of the plant plasma membrane intrinsic protein (PIP1B), an aquaporin which increases water content of cells and promotes cell elongation resulting in successful union formation (Zheng et al., 2010). Studying mobility of proteins during grafting has shown that proteins are able to move from the companion cells of the shoot into the root cells and thereby regulating important physiological processes of plants (Paultre et al., 2016). This evidence will help us to improve our understanding of problems associated with grafting, successful graft union and perpetuation of horticultural crops, where the scion and stock material significantly affect the successful propagation and operative costs.
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FIGURE 8. Schematic representation of signals exchanged between the rootstock and scion in grafted plants. DNA transfer across the graft union; Movement of sRNA across the graft union; Long distance transfer of miRNA and mRNA molecules; Hormonal signaling across the union; Movement of proteins and other metabolites through the graft union.





EPIGENETICS IN GRAFTING

The cells surrounding the graft intersection have to regulate under different metabolic, hormonal and redox conditions. These peculiar conditions might trigger epigenetic modifications and regulations which may play a role in graft healing. Some of the studies have shown that the epigenetic regulators are governed by redox status of cells (Shen et al., 2016; Berger et al., 2018) and are also associated with signals produced by hormones (Yamamuro et al., 2016). Plants face several kinds of stresses in the field conditions and these stresses have been also found to induce epigenetic modifications. Which contribute to plants adaptability, memory and productive response towards these stresses (Annacondia et al., 2018). There might be key epigenetic processes like DNA methylation and histone posttranslational modifications (PTM’S) governing some main events in successful graft, root stock interaction and healing (Probst and Mittelsten Scheid, 2015; Bilichak and Kovalchuk, 2016; Annacondia et al., 2018), Brassica rapa leaves were shown to undergo DNA methylation changes when subjected to the caterpillar Pieris brassicae (Kellenberger et al., 2016). Another example of the epigenetic modifications has been found to be induced in sweet potato caused by leaf crushing, which was found to induce small interfering RNAs (siRNAs), that were responsible to cause LbMYB1 gene methylation RNA directed DNA methylation (RdDM) (Lin et al., 2013; Berger et al., 2018). Jasmonic acid (JA) linked with histone deacetylation and acetylation is a stress hormone produced at the graft interface. Histone deacetylases (HDACs) are induced by JA. Which suggest that PTMs and transcriptome reprogramming have a role in wound healing (Yamamuro et al., 2016; Zhang et al., 2016, 2017; Berger et al., 2018).

The discovery of non-autonomous RNA has made a significant contribution in understanding epigenetic modifications (Molnar et al., 2010; Bai et al., 2011; Tamiru et al., 2018; Gaut et al., 2019). In Arabidopsis, SRNAs were found to move from shoot to root and vice versa and were found to be linked with DNA methylation as they are the key components of the RdDM pathway (Law and Jacobsen, 2010). In genome wide methylation data large numbers (thousands) of methylated DNA bases were found within roots of methylation mutants (Lewsey et al., 2016; Gaut et al., 2019) signifying that sRNAs not only traverse graft junctions but also affect methylation in destination tissues. Epigenetic modifications and regulations have been suggested to play a role in callogenesis, a process which involves modifications in adult somatic cells from less differentiated states recuperating their capability for proliferation. Different models have been constantly deciphered to understand mechanisms of callogenesis and all suggest that it is also dependent on epigenetic regulations (Ikeuchi et al., 2013; de la Paz Sanchez et al., 2015; Birnbaum and Roudier, 2017; Lee and Seo, 2018).



CONCLUSION

Despite the fact that grafting technology has improved enormously, the long-standing survival of grafted plants is still to a certain extent unpredictable due to the incompatibility problems. However, a prior selection method can serve as an efficient means to foresee the future of a compatible combination way before any external symptoms appear. The effect of rootstock-scion interactions pertaining to growth, attainment of reproductive potential, fruit set, yield efficiency and quality characteristics of fruit crops is complex and poorly understood. A healthier understanding of rootstock scion interactions would aid in more effective selection and use of rootstocks in future. The latest technology of silencing transmissible RNA and its potential to regulate growth and stress responses has provided new opportunities to understand stock-scion relationships. On the basis of the results of different studies discussed in this review, it is now possible to make use of mobile mRNAs in grafting systems of fruit trees. Undeniably, there is great scope for the development of transgenic rootstocks, in fruit trees that carry transportable mRNAs which regulate key horticultural traits, such as disease and stress resistance properties or dwarfing growth habit. This kind of approach would not only improve the characteristics of scion using transmissible mRNA from a transgenic rootstock, but also might shun some of the disagreements regarding transgenic fruit production. The epigenetic modifications occurring at the graft site is one of the most important yet unexplored fields. Understanding methylation patterns, epigenetic markers and maintenance of these changes in different perennial crops is a very important field to explore in future research.
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Grafting is typically utilized to merge adapted seedling rootstocks with highly productive clonal scions. This process implies the interaction of multiple genomes to produce a unique tree phenotype. However, the interconnection of both genotypes obscures individual contributions to phenotypic variation (rootstock-mediated heritability), hampering tree breeding. Therefore, our goal was to quantify the inheritance of seedling rootstock effects on scion traits using avocado (Persea americana Mill.) cv. Hass as a model fruit tree. We characterized 240 diverse rootstocks from 8 avocado cv. Hass orchards with similar management in three regions of the province of Antioquia, northwest Andes of Colombia, using 13 microsatellite markers simple sequence repeats (SSRs). Parallel to this, we recorded 20 phenotypic traits (including morphological, biomass/reproductive, and fruit yield and quality traits) in the scions for 3 years (2015–2017). Relatedness among rootstocks was inferred through the genetic markers and inputted in a “genetic prediction” model to calculate narrow-sense heritabilities (h2) on scion traits. We used three different randomization tests to highlight traits with consistently significant heritability estimates. This strategy allowed us to capture five traits with significant heritability values that ranged from 0.33 to 0.45 and model fits (r) that oscillated between 0.58 and 0.73 across orchards. The results showed significance in the rootstock effects for four complex harvest and quality traits (i.e., total number of fruits, number of fruits with exportation quality, and number of fruits discarded because of low weight or thrips damage), whereas the only morphological trait that had a significant heritability value was overall trunk height (an emergent property of the rootstock–scion interaction). These findings suggest the inheritance of rootstock effects, beyond root phenotype, on a surprisingly wide spectrum of scion traits in “Hass” avocado. They also reinforce the utility of polymorphic SSRs for relatedness reconstruction and genetic prediction of complex traits. This research is, up to date, the most cohesive evidence of narrow-sense inheritance of rootstock effects in a tropical fruit tree crop. Ultimately, our work highlights the importance of considering the rootstock–scion interaction to broaden the genetic basis of fruit tree breeding programs while enhancing our understanding of the consequences of grafting.
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INTRODUCTION

How different genomes interact to shape a unique phenotype has been one of the most pervasive questions in quantitative genetics and molecular evolution (Lynch, 2007; Bijma, 2013; Fisher and Mcadam, 2019). Horizontal gene transfer (Bennetzen, 1996) and allopolyploidy (Abbott et al., 2013) are often regarded as the typical processes that lead to the interaction of various genomes within a single organism. However, a commonly disregarded yet ancient process that also produces genetic chimeras is grafting, which refers to the agricultural practice that joins the root system (rootstock) of one plant, usually a woody crop, to the shoot (scion) of another (Warschefsky et al., 2016; Gautier et al., 2019; Bartusch and Melnyk, 2020). Grafting began with the earliest tree crops (i.e., olive, grape, and fig) and quickly expanded to several Rosaceae (i.e., apple, plum, pear, and cherry). Modern grafting is crucial for the clonal propagation of fruit trees (e.g., avocado, citrus, grapevine and peach) and the establishment of seed orchards for the wood industry—i.e., pines, teak (Tuskan et al., 2018). Grafting is common in a phylogenetically diverse assortment of fruit and forest tree species, so it offers an irreplaceable experimental playground to study the rootstock–scion interaction (Albacete et al., 2015).

Grafting is typically utilized to merge resilient rootstocks to clonal scions that produce the harvested product, either fruits or wood. Grafting side steps the bottlenecks of breeding woody perennials (Badenes et al., 2016), primarily associated with their outcrossing reproductive system and prolonged juvenile phases (Warschefsky et al., 2016). The root phenotype may confer direct resilience to root pest and pathogens (Cháves-Gómez et al., 2020) as well as to abiotic stresses (He et al., 2020; Martínez-García et al., 2020) such as drought, flooding, and salt soil conditions (Gautier et al., 2019). Rootstocks can also induce less trivial scion morphological changes such as dwarfing and precocity, and even alter yield traits (Egea et al., 2004; Picolotto et al., 2010; Madam et al., 2011; Expósito et al., 2020; Kviklys and Samuolienė, 2020). Rootstock effects can go further and influence properties typically attributed to the clonal scion such as fruit sensorial and nutritional quality—e.g., texture, sugar content, acidity, pH, flavor, and color (Giorgi et al., 2005; Gullo et al., 2014; Balducci et al., 2019), cold tolerance and shoot pest and pathogen resistance (Rubio et al., 2005; Goldschmidt, 2014). These combined effects are influenced by phylogenetic distance and stem anatomy (Wulf et al., 2020) and are mechanistically due to large-scale movement of water, proteins, and nutrients (Little et al., 2016) or long-distance signaling (Lu et al., 2020) via hormones, messenger RNAs, and small RNAs (Wang et al., 2017; Loupit and Cookson, 2020; Rasool et al., 2020). Despite shared physiological processes account for the overall trait variation, the interconnection of all contributing variables (i.e., rootstock genotype, scion genotype, and environment) obscures individual contributions to phenotypic variation (Albacete et al., 2015; Warschefsky et al., 2016). Therefore, an explicit estimation of rootstock effects (i.e., rootstock-mediated heritability) would be a major advance to speed-up tree breeding programs and discern the consequences of grafting.

Narrow-sense heritability (h2), or the proportion of phenotypic variance among individuals in a population due to genetic effects, is regarded as a baseline of any breeding program (Holland et al., 2003) because it ensures that additive genetic gains are maximized per unit time by optimizing breeding and selection cycles (Dieters et al., 1995). However, heritability estimation in grafted trees has been hampered by their perennial nature and the complexity of the rootstock–scion interaction. A modern pedigree-free marker-based approach to estimate heritability on populations of mixed ancestry (Frentiu et al., 2008; Wilson et al., 2010) is the so-called “genetic prediction” model (Meuwissen et al., 2001; Crossa et al., 2017). This approach relies on genetic-estimated relatedness (Lynch and Ritland, 1999) and mixed linear predictors (i.e. genomic best linear unbiased prediction, gBLUP) to estimate the additive genetic contribution to phenotypic trait variation and thus trait heritability (Milner et al., 2000; Kruuk, 2004; Berenos et al., 2014). Here, we expanded this model to a grafted clonal fruit crop by phenotyping traits at the tree level and genotyping seedling rootstocks to trace back common origins from local “plus tree” donors.

An important fruit tree crop that is nowadays seeing an unprecedented expansion (Clavijo and Holguín, 2020) in tropical and subtropical areas is avocado (Persea americana Mill.) cv. Hass. Avocado originated in Central America from where it expanded southward to the northwest Andes, leading to three horticultural races, mid-altitude highland Mexican (P. americana var. drymifolia Schlecht. et Cham. Blake) and Guatemalan (P. americana var. guatemalensis L. Wms.) races, and lowland West Indian (P. americana var. americana Mill.) race (Bergh and Ellstrand, 1986). Previous research about the effect of selected avocado rootstock over crop performance has shown that trees of the same variety grafted to Mexican or Guatemalan race rootstocks differ in their susceptibility to Phytophtora cinnamomi (Smith et al., 2011; Reeksting et al., 2016; Sánchez-González et al., 2019), in their mineral nutrient uptake (Bard and Wolstenholme, 1997; Calderón-Vázquez et al., 2013) and in their response to salinity (Mickelbart and Arpaia, 2002; Raga et al., 2014). For instance, Bernstein et al. (2001) demonstrated that even among selected rootstocks chosen by exhibiting excellent fruit production under elevated NaCl condition, there is a wide range of growth sensitivities that results in growth inhibition or growth stimulation under salt levels typically found at commercial fields. Furthermore, rootstocks from different races change the carbohydrate accumulation profile in trees of the same variety, which is known to drive productivity (Whiley and Wolstenholme, 1990) and can ultimately influence alternate bearing, yield components, and nutrition on “Hass” (Mickelbart et al., 2007). Rootstocks can even affect postharvest anthracnose development (Willingham et al., 2001) and the blend of biogenic volatile organic compounds emitted by “Hass” (Ceballos and Rioja, 2019), which could be associated with scion pest attraction. Besides, because rootstock–scion interaction works both ways, different scions may also have distinct effects on avocado rootstock traits, such as arbuscular mycorrhizal, root hair development (Shu et al., 2017), and plant–soil exchanges (Sedlacek et al., 2014).

Despite that several studies have provided evidence of avocado rootstock effects on “Hass” crop performance, the genetic identity and the adaptive potential of the rootstocks that are already planted or are being offered by the nurseries remain a major knowledge gap due to their admixed origin. Additionally, because many “Hass” avocado orchards are yet to be established worldwide in upcoming years, demand for selected rootstocks is reaching its peak, but explicit rootstock effect estimates are still lacking. Hence, our objective was to quantify the inheritance of rootstock effects on “Hass” avocado traits by expanding a “genetic prediction” model to open-pollinated (OP) non-Hass seedling rootstocks from various provenances. This will enlighten the consequences of grafting while enhancing avocado rootstock breeding.



MATERIALS AND METHODS


Plant Material and Orchards Management

Avocado cv. Hass production areas in Colombia are widely variable in terms of environmental factors such as altitude, solar radiation, relative humidity, temperature, and precipitation. This variability affects avocado production in terms of agronomic behavior, productivity, yield, and fruit quality. To discern rootstock-mediated heritability from environmental drivers, we chose eight commercial orchards of avocado cv. Hass at the Antioquia province that have been in production for the exportation market for 5 years since 2016. Orchards had comparable nutrient management (Tamayo-Vélez et al., 2018), allowing for litter decomposition (Tamayo-Vélez and Osorio, 2018) without irrigation or hormone supplements, and were only subjected to annual light correctional pruning. Orchards spanned three different agroecological regions, two in the dairy Northern Andean highland plateau, four in the Eastern Andean highland plateau, and two in the Southwest coffee region (Figure 1). At each orchard, we selected six randomly distributed blocks with five trees per block (average spacing 7 × 6 m), for a total of 240 trees grafted on OP non-Hass seedling rootstocks (Supplementary Table 1). Sites and climate were mapped in R v.3.4.4 (R Core Team) using the leaflet and fmsb packages.
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FIGURE 1. Orchards of “Hass” avocado sampled as part of this study in the northwest Andes of Colombia (province of Antioquia). A total of eight orchards with comparable management for the exportation market spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Thirty trees distributed in six blocks were chosen at each orchard, for a total of 240 trees grafted on OP non-Hass seedling rootstocks (Supplementary Table 1). Orchards names are depicted in (A), whereas altitudinal profile per agroecological region is shown in (B), and key environmental descriptors per orchard (lines) and region (colors) are potted in (C). Map was done in R v.3.4.4 (R Core Team) using leaflet package. Temp and PAR in (C) respectively stand for temperature and photosynthetically active radiation.




Measurements of Phenotypic Traits

All 240 trees grafted on seedling rootstocks were measured in 2016 for eight morphological traits. Tree and trunk height were recorded, as well as the height of the rootstock and the scion, using the grafting scar as reference. Rootstock and the scion perimeter were measured below and above the grafting scar, too. Trunk perimeter at the grafting scar and a quantitative score following Webber (1948) were visual proxies for the anatomical quality of the grafting. Furthermore, three biomass/reproductive traits were measured weekly from 2015 to 2017. Flowers and fruits were marked in four cardinally oriented branches, whereas fallen leaves, flowers, and fruits were collected from nets placed aboveground and weighted to estimate the total number of leaves, flowers, and fruits according to Salazar-García et al. (2013). Complete biomass/reproductive measures were possible for 144 trees across all 3 years.

Meanwhile, the annual harvest from 2015 to 2017 was cataloged in nine categories according to fruit quality. The number of fruits with exportation quality was recorded as a combined trait for yield and quality. If a fruit did not reach quality for exportation, the reason why it was discarded was also annotated. In this sense, the number of fruits that exhibited mechanical or sun damage was recorded as well as fruits with signs of damage by pests such as scarab beetles—Astaena pygidialis (Holguín and Neita, 2019), thrips (Frankliniella gardeniae), or Monalonion spp. Furthermore, fruits may not be suitable for exportation due to other imperfections such as low weight, early ripening, or stalk-cut below pedicel, which were annotated, too. Complete harvest categories were possible for 161 trees across all 3 years. Trait differences among trees at distinct agroecological regions and orchards were determined via the Wilcoxon rank-sum test for each trait. Additionally, Pearson correlations among phenotypic traits and between them and altitude were calculated using the PerformanceAnalytics package. All analyzes were carried out in R v.3.4.4 (R Core Team).



Genetic Screening

Healthy roots from grafted avocado trees were sampled, washed, and stored at −20°C. Total genomic DNA was extracted from roots following Cañas-Gutiérrez et al. (2015). DNA quality was checked on a NanoDrop 2,000 (Thermo Fisher Scientific, United Kingdom). A total of 13 microsatellite markers [simple sequence repeats (SSRs)], originally designed by Sharon et al. (1997) and Ashworth et al. (2004), were chosen for their high polymorphism information content following estimates by Alcaraz and Hormaza (2007) (Supplementary Table 2). Forward primers were labeled with WellRed fluorescent dyes at the 5′ end (Proligo, France). SSR markers were multiplexed in three PCR amplifications ran on a Bio-Rad thermocycler (Bio-Rad Laboratories, Hercules, CA, United States) using the GoTaq® Flexi DNA Polymerase kit (Promega, United States). Reaction volumes and thermocycling profiles were set according to the manufacturer’s instructions. Resulting PCR products were evaluated for thermocycling reaction efficiency on 1.5% agarose gels and then analyzed using capillary electrophoresis in a CEQ 8,000 capillary DNA analysis system (Beckman Coulter, Fullerton, CA, United States) at Corporación para Investigaciones Biológicas (CIB, Colombia). Allele sizes were estimated in base pairs with Peak Scanner (Thermo Fisher Scientific, United States), allowing for a maximum of two alleles per sample. High quality genotype data were possible for 188 trees (Supplementary Table 1), for which DNA extraction, SSR amplification, and allele scoring succeed.



Population Structure and Relatedness Estimation

The accuracy of heritability estimates is dependent on population stratification and sample relatedness within populations (Berenos et al., 2014; Cortés et al., 2014; Sedlacek et al., 2016). Therefore, we first assessed population structure with an unsupervised Bayesian clustering approach implemented in STRUCTURE software (Pritchard et al., 2000), which determines a Q matrix of population admixture across various K-values of possible subpopulations found in a sample of genetic diversity more robustly than other clustering methods (Stift et al., 2019). A total of five independent runs were used for each K value from K = 2 to K = 7 using an admixture model and 100,000 Markov chain Monte Carlo replicates with a burn-in of 50,000. Permutations of the output of STRUCTURE were performed with CLUMPP software (Jakobsson and Rosenberg, 2007) using independent runs to obtain a consensus matrix based on 15 simulations. The final structure of the population was determined based on cross-run cluster stability and the likelihood of the graph model from Evanno et al. (2005), and the admixture index (a measure of inter-population outcrossing) was recorded for each sample at the optimum K value.

We further explored within-population relatedness using Lynch and Ritland (1999) relatedness estimator because this is the most commonly used, which makes eventual comparisons with other studies easier. Computations were implemented in SPaGeDi v. 1.4 software (Hardy and Vekemans, 2002). Diagonal elements of the matrix were set to one as they describe the relatedness of a genotype with itself. Relatedness estimates between the 17,578 pairwise comparisons were summarized using hist and summary functions in the R v.3.4.4 (R Core Team) environment.



Estimation of Genetic Rootstock Effects on Scion Traits

We used a mixed linear model to predict phenotypic scores for each trait from the rootstock genotypic information following de los Campos et al. (2009). Due to the clonality of the scion (i.e., absence of genetic variance), it is feasible to disentangle the effect of rootstock genetics into the scion phenotype. Thus, we used the additive model described in Eq. 1 to predict the phenotypic value based on the rootstock’s genotype.
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where yi is the score predicted for each trait for the ith individual, μ is the mean of each trait in the entire population, xij is the relatedness between the ith and the jth individuals, following Lynch and Ritland (1999) and Cros et al. (2015), m is the total number of samples, βj is the estimated effect for the relatedness to the jth individual on the trait, and e is the estimated error associated with the trait. By using Lynch and Ritland’s (1999) relatedness estimate within Eq. 1, we can enlarge the set of variables to 188. However, we still considered a simpler model using the genetic markers by themselves instead of the relatedness matrix so that xij was the genotype of the ith individual for the jth marker and βj was the estimated maker effect. To fit these models to our data, we used semi-parametric genomic regression based on reproducing kernel Hilbert spaces regressions methods (Gianola et al., 2006; de los Campos et al., 2010) implemented in the R package BGLR (Perez and de los Campos, 2014). We estimated marker effects and the error associated by running for each trait a Gibbs sampler with 10,000 iterations and an initial burn-in of 5,000.

Narrow sense rootstock-mediated heritability scores (h2) for all traits were computed following de los Campos et al. (2015) equivalent to genomic heritability (Yang et al., 2017), across and at each agroecological region. Marker-based h2 was calculated as the proportion of phenotypic variance explained by additive effects [image: image] and the sum of [image: image] and the random residual [image: image] (Eq. 2). Random residual contained dominance, epistatic and environmental effects that could not be explained by marker-based additive components in Eq. (1).
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In addition, we estimated the model fit for each trait as the Pearson correlation (r) between each phenotype and the trait’s genetic estimated (Wray and Goddard, 1994) breeding value (GEBV, βxi), based on the rootstocks’ relatedness, as shown in Eq. (3).

[image: image]



Permutation Tests on Phenotype and Genotype to Obtain Significance Scores

We used three different permutation strategies to obtain significance scores to validate whether scion traits were affected by rootstocks’ genotypes. We permuted the three separate inputs: (1) the observed phenotypic vector—yi as in Eq. 1, (2) the matrix of molecular markers genotyped in the rootstocks—xij or the genotype of the ith individual for the jth marker as in Eq. 1, and (3) the matrix of genetic relatedness among rootstocks—xij or the relatedness between the ith and the jth individuals as in Eq. 1. In all cases, we used 50 random permutations without replacement so that the resampling would approximate a random sample (“null” distribution) from the original population. All labels were exchangeable under the null hypothesis. We obtained one-sided p-values (type I error) for each permutation type, expressed as the proportion of sampled permutations where resultant heritability was larger than the observed heritability estimate. We used this strategy to highlight traits significantly linked with the rootstocks’ genotypes, that is, those for which significant p-values (p < 0.05) were obtained simultaneously for all three types of permutations.

Finally, to explore whether admixed rootstocks may boost trait variation due to heterotic effects (Isabel et al., 2020), we regressed GEBV (βxi) of traits significantly linked with the rootstocks’ genotypes against the admixture index recorded for each sample at the optimum K-value from STRUCTURE computation. Regressions controlled for the agroecological region as random effect via mixed linear models (MLMs) in R’s package nlme (Pinheiro et al., 2011).



RESULTS


Phenotypic Differences Among Agroecological Regions and Orchards

There were significant differences in the distributions of 15 out of 20 phenotypic traits among different agroecological regions in terms of altitude (Figure 1B), temperature, and radiation (Figure 1C), according to Wilcoxon rank-sum test (p < 0.05, Supplementary Table 3). In general, traits recorded at trees in the Southwest coffee region had a distribution shifted to the right compared to trees in the Northern and Eastern Andean highland plateaus. The three measures of trunk perimeter (in the rootstock, scion, and the grafting scar) and the number of fruits with mechanical damage from trees in the Northern plateau had a median higher than trees in the Southwest coffee region and the Eastern plateau. Trees in the Southwest region exhibited higher medians for four out of eight morphological traits (tree height, trunk height, rootstock height, and rootstock compatibility), two out of three biomass/reproductive measures (number of fruits and number of leaves), and five out of nine annual harvest traits (number of fruits with exportation quality, low weight, and sun damage, as well as those damaged by thrips or ripened, p < 0.05, Supplementary Table 3).

Meanwhile, there were differences in the distributions of 7, 9, and 19 traits between orchards within the Northern, Southwest, and Eastern agroecological regions, respectively, based on Wilcoxon rank test (p < 0.05, Supplementary Table 3). Orchards with the highest trait’s medians were ANSPEB and ANPELA in the Northern and Eastern plateaus, respectively. Details regarding trait distribution differences by regions and orchards are depicted in Supplementary Figures 1–5.

Regarding altitude, there were significant trait differences for 14 out of 20 traits (p < 0.05, Supplementary Table 5). For all cases, the correlation with the altitude was negative. The strongest altitudinal correlations were for the rootstock (r = −0.61, p < 0.05) and trunk (r = −0.58, p < 0.05) heights and the number of fruits with low weight (r = −0.59, p < 0.05).

Finally, most of these traits were also significantly correlated with each other. In the group of morphological traits, the highest correlations were between (1) tree height and scion length (r = 0.94, p < 0.05, Supplementary Figure 6) and (2) the perimeters of the rootstock, scion, and the overall trunk (r = 0.8—0.84, p < 0.05, Supplementary Figure 6). The three biomass/reproductive traits had medium correlations (r = 0.37—0.40, p < 0.05, Supplementary Figure 7). For harvest traits, the highest correlations were between (1) the number of fruits with the stalk cut below the pedicel and with damage caused by thrips (r = 0.64, p < 0.05, Supplementary Figure 8) and (2) the number of fruits with low weight and with exportation quality (r = 0.61, p < 0.05, Supplementary Figure 8).



Relatedness and Population Structure Estimates

Evaluation of population structure using an unsupervised Bayesian clustering approach implemented in STRUCTURE with K = 2 to K = 10 subpopulations resulted in an ideal K-value of three subpopulations (Supplementary Figure 9) based on the increases in likelihood ratios between runs using Evanno’s delta K statistic (Evanno et al., 2005) and cross-run cluster stability. Points of inflection were not observed for the log-likelihood curve, but a smaller increase of the likelihood was found when comparing K = 3 and K = 4 to other K-values. However, cross-run cluster stability did not result in the split of a fourth subpopulation compared with K = 3. The separation of the subpopulations at each K-value is informative and, therefore, is presented in Figure 2. At the first level of subpopulation separation, K = 2, one orchard from the Northern plateau (ANSPEB) split, whereas the other orchard from the Northern plateau (ANSPCS) and two from the Eastern plateau (ANEREC and ANEREG) revealed high levels of admixture. At K = 3, two orchards from the Eastern plateau (ANEREC and ANPELA) differentiated from the others by high levels of admixture. At K = 4, all subpopulations were admixed for the fourth subpopulation except ANSPEB, which differentiated homogeneously since K = 2. Higher K-values did not contribute further divergence but increased overall admixture levels.
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FIGURE 2. Population structure of seedling rootstocks across eight orchards of “Hass” avocado as inferred with an unsupervised Bayesian clustering approach implemented in STRUCTURE (Pritchard et al., 2000) using 13 SSR markers. A graphical representation of the Q-matrix is shown, where each stacked bar corresponds to a seedling rootstock, and within bar colors represent subpopulation assignment probabilities given K possible clusters. Orchards are sorted according to the agroecological region, and their names are shown and colored accordingly at the top of the bar plot (following Figure 1). K-values of possible subpopulations ranged from 2 to 5. Optimum K-value of 3 was determined based on cross-run cluster stability of five independent runs and likelihood of the graph model (Supplementary Figure 9) from Evanno et al. (2005). Higher K-values did not contribute further divergence yet increased overall admixture levels. Q matrix of population admixture at K = 3, and the admixture levels are summarized in Supplementary Table 6. SSR markers (2) were designed by Sharon et al. (1997) and Ashworth et al. (2004) and were prioritized according to their polymorphism information content following Alcaraz and Hormaza (2007).


Admixture levels at K = 3 in the orchard of the Northern plateau (ANSPCS) and the two orchards of the Eastern plateau (ANEREC, ANEREG) that exhibited high heterogeneity from K = 2 were significantly higher than in the rest (0.26 ± 0.05 vs. 0.18 ± 0.03, p < 0.05, Supplementary Table 6). The more dissimilar orchard (ANSPEB) was the less admixed (0.10 ± 0.03). Overall genetic relatedness, according to Lynch and Ritland (1999), ranged from 0.2 to 1.0, spanning a wide spectrum of relatedness values comparable across all three agroecological regions (Figure 3). Therefore, mixed ancestry and various levels of family stratification (Barton et al., 2019) fulfill prerequisites for heritability estimates.
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FIGURE 3. Frequency distribution of pairwise marker-based estimates of Lynch and Ritland (1999)’s relatedness among OP non-Hass seedling rootstocks from eight “Hass” avocado orchards. Relatedness distributions are shown among (A) all rootstocks (yellow), and rootstocks in the (B) dairy Northern Andean highland plateau (green), (C) Eastern Andean highland plateau (red), and (D) Southwest coffee region (orange). Relatedness estimates were inputted in a “genetic prediction” additive mixed linear model according to de los Campos et al. (2009) to compute pedigree-free (Frentiu et al., 2008; Wilson et al., 2010) rootstock-mediated narrow-sense heritability (h2) for 20 traits (Table 1 and Figure 4).





Genetic Heritability and Predictive Ability

Estimates of rootstock-mediated heritabilities (h2) were significant for 5 of the 20 measured traits (Figure 4), regardless of the permutation strategy (Figure 5) and ranged from 0.33 to 0.45 averaged h2 values with average model fits (r) ranging from 0.58 to 0.73 (Table 1). The majority of traits with significant rootstock-mediated heritability were annual harvest traits (number of fruits with exportation quality, low weight, and damages by thrips with average h2 values of 0.33, 0.36, and 0.34 and average r values of 0.58, 0.64, and 0.6, respectively). Only one morphological trait had significant results according to the permutation tests—trunk height with average h2 and r values of 0.37 and 0.64. The number of fruits was the only biomass/reproductive trait with significant results with average h2 and r values of 0.45 and 0.73.
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FIGURE 4. Significant estimates of narrow-sense rootstock-mediated heritability (h2) in 5 of the 20 measured traits based on a “genetic prediction” model calibrated with Lynch and Ritland (1999)’s relatedness matrix among OP non-Hass seedling rootstocks from eight “Hass” avocado orchards. Depicted traits (rows, A–O) are those for which significant p-values (p < 0.05) were simultaneously obtained for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1), although the graphical results only reflect estimates obtained after permuting the relatedness matrix. First column of figure panels (A,D,G,J,M) shows the posterior distribution for the rootstock-mediated heritability (h2) estimates as well as their mean (dashed vertical gray line) and 95% confidence interval (continuous horizontal gray line). Second column of figure panels (B,E,H,K,N) reflects the model fits (r) expressed as the correlation between the observed trait phenotype (yi) and the model’s estimated breeding value (βxi) (Eq. 3). Third column of figure panels (C,F,I,L,O) recalls the trait distribution across orchards (from Supplementary Figures 1–5). Dots and boxplots are colored according to Figure 1, as follows: dairy Northern Andean highland plateau in green, Eastern Andean highland plateau in red, and Southwest coffee region in orange. Estimates of h2 and r are derived from an additive mixed linear model according to de los Campos et al. (2009). nf stands for number of fruits.
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FIGURE 5. “Null” distributions (random sample) of the rootstock-mediated heritability (h2) estimate for 5 of the 20 measured traits based on a “genetic prediction” model calibrated with Lynch and Ritland (1999)’s relatedness matrix among OP non-Hass seedling rootstocks from eight “Hass” avocado orchards. Depicted traits (rows, A–O) are those for which significant p-values (p < 0.05) were simultaneously obtained for three different permutation strategies—of the phenotypic vector (first column of figure panels, A,D,G,J,M), the matrix of molecular markers (second column of figure panels, B,E,H,K,N) and the matrix of genetic relatedness among rootstocks (third column of figure panels, C,F,I,L,O). In all cases, 50 random permutations without replacement were used. Average rootstock-mediated heritability (h2) estimates (from Table 1) are marked with an arrow. Proportion of sampled permutations where resultant heritability was larger than the observed heritability estimate corresponds to the one-sided p-value reported in Table 1.



TABLE 1. Narrow-sense rootstock-mediated heritability (h2) estimates for the 20 measured traits from eight “Hass” avocado orchards.

[image: Table 1]In general, significant morphological and physiological traits had higher h2 values (h2 = 0.37 ± 0.01 and h2 = 0.45 ± 0.01 for trunk height and the number of fruits, respectively) than annual harvest traits (h2 = 0.33 ± 0.02, h2 = 0.36 ± 0.01, and h2 = 0.34 ± 0.01 for the number of fruits with exportation quality, low weight, and damages caused by thrips, respectively). Meanwhile, trait predictability was high, especially for the significant biomass/reproductive trait total number of fruits (r = 0.73) and was lowest for the number of fruits with exportation quality (r = 0.58). Per-agroecological region h2 scores were marginally inflated due to decreased environmental variance (Supplementary Figure 10). When considering a model using genetic markers as direct predictors instead of the relatedness matrix, estimates were statistically unpowered for all traits (Supplementary Figure 11). For the five traits significantly linked with the rootstocks’ genotypes (Figures 6A–E), admixed rootstocks marginally enhanced trunk height (R2 = 0.27, p = 0.002, Figure 6A) and number of fruits for exportation (R2 = 0.22, p = 0.027, Figure 6C) after accounting for the agroecological region as a random effect within an MLM framework.
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FIGURE 6. Regressions between rootstock’s breeding (GEBV, βxi) and admixture indices as proxy of heterotic effects. Only traits significantly linked with the rootstocks’ genotypes, after accounting for regional agroecological differences, are depicted, as follows: (A) trunk height, (B) number of fruits, (C) number of fruits with exportation quality, (D) number of fruits with damage caused by thrips, and (E) number of fruits discarded because of low weight. Overall tendency lines are drawn in gray if significant at a p-value threshold of 0.05. Admixture index at an optimum K-value of 3 is detailed in Figure 2. Regressions controlled for agroecological region as random effect via MLM models in R’s (v.3.4.4, R Core Team) package nlme (Pinheiro et al., 2011). Dots and dashed tendencies are colored according to Figure 1, as follows: dairy Northern Andean highland plateau in green, Eastern Andean highland plateau in red, and Southwest coffee region in orange.




DISCUSSION

We quantified the genetic effects of avocado seedling rootstocks on 20 “Hass” scion traits using a “genetic prediction” model that related traits’ variation with the SSR identity of rootstocks from eight different orchards. Trees exhibited high levels of admixture across orchards, consistent with rampant gene flow among putative races. Genetic estimates of rootstock-mediated heritability (h2) were significant for 5 of the 20 measured traits and ranged from 0.33 to 0.45 h2 with model fits (r) between 0.58 and 0.73 across orchards. The only morphological trait that we found having a significant genetic-estimated heritability value was trunk height, likely an emergent property of the rootstock–scion interaction in orchards of the same age only subjected to comparable annual light correctional pruning. Additionally, there were significant rootstock effects for various harvest and quality traits such as total number of fruits, number of fruits with exportation quality, and number of fruits discarded because of low weight and damage by thrips. These findings suggest the inheritance of rootstock effects on a wide spectrum of “Hass” avocado traits relevant for yield, which will be critical to meet the demands of the growing worldwide market.


Relatedness and Population Admixture Are Consistent With Rampant Gene Flow Among Three Populations

Examination of population structure using an unsupervised Bayesian clustering approach and within-population relatedness using Lynch and Ritland (1999) relatedness estimator are indicative of three major clusters with high levels of admixture that span a wide spectrum of relatedness, allowing for unbiased relatedness-based heritability predictions. These clusters could potentially match the three horticultural races described for avocado, which are mid-altitude highland Guatemalan (P. americana var. guatemalensis L. Wms.) and Mexican (P. americana var. drymifolia Schlecht. et Cham. Blake) races, and lowland West Indian (P. americana var. americana Mill.) race. Previous genetic analyses and screenings of key botanical descriptors have marginally reinforced this race structure (Cañas-Gutiérrez et al., 2019; Cañas-Gutierrez et al., 2019).

Previous genetic characterizations providing tangential signals of horticultural races have used targeted genes (Chen et al., 2009), chloroplast DNA (Ge et al., 2019), SSR (Alcaraz and Hormaza, 2007; Ferrer-Pereira et al., 2017; Boza et al., 2018; Sánchez-González et al., 2020), and SNP markers (Kuhn et al., 2019b; Rubinstein et al., 2019; Talavera et al., 2019), in some cases using gene-bank accessions, such as from the Venezuelan germplasm bank—Instituto Nacional de Investigaciones Agrícolas–Centro Nacional de Investigaciones Agropecuarias (Ferrer-Pereira et al., 2017), the National Germplasm Repository (United States Department of Agriculture—Agricultural Research Service Subtropical Horticultural Research Station) in Miami (Kuhn et al., 2019a,b), and the Spanish germplasm bank (Talavera et al., 2019). Despite some of these analyses captured all three races (Talavera et al., 2019), others exhibited mixed and inconclusive population structure (Cañas-Gutiérrez et al., 2015, 2019; Cañas-Gutierrez et al., 2019). However, modern genomic tools not only have enlightened race substructure (Rendón-Anaya et al., 2019; Talavera et al., 2019) but also provided evidence for the hybrid origin of commercially important varieties such as Mexican/Guatemalan “Hass” avocado (Rendón-Anaya et al., 2019). Our characterization has further highlighted the admixed origin of seedling rootstocks currently used at commercial orchards in the northwest Andes. Persistent admixture due to rampant gene flow is expected for a species that, as avocado, has been subjected to continent-wide animal and human-mediated migration (Bergh and Ellstrand, 1986; Galindo-Tovar et al., 2007; Larranaga et al., 2020), besides being an obligate outcrossing (via protogynous dichogamy, a sequential non-overlapping hermaphroditism in which female function precedes male function).

Regarding economical traits, the Guatemalan race typically has small seeds and exhibits late fruit maturity, whereas Mexican race shows early fruit maturity and cold tolerance. In contrast, the West Indian race has a large fruit size and low oil content (Bergh and Ellstrand, 1986). However, trait differentiation could not be assessed in this study because genotyping was carried out on seedling rootstocks. To evaluate in more detail rootstocks’ fruit phenotype, stooling or layering would need to be induced from rootstocks (Knight et al., 1927; Webster, 1995), a technique normally used for clonal propagation of the desired rootstock rather than high-scale phenotyping. A so far unexplored yet promising alternative would be to calibrate Genomic Prediction (Crossa et al., 2017; Grattapaglia et al., 2018) and Machine Learning (Gianola et al., 2011; Libbrecht and Noble, 2015; Schrider and Kern, 2018) models using high-throughput genotyping (Cortés et al., 2020b) of phenotyped ungrafted avocado trees spanning all three races, to predict rootstocks’ own unobserved phenotypes. Interpolating these predictions and quantitative genetic parameters across the rich ecological continuum of the northern Andean mountains (Madriñán et al., 2013; Valencia et al., 2020), within a multi-climate (Costa-Neto et al., 2020) “enviromic prediction” paradigm (Resende et al., 2020), will be key to target optimum genotype x environment arrangements for yield (Galeano et al., 2012; Blair et al., 2013) and quality (Wu et al., 2020) components, as well as in the face of abiotic (Cortés et al., 2020a) and biotic (Naidoo et al., 2019) stresses imposed by climate change.



Significant Rootstock Effects for Various Complex Harvest and Quality Traits

Our results suggest the inheritance of rootstock effects on a surprisingly wide spectrum of “Hass” avocado genetically complex traits, mostly spanning economically relevant attributes such as total number of fruits, number of fruits with exportation quality, number of fruits discarded because of low weight, and number of fruits damaged by thrips. The only morphological trait that we found having a significant heritability value mediated by the rootstock was trunk height. Interestingly, all these traits refer to the ability of the rootstocks to impact the phenotype of the grafted scion (i.e., harvest/quality traits), or the entire tree (i.e., trunk height), but not the root phenotype itself (e.g., rootstock height or perimeter). This speaks for a predominant role of the rootstock–scion interaction rather than independent additive effects of each genotype, which is expected when combined effects are mainly due to transport of water and nutrients and large-scale movement of hormones, proteins, messenger RNAs, and small RNAs (Wang et al., 2017).

Previous research about the effect of rootstocks on avocado crop performance has focused on susceptibility to P. cinnamomi (Smith et al., 2011; Reeksting et al., 2016; Sánchez-González et al., 2019), mineral nutrient uptake (Bard and Wolstenholme, 1997; Calderón-Vázquez et al., 2013), and response to salinity (Bernstein et al., 2001; Mickelbart and Arpaia, 2002; Raga et al., 2014). However, harvest/quality traits have not been explicitly considered in previous studies to assess rootstock effects on “Hass” avocado. Some indirect mechanistic evidence suggests that rootstocks from different races may affect post-harvest anthracnose development (Willingham et al., 2001), alter carbohydrate accumulation (Whiley and Wolstenholme, 1990), and determine yield components, alternate bearing, and nutrition (Mickelbart et al., 2007) on “Hass” avocado. However, this study contributes new concrete evidence of heritable rootstock effects on key quantitative harvest and quality traits (i.e., total number of fruits, number of fruits with exportation quality, and number of fruits discarded because of low weight and damage by thrips), essential for developing novel rootstock breeding schemes targeting fruit quality in variable mountain ecosystems (Cortés and Wheeler, 2018).

Overwhelming rootstock effects also encourage broadening the genetic basis of current avocado rootstock breeding programs. Across Mesoamerica and northern South America, avocado trees are still cultivated in traditional orchards, backyard gardens, and as living fences. They are consumed at a regional scale and harbor a strong potential to improve fruit quantity and quality, besides tree adaptation, when used as rootstocks in commercial “Hass” orchards (Galindo-Tovar et al., 2007). However, for this to occur, a better comprehension of the consequences of grafting, more concretely the rootstock–scion interaction across traits and environments, needs to be achieved, just as envisioned here.

Meanwhile, in the absence of selected clonal rootstocks, admixed rootstocks seem to enhance productivity traits, such as the number of fruits with exportation quality. This heterotic pattern may be due to dominance and overdominance effects, both of which can increase yield and adaptability after a single generation of admixture (Schilthuizen et al., 2004; Seehausen, 2004). While dominance results from the masking of deleterious recessive alleles by the augmented heterozygosity resulting from admixture, overdominance refers to the increase in aptitude due to additive and epistatic interactions of alleles maintained by balancing selection that would have rarely coincided within the same genotype without admixture. Disentangling between these processes would require mapping allele effects across different (environmental/genomics) contexts.

In the long term, major improvements can be achieved by replacing seedling’s rootstocks with a diverse panel of elite clonal genotypes (Ingvarsson and Dahlberg, 2018). However, tropical avocado plantations in the northern Andes are still in their infancy and will likely remain so during the next decade despite some ongoing efforts to (i) identify superior rootstock genotypes in the face of highly heterogeneous mountainous microenvironmental conditions (Cortés and Wheeler, 2018) and (ii) standardize their propagation via micro-cloning (Ernst, 1999), and double grafting (Frolich and Platt, 1971). Breeding for elite clonal tree genotypes with conventional phenotypic selection usually incurs in progeny-testing phases and several clonal trials (Resende et al., 2012), which may double the breeding cycle length compared to gradual population improvement through recurrent selection and testing (Neale and Kremer, 2011). While locally adapted superior clonal rootstocks are identified and propagated, nurseries will have to rely on OP non-Hass “plus tree” donors of seedling rootstocks. In this context, our study, by quantifying the rootstock mediated heritability in avocado, configures as a first step towards the advance of the rootstock gene pool in a hotspot of wild (Migicovsky and Myles, 2017; Burgarella et al., 2019) and cultivated biodiversity (Pironon et al., 2020) of avocados and related Lauraceae species (Gentry and Vasquez, 1996). The next step is a better tracing of seedling rootstocks from “plus trees” (and seed orchards, yet to be established) to nurseries.

One possible caveat of our heritability estimates refers to the number of fruits damaged by thrips. Despite it is known that rootstocks may affect the blend of biogenic volatile organic compounds emitted by “Hass” (Ceballos and Rioja, 2019) and therefore influence scion pest attraction, — or repellence (Kainer et al., 2018); in our study, thrips’ pressure was not homogeneous across nor within orchards. In other words, different rootstocks were not equally exposed to the pest, meaning that the phenotypic vector and the relatedness matrix were fortuitously unbalanced within the “genetic prediction” model. This trend was not observed for any of the other significantly rootstock-inherited traits. Therefore, to validate the rootstock-mediated genetic-estimated heritability values obtained for the number of fruits damaged by thrips, an oncoming controlled experiment would require capturing volatiles across grafted “Hass” trees, all exposed to constant pressure by thrips.



Relatedness Reconstruction With SSR Markers Allows for Genomic-Type Predictions

SSRs may not be sufficient to describe a polygenic basis, but they can capture a wide spectrum of samples’ relatedness. Heterogeneity in the samples’ relatedness is essential to calibrate a “genetic prediction” model when highly related or unrelated samples are not sufficiently contrasting by themselves. The molecular relationship matrix that we estimated following Lynch and Ritland (1999) and Cros et al. (2019) was adequately heterogeneous. In this way, our genetic prediction managed to include both family effects and Mendelian sampling terms while simultaneously expanding the number of variables from 13 up to 188, increasing the predictive model accuracy (Zhang et al., 2019).

SSRs’ high mutation rate (Ellegren, 2004) and polymorphism content (Cortés et al., 2011; Blair et al., 2012) allow utilizing this type of marker to trace the nature of the rootstock gene pool and disclose the relatedness matrix. This way, it becomes feasible to compute the additive genetic variance of quantitative traits under a “genetic prediction” model (Cros et al., 2015, 2019) without a priori knowledge of the parental and family ancestry. Replacing an unknown pedigree by marker-inferred pairwise relatedness between individuals (Lynch and Ritland, 1999) makes viable pedigree-free heritability estimation (Frentiu et al., 2008; Wilson et al., 2010), a major accomplishment in perennials. This strategy recurs to variation across distinct genetically estimated kinship levels (Milner et al., 2000; Kruuk, 2004; Berenos et al., 2014) and not just within and between families (Falconer and Mackay, 1996; Walsh, 2008). However, caution must be taken when extending this approach to other systems for which family heterogeneity is insufficient. Luckily in our case, the relatedness matrix was adequately variable, embracing various families and degrees of relationship, partly due to the fact that nurseries mix seedling rootstocks from OP non-Hass “plus tree” donors of various provenances.

Despite SSRs’ utility, these markers will be limited when trying to assess the genomic architecture of complex traits (Hirschhorn and Daly, 2005) or when calibrating marker-based infinitesimal Genomic Selection models (Kumar et al., 2012, 2015, 2019; Muranty et al., 2015; Crossa et al., 2017). To reveal the rootstock-mediated genomic architecture of key traits, genome-wide association (Khan and Korban, 2012) has to assume some allelic variants are in linkage disequilibrium (LD) (Blair et al., 2018) with causal variants (Hirschhorn and Daly, 2005; Morris and Borevitz, 2011; Tam et al., 2019) that impact scion’s phenotype (Minamikawa et al., 2017). Likewise, predictive rootstock breeding needs to assume that quantitative traits are regulated by infinitive low-effect additive causal variants in LD with many genetic markers (Crossa et al., 2017). Infrequent SSR markers, despite highly polymorphic, are unlikely to be found in LD with any of these variant types (Slatkin, 2008). So, abundant and easily scored SNP markers (Kelleher et al., 2012) will be needed for a deeper comprehension of the rootstock–scion interaction and to enhance its factual utilization for breeding purposes.



Next Steps to Deepen Our Understanding of the Rootstock–Scion Interaction

To expand our knowledge on the extent of the rootstock–scion interaction and speed up fruit tree breeding programs (Kumar et al., 2020; Peng et al., 2020; Santantonio and Robbins, 2020), further heritability estimates should be gathered on contrasting traits using multi-environment (Crossa et al., 2019; Costa-Neto et al., 2020) provenance (“common garden”) and progeny trials with diverse panels of seedling and clonal rootstocks. The “genetic prediction” model used here to estimate pedigree-free heritabilities (Milner et al., 2000; Kruuk, 2004; Frentiu et al., 2008; Wilson et al., 2010; Berenos et al., 2014), or alternatively indirect genetic effect (IGE) models (Bijma, 2010, 2013; Fisher and Mcadam, 2019), may be extended to field trials at a low genotyping cost, as few polymorphic SSR markers are enough to span the genetic relatedness gradient. This model suggested evidence that rootstock’s influences transcend the root phenotype and can directly impact the phenotype of the grafted scion for economically important traits. Therefore, widening the spectrum of traits under screening for rootstock-mediated heritability will be essential to optimize rootstock selection and the overall genetic value of nurseries’ grafted material in the genomic era (Khan and Korban, 2012; Meneses and Orellana, 2013; Iwata et al., 2016).

On the other hand, rootstock–scion interaction also implies that different scions may have distinct effects on rootstock traits, such as arbuscular mycorrhizal and root hair development (Shu et al., 2017). Studying this type of interaction would require factorial designs in which different clonal scions are grafted ideally on clonally propagated rootstocks—e.g., via double grafting (Frolich and Platt, 1971) or micro-cloning (Ernst, 1999), or alternatively on half-sib families of seedling rootstocks. This way, new scion effects can be revealed while optimizing the rootstock–scion combination. Meanwhile, a new generation of multi-year “genetic prediction” (Crossa et al., 2019; Roudbar et al., 2020) and IGE models – as carry out in social contexts (Feldman et al., 2017; Santostefano et al., 2017; Han et al., 2018), may expand our understanding of how plants graft while pivoting fruit tree breeding programs. We look forward to seeing similar approaches applied on other woody perennial fruit crops and orphan tropical and subtropical native trees.

Besides quantifying rootstock and scion effects using quantitative genetic approaches, a more mechanistic understanding of the consequences of grafting is desirable by applying tools from the “omics” era (Barazani et al., 2014; Wang et al., 2017; Guillaumie et al., 2020). Genotyping-by-sequencing (Elshire et al., 2011; Cortés and Blair, 2018), re-sequencing (Fuentes-Pardo and Ruzzante, 2017), RNAseq (Jensen et al., 2012; Sun, 2012; Reeksting et al., 2016) and single-cell sequencing (Tang et al., 2019) across different tissues of the grafted tree, including the graft interface (Cookson et al., 2019), will enable understanding the genetic architecture of rootstock-mediated traits and the rootstock–scion interaction. Ultimately, these approaches may help discern among additive and combined processes how plant tissues and physiological (Loupit and Cookson, 2020; Rasool et al., 2020) processes (such as water and nutrients uptake and transport, hormone production and transport, and large-scale movement of molecules) behave during grafting.



CONCLUSION

Grafting typically enables side-stepping the bottlenecks of breeding woody perennials, mainly concerning their prolonged juvenile phases and outcrossing reproductive systems. Avocado cv. Hass plantations are currently experiencing rampant growth in tropical and subtropical areas, where grafting heavily relies on non-Hass OP seedling rootstocks. However, the individual contribution of the rootstock–scion interaction to phenotypic variation still hampers avocado rootstock breeding and prevent unveiling the consequences of grafting. Throughout this study, we screened 240 grafted trees for 20 phenotypic traits and 13 SSR markers in the seedling rootstocks. This way, we identified five traits with genetic-estimated rootstock-mediated narrow-sense heritability scores significantly different from zero, given three stringent permutation strategies. Because four of these traits were related to fruit harvest and quality traits, our work invites developing novel rootstock breeding schemes targeting fruit quality. It is predictable that in the short run, such efforts will allow the establishment of seed orchards, while improving the gene pool and traceability of seedling rootstocks from “plus tree” donors through nurseries in neotropical regions. In the long term, they will enable identifying Phytophthora root rot-resistant, locally adapted, elite rootstock candidates for clonal propagation, as is nowadays routinely performed in temperate regions where avocado trees are not native, and introgression from the wild is controllable.
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Supplementary Figure 1 | Morphological first set of traits’ distributions across orchards (first column of figure panels) and agroecological regions (second column of figure panels) for four morphological traits (rows)—tree, trunk, rootstock, and scion heights—recorded in 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Abbreviated orchard codes depicted in the x-axis of the first column of figure panels are last letters of full names from Figure 1.

Supplementary Figure 2 |
(Continued from Supplementary Figure S1) Morphological second set of traits’ distributions across orchards (first column of figure panels) and agroecological regions (second column of figure panels) for other four morphological traits (rows)—rootstock and scion perimeters, trunk perimeter at the grafting scar, and rootstock compatibility following (Webber, 1948)—recorded in 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Abbreviated orchard codes depicted in the x-axis of the first column of figure panels are last letters of full names from Figure 1.

Supplementary Figure 3 | Biomass/reproductive traits’ distributions across orchards (first column of figure panels) and agroecological regions (second column of figure panels) for three biomass/reproductive traits (rows)—number of leaves, flowers, and fruits following Salazar-García et al. (2013)—recorded from 2015 to 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Abbreviated orchard codes in the first column of figure panels are last letters of full names in Figure 1.

Supplementary Figure 4 | Harvest first set of traits’ distributions across orchards (first column of figure panels) and agroecological regions (second column of figure panels) for five harvest traits (rows)—number of fruits with exportation quality and those discarded because of mechanical damage, sun damage, and damage caused by scarab beetles (A. pygidialis) or thrips (F. gardeniae)—recorded from 2015 to 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Abbreviated orchard codes in the first column of figure panels are last letters of full names in Figure 1.

Supplementary Figure 5 |
(Continued from Supplementary Figure S4) Harvest second set of traits’ distributions across orchards (first column of figure panels) and agroecological regions (second column of figure panels) for other four harvest traits (rows)—number of fruits discarded because damage caused by Monalonion spp. or due to other imperfections such as low weight, early ripening or the stalk cut below the pedicel—recorded from 2015 to 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (in green), four in the Eastern Andean highland plateau (in red), and two in the Southwest coffee region (in orange). Abbreviated orchard codes in the first column of figure panels are last letters of full names in Figure 1.

Supplementary Figure 6 | Pearson correlations among eight morphological traits recorded in 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Correlation estimates and 95% confidence intervals are presented above the diagonal and below diagonal cells are colored accordingly. Minimum and maximum values are shown in the corners of the cells in the diagonal.

Supplementary Figure 7 | Pearson correlations among average distributions of three biomass/reproductive traits recorded from 2015 to 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Correlation estimates and 95% confidence intervals are presented above the diagonal and below diagonal cells are colored accordingly. Minimum and maximum values are shown in the corners of the cells in the diagonal.

Supplementary Figure 8 | Pearson correlations among average distributions of nine harvest traits recorded from 2015 to 2016 in “Hass” avocado trees grafted on seedling rootstocks at eight orchards. Correlation estimates and 95% confidence intervals are presented above the diagonal and below diagonal cells are colored accordingly. Minimum and maximum values are shown in the corners of the cells in the diagonal.

Supplementary Figure 9 | Evanno’s delta K for the unsupervised Bayesian genetic clustering conducted in STRUCTURE and depicted in Figure 2. K values ranged from K = 2 to K = 5. Transformed likelihoods of the graph model from the Evanno et al. (2005) are shown in the vertical axis.

Supplementary Figure 10 | Posterior distributions for the rootstock-mediated heritability (h2) estimates per agroecological region. Estimates were gathered using a “genetic prediction” additive mixed linear model according to de los Campos et al. (2009), calibrated with Lynch and Ritland (1999)’s relatedness matrix among rootstocks from eight “Hass” avocado orchards. Depicted traits (rows) are those for which significant p-values (p < 0.05) were simultaneously obtained for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1). Columns of figure panels respectively show the posterior distribution for the rootstock-mediated heritability (h2) estimates when computed in the dairy Northern Andean highland plateau (green), the Eastern Andean highland plateau (red), and the Southwest coffee region (orange). Dashed vertical gray lines and continuous horizontal gray lines respectively mark mean values and 95% confidence intervals. Lines are colored according to Figure 1.

Supplementary Figure 11 | Estimates of narrow-sense rootstock-mediated heritability (h2) in five of the 20 measured traits based on a “genetic prediction” model calibrated with 13 SSRs markers genotyped in seedling rootstocks from eight “Hass” avocado orchards. Depicted traits (rows) are those for which significant p-values (p < 0.05) were simultaneously obtained for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1). The first column of figure panels shows the posterior distribution for the rootstock-mediated heritability (h2) estimates as well as their mean (dashed vertical gray line) and 95% confidence interval (continuous horizontal gray line). The second column of figure panels reflects the model fits (r) expressed as the correlation between the observed trait phenotype (yi) and the model’s trait estimation (βxi)—(Eq. 3). The third column of figure panels recalls the trait distribution across orchards (from Figure 4 and Supplementary Figures S1–S5). Estimates of h2 and r are derived from an additive mixed linear model according to de los Campos et al. (2009).

Supplementary Table 1 | Phenotypic and genetic data of 240 “Hass” avocado trees grafted on seedling rootstocks from eight orchards in the northwest of Colombia (province of Antioquia). Orchards were distributed across three agroecological regions, two in the dairy Northern Andean highland plateau, four in the Eastern Andean highland plateau, and two in the Southwest coffee region. From each orchard, 30 healthy trees from six linear blocks were chosen. Eight morphological traits were recorded in 2016, while three biomass/reproductive and nine harvest traits were measured from 2015 to 2017. For these last 12 traits average values across all 3 years are shown. Rootstocks were genotyped for 13 SSR markers (Supplementary Table S2) from Sharon et al. (1997) and Ashworth et al. (2004). Alleles sizes are kept.

Supplementary Table 2 | Identity of the 13 microsatellite markers (simple sequence repeats—SSRs) used in this study to screen rootstocks from eight “Hass” avocado orchards. Forward and reverse primers, sequence motif, source and summary statistics are shown. Markers were originally designed by Sharon et al. (1997) and Ashworth et al. (2004), and were prioritized according to their polymorphism information content (PIC), following Alcaraz and Hormaza (2007).

Supplementary Table 3 | Wilcoxon Rank Sum Test results comparing trait distributions across agroecological regions for the 20 traits surveyed at eight orchards of “Hass” avocado trees grafted on seedling rootstocks. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (heading in green), four in the Eastern Andean highland plateau (heading in red), and two in the Southwest coffee region (heading in orange). Traits in bold had significant heritability (h2) estimates (p < 0.05) for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1).

Supplementary Table 4 | Wilcoxon Rank Sum Test results comparing trait distributions across eight orchards of “Hass” avocado and examined for 20 traits within regions. Orchards spanned three agroecological regions, two in the dairy Northern Andean highland plateau (heading in green), four in the Eastern Andean highland plateau (heading in red), and two in the Southwest coffee region (heading in orange). Traits in bold had significant heritability (h2) estimates (p < 0.05) for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1).

Supplementary Table 5 | Pearson correlation coefficients comparing trait distributions of 20 traits examined across eight orchards of “Hass” avocado and altitude. Orchards differed in altitude (Figure 1) and spanned three agroecological regions, two in the dairy Northern Andean highland plateau (heading in green), four in the Eastern Andean highland plateau (heading in red), and two in the Southwest coffee region (heading in orange). Traits in bold had significant heritability (h2) estimates (p < 0.05) for three different permutation strategies (of the phenotypic vector, the matrix of molecular markers and the matrix of genetic relatedness among rootstocks, Table 1).

Supplementary Table 6 | Q-matrix and admixture index in rootstocks from eight orchards of “Hass” avocado as determined by 13 SSR markers. Estimates are derived from the STRUCTURE software (Pritchard et al., 2000) at K = 3 (Figure 2).
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Vegetable Grafting From a Molecular Point of View: The Involvement of Epigenetics in Rootstock-Scion Interactions
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Vegetable grafting is extensively used today in agricultural production to control soil-borne pathogens, abiotic and biotic stresses and to improve phenotypic characteristics of the scion. Commercial vegetable grafting is currently practiced in tomato, watermelon, melon, eggplant, cucumber, and pepper. It is also regarded as a rapid alternative to the relatively slow approach of breeding for increased environmental-stress tolerance of fruit vegetables. However, even though grafting has been used for centuries, until today, there are still many issues that have not been elucidated. This review will emphasize on the important mechanisms taking place during grafting, especially the genomic interactions between grafting partners and the impact of rootstocks in scion’s performance. Special emphasis will be drawn on the relation between vegetable grafting, epigenetics, and the changes in morphology and quality of the products. Recent advances in plant science such as next-generation sequencing provide new information regarding the molecular interactions between rootstock and scion. It is now evidenced that genetic exchange is happening across grafting junctions between rootstock and scion, potentially affecting grafting-mediated effects already recorded in grafted plants. Furthermore, significant changes in DNA methylation are recorded in grafted scions, suggesting that these epigenetic mechanisms could be implicated in grafting effects. In this aspect, we also discuss the process and the molecular aspects of rootstock scion communication. Finally, we provide with an extensive overview of gene expression changes recorded in grafted plants and how these are related to the phenotypic changes observed. Τhis review finally seeks to elucidate the dynamics of rootstock-scion interactions and thus stimulate more research on grafting in the future. In a future where sustainable agricultural production is the way forward, grafting could play an important role to develop products of higher yield and quality in a safe and “green” way.

Keywords: epigenetics (DNA methylation), small RNAs (sRNAs), gene expression, vegetable grafting, rootstock-scion interaction


INTRODUCTION

In a world where new pests are emerging every day and climate change alters the environment, food production in the future will be challenging. Plant grafting is one of the most valuable tools we have in vegetable production against soil-borne diseases and stresses. However, the benefits from using grafted plants are more; higher yields under stressful conditions, extension of the cultivation period, lower use of fertilizers and agrochemicals, broad use of phytogenetic resources as rootstocks, and no need for crop rotation are some of them (Lee et al., 2010).

Grafting was introduced from East Asia to Europe during the 20th century, but it has become more popular during the past 30 years. Grafted plants are commonly used today in the commercial production of tomato (Solanum lycopersicum), watermelon (Citrullus lanatus), melon (Cucumis melo), eggplant (Solanum melongena), cucumber (Cucumis sativus), pepper (Capsicum annuum), and many more. It is estimated that more than 10 million grafted tomato plants are used in greenhouses in United States while approximately 6 million are planted in open fields. Recognizing the emerging role of plant grafting in vegetable production, USDA established a grafting project for the improvement of science and use of vegetable grafting, involving academics from 10 United States universities.1

It is still unknown how plant grafting was discovered but it is likely that it originated from the occurrence of grafting in nature when two different plants come randomly in contact and unite their limbs or roots without human intervention. However, in this review, we only refer to grafting due to human intervention; it was employed to modify certain growth habits and characteristics or to bring disease resistance to pathogens. But why do we need to graft vegetables? The main reason is to fight soil-borne pathogens such as nematodes, fungi, bacteria, or viruses, especially after the ban of effective soil fumigants like methyl bromide and the restriction of pesticides. Although there are some alternatives, plant grafting appears as the most effective and sustainable solution to the problem. Use of resistant rootstocks that are intra-specific (within the same species) selections and have resistance genes or inter-specific (different species) and inter-generic (different genera) with non-host resistance mechanisms or have a resistance that lies on multiple genes, seem to be an important weapon in the fight against stresses (Louws et al., 2010). Furthermore, grafted plants are used against a variety of abiotic unfavorable soil conditions such as low water availability and drought (Rouphael et al., 2008; Sánchez-Rodríguez et al., 2012; Liu et al., 2016b; Zhang et al., 2020), flooding (Yetisir et al., 2006; Bhatt et al., 2015), nutrients deficiency (Zhang et al., 2012; Huang et al., 2016; Martínez-Andújar et al., 2017), high salt concentrations (He et al., 2009; Huang et al., 2011; Colla et al., 2012), heavy metals toxicity (Arao et al., 2008), and low or high temperatures (Rivero et al., 2003; Zhou et al., 2007; Venema et al., 2008). Finally, grafting has been used extensively in plant biology and physiology to identify mobile molecules, such as proteins, mRNAs, and small RNAs, that control important aspects of plant development and performance.

However, the molecular aspects of vegetable grafting remain vastly understudied. In this review, we are discussing the recent developments and findings on important mechanisms taking place during grafting, such as tissue reconnection and vasculature formation, rootstock-scion communication, and genomic interactions, and the impact of rootstocks in scion’s performance. Special emphasis will be drawn on the relation between vegetable grafting and epigenetics. Epigenetics involves stable and possible heritable gene expression alterations that are caused by how the DNA is packaged instead of changes of the primary DNA sequence (Bender, 2002). Epigenetics has been linked to almost every aspect of plant development and plant interactions with the environment. Currently, plant breeders can increase and use epigenomic variability through the use of genome-wide mapping of epigenetic marks and epigenetic target identification, in an effort to select new climate-smart crop varieties that are more resistant to environmental changes (Varotto et al., 2020). Whether plant grafting induces heritable epigenetic changes that have a significant impact on gene expression variability and subsequently on grafted plants’ phenotypes is an obvious question to be asked. Although this review will focus on vegetable grafting, a significant amount of related work has been done in model species like Arabidopsis or tobacco (Nicotiana tabacum), so these works will be discussed.

Certainly, the production cost of grafted plants is higher than the conventional. This is because manual grafting is highly labor-intensive as it demands highly skilled staff often working through a narrow time planting window to achieve high numbers of plants being grafted (Kubota et al., 2017). This problem can be addressed using automated grafting machines and robots or other cultivation practices that could significantly lower the prices of grafted plants. However, the amelioration of the grafting technique requires further research on the molecular mechanisms that govern grafted plants performance and significantly impact the phenotype. Work on the effects of grafting and rootstock-scion interactions is expected to shed more light into the complex interplay of grafting partners and the effect of this interplay into scion yield and quality.



GRAFTING TECHNICS AND LONG-DISTANCE SIGNALING

Grafting involves joining cut tissues of two different plants to fuse into a single plant, sharing a unified vascular system. The re-establishment of the new plant entity starts with tissue connection between the rootstock and the scion at the grafting points, it proceeds with a vigorous cell division phase that results in the formation of a callus and common cell wall and it ends with the establishment of a unique vasculature system (Yin et al., 2012; Melnyk et al., 2015). In Arabidopsis, these grafting-related procedures are quite rapid, completed in only 1 week after grafting (Melnyk et al., 2015; Melnyk, 2017). The first that reconnects is the phloem, then root growth restarts, and in the end, xylem is reconnected (Melnyk et al., 2015). The attachment of the two plant parts together is vital as the root quickly responses transcriptionally to the presence of the shoot even if vascular connection has not been established yet (Melnyk et al., 2018). Plasmodesmata are formed between the adhering cells of the grafted plant establishing transport and cell-to-cell communication between the two grafting partners (Jeffree and Yeoman, 1983; Kollmann and Glockmann, 1985; Yin et al., 2012).

Grafting has been reported to be most successful when members of the same plant family are brought together to graft. An intriguing example is the Solanaceae family where successful grafts have been commercially developed between either tomato or eggplant with potato producing effectively edible fruits from both the rootstock and the scion (TomTato® and Egg and Chips® of Thompson and Morgan). However, it was recently proven that plants from different families even distant ones can be grafted successfully (Notaguchi et al., 2020); phylogenetic proximity or similarity in the vascular anatomy of the grafting partners does not seem to result always in grafting realization (Wulf et al., 2020). It is shown that grafting is facilitated by the action of genes such as cellulases that help the reconstruction of cell walls; these genes can facilitate tissue adhesion and promote plant grafting (Kurotani et al., 2020; Notaguchi et al., 2020). If plants possess or are bred to possess such genes in abundance, interfamily barriers in grafting could be lifted and grafting technology can be expanded to deliver more chimeric plants that will take advantage of both distantly related partners’ advantages.

Consequently, division and differentiation are key cellular ongoing processes during grafting that require cell communication and hormones involvement. Auxin seems to hold the most important role with the other hormones like cytokinin, ethylene, jasmonic acid (JA), and gibberellin interacting with auxin along the process or participating actively in grafting/wounding responses (Nanda and Melnyk, 2018). Genes coding for auxin efflux proteins were found to be transcriptionally induced in Arabidopsis scions, above the graft junctions while auxin response genes are important at the rootstocks below graft junctions, suggesting that auxin may be the signal that is transported from the scion to the rootstock to activate vascular reconnection at the very early stages of grafting (Melnyk et al., 2015, 2018). A study in watermelon grafted on squash has recently shown that the expression levels of most auxin transporter genes changed during grafting enforcing the suggestion that these auxin-related genes play an important role in auxin transportation toward graft junctions, thus promoting wound healing and vascular formation (Yu et al., 2017). Experiments in melon grafted on Cucurbita rootstocks have earlier pointed toward this direction as auxin was suggested to act by triggering ethylene production and reactive oxygen species generation, which promotes root degradation in rootstocks that are more susceptible to auxin than others (Aloni et al., 2008).



TRAFFICKING OF GENETIC INFORMATION EXCHANGE BETWEEN THE ROOTSTOCK AND THE SCION

We are just starting to understand the molecular processes involved in vegetable grafting. However, the alteration of plants phenotype, development, and performance by grafting has been long documented; one of the terms introduced to explain the diversity observed in grafted plants is graft “hybridization.” A term first introduced by Darwin in the 19th century, graft hybridization refers to the asexual hybridization that occurs during grafting and possibly results to heritable changes (Liu, 2006). Later, Michurin introduced “mentor” grafting – a method of grafting where scions from old tree fruit cultivars are grafted on the lower branches of young trees providing them with characteristics they lacked before. Michurin believed that rootstocks contribute their hereditary materials to hybrids (Liu, 2006). Lots of scientists have used mentor grafting to produce heritable graft-induced variation and graft hybrids. Graft-induced changes on several plant characteristics producing many phenotypic variants have been reported in peppers (Hirata and Yagishita, 1986; Yagishita and Hirata, 1986, 1987; Yagishita et al., 1990; Taller et al., 1998, 1999; Tsaballa et al., 2013). These findings were clearly pointing out toward trafficking of genetic information between the two grafted partners (Figure 1). Indeed, early genetic studies have shown chromatin movements from rootstock to scion and subsequently to the seed progenies (Ohta, 1991). Rootstock-specific random amplification of polymorphic DNA (RAPDs) molecular markers were detected in the graft-induced variants differentiating them molecularly from the scion (Taller et al., 1998).
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FIGURE 1. Graphical summary of the molecular mechanisms taking place in grafted plants. Different hormones seem to play a major role in cell division, differentiation, and tissue communication around grafting junctions. Trafficking of genetic information in the form of small RNAs impacts the expression of genes as mobile small RNAs are implicated transposon silencing via RNA-directed DNA methylation (RdDM). Changes in DNA methylation are associated with changes in gene expression and impact phenotypic variation (Created with Biorender.com).


Recently, Stegemann and Bock (2009) found that in graft sites of tobacco transgenic lines carrying different antibiotics markers and reporters, develop cells resistant to both antibiotics and exhibiting both reporter genes, thus indicating that genetic information is horizontally transferred between the two grafted partners either as DNA pieces or plastids. Later, Stegemann et al. (2012) used callus tissue from the graft sites for plant regeneration originating from reciprocally grafted Nicotiana species, being nuclear and chloroplast transformed. They discovered that chloroplast DNA from the N. tabacum chloroplast transgenic line has been successfully transferred through the grafting junction to Nicotiana glauca or Nicotiana benthamiana regardless the N. tabacum line being the rootstock or the scion. However, no transfer of nuclear or chloroplast DNA recombination took place. The antibiotic resistance N. tabacum plastid genome contributed to the other two nuclear transgenic species was stably inherited to the progenies, a sign of an entirely plastid substitution in the N. glauca or N. benthamiana lines (Stegemann et al., 2012). Fuentes et al. (2014) have used N. glauca scions, genetically modified (GM) to express the nptII gene (kan resistance), and N. tabacum rootstocks, modified to express the hpt gene (hygromycin resistance). The grafting of the two species led to the development of a new plant that was simultaneously resistant to both antibiotics thus harboring both nuclei or both genes through recombination. Although no similar studies have been published in vegetables, the aforementioned work on tobacco might lead the way for similar studies that would possibly elucidate the genetic effects of vegetable grafting on grafted plants’ phenotype.



GRAFTING AND RNA TRANSPORT

Movement of genetic information in the form of small RNAs is a key-issue that has been discussed extensively in literature over the past decade. Messenger RNA (mRNA) molecules have been long known to travel inside plants, via the phloem, and grafting has been used in many related studies as a tool to prove exactly this (Lough and Lucas, 2006; Harada, 2010; Spiegelman et al., 2013; Turnbull and Lopez-Cobollo, 2013). For small RNAs, a phosphorus deficiency induced miRNA, the miR399, was the first to be detected in the phloem sap of rapeseed and pumpkin while the use of micro-grafting experiments has shown that it is moving from shoots to roots (Pant et al., 2008). More miRNAs, such as miR156, miR172, and miR395, have been proposed to move from the scion to the rootstock (Martin et al., 2009; Buhtz et al., 2010; Bhogale et al., 2014).

However, it was basic research in Arabidopsis that has recently paved the way for a new understanding of the genetic information moving within grafted plants in the form of siRNAs. The predominant heterochromatic 24-nt siRNAs have been documented to direct de novo methylation of mainly transposable elements (TEs) and repetitive DNA in a process called RNA-directed DNA methylation (RdDM; Borges and Martienssen, 2015; Xie and Yu, 2015) resulting in transcriptional gene silencing (TGS). Molnar et al. (2010) used wild type (WT) Αrabidopsis plants and mutants grafted onto each other to show that several types of sRNAs are moving inside grafted plants but mainly 24-nt siRNAs generated by the action of a Dicer-like protein, DCL3, are mobile and are transported from shoot to root. Although other classes of sRNAs like the 22-nt and 23-nt are also mobile, 24-nt siRNAs were linked to DNA methylation of three specific loci which were TEs in the roots (Molnar et al., 2010). This siRNA movement is carried out by the phloem. Later, it was proved by experiments using Arabidopsis transgenic lines that only the mobile 24-nt siRNAs are directing DNA methylation at the recipient meristematic tissues and TGS of a transgene promoter (Melnyk et al., 2011). Finally, it was demonstrated that mobile 24-nt siRNAs – although again not exclusively the only mobile sRNAs class – can travel from shoot to root to direct DNA methylation of thousands of genome sites associated again with TEs (Lewsey et al., 2016).

The mobility of sRNAs inside grafted plants has been proved to be more efficient when sRNAs are produced in the scion and travel toward the rootstock than vice versa, as it is proposed that they move through the phloem and plasmodesmata (Molnar et al., 2010; Melnyk et al., 2011). Still, siRNAs produced in rootstock phloem companion cells were proved to travel toward the WT scion and lessen the viroid infection facilitated by the removal of lateral leaves and buds (Kasai et al., 2013). In tomato transgenic rootstocks with a silenced fatty acid desaturase gene (LeFAD7), non-transgenic scions were used for grafting. Grafted scions had lower expression of LeFAD7 gene and siRNAs were present, indicating that they were transmitted to the scion by the GM rootstock. Scions had their leaves removed before grafting in this work too (Nakamura et al., 2015). Interestingly, earlier studies in pepper where graft-induced changes were recorded in the scions included mentor-grafting (Taller et al., 1998). In mentor-grafting, leaves of the scions are removed to promote the flow of substances from the rootstock to the scion (Goldschmidt, 2014). It is possible that sRNAs generated from the rootstock could also flow toward that direction among these substances and could underline the significant changes observed in scions’ phenotypes.

The apparent movement of sRNAs inside grafted plants could also have vast practical implications. For example, resistance to viruses has been shown to be transmitted from the rootstock to scion in tomato. Spanò et al. (2015) managed to produce resistant to TSWV scions that accumulate less viral RNA when grafted on a resistant tomato variety that has stronger RNA interference (RNAi) response to the viral infection. By qRT-PCR analysis, it was shown that the expression of essential genes of the RNAi mechanisms, such as Argonaute (AGO) and RNA-Dependent RNA polymerase (RDR) genes, was upregulated in the roots of resistant grafted plants. Interestingly, the authors found that RNA silencing was also stronger in the self-grafted plants showing that even grafting itself could provoke the activation of the mechanism (Spanò et al., 2015). Furthermore, if one of the two grafting partners is GM, then we can have a new plant breeding technique (NBT) in our disposal. As a result, the other part’s fruits or flowers, often the scion, will not be considered GM since the produce comes from the plant part that is not GM (usually the scion) clearly benefiting from the genetic modification advantages of the other grafting partner. This NBT technique also called “transgrafting” (Haroldsen et al., 2012), it is based on the mobility of various genetic material that can travel inside grafted plants and has already been documented (Bai et al., 2011). Works that prove the effect of a transgenic rootstock in a non-transgenic scion could pave the way for an agricultural product generated through transgrafting and at the same time be free of any GM related technology implications. Given Europe’s caution toward GM technology and products and the recent ruling of European Court of Justice on gene editing, including CRISPR-modified crops being subjected to GMO regulations, plant science and agriculture should carefully explore the possible use of grafting using resistant rootstocks or even transgrafting to produce agricultural products of higher yield and quality.



GRAFTING AND EPIGENETICS MECHANISMS

Three main epigenetic mechanisms have been described in plants; DNA methylation/demethylation, histone modifications, and non-coding RNA mediated action, all either activating or silencing plant genes (Kapazoglou et al., 2018). Plant DNA methylation, the process that involves the addition of a methyl group (CH3) to DNA cytosines resulting in a 5-methylcytosine, occurs in CG, CHG, and CHH backgrounds (He et al., 2011). Non-coding RNA and more specifically small non-coding RNAs or sRNAs of 21–24-nt, the result of the specific action of Dicer-like (DCL) proteins, are targeting homologous gene transcripts to either cleave them or repress/inhibit their translation. There are four classes of small RNAs in plants; micro-RNAs (miRNAs) that are post-transcriptional regulators while the other three classes (often collectively referred as siRNAs) are additionally involved in transcriptional gene silencing. siRNAs which have a length of 24 nt are implicated in transposon silencing by RNA-directed DNA methylation mechanisms (Chen, 2009; Molnar et al., 2011).

In grafting, epigenetic effects have been associated with DNA methylation and non-coding RNAs. Changes in DNA methylation have been observed in grafted plants on several occasions. Although one could argue that this is not surprising since changes in DNA methylation have been well evidenced to be linked with stresses such as cutting and wounding (Cao et al., 2016), it seems that plant grafting and DNA methylation relationship goes beyond wound stress. A study showing changes in DNA methylation in grafted Solanaceae plants was published by Wu et al. (2013), who used tomato and eggplant grafted onto each other while pepper was used only as a rootstock for tomato. Methylation-specific amplified markers (MSAP) analysis revealed no changes in global methylation of the grafted plants. Only changes in local methylation were detected, in a locus-specific way, in the scions and pepper rootstocks. A large portion of these DNA methylation changes in scions was inherited in the self-pollinated grafted progenies. Further bisuflite sequencing (BS) of specific loci has confirmed that even though self-grafting can produce some DNA methylation changes, interspecies grafting in Solanaceae is accompanied by significant heritable cytosine methylation changes. Specific genes all linked to DNA methylation, such as Methyl Transferase (MET) 1, had significantly altered expression profiles in tomato to eggplant grafted plants, although these profiles were reversed in the progenies, in comparison to their seed non grafted controls (Wu et al., 2013). This study was one of the first that directly implicates epigenetics and DNA methylation in grafting, especially in scions. Our work on Cucurbitaceae grafting also revealed that DNA methylation might be implicated in grafting effects in other plant families, where interspecies grafting is common practice. Specifically, by grafting cucumber, melon and watermelon on pumpkin and using MSAP markers, we have recorded a significant rise of global DNA methylation in cucumber and melon scions but interestingly not in watermelon (Avramidou et al., 2015). This suggests that epigenetic alterations occurring in grafting scions could be specific of the interaction between the rootstock and the scion.

Important work on epigenetics and grafting was also conducted in Brassicaceae plants. Ιnter-species in vitro grafting that involved the union of two vertical cut plantlets of tuber mustard (Brassica juncea) and red cabbage (Brassica oleracea), treated with cytokinin and auxin before grafting, resulted in a periclinal chimeric shoot apical meristem (SAM) comprising of layers from both species; layers I and II from tuber mustard and layer III from red cabbage, resulting in plants having characteristics from both parents (Chen et al., 2006). MSAP methylation status analysis of the seed progenies after selfing the grafted chimera, revealed significant changes in DNA methylation compared to the non-chimeric non-grafted plants. Interestingly, some of the DNA methylation changes were retained for five generations after grafting, while others were reversed. Phenotypic characteristics such as SAM termination and early flowering were also reversed while other changes, e.g., in leaf shape were stably inherited in these five generations. Most of the differentially methylated fragments were found to belong to transposons (Cao et al., 2016). Transposons are often silenced by DNA methylation in plants (Lippman and Martienssen, 2004). Interestingly, it has been revealed that siRNAs were differentially expressed in three progeny selfing generations after grafting. Some 24-nt siRNAs involved were mapped to the differentially methylated fragments while their expression was decreased in leaves of the chimeric grafted progenies in comparison to the leaves of non-chimeric plants (Cao et al., 2016). It was previously suggested that specific siRNAs from red cabbage are present in the leaves of another chimera’s tuber mustard/red cabbage progenies reverted to their tuber mustard genotype, showing that transfer of siRNAs from one species to the other is possible between grafted partners. In this study, leaf shape was again stable while SAM termination was not. Furthermore, some miRNAs had different expression patterns in the reverted progenies in comparison to the non-chimeric controls and these patterns were accompanied by expression variations of their target genes (Li et al., 2013).

In Cucurbita pepo, we have used intra-species/inter-cultivar grafting to study the effect of grafting on scion fruit quality and we performed methylation and miRNA studies to monitor the fruit phenotypic changes happening after grafting. We concluded that Cucurbita grafting alters global DNA methylation patterns and expression of specific miRNAs, as evidenced by MSAP and qRT-PCR analyses (Xanthopoulou et al., 2019). Li et al. (2014) carried out reciprocal graftings of cucumber and pumpkin as well as homo-graftings. They sequenced RNA from leaves and root tips of the grafted plants and compared the expression of miRNAs in the hetero-grafts and the homo-grafts. They found that the expression of most of the miRNAs has changed in the hetero-grafted in comparison to the homo-grafted (Li et al., 2014). However, the expression of miRNAs in grafted plants cannot be considered separately from stresses. Different miRNA expression patterns in homo- and hetero-grafted cucumbers grafted onto pumpkin rootstocks were detected under salt stress showing that miRNA regulation might be a result of salt stress adaptation (Li et al., 2016). Whether miRNAs are the cause or the result of stress adaptations and whether there is a direct involvement of different rootstock and scion combinations into these effects are yet to be determined.

Mobile epigenetic signals might have huge implications in species routinely grafted like pepper and cucumber. In other species of the Solanaceae family, sRNA movement was evidenced using transgenic N. benthamiana scions producing siRNAs grafted on potato rootstocks that either express green fluorescent protein (GFP) or not. SiRNAs were found to be able to transcriptionally silence GFP in potato lateral roots accompanied by hypermethylation of the target region (Kasai et al., 2016). Roots tissue culture produced regenerated shoots and micro-tubers that manifested TGS of GFP. High methylation levels in the endogenous granule-bound starch synthase I (GBSSI) gene target region were detected in two micro-tubers on the adventitious shoots formed from N. benthamiana transgenic scions grafted on WT potato rootstocks. The shoots produced by these micro-tubers maintained the high methylation status and so did the second progeny tubers without any siRNA presence suggesting that the characteristic was stable inherited (Kasai et al., 2016).

The connection between the already observed and documented phenotypic grafting effects and sRNAs-associated DNA methylation and how this could result in gene expression changes that in turn can lead to the phenotypic grafting effects is extremely interesting. It is also intriguing to think about the other classes of sRNAs that are considered mobile like the 21-nt miRNAs, directly linked to developmental changes, growth and stress responses in plants. In addition, canonical miRNAs of 20–22-nt have been shown to cause DNA methylation (Bao et al., 2004) as well as longer non-canonical miRNAs (Wu et al., 2010). Mobile sRNAs that move through the phloem and grafting junctions, following the source to sink gradient, could lie behind heritable epigenetic changes recorded in the grafting partners, opening a new potential for the use of grafted plants in plant breeding. These epigenetic changes could possibly involve changes in DNA methylation as it was discussed above. However, the origin, movement, and involvement of these sRNAs in epigenetic changes need further exploration. Finally, to our best knowledge, until today, there has not been any study linking vegetable grafting and histone modifications, the third known epigenetic plant mechanism.



GRAFTING AND CHANGES IN GENE EXPRESSION

Since grafting changes a plants phenotype, gene expression and molecular mechanisms that are implicated in controlling gene expression are also thought to be altered. Many questions regarding grafting and gene expression changes have been raised. Do Gene expression alterations occur due to the grafting process per se, a process that causes significant wounding stress and entails rootstock/scion recognition and interaction? It is known that grafting triggers different mechanisms apart from wounding. When specific RNA-sequencing (RNAseq) was performed on grafted parts 0.5 mm above and below the graft junction and compared with cut, separated but not grafted scions and rootstocks, (Melnyk et al., 2018) found specific genes, such as immune- and chitin-responsive but also vascular growth genes that are uniquely expressed during grafting. Cookson et al. (2014) carried a similar work in grapes by grafting 1 m long stems of a grape cultivar scion onto two different cultivars-rootstocks. Expression differences were identified between the hetero-grafted and the homo-grafted in genes related to oxidative stress, receptor kinases, JA signaling, cell walls, lignin biosynthesis, and pathogenesis related proteins. Other questions revolve around the influence of the rootstock on the scion and vice-versa that makes the difference in gene expression. What is the effect of inter-species vs. intra-species grafting on gene expression; do taxonomically different species of diverse genera have a larger or smaller transcriptomic effect when grafted in comparison to same genus grafting? Answers to these questions are not that simple, revealing the complexity of the issue.

Again, work in Arabidopsis proves indispensable for drawing valuable conclusions and paving the way for other species regarding grafting. Arabidopsis plants were homo-grafted into each other and microarrays analysis was used for detangling the expression of genes in the same organs of rootstock and scion, flower buds, and leaves that were left to grow after grafting on each of the grafting partners. It was found that grafting per se can cause different responses in the expression of scion and rootstock genes ranging from those controlling biotic and abiotic stress responses to transcription factors, flower development, and hormones pathways (Kumari et al., 2015).

More studies evolving around reveal global, comprehensive, and often detailed transcriptome changes in hetero-grafted plants. Garcia-Lozano et al. (2020) investigated the transcriptomic changes in watermelon scions grafted on bottle gourd (Lagenaria spp.) and the reciprocal graftings along with their homo-grafted controls. Numerous genes related to different aspects of ripening and quality or even stress response, were found to be differentially expressed in tissues of both grafting combinations as compared to the homo-grafts. Furthermore, it was found that more than 400 mobile mRNAs are present in both heterografts the majority of which move from rootstock to scion (Garcia-Lozano et al., 2020). In a previous study, watermelon scions grafted on bottle gourd had much less differentially expressed genes (DEGs) than watermelon grafted on squash in comparison to the homo-grafted watermelon to watermelon control. In addition, the identified DEGs were shown to belong to several different gene ontology (GO) categories ranging from metabolism to environmental responses, from those 49 genes encoding for pentatricopeptide repeat and WD40 proteins were induced only in the watermelon to squash grafting combination (Liu et al., 2016a). This indicates the effect of rootstock’s genotype on the scion’s transcriptomic profile. However, the fact that thousands of genes are induced in both inter-species grafting combinations in comparison to the homo-grafted controls also shows the effect of hetero-grafting. A similar study was performed in cucumber where analysis of the fruit mesocarp’s transcriptome was performed. It was found that when cucumber is grafted onto Cucurbita ficifolia and Cucurbita moschata hybrids, genes that affect fruit quality such as those participating in the production of sugar and aromatic compounds are differentially expressed between grafting combinations (Zhao et al., 2018). The choice of rootstock can affect not only scion’s growth, yield, and tolerance to stresses but also efficiently affect genes that control quality. Yet, the effect of grafting per se is severely depicted by the differentially expressed genes associated with fruit quality and reported in grafted plants (Aslam et al., 2020).

The effect on quality is the reason for many grafting studies exploring possible rootstock or grafting effects on scions. We have extensively studied the effect of grafting on fruit quality in pepper. Having observed and recorded inheritable phenotypic changes in scions’ fruits shape and having identified CaOvate gene as a possible fruit shape regulator in pepper (Tsaballa et al., 2011) we attempted to associate the inherited changes in fruit shape in pepper grafted progenies, retaining the change in fruit shape, to this particular gene. We have recorded an increase in the expression of CaOvate gene in the ovaries of plant’s progenies retaining the fruit shape change recorded in grafting, in comparison to the two grafting partners. This might imply that grafting between cultivars of different fruit shape might have caused expression changes in CaOvate which are maintained in the progenies (Tsaballa et al., 2013). A very recent report regarding grafting of tomato on potato is showing an important aspect previously observed only in trees. Potato rootstock induces only minor phenotypic changes onto tomato scions having small effect on DEGs in comparison to homo-grafted controls. Nevertheless, at the same time tomato scions have a major effect on potato rootstocks causing the differential expression of thousands of genes some of them involved in hormone signaling and hormone pathways (Zhang et al., 2019). The effect of grafting onto the underground root protein profile was also evidenced in watermelon grafted on bottlegourd. Grafting was found to enhance the diversity of the proteins released by roots in comparison to non-grafted plants and most of these proteins are implicated in biotic and abiotic stress resistances (Song et al., 2016).

The transcriptomic nature of rootstock-induced resistance has also been the subject of many studies in grafted plants exposed to stresses. This was shown in tomato where a popular cultivar was grafted on two different rootstocks, one cultivar susceptible to cold and a wild species (Solanum habrochaites) tolerant to cold. These graftings resulted in only a few hundreds of genes differentially expressed in the leaves of the scion when grafted on the sensitive rootstock in comparison to the tolerant one. Still thousands of genes are differentially expressed in the two rootstocks in grafted plants exposed to sub-optimal temperatures, mainly genes involved in defense mechanisms (Ntatsi et al., 2017). This implies that often the acquired resistance to stresses in grafted plants is attributed to graft-induced changes in the root system. Changes in the expression of genes in tomato scions can be recorded early in the grafting process. Wang et al. (2019) showed that tomato heterografts and homografts have similar healing profiles and the examination of gene expression in tomato scions, 16 days after grafting, revealed many DEGs including those related to signaling and oxidative stress that were upregulated in the heterografted scions (Wang et al., 2019).

However, grafting per se could be responsible for the acquired resistance to stresses. A study including transcriptomic analysis in tomato has proven that grafted plants can recover from potato virus Y (PVY) infection independently of whether a susceptible or a tolerant variety is used as rootstock or scion. It appears that in the case of the tolerant variety, its favorable tolerance to viral infection is augmented by grafting changing its transcriptome, while it can be also effectively delivered to a susceptible scion (Spanò et al., 2020). It appears that tolerant varieties with their special coping mechanisms against viral infections can act cumulative and/or synergistically in grafting (Spanò et al., 2017). Moreover, grafting itself can further influence scion characteristics. When sweet potato (Ipomoea batatas) was grafted on Japanese morning glory (Ipomoea nil) flowering was induced in the otherwise non-flowering sweet potato. Transcriptomic analyses suggested that all genes in the grafted stems that participate in the anthocyanin biosynthesis pathway as well as genes involved in the induction of high ethylene levels in grafted flowers were induced in comparison to the non-grafted controls. Thus suggesting that grafting and its stress-induced conditions can significantly alter development characteristics in vegetables (Wei et al., 2019).



CONCLUSION

Grafting interactions are complex. Emerging research studies show that grafting changes gene expression that impacts scion’s phenotype. It also suggested that often the interaction of genotypes has a significant impact on grafted plants performance. It seems that this specific interaction forms certain transcriptomic patterns on grafted plants that often lead to a total reprogramming of gene expression. However, the effect of grafting as a process on gene expression cannot be neglected. What is essential for future studies on the exploration of molecular mechanisms that control grafting impact and interaction is that in every grafting experiment these aspects should be examined separately using the appropriate controls and careful examination of RNAseq data.

Through the advent of high throughput sequencing many reference genomes are now known and available for a variety of plant species. Using modern molecular techniques and the vast information available on bioinformatic databases, it is now possible to obtain a deeper understanding on the genomic interactions that take place during grafting. It is also possible more now than ever, to elucidate further the molecular aspects that facilitate grafting establishment, communication, and movement of genetic information inside grafted plants. Resolving compatibility issues could help the expansion in the use of grafting in more plant species contributing to sustainability and preservation of biodiversity. The plastic epigenome of grafted plants needs to be further explored to comprehend the impact on the phenotype and performance of grafted plants and steer the technology toward utilizing it for its advantage. Epigenetic diversity could act as a new source of phenotypic variability, thus helping toward adapting to the environment that is being transformed (Gallusci et al., 2017). Mapping of epigenetic marks on plant genomes and the identification of epigenetic targets could provide breeders with new means to increase and use epigenetic variability in their efforts for breeding new crop varieties (Varotto et al., 2020). In the future, the deepening of our knowledge on plant grafting could lead us to take advantage of all the possibilities plant grafting is offering or even manipulate it in favor of agricultural production.
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Plant grafting is an ancient agricultural practice widely employed in crops such as woody fruit trees, grapes, and vegetables, in order to improve plant performance. Successful grafting requires the interaction of compatible scion and rootstock genotypes. This involves an intricate network of molecular mechanisms operating at the graft junction and associated with the development and the physiology of the scion, ultimately leading to improved agricultural characteristics such as fruit quality and increased tolerance/resistance to abiotic and biotic factors. Bidirectional transfer of molecular signals such as hormones, nutrients, proteins, and nucleic acids from the rootstock to the scion and vice versa have been well documented. In recent years, studies on rootstock-scion interactions have proposed the existence of an epigenetic component in grafting reactions. Epigenetic changes such as DNA methylation, histone modification, and the action of small RNA molecules are known to modulate chromatin architecture, leading to gene expression changes and impacting cellular function. Mobile small RNAs (siRNAs) migrating across the graft union from the rootstock to the scion and vice versa mediate modifications in the DNA methylation pattern of the recipient partner, leading to altered chromatin structure and transcriptional reprogramming. Moreover, graft-induced DNA methylation changes and gene expression shifts in the scion have been associated with variations in graft performance. If these changes are heritable they can lead to stably altered phenotypes and affect important agricultural traits, making grafting an alternative to breeding for the production of superior plants with improved traits. However, most reviews on the molecular mechanisms underlying this process comprise studies related to vegetable grafting. In this review we will provide a comprehensive presentation of the current knowledge on the epigenetic changes and transcriptional reprogramming associated with the rootstock–scion interaction focusing on woody plant species, including the recent findings arising from the employment of advanced—omics technologies as well as transgrafting methodologies and their potential exploitation for generating superior quality grafts in woody species. Furthermore, will discuss graft—induced heritable epigenetic changes leading to novel plant phenotypes and their implication to woody crop improvement for yield, quality, and stress resilience, within the context of climate change.
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INTRODUCTION

Grafting is an ancient agricultural propagation technique widely used to improve plant performance, in terms of yield, quality and resilience to abiotic and biotic stresses. It involves the merging of two genetically different plant parts, the rootstock, and the scion, in such a manner that the two parts join and grow as a single plant. Grafting is essentially dependent on the fundamental ability of wound healing in plants (Goldschmidt, 2014). Grafting is commonly used to improve production in woody fruit, nut crops (Warschefsky et al., 2016) as well as in non-woody vegetable crops (Abd Al-Razaq, 2019) and in order to influence scion performance in forest tree species (Jayawickrama et al., 1997) and in ornamental plants (Ambros et al., 2016). Important grafting applications include using rootstocks (a) to propagate plants that cannot be grown from seeds or cuttings (plants that do not set seed or have poor rooting ability), like certain cultivars of Olea europaea (Ayoub and Qrunfleh, 2006), (b) to control the juvenile period of the seedling (e.g., the prolonged delay in starting to bearing fruit observed in many Citrus genotypes (Warschefsky et al., 2016), (c) to replace the existing non-productive cultivar, or an old individual, with an improved one, capable of reliable and steady yield (Mudge et al., 2009). (d) To control canopy size and scion vigor, a practice widely used in apple cultivation (Fazio et al., 2015), (e) to repair rapidly a tree that has experienced significant damage either from natural causes or from management practices, and (f) to improve abiotic and biotic stress resistance characteristics (e.g., tristeza virus in citrus, Phytophthora on apple, Meloidogyne on peach, drought or phyloxera tolerance in grape).

Despite its widespread use, the molecular mechanisms underlying grafting are not fully understood although progress has been achieved in recent years in model and vegetable plants and recently in woody species as well. Transcriptional reprogramming and epigenetic changes seem to play crucial roles in the molecular mechanisms regulating rootstock-scion interactions and the development of the grafted plant. Epigenetics refers to stable and heritable changes in chromatin architecture that do not involve changes in the underlying DNA sequence but profoundly affect gene expression and impact cellular function. Epigenetic alterations are attained by three epigenetic mechanisms, namely, DNA methylation, post-translational histone modification and the action of non-coding RNA molecules which are either small RNAs (small interfering RNAs-siRNAs and micro RNAs-miRNAs) or long non-coding RNAs (long ncRNAs). Epigenetic regulation plays a major role in all aspects of plant development such as proper vegetative growth, successful reproduction, fruit development, yield, fruit quality, and tolerance to environmental stresses (Fujimoto et al., 2012; Kapazoglou et al., 2018). Moreover, understanding the vis ‘a-vis comparison of climate change impacts in relation to the impact of mitigation measures for agricultural and forestry and other land use is of significant importance in order to predict future food and energy sustainability (Van Meijl et al., 2018). For example, climatic changes are expected to exacerbate the negative impact of biotic stresses such as pathogens and pests. Losses in major crops and the role of crop protection has to be considered as a global strategy in order to safeguard future food needs (Oerke and Dehne, 2004). For instance, rising temperatures and rainfall changes are expected to increase water demand during the vegetative period, and in addition photodamage induced by solar radiation stress and high UV-B doses would be more detrimental for the Mediterranean crops (Doupis et al., 2011, 2013; Fares et al., 2017). Consequently, the effective abiotic stress assessment should focus on the development and evaluation of rootstocks that can influence scion growth and productivity under drought and light stress; particularly those rootstocks that can increase water conservation and those that can avoid photo bleaching by changes in leaf orientation and canopy structure. Considering the aforementioned biotic and abiotic constrains, emergence for better adaptation and selection as well as for reproduction of superior genotypes (e.g., through grafting or in vivo techniques) will have a significant impact in the future. Indeed, various studies nowadays focus on adaptation through grafting approaches for example cucumber salinity tolerance of cucumber (Elsheery et al., 2020), while a comprehensive recent review points out the significance of grafting for disease control, productivity and fruit quality (Belmonte-Urena et al., 2020). Creation through grafting of new superior genotypes will have a significant impact in order to achieve sustainable agricultural production and food security under the climatic changes which are evident nowadays. Understanding the molecular mechanisms underlying grafting with focus on the rootstock-scion interactions in woody species and the knowledge accumulated, thus far, with respect to the transcriptional and epigenetic effects associated with this process and the implications for woody crop improvement is an important task toward this direction.



MOLECULAR MECHANISMS UNDERLYING GRAFTING AND THE EPIGENETIC COMPONENT

Most of our knowledge on the molecular mechanisms of grafting has arisen from studies with model and vegetable species but in recent years studies on woody plants have been reported as well. Successful grafting requires a compatible and highly intricate interaction between the two parts of the graft, the scion, and the rootstock, which involves the concerted action of nutrient, hormonal, metabolic, transcriptional, and epigenetic pathways (Figures 1, 2). Establishment of a proper graft junction is a multistep process and hormones such as auxin, cytokinin, ethylene, gibberellin, and jasmonic acid play crucial roles in the scion-rootstock interaction (Melnyk and Meyerowitz, 2015; Melnyk et al., 2018; Nanda and Melnyk, 2018; Gautier et al., 2019; Sharma and Zheng, 2019). Homografts (same genotype used as scion and rootstock) present the highest grafting capacity but heterografts (different genotypes from the same species or different species) can also be successful depending on the phylogenetic distance between species and the particular genotype combinations. Accumulating evidence indicates short- or long-distance trafficking of signal molecules such as hormones, nutrients, proteins, and nucleic acids across the graft junction at cells adjacent to the graft interphase, or long range, at distant recipient tissue, with important implications to the success of the grafting and the development and performance of the scion (Albacete et al., 2015; Wang et al., 2017; Nanda and Melnyk, 2018; Gaut et al., 2019; Sharma and Zheng, 2019; Thomas and Frank, 2019).
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FIGURE 1. Simple diagram presentation of graft union formation. Establishment of a proper graft junction is a complex process which involves the secretion of pectin from graft cells to serve as an adherent for the two parts, cell de-differentiation and formation of callus at the grafting site to form a bridge between graft partners, and cambium differentiation and production of secondary xylem and phloem that enables vascular reconnection between the scion and the rootstock. Hormones such as auxin and cytokinin regulate the grafting process. Auxin accumulation takes place at the graft site above the graft junction and genes related to auxin biosynthesis, auxin transport, and signaling are induced during the grafting process in order to promote vascular development at the graft union. Similarly, gene networks involved in cytokinin biosynthesis and signaling as well as hormonal cross talk are activated toward efficient vascular formation, tissue reconnection, and graft development.
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FIGURE 2. Molecular effects of grafting in vegetables and woody species. Grafting in vegetable plants involves active and rapidly grown tissues provided soon after germination whereas in woody species grafting involves dormant tissues. This implies that signaling and rootstock-scion interaction may also exhibit differences between the two (Gautier et al., 2019) at least in the initial stages of graft formation and development Transfer of coding (mRNA) and non-coding (miRNAs, siRNAs) RNAs along the graft, induction of transcript accumulation at gene-specific and genome-wide level and DNA methylation changes in the scions have been observed for both grafted vegetables and woody species. However, it not yet known if the same mobile molecules, for instance the same small RNA molecules and accompanying proteins, are transferred through the phloem in vegetable grafts and woody species grafts and under which conditions. In addition, graft-induced DNA methylation changes have not been shown, thus far, in woody species rootstocks whereas graft-induced epigenetic changes such as histone modifications have not been reported for either vegetable or woody species, as yet, although histone modification related genes have been found to display altered expression profiles. In addition, it is not known how these epigenetic modifications may vary between vegetables and woody plants species and the cross talk with hormonal networks in each case needs to be elucidated. Furthermore, it should be noted that unlike vegetables that are propagated by sexual reproduction, woody plants are clonally propagated by asexual reproduction. This would favor stable trans-generational transmission of graft-induced epigenetic changes such as DNA methylation, in woody crops, which may lead to phenotypic variation and ultimately to novel varieties with improved traits. The aspects described above suggest that although a plethora of information has been obtained regarding the molecular basis of grafting, the exact mechanisms underlying signaling and communication between rootstock and scion and graft-induced effects in either vegetables or woody plants remain unclear and present exciting challenges for future research.


Short-distance movement of DNA molecules was shown in early studies by Stegemann and Bock (2009). By employing transgenic and transplastomic tobacco grafting systems these authors were able to show movement of both nuclear and plastid DNA in cells adjacent to the graft interface at either side of the graft (Stegemann and Bock, 2009). Utilizing a similar system, movement of entire plastid genomes was demonstrated in reciprocal grafts of Nicotiana tabacum, N. benthamiana, and N. glauca (tree tobacco) and most notably, the transferred plastid DNA was stably inherited in regenerated plants pointing to evolutionary and agronomical implications (Stegemann et al., 2012). Nuclear genome transfer between rootstock and scion was also demonstrated in tobacco grafts (Fuentes et al., 2014).

Bi-directional transport of RNA molecules over long distances via the phloem of grafted as well as non-grafted plants has been well established over the last two decades (Lucas et al., 2001; Lough and Lucas, 2006; Mermigka et al., 2006; Kalantidis et al., 2008; Melnyk et al., 2011b; Haroldsen et al., 2012; Melnyk et al., 2018; Morris, 2018; Tamiru et al., 2018; Thomas and Frank, 2019; Wang et al., 2020). Protein-coding RNA movement across grafting partners was first reported in a Cucurbitaceae heterograft for CmNACP, a Cucurbita maxima (pumpkin) transcript (Ruiz-Medrano et al., 1999). CmNACP encodes a NAC-domain transcription factor involved in meristem formation and crucial for controlling organ boundaries and organ development. CmNACP mRNA was detected in the cucumber part of a cucumber (scion)-pumpkin (rootstock) graft, indicating graft–induced transfer from the pumpkin rootstock via the phloem to the cucumber scion (Ruiz-Medrano et al., 1999). In a similar manner, Xoconostle-Cázares et al. (1999) demonstrated that a mRNA molecule encoding the phloem protein CmPP16 moved along with its protein across the graft union and into the phloem of the cucumber scion which was detected also in stems, leaves, and floral scion tissues (Xoconostle-Cázares et al., 1999).

The physiological relevance of mRNA transport was rather obscure at first and started being delineated in later studies showing that movement of certain mRNA molecules from source to sink or the other way around is linked to important biological functions. For example, translocation of a homeobox fusion transcript from rootstock to scion caused changes in scion leaf morphology in tomato grafts (Kim et al., 2001). Transport of BEL1 transcription factor transcripts (encoding regulators of tuber formation), from scion to roots enhanced tuber production in potato grafts (Banerjee et al., 2006) whereas a similar movement of BEL11 and BEL29 transcripts suppressed tuber growth in potato roots (Ghate et al., 2017). Similarly, movement of AUX/IAA transcripts (encoding regulators of auxin transport) to the root tip, modified tobacco root architecture in Arabidopsis/tobacco hetero-grafts (Notaguchi et al., 2012).

Massive long-distance transport of mRNA molecules in a series of homograft or heterograft systems also has been described. Utilizing Arabidopsis ecotype-specific SNPs, thousands of mRNAs were found to be transported between Arabidopsis graft partners and were differentially detected in response to nutritional conditions (Thieme et al., 2015). Over 3,000 transcripts moved from cucumber scion leaves to watermelon sink tissues in a tissue-specific manner as an early response to phosphate deficiency stress (Zhang et al., 2016), 138 transcripts moved from Arabidopsis rootstock to Nicotiana benthamiana scion (Notaguchi et al., 2015) and 183 transcripts migrated from N. benthamiana scions to tomato roots (Xia et al., 2018). It is thought that these migrating mRNAs attain a tRNA-like structure that confers stability, mobility, and translational capacity (Morris, 2018). Exciting new work has shown that cytosine methylation of mRNAs is an essential element for transport of mobile transcripts from shoot to root in Arabidopsis grafts and the translocation of a methylated TCPT transcript to root tissue had an effect on root growth (Yang et al., 2019). The physiological relevance of mobile transcriptomes along the graft partners has just started to be addressed (discussed in following sections) and it is expected to be further elucidated in future research (Morris, 2018).

Apart from protein-coded mRNA movement a plethora of studies during the last two decades has focused on the transport of non-coding small RNAs (short interfering RNAs-siRNAs and micro RNA-miRNAs) across graft segments. Small RNAs comprise a category of 21–24 nucleotides (nt) RNAs of different origins that are directed either to chromatin DNA loci in the nucleus, or target homologous mRNA molecules in the cytoplasm. Extensive studies have demonstrated the essential and instrumental role of small RNAs in all aspects of plant growth and development and in both abiotic and biotic stress responses (reviewed in Gohlke and Mosher, 2015; Lewsey et al., 2016; Li and Zhang, 2016; Banerjee et al., 2017; Kumar et al., 2017; Kumar and Sathishkumar, 2017; Li et al., 2017; Poltronieri et al., 2020; Wang et al., 2020).

Migration of 21-nt and mostly 24-nt small RNAs in homografted and heterografted plants had been demonstrated originally mostly in Arabidopsis, tobacco, Solanaceae, and Cucurbitaceae species (Molnar et al., 2010; Melnyk et al., 2011a; Haroldsen et al., 2012). Most importantly mobile small RNA molecules were found to exert a transcriptional or post-transcriptional gene silencing effect in graft partners either through RNA-directed DNA methylation (RdDNA) on targeted genomic loci (mainly for siRNAs) or via degradation of the corresponding mRNA target molecule (mainly for miRNAs) (Molnar et al., 2010; Melnyk et al., 2011a; Tamiru et al., 2018). Molnar et al. (2010) reported movement of both transgene-derived and endogenous small RNAs across the graft union in a shoot-to-root direction in Arabidopsis grafts and showed that the 24-nt siRNAs were able to direct DNA methylation at three sites in the genome of the recipient cells (Molnar et al., 2010). Furthermore, in a similar study, Lewsey et al. (2016) showed that the mobile siRNA signal migrating to the roots of an Arabidopsis graft, guided genome-wide DNA methylation events at thousands of loci of the recipient root genome predominately targeting transposable elements (TE) (Lewsey et al., 2016). These silencing effects have the potential to trigger gene expression changes impacting cellular functions ultimately leading to changes in the morphology and physiology of the grafted plant. Several reports have described long distance movement of miRNAs and their potential effects. In Arabidopsis miR399, miR827, miR2111 travel long-distance from shoot to root as a response to phosphate starvation (Huen et al., 2017). In Lotus japonicus, miR2111 translocates in a shoot-to-root direction to control rhizobial infection through post-transcriptional regulation of a key suppressor of symbiosis promoting increased nodulation (Tsikou et al., 2018).

In addition, graft-induced protein-coding RNAs and non-coding small RNAs have been detected in the scion or rootstock of vegetables (Ren et al., 2018; Miao et al., 2019; Wang et al., 2019a,b; Zhang et al., 2019a,b; Aslam et al., 2020; Garcia-Lozano et al., 2020; Spanò et al., 2020) as well as woody species grafts (Cookson et al., 2013; Corso et al., 2015; Kaja et al., 2015; Li et al., 2016; Chitarra et al., 2017; Pagliarani et al., 2017). Such graft-induced transcripts have a putative role in graft development, yield, fruit quality of scions and in response to abiotic or biotic factors (Ren et al., 2018; Zhang et al., 2019a,b; Garcia-Lozano et al., 2020; Spanò et al., 2020) (described in following sections).

In several other studies epigenetic effects have been reported in scions of homografts or hetero-grafts, although RNA movement has not been investigated in these systems, as yet. Utilizing methylation sensitive amplified polymorphism (MSAP) analysis in a Cucurbitaceae inter-species graft system, a significant DNA methylation increase was observed both in melon and cucumber scions heterografted onto pumpkin, as compared to the seed plants (Avramidou et al., 2014). Similarly, graft-induced alterations in global DNA methylation were evidenced in tomato, eggplant and pepper scions in a Solanaceae inter-species grafting system (Wu et al., 2013). Importantly, the DNA methylation changes could be inherited in the self-pollinating progeny, pointing to stable transfer of graft-induced epigenetic changes to the next generation (Wu et al., 2013). Furthermore, intra-species grafting in Cucurbitaceae induced significant DNA methylation changes in pumpkin scions which were associated with altered fruit morphology and metabolic profiles (Xanthopoulou et al., 2019). Recently such graft-induced epigenetic alterations were reported also in woody species. DNA methylation profiles in Hevea brasiliensis (rubber tree) heterografts were significantly altered depending on rootstock and rootstock-scion genotype combinations (Uthup et al., 2018) and DNA methylation polymorphisms were found between juvenile seedlings, grafts, and adult trees, in apple (Perrin et al., 2020). All the aforementioned studies indicate that grafting can trigger changes in epigenetic factors such as DNA methylation and small RNAs, potentially impacting important traits of agronomical relevance.



GRAFT-INDUCED TRANSCRIPTIONAL REPROGRAMMING AND EPIGENETIC CHANGES IN WOODY SPECIES

Progress has been achieved in recent years with respect to the effects of grafting on the improvement of woody plants and the mechanisms underlying this process at the physiological, genetic, and epigenetic level. Employment of advanced—omics technologies has contributed greatly on the genome-wide aspects of rootstock-scion interactions, genotype compatibility, and graft-induced transcriptional and epigenetic effects. Some examples describing these investigations in woody species of high economic value are presented below and are summarized in Tables 1, 2.


TABLE 1. Examples of graft-induced transcriptional and epigenetic changes and physiological effects in woody species.
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TABLE 2. Mobile signals and their potential function in grafted Rosaceae plants.
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Grapevine

Viticulture is a vital sector of agriculture in many countries around the world. Global production of grape and wine amounts to 73.3 million tons of grape berry and 279 million hl of wine, annually (OIV statistical report on world vitiviniculture-http://www.oiv.int).

Grapevine grafting has been used widely to improve yield and quality and cope with the threat of diseases. The use of rootstocks is a common practice in most viticultural areas since the second half of nineteenth century in order to control infestation by phylloxera (Daktulosphaira vitifoliae), a soil-borne aphid that destroyed around four million of own-rooted vineyard hectares. The common commercial rootstocks currently used around the world were developed from native American Vitis species that have co-evolved with phylloxera and, as a result, they display a higher level of resistance (Mudge et al., 2009; Corso and Bonghi, 2014). Grapevine yield and quality of berry and wine depends on a variety of parameters such as genotype, rootstock, abiotic, and biotic factors, soil, and agricultural practices. A major factor affecting grapevine characteristics in relation to the environment is grafting onto appropriate rootstocks (Koundouras et al., 2008; Corso and Bonghi, 2014; Corso et al., 2015, 2016; Warschefsky et al., 2016; Peccoux et al., 2018; Wang et al., 2019b). A number of investigations have focused on the potential effects of scion/rootstock RNA movement along grapevine grafts as well as graft-induced transcriptional reprogramming with respect to rootstock specificity and plant performance. Using diagnostic SNPs from high throughput genome analyses to distinguish between scion and rootstock sequences more than 3,000 transcripts were found transported across graft junctions in field-or greenhouse-grown grafted grapevines (Yang et al., 2015). A large number of these sequences was associated with diverse biological functions and was highly enriched for genes involved in signal transduction cascades, metabolic activities, and stress responses implying they most likely influence whole plant development and physiology.

Graft-induced transcriptional reprogramming of mRNAs and miRNAs linked to particular scion/rootstock combinations have been described in several reports although their mobility aspect has not been characterized thus far. Graft-induced differential gene expression was reported in the shoot apex tissue of cv. Cabernet Sauvignon scions grafted onto either Riparia Gloire de Montpellier (RG) or Paulsen 1,103 rootstocks (Cookson and Ollat, 2013). Interestingly, these rootstocks conferred vigor effects and biomass accumulation to the scion which may be associated with the profound alterations in gene expression observed in scion shoots. The rootstocks induced expression of a multitude of genes which were enriched for chromatin modification genes (DNA methyltransferases and histone modifying genes), cell organization, hormonal signaling, and defense responses (Cookson and Ollat, 2013). Likewise, differential transcriptional responses related to secondary and jasmonate metabolism were reported for field-grown cv. Pinot Noir grafted onto a drought-sensitive rootstock (125AA) and a drought-tolerant rootstock (110R) upon drought stress. Berries of drought exposed Pinot Noir grafted on the drought-susceptible rootstock displayed increased induction of genes that are associated with the biosynthesis of primary and secondary metabolites affecting berry composition and wine quality (Berdeja et al., 2015). In addition, analysis of the effect of rootstock on Cabernet Sauvignon berries demonstrated that modulation of auxin-related genes and the rate of ripening varies according to the rootstock used in the graft (Corso et al., 2016).

Pagliarani et al. (2017) reported differential and drought stress-specific accumulation of miRNAs in auto-grafts and reciprocal heterografts of Cabernet Sauvignon and M4, a drought tolerant hybrid. Differential expression of novel and conserved miRNAs evidenced in all grafts depended on genotype combinations, tissue type, and drought stress conditions and graft directionality (Pagliarani et al., 2017).

An integrative physiological, metabolomics, and transcriptomic analysis using hetero-grafts of the southern Italian grapevine variety “Gaglioppo” highlighted the multiple effects of different rootstocks on the physiology, gene expression and metabolic pathways of the grafted plants (Chitarra et al., 2017). Significant differences in gene expression were evidenced in the leaves of “Gaglioppo” scions depending on rootstock genotype. Differentially Expressed Genes (DEGs) associated with photosynthetic processes, secondary metabolism, hormonal, stress, and signal transduction processes were upregulated in the scions of a Gaglioppo scions grafted on 41B rootstocks. Moreover, although less productive and less vigorous, Gaglioppo/41B exhibited increased resistance to pathogen infection by Plasmopara viticola as compared to the susceptible combination Gaglioppo/1103P. Interestingly, the 41B rootstock induced biotic response-related genes such as NBS and NBS-LRR type transcription factors and triggered a remarkable increase of stilbene synthase transcripts associated with ROS scavenging activity and oxidative stress prevention (Chitarra et al., 2017). Thus, specific rootstocks may induce biotic stress responses and confer resistance to disease through genome-wide modulation of the scion transcriptome.

Although most investigations have focused on the effect of rootstock on scion transcriptomes, studies on the effect of scion inducing gene expression changes in the rootstock remain limited. A very recent study by Gautier et al. (2020) investigated the control exerted by scions of grafted grapevine on rootstock transcriptomes and in particular under conditions of low phosphate. By employing an RNA-seq approach these authors examined rootstock transcriptome responses in different scion-rootstock genotype combinations of grapevine grafts in relation to low phosphate treatment and demonstrated differential transcriptome responses upon low phosphate imposition that depended on the particular rootstock-scion combinations (Gautier et al., 2020).

Notably, aside from transcripts, protein abundance differences depending on rootstock have also been reported. Increased salinity in grapevine cv. Thompson Seedless grafted onto a salt-tolerant rootstock (110R) is associated with differential protein accumulation involving photosynthesis, chlorophyll biosynthesis, amino acid metabolism, and precursor metabolite biosynthesis, as compared to the own-rooted plants (Patil et al., 2020).

Finally, molecular factors determining the success of graft healing and union formation in relation to graft compatibility/incompatibility have been investigated in grapevine. During the process of union formation in Cabernet-Sauvignon heterografts, CS/RG, and CS/1103 Paulsen, transcriptional changes were detected at the graft interphases of both combinations and these were associated to cell wall modification, wound responses, hormonal signaling, and stress responses, all playing a role in the complex mechanism of graft healing and development (Cookson et al., 2014). A very recent study utilized a transcriptomic approach with compatible and incompatible grapevine grafts of Touriga Nacional scions onto Richter 110 rootstocks to identify master regulators governing graft union formation. Grafts were analyzed in a nursery context at 21 and 80 days post-grafting (Assunção et al., 2019). Genes associated with hormone and metabolic signaling were markedly induced in the tissues of the graft zone in the compatible combination at the early stage whereas genes engaging in oxidative stress and wound healing showed higher induction in the less compatible combination at the later stage implying an inability of the later to cope with excess stress. In addition, reduced expression of specific miRNAs and concomitant increased expression of their target genes encoding transcription factors, which regulate cambium maintenance and vascular tissue differentiation was evident in the compatible grafts at the later stage (Assunção et al., 2019). Thus, the regulation of specific miRNA-target gene modules appears to be of high importance for proper graft union formation and could be of potential use for molecular prediction of graft success.



Rosaceae

Grafting in fruit trees serves various purposes such as yield increase, control of growth, early transition to reproductive stage, improved economic quality, and tolerance to biotic and abiotic stresses. Grafting is widely used within the Rosaceae family members such as apple, pear, peach, and cherry which greatly contribute to a balanced and healthy diet (Farinati et al., 2017).

The underlying molecular mechanisms by which the rootstock controls scion growth and properties in Rosaceae remain largely unknown. Research has focused mainly on anatomical features, hormonal interactions, and nutrient transport across graft union (Sorce et al., 2002; Zamorskyi, 2011; Valverdi et al., 2019). Some preliminary studies aimed to identify miRNAs from vascular tissue and phloem sap that are possibly involved in long-distance signaling and modulation of expression and movement of mRNA targets (Varkonyi-Gasic et al., 2010). In grafted apple, the first reports on long distance RNA movement came in 2010 mainly focusing on their implications to hormone signaling (Kanehira et al., 2010). These authors revealed the transport of MpSLR/IAA14 transcripts from the wild rootstock (Malus var. ringo Asami Mo84-A) to the scion of apple cv. Fuji by in situ hybridization in the phloem. The same year the transport of gibberellic acid insensitive mRNA transcripts (GAI) was detected in both directions (upward and downward) from the graft union (Xu et al., 2010). In a similar study, the transport of Gibberellic acid insensitive transcripts was demonstrated across the graft union from a wild Pyrus betulaefolia cv. Bunge (rootstock) to a traditional local Chinese pear cultivar, Pyrus bretschneideri cv. Yali (scion) in a distance up to 50 cm (2 years old grafting tree) (Zhang et al., 2012). Moreover, the transmission capacity of Pyrus GAI transcript was successfully tested by grafting a 35S:pear -GAI transgenic tobacco (Nicotiana tabacum L. cv. Samson.) to wild-type tobacco and detecting transmission of GAI mRNA through the graft union occurred soon as 15 days after grafting. Findings in arabidopsis demonstrate that trafficking of GAI RNA transcripts is mediated by specific RNA motifs (Huang and Yu, 2009); it remains to be verified whether these motifs are responsible for long distance signaling in fruit trees as well.

Few works have pointed out the involvement of long-distance signal molecules to biotic stress tolerance. Investigation of resistance mechanisms of three apple rootstocks to wooly apple aphid, showed that the resistance factors exist in the phloem tissue, implying the modulation of resistance via a long-distance signal (Sandanayaka et al., 2003). Kaja et al. (2015) studied the expression levels of miRNAs on four different apple rootstocks (two resistant and two susceptible in fire blight) by deep sequencing of 12 small RNA libraries. Their results together with stem loop qPCR analysis revealed four apple miRNAs that could be potentially involved in fire blight resistance (mdm-miR169a, mdm-miR160e, mdm-miR167b-g, and mdm-miR168a,b) (Kaja et al., 2015). Thus, they assumed that the miRNA expression profiles in scion could influence rootstock characteristics, such as resistance to this bacterial pathogen.

Recent experiments have aimed to unravel the role of transmissible signals and epigenetic mechanisms on flower induction. In a recent study, it was demonstrated that a PbWoxT1 from pear (Pyrus betulaefolia) interacts with a polypyrimidine tract binding protein PbPTB3 assisting in long distance transport in the phloem and possibly controlling flower development and growth (Duan et al., 2016). Fan et al. (2018) investigated the role of 12 histone modification (HMs) genes in flower induction in two apple varieties with contrasting flowering characteristics. Their expression patterns indicated that their up- or down-regulation contributed to different aspects of flowering. Although the two varieties were both grafted to the same rootstock, the relationship of grafting to the differential expression of the HMs was not investigated. An et al. (2018) studied the miRNA expression in self-rooted and grafted Fuji apple trees by high-throughput sequencing in relation to flowering rate. Some of them that were differentially regulated in response to grafting (miR156, miR172, miR159, miR171) target genes encoding transcription factors that regulate flower formation, and suggested that there is a regulatory network between miRNAs and mRNAs that is generated by grafting. Mir156 and mir172 are suggested to act as mobile signals regulating flower formation in grafted arabidopsis plants as well (Zhu and Helliwell, 2011; Wang, 2014).

Inversely, the role of scions onto rootstocks has been examined in a study by Li et al. (2016). Combined morphological, metabolic, hormonal, and root transcriptome analysis of M. robusta rootstock grafted with scions of wild-type (WT) apple (M. spectabilis) and a more-branching (MB) mutant at the branching stage revealed that sugar metabolism and auxin and cytokinin signaling exert major effects on root growth and development of grafted apple (Li et al., 2016).

Future work should enable to extend our limited so far knowledge about the implication of mobile signals in controlling agronomically important traits in grafted trees as well as to find commonalities and differences regarding their role in herbaceaus and woody grafted plants (Thomas and Frank, 2019).



Other Woody Crop Plants

Studies with citrus grafts have shown differential DNA methylation in different scion/rootstock combinations. Valencia orange (VO) scion variety grafted on two rootstocks with different soil water extraction capacities, Rangpur Lime (RL) and Sunki Maravilha (SM), displayed differential graft-induced DNA methylation which were associated with enhanced acclimatization responses upon recurrent drought stress for the VO/SM combination (Neves et al., 2017). Similarly, “Tahiti acid lime” (TAL) scions grafted on RL and SM exhibited hypermethylation and hypomethylation, respectively, upon water deficit treatments, however, physiological responses were similar (Santos et al., 2020).

Ahsan et al. (2019) provided the first evidence of avocado inter-graft regulation of miR156 and miR172 that control transition from juvenile to flowering phase by mediating the expression of the SQUAMOSA promoter binding protein-like (SPL) gene using different combinations (scions from shoot of young seedlings or mature scion wood grafted onto both seedlings or clonal rootstocks). Results demonstrated that scion age significantly influenced grafted tree maturity through the control of miR156-SPL4-miR172 regulatory network. They also showed that the existence of leaves on cutting rootstocks provided grafting success and influence the abundance of miR156 and miR172 in the scion (Ahsan et al., 2019).

An interesting study conducted by Khaldun et al. (2016) examined the miRNA regulation and expression patterns of tomato plants grafted onto Goji Berry (Lycium chinense Mill.) to reveal their implication to diverse biological pathways within a distant-grafting system by using Illumina sequencing technology. Significant differences in miRNA expression of shoots and fruits were revealed comparing non-grafted to grafted tomato plants. The setting of fruits was found to be the stage with the highest abundance of miRNA transcripts (123 were up-regulated). Potential targets of differentially expressed miRNAs identified by in silico analysis were found to be mainly transcription factors involved in diverse metabolic and regulatory pathways. Global transcriptome changes have been detected also between compatible and incompatible graft combinations in Litchi chinensis (Chen et al., 2017) and during graft union development in pecan (Carya illinoinensis) (Mo et al., 2018).



Forest Trees

Grafting has been used empirically also in clonal forestry section as a tool which primary targets transfer of juvenility properties to mature materials by establishing them onto young rootstocks in nurseries (Huang et al., 1992). Phenotypic traits (such as wood density, tree height, biomass production) in superior forest trees are linked to economic benefits but limitations such as time needed for maturity to be reached and ineffective vegetative propagation limits the production of this material. Furthermore, recent findings showed that epigenetic modifications which can act through grafting procedures can be responsible for phase change from juvenility to maturity (von Aderkas and Bonga, 2000).

In a recent work with Spanish red cedar (Cedrela odorata L.) authors showed the significant effect of elite genotype grafting in juvenility induction in mature material (Robert et al., 2020). Interestingly, this phase change requires a particular balance and distribution of plant growth regulators among specific cell layers in meristematic tissues, where a “nurse tissue” condition is observed upon grafting of juvenile cells on scion tissues (Wendling et al., 2014). Those effects are hard to detect due to the fact that probably they involve the participation of epigenetic shifts mediated by siRNAs (Molnar et al., 2010) and require further research.

In another study conducted for Hevea brasilensis methylation differences were detected between buds from a single own rooted polyembryony-derived seedling grafted to genetically divergent rootstock (Uthup et al., 2018). MSAP and bisulfite sequencing techniques revealed significant alterations in DNA methylation profiles between heterografts and the levels of those epigenetic rearrangements was found to depend on the degree of incompatibility between the rootstock and the scion.



TRANSGRAFTING

In grafted trees, the long-distance transport of signaling molecules through phloem and xylem, has proven as a major communication mechanism that fine-tunes tree architecture, developmental transitions, abiotic and biotic stress tolerance and cold-hardiness (Thomas and Frank, 2019; Figure 3). T he term trans-grafting is used when only one part (more often rootstock rather than scion) is transgenic with the other part untransformed (Haroldsen et al., 2012; Limera et al., 2017). The interaction of transgenic and non-transgenic parts in trans-grafted plants through the translocation of mRNA and RNAi (small RNA interference) molecules via the vascular system is the core of trans-grafting technique (Haroldsen et al., 2012). Consequently, and particularly in fruit crops, trans-grafting provides the potential improvement of woody tree species without the need of long-lasting biosafety controls normally required for traditional genetically modified plants (Song et al., 2019a).


[image: image]

FIGURE 3. Examples of plant traits that were altered by transgrafting on woody plants (transgenic rootstock/non-transgenic scion) by known (left) and unknown (right) transmissible signals.


To date, several studies focused on movement of RNAi- based silencing molecules from transgenic rootstock to non-transgenic scions to enhance pathogen resistance in perennial woody plants (Lemgo et al., 2013). The first study investigating the impact of long-distance-moving signals on conferring disease resistance was conducted by Dutt et al. (2007), where they identified that Shiva-1, a small lytic peptide, is transmitted from transgenic rootstocks to scions in grapevine and subsequently control the spreading of the xylem limited bacteria Xylella fastidiosa, which also protects from Pierce’s disease (PD). Transgenic cassava rootstocks expressing sRNAs in order to trigger RNA silencing in non-transgenic scions have successfully prevented the spreading of pomovirus Cassava brown streak disease (CBSD) (Yadav et al., 2011). Moreover, transgenic cherry rootstocks containing a hairpin RNAi vector were capable of combating Prunus necrotic ringspot virus (PNRSV) (Song et al., 2013). Later on, it was demonstrated that long-distance transportation from transgenic rootstock to non-transgenic sweet cherry scions of small interfering RNAs (siRNAs) derived from short hairpin RNAs of PNRSV induced systemic silencing and improved protection against PNRSV (Zhao and Song, 2014).

However not all of RNAi-based rootstocks can efficiently transfer the silencing molecules to non-transformed scions and confer resistance. In another study, hairpin siRNA derived from transgenic rootstocks of lime plants did not confer resistance to tristeza tree virus (CTV) in the non-transgenic scions, mainly due to the fact that the biggest fraction of siRNA was very quickly degraded (Lopez et al., 2010).

Grafting of transgenic rootstocks produced mRNA and siRNA signals and was also tested for speeding-up transition to flowering stage and for controlling tree size, characteristics that are useful for agriculture (McGarry and Kragler, 2013; Song et al., 2015). Interestingly, none of these studies confirmed the transmission of a long-distance mRNA or siRNA signal. In the work described by Flachowsky et al. (2012) attempted to downregulate the Terminal Flower1 (MdTFL1) gene, in order to induce early transition from juvenile to flowering stage in apple trees. However, when dsRNAiMdTFL1 transgenic rootstocks were grafted onto non-transgenic apple genotype “PinS,” the flower-inducing signal obtained after silencing of MdTFL1 gene was not transmittable (Flachowsky et al., 2012). A study by Smolka et al. (2010) aimed to reduce vegetative growth of apple trees by using transgenic rootstocks carrying the root-inducing rolB gene of Agrobacterium rhizogenes. Although these transgenic apple rootstocks significantly altered the characteristics of the scion when cultivated in nursery, no transmission of big molecules such as rolB gene or its mRNA was detectable in the scion cultivars. Moreover, overexpression of a peach CBF (PpCBF1) gene in a transgenic apple rootstock, responsible for enhanced freezing tolerance and growth inhibition, provoked reduced scion growth and delayed flowering with no evidence of phloem-transmissible PpCBF1 mRNA (Artlip et al., 2016). A transgenic apple rootstock variety, Malus prunifolia, integrating the AtGAI gene reduced moderately the growth rate of the Malus cultivar “Orin” (Xu et al., 2013).

A very interesting study by Song et al. (2019b) showed that transgenic blueberry rootstocks overexpressing flowering locus T gene (VcFT) induced early flowering in non-transgenic scions and the mobile signal responsible for this was a transmissible phytohormonal signal. Finally, in some woody tree species such as nut crops transgrafting has been applied very recently but with encouraging results, confirming its emerging role in tree breeding (Liu et al., 2017).



IMPLICATIONS FOR CROP IMPROVEMENT

It is anticipated that in coming years plants will face major environmental challenges such as rapid rise in temperature, increased drought conditions and extreme weather phenomena. The impact of biotic stresses will be exacerbated owing to regional climate changes favoring a variety of pathogens. These factors are expected to have considerable impacts in crop productivity and food security. Therefore, the development of new agricultural practices or the capitalization of existing technologies is an imperative for confronting the above threats and imparting crops with resilience to unfavorable climatic conditions.

Grafting is an ancient agricultural practice originally used to counteract soil borne diseases, and ameliorate the performance of woody fruit species, enhancing yield, fruit quality, and tolerance to external stressors. Despite its widespread use worldwide the molecular mechanisms governing grafting and scion-rootstock communication are still not well understood. Progress has been achieved by research in model and vegetable plants that has contributed to a better insight into graft regulation at the molecular level. Lately this research has been extended to woody species. It is more and more evident that graft success and proper development of the grafted plant resides on scion-rootstock communication that involves epigenetic interactions and transcriptional modulation. mRNAs, miRNAs, and proteins can act as potential short- and long-distance signals exerting a regulatory role in the receiving graft partner which impacts scion but also whole plant performance. In grapevine, apple and avocado, miRNA and mRNA molecules as well as induction of transcriptional reprogramming in scions has been associated with physiological and metabolic pathways affecting traits of agronomical relevance (Cookson et al., 2014; Kaja et al., 2015; Corso et al., 2016; Li et al., 2016; Chitarra et al., 2017; Pagliarani et al., 2017; An et al., 2018). Gaining a deeper insight into the molecular mechanisms underlying these processes could direct the development of suitable molecular markers to be used for generating and selecting superior grafts with improved yield, quality, and tolerance to abiotic and biotic stresses.

Furthermore, graft compatibility is a prerequisite for graft success. Studies have started to explore the molecular regulators determining rootstock-scion compatibility (Cookson et al., 2014; Mo et al., 2018; Assunção et al., 2019; Notaguchi et al., 2020).

This information can be utilized to develop molecular markers for detecting successful grafts at early stages of graft development. Such diagnostic biomarker tools would be of great value to nurseries for early prediction of successful grafting and rapid and efficient selection of superior graft combinations, something particularly important for woody species where incompatibility may not be apparent before a period of several years.

Moreover, trans-grafting technology has enabled the grafting of wild type scions onto genetically engineered rootstocks carrying desirable traits, circumventing genetic modification of the scion. Thus, the transgene is contained in the rootstock and provides its beneficial effects such as resistance to viruses and other detrimental disease as well as tolerance to abiotic stressors, without genetic modification of the product or edible fruit (Zhao and Song, 2014; Artlip et al., 2016; Song et al., 2019b). This promising technology holds great potential as a targeted approach in woody plant improvement.

Finally, epigenetic factors may play an important role in improvement of woody plants through grafting. Epigenetic changes such as DNA methylation, histone modifications and the action of small RNAs can result in gene expression changes without affecting the underlying DNA sequence, with major impacts in cellular function and subsequent plant development and performance. In certain occasions these changes may be transmitted to the next generation. Stably inherited natural, environmental or graft-induced epigenetic changes have the potential to generate epi-alleles and lead to phenotypic variation (Gallusci et al., 2017; Kapazoglou et al., 2018; Varotto et al., 2020). In the context of changing environments, transgenerational effects, transgenerational memory, or transgenerational inheritance is the phenomenon that is defined as the “memory” at molecular level of the environmental conditions that an organism experienced which leads to modification of progeny phenotype (Tricker, 2015; Bilichak and Kovalchuk, 2016). This means that plants remember the stress they have experienced during their lifetime and transfer this memory to their offspring. As a result, offspring presents with increased resilience to stress exposure as compared to their parents. To date, the molecular base of this phenomenon is not fully understood. It seems that during gametogenesis some epigenetic marks escape the process of epigenetic reprogramming and resetting and subsequently are passed on to the offspring (Bilichak and Kovalchuk, 2016). The research about the transgenerational effects in plants has been focused mostly on annual plant species (Suter and Widmer, 2013; Zheng et al., 2013; Herman and Sultan, 2016) whereas studies in herbaceous perennial species reported that they might adopt a sexual reproductive strategy (Latzel et al., 2014) or an asexual reproductive strategy (Ren et al., 2017; Rendina González et al., 2018). Inversely, very limited information is available about the woody long-lived perennial species and especially those whose commercial varieties are maintained by vegetative (clonal) propagation. Long-lived perennial species potentially can accumulate epigenetic modifications during their lifetime that may be transferred to their offspring. Unlike sexually reproduced species where epigenetic modifications could be lost during meiosis as a result of erasure and resetting of epigenetic marks the possibility of stable transmission of epigenetic changes may be increased in asexually propagated plants as only mitotic cell divisions are involved (Verhoeven and Preite, 2014; He and Li, 2018).

In this regard, a recent report described putative transgenerational effects at the DNA methylation level as a result of temperature and photoperiod experienced by mother plants on the bud phenology of asexually produced offspring of Populus deltoides and Populus trichocarpa (Dewan et al., 2018). These authors underlined the importance of this effect on the potential response of plants to climatic changes. In another study, Perrin et al. (2020) compared the DNA methylation pattern in apples (Malus domestica) between adult trees and seedlings from selfing as well as between mature donor trees and newly grafted trees (Perrin et al., 2020). According to their results, in the former comparison the DNA methylation pattern did not differ at whole genome level but clearly varied in regions with genes related to photosynthesis. On the other hand, in the latter comparison, the majority of DNA methylation patterns was transferred from donor trees to newly grafted trees. They concluded that from a physiological, transcriptomic, and epigenomic point of view, newly grafted plants are in a phase between an adult tree and a seedling (Perrin et al., 2020). The above findings together with the fact that epigenetic variation contributes significantly to phenotypic plasticity, especially in species with limited genetic variation, points to the benefits of exploiting the potential of epigenetic variability. Further understanding of the molecular mechanisms regulating epigenetic changes such as DNA methylation in woody plants will contribute to the development of diagnostic molecular epi-markers for selection of superior genotypes and grafts with advantageous traits of agronomic relevance.



CONCLUSION AND FUTURE PROSPECTS

The ongoing climate change and rapid expansion of global population growth call for concerted efforts by diverse fields in order to mitigate the effects of adverse climatic conditions, promote crop sustainability, ensure food security and enable preservation of biodiversity.

In this context, woody species grafting is a promising agriculture technology for generating improved woody plants that can face environmental challenges without major compromise in yield and quality and with low input requirements. Despite its widespread use and the wealth of knowledge concerning woody species grafting at the morpho-physiological level, little is known about the molecular mechanisms governing this process. Nevertheless, research has now begun to address the molecular aspects associated with woody species scion-rootstock compatibility and successful graft development.

For some species like grapevine and apple, progress has been accomplished in terms of the graft-triggered transport of small RNAs or mRNAs long-distance between the graft partners and the characteristics they impart on the scion or whole grafted plant. In addition, RNA seq technologies have revealed graft-induced transcriptome reprogramming in scions with potential impact on phenotype. Epigenetic changes such as altered DNA methylation or histone modifications in woody species, is an area largely unexplored but in some cases like apple, citrus, avocado, and rubber tree investigations have started on DNA methylation alterations associated to grafting. There are no reports thus far on graft-induced histone modifications which is another crucial epigenetic mark that regulates cell function and plant development. Investigations on DNA methylation and histone modifications should be the focus of future studies in order to delineate further the molecular mechanism of grafting.

Moreover, trans-grafting technology has allowed targeted manipulation of rootstock genes affecting important scion traits, but without transferring the modified gene to the scion. This technology is gaining ground and holds a lot of potential toward generating grafts of agronomically important woody crops with improved qualities.

Challenges ahead include deeper understanding of the genetic and epigenetic molecular mechanisms underlying graft compatibility and proper growth and resilience of the grafted woody plants. This will contribute significantly to our knowledge on the molecular factors regulating these processes. Consequently, it will direct the development of molecular markers and epi-markers for rapid and efficient detection of graft success and compatible graft combinations at early stages as well as selection of superior grafts with improved adaptability to environmental challenges.

Finally, adaptive transgenerational plasticity and the molecular mechanisms governing this phenomenon is an under-explored area with great potential for agricultural application in woody plants. Graft induced-epigenetic variants (epi-allelles) are more likely to be stably inherited across generations in woody perennials than vegetables due to their way of clonal propagation (asexual reproduction) which favors the stable transmission of new characters. It is anticipated that in coming years research will expand greatly in uncovering mechanisms associated with woody plant grafting and transgenerational heritable changes. This knowledge would be of utmost importance for generating and selecting superior grafts for woody crop improvement and for transmitting graft-induced beneficial traits to subsequent generations, in order to meet sustainability demands in a changing environment.
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Nitrate Uptake and Transport Properties of Two Grapevine Rootstocks With Varying Vigor

Landry Rossdeutsch1, R. Paul Schreiner2,3, Patricia A. Skinkis1,3 and Laurent Deluc1,3*

1Department of Horticulture, Oregon Wine Research Institute, Oregon State University, Corvallis, OR, United States

2USDA-ARS Horticulture Crops Research Unit, Corvallis, OR, United States

3Oregon Wine Research Institute, Corvallis, OR, United States

Edited by:
Nathalie Ollat, University of Bordeaux, France

Reviewed by:
Luca Espen, University of Milan, Italy
Brunella Morandi, University of Bologna, Italy

*Correspondence: Laurent Deluc, laurent.deluc@oregonstate.edu

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 21 September 2020
Accepted: 22 December 2020
Published: 18 January 2021

Citation: Rossdeutsch L, Schreiner RP, Skinkis PA and Deluc L (2021) Nitrate Uptake and Transport Properties of Two Grapevine Rootstocks With Varying Vigor. Front. Plant Sci. 11:608813. doi: 10.3389/fpls.2020.608813

In viticulture, rootstocks are essential to cope with edaphic constraints. They can also be used to modulate scion growth and development to help improve berry yield and quality. The rootstock contribution to scion growth is not fully understood. Since nitrogen (N) is a significant driver of grapevine growth, rootstock properties associated with N uptake and transport may play a key role in the growth potential of grafted grapevines. We evaluated N uptake and transport in a potted system using two grapevines rootstocks [Riparia Gloire (RG) and 1103 Paulsen (1103P)] grafted to Pinot noir (Pommard clone) scion. Combining results of nitrate induction and steady-state experiments at two N availability levels, we observed different responses in the uptake and utilization of N between the two rootstocks. The low vigor rootstock (RG) exhibited greater nitrate uptake capacity and nitrate assimilation in roots after nitrate resupply than the more vigorous 1103P rootstock. This behavior may be attributed to a greater root carbohydrate status observed in RG for both experiments. However, 1103P demonstrated a higher N translocation rate to shoots regardless of N availability. These distinct rootstock behaviors resulted in significant differences in biomass allocation between roots and shoots under N-limited conditions, although the overall vine biomass was not different. Under sufficient N supply, differences between rootstocks decreased but 1103P stored more N in roots, which may benefit growth in subsequent growing seasons. Overall, greater transpiration of vines grafted to 1103P rootstock causing higher N translocation to shoots could partially explain its known growth-promoting effect to scions under low and high N availability, whereas the low vigor typically conferred to scions by RG may result from the combination of lower N translocation to shoots and a greater allocation of biomass toward roots when N is low.
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INTRODUCTION

In response to the outbreak of Grape phylloxera (Daktulosphaira vitifoliae) in European Vitis vinifera vineyards during the 19th century, grafting vines to North American Vitis species and their hybrids as rootstocks became commonplace worldwide. While the primary goal was to prevent vine decline due to phylloxera, there became apparent other benefits imparted to scions by rootstocks to thrive under biotic and abiotic constraints. Additionally, rootstocks were found to influence scion development and yield, which could be used to modulate cultivar traits and improve grape and wine quality (Jones et al., 2009; Ollat et al., 2016; Zhang et al., 2016).

Rootstocks influence whole plant development since they serve as the vines’ root system. Genetic variability among rootstocks can result in differences in water and nutrient uptake and transport, and the regulation of hormones and other long-distance signal molecules that impact scion growth and development (Albacete et al., 2015; Zhang et al., 2016; Gautier et al., 2019; Ibacache et al., 2020). Apart from water, nitrogen (N) is the most limiting abiotic factor that affects plant growth. In grapevine, N accumulation in shoots is positively correlated to scion growth, and is influenced by the rootstock genotype (Nikolaou et al., 2000; Zerihun and Treeby, 2002; Ibacache et al., 2020). Moreover, the impact of rootstocks on scion growth is stronger under N limitation (Lecourt et al., 2015), indicating that N uptake and transport to the shoot may explain differences observed among rootstock genotypes.

Nitrate is the main source of N taken-up by plants from soil and acts as a signal molecule to regulate its own uptake, transport, and assimilation (Crawford and Glass, 1998). Plants actively take up nitrate through a proton/nitrate-coupled mechanism mainly mediated by Low and High Affinity Transport Systems (LATS and HATS, respectively) (Lejay and Gojon, 2018; Wang Y.-Y. et al., 2018). In grapevines and other plants, HATS and LATS are rapidly (<24 h) induced in response to increasing nitrate availability (Pii et al., 2014; Tomasi et al., 2015), and the genotype of the root system modulates (i) the kinetics of HATS (Kulmann et al., 2020) and (ii) the intensity of its induction response (Tomasi et al., 2015). However, no information is available on the variability of LATS among grapevine rootstocks. In addition, some inconsistencies in the properties of HATS (Yang et al., 2007; Tomasi et al., 2015; Kulmann et al., 2020) make it difficult to draw conclusions about the relationship between nitrate uptake capacity of a given rootstock and the biomass growth conferred to scions. While the specific location of nitrate uptake among different parts of the overall root system is unclear, the youngest roots that still have an intact cortex and account for most of the overall length of roots within a given root system are thought to contribute most to ion uptake (Kozlowski and Pallardy, 1997). A study in various trees found that younger primary roots had the highest net flux of NH4+ and NO3– even though corky and woody root zones showed some net N uptake (Hawkins et al., 2014). In grapevines, the rate of nitrate uptake was two to three times higher in 1 day-old root tips than root tips that were 10–20 days-old (Volder et al., 2005).

Gene expression analyses of Arabidopsis thaliana for the closest homologs to major nitrate transporters and N-signaling genes were performed in grapevine in response to nitrate resupply (Pii et al., 2014; Tomasi et al., 2015; Cochetel et al., 2017, 2019). Expression of VitviNRT2.4A and VitviNRT3 homologs in SO4 rootstock (Pii et al., 2014) or of VitviNAXT, a putative nitrate efflux transporter, in K5BB rootstocks (Tomasi et al., 2015), seem to align with the induction response of HATS. Using genome-wide expression analyses, Cochetel et al. (2017) reported on differential responses between two rootstocks 3 and 24 h after nitrate resupply. In that experiment, nitrate accumulation in roots was associated with variations between rootstocks in the expression of genes involved in N metabolism and transport. Surprisingly, the rootstock with the lowest vigor showed the greatest nitrate accumulation and the greatest induction of genes involved in nitrate transport and assimilation (Cochetel et al., 2017). These results suggest that net nitrate uptake may be uncoupled from scion growth promotional effects of the rootstock.

Root-to-shoot transport of nitrate participates to the regulation of N shoot status and its influence on scion growth. Rootstock contribution to nitrate xylem loading and transpiration flow may aid to the differences in N shoot status observed in scions (Zhang et al., 2016; Ibacache et al., 2020). Xylem loading flux is regulated by the balance between nitrate loading and unloading in root pericycle cells. The movement of nitrate from cell to cell could either be passive, through anion channels like X-QUAC proteins (Köhler et al., 2002) or active, through members of NRT1/NPFs proteins family (Lin et al., 2008; Li et al., 2010; Léran et al., 2013; Taochy et al., 2015). In grapevine, differences in gene expression of nitrate transporters including one associated with xylem loading (VitviNAXT1) was observed between rootstocks under normal growing conditions (Henderson et al., 2014). Varying N concentrations in xylem exudate observed in ten rootstocks grafted to Thomson Seedless were found also (Nikolaou et al., 2000). Altogether, this may suggest a different ability of rootstocks to regulate the net xylem loading of nitrate in grapevine.

Plant transpiration also contributes to nitrate root-to-shoot transport directly by regulating xylem sap flow and indirectly by increasing nitrate availability through the control of the mass flow movement in soil (Cramer et al., 2009). The tight relationship between water and nitrate transport in plants may depend on the regulation of aquaporin activity and root hydraulic conductivity by nitrate availability (Tyerman et al., 2017). In grapevine, the rootstock contribution to scion transpiration has been extensively studied in the context of water deficit and scion growth response (Ollat et al., 2016; Zhang et al., 2016). The strong correlation between scion growth, transpiration, and rootstock hydraulic conductance suggests that rootstocks can modulate the translocation of N toward shoots by controlling the plant water flow (Gambetta et al., 2012; Zhang et al., 2016). Likewise, the graft union could influence translocation of N to the shoot and the transport of N-reserves to roots. The extent of healing at the graft union can alter local xylem anatomy locally (Goncalves et al., 2007). As a consequence, hydraulic properties of the whole plant could be modified with an impact on the movement of water, hormones, and other nutrients like NO3– and NH4+ (Atkinson et al., 2003). Scion development is often altered in grafted plants with significant effects on transpiration and vigor (Edwards et al., 2014). Conversely, root growth can be impacted via poor phloem connections at the graft union that limits shoot-to-root transport of assimilates (Bieleski, 2000; Olmstead et al., 2006). Finally, as nitrate reduction mainly occurs in grapevine leaves (Zerihun and Treeby, 2002), the rootstock contribution to N translocation toward shoots may modulate the rate of N assimilation and thus the plant N status.

Nitrate reduction and assimilation are essential regulators of nitrate uptake and transport (Dechorgnat et al., 2011; Tegeder and Masclaux-Daubresse, 2018). The dependence of carbon (C) resource(s) for amino acids and proteins synthesis requires a fine regulation of the C/N balance in plants. C and N assimilates can stimulate or repress nitrate uptake and transport, respectively. Furthermore, C/N balance regulates C and N assimilation steps, which in turn affects the source-sink relationship between the root and shoot systems, and controls growth and biomass allocation (Nunes-Nesi et al., 2010; Wang and Ruan, 2016). In grapevine, biomass allocation responds to the internal C/N balance (Grechi et al., 2007) that could be modulated by rootstocks through their influence on C and N assimilation in scion leaves (Zerihun and Treeby, 2002; Zhang et al., 2016). Although scion genotype seems to play a major role on the N uptake regulation (Tomasi et al., 2015) and biomass partitioning (Tandonnet et al., 2010), the rootstock influence on C/N balance was never properly assessed in the context of shoot growth response to rootstocks under N-limited supply.

The main goal of the current study was to further understand the mechanisms of rootstocks on the N-driven scion growth response. Our objectives were to measure root nitrate uptake properties when nitrate was resupplied to plants after N-starvation in two rootstocks [Riparia Gloire (RG) and 1103 Paulsen (1103P)] known to differ in vigor conferred to the scion. We also wanted to determine if the rootstocks would influence the rate of nitrate translocation to the scion under two levels of N supply. Additionally, we evaluated the rootstock influence on C/N balance in roots and leaves, and their relationship with plant growth and biomass partitioning. Our results confirmed higher nitrate uptake capacity and N-signaling responses of RG root tips after N-resupply. However, under steady state nitrate supply, nitrate concentration in xylem sap and transpiration flow contributed to a higher delivery of nitrate to shoots when vines were grafted to 1103P. Rootstocks did not alter total plant biomass but changed partitioning under N-limited conditions, resulting in higher shoot growth performance in vines grafted to 1103P. The rootstock genotype seems to control C and N metabolites partitioning between leaves and roots that could triggers the observed variability in nitrate uptake, sensing and biomass partitioning. Overall, this study identified that nitrate translocation to shoots rather than nitrate uptake capacity of rootstocks could modulate N-driven vigor of the scion under N-limited conditions.



MATERIALS AND METHODS


Grapevine Material

One-year-old Riparia Gloire (RG) and 1103 Paulsen (1103P) rootstocks grafted to Vitis vinifera “Pinot noir” clone FPS04 (91 Pommard) scion were re-potted in 6 L pots filled with sand and grown in a semi-controlled greenhouse with a dark/light regime of 8/16 h, a temperature (day/night) of 25/20°C and a minimum light intensity of 400 μmol m–2s–1 of photosynthetically active radiation, supplied by 1000 W phosphor coated metal-halide lamps (General Electric, United States). Two weeks after budbreak, plants were pruned to maintain a single shoot, and emerging lateral shoots were removed during experiments.



Nitrate Uptake Induction and Kinetic Experiments

Eight plants per scion/rootstock combination were watered daily for 8 weeks with 0.5 N solution (N-NO3; Table 1) and then subjected to nitrate depletion with 0 N solution for 10 days. One hour after daylight, plants were divided into two groups each receiving either 2 L of 0 N solution supplemented with 0.5 mM of Ca(NO3)2 (induced plants) or with 0.5 mM of CaSO4 (non-induced plants). Roots tips (≈2 cm) were collected at six time points (0, 2, 4, 8, 12, and 24 h) through precut windows (≈40 cm2) on the sides of the pots and immediately immersed in root harvest solution (Table 1). Within 5 min of sampling, young roots were divided into three sub-samples within 5 min: one sample (≈300 mg) was snap frozen in liquid nitrogen and stored at −80°C until mRNA extraction; the two other samples (≈200 mg) were immediately subjected to 15N uptake assays at 0.2 and at 1 mM K15NO3 availability. One extra young root sample (≈200 mg) was collected at 0 and 24 h for analysis of metabolites. Labeled 15N uptake kinetic parameters were determined in a separate experiment for the time point 8 h using identical plants and growing conditions as described above. The only difference was that 15N uptake assays were carried out at the following concentration: 0.05; 0.1; 0.2; 0.3; 0.4; 0.5; 0.75; 1; 2; 5; 10 mM of K15NO3 availability.


TABLE 1. Macro (mM) and micronutrient (μM) composition for the different experiments conducted in the study.
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15N Uptake Assays and Analysis

Assays were performed by exposing the young roots (≈200 mg) for 5 min to K15NO3 (99% 15N) solutions in 1 mM MES buffer (pH = 5.8) and supplemented with 0.5 mM CaSO4. Roots were then rinsed 1 min with 0.5 mM CaSO4, before snap-freezing the samples and storage at −80°C. Following the grinding using a mixer mill (MM 400, Retsch GmbH, Haan, Germany), root samples were freeze dried (LABCONCO Lyph Lock 6). The amount of 15N in the freeze-dried roots was analyzed at the Oregon State University, Stable Isotope Research Unit, via an elemental analyzer interfaced with a mass spectrometer (Sercon GSL, PDZ Europa 20/20; Sercon, Cheshire, United Kingdom).



Steady-State Experiment

Eight plants per scion/rootstock combination were grown for 12 weeks under low (0.8 mM; LN, Table 1) and high (2.4 mM; HN, Table 1) nitrogen solutions (Lecourt et al., 2015). Stem length was measured weekly and the dry mass of roots, trunk, stem and leaves was recorded after drying the tissues at 60°C for 72 h at harvest. One day before harvest, two liters of LN or HN solution containing K15NO3 (50% 15N) were applied 1 h after daylight to evaluate the effect of nitrogen supply on nitrate root-to-shoot transport. At time 0, 4, 8, 12, and 24 h, one leaf per plant was selected and sequentially subjected to a measure of transpiration, xylem sap collection, surface area measurement, and finally collected for metabolite analyses. Selected leaves were fully expanded, fully exposed to light and located at similar internodes between plants, which is in the upper part of the plant (2/3 of plant height). Young root samples (≈400 mg each) were also collected at the same time points through precut windows (≈40 cm2) on the side of the pots and rinsed 1 min in 0.5 mM CaSO4 to remove surface contaminants. Leaves, roots, and xylem sap samples were snap frozen upon collection. Leaf transpiration was measured using a Li-6400XT photosynthesis system (Li-Cor, Inc., Lincoln, NE, United States) according to manufacturer’s instructions, and setup for ambient conditions in terms of temperature and relative humidity. The leaf xylem sap was collected using a Scholander pressure chamber (PMS Instruments, Alban, OR, United States). An overpressure of 0.5 MPa was applied after reaching the leaf water potential, the first drop was removed, and xylem sap was collected with a pipette within 5 min. Homogenized xylem sap sample (5 μL) and 50 μg of N (K14NO3) were applied onto an acid washed Whatman paper (10 mm2) and dried overnight at room temperature. 15N was determined on this subsample as previously described. Root and leaves samples collected at time 0 were used for metabolites quantification.



Gene Expression Analysis

Total RNA was extracted from 100 mg fresh powder of young root tissue according to Reid et al. (2006) with slight modifications. Genomic DNA contamination was removed using the Turbo DNA-free kit (Life technologies). Reverse transcription was performed using M-MuLV Reverse Transcriptase (New England Biolabs) using oligo dT primers with 2 μg of total RNAs. Transcript abundance was quantified on a Bio-Rad CFX96 machine using SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad). PCR efficiency for each primer pair was calculated using LinRegPCR (Ruijter et al., 2009). Relative genes’ expression was calculated using the 2ΔΔCt method (Livak and Schmittgen, 2001) with the VitviACT7 ortholog as reference gene for normalization. Studied genes and primers used are presented in Table 2. Each PCR product were amplified first from cDNA roots libraries, cloned into a pGEM-T Easy vector (Promega, United States), and the sequence of the amplicons were confirmed by Sanger Sequencing (Center for Genome Research and Biocomputing, CGRB – OSU).


TABLE 2. List of analyzed genes.
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Metabolite Analyses

Approximately 30 mg of freeze-dried tissue (LABCONCO Lyph Lock 6) was extracted three times in a prechilled methanol/chloroform/water extraction solution (2.5/1/1 – v/v/v). The mixture was vortexed for 1 min and centrifuged for 5 min at 20,000 g at 4°C. Supernatants of the three extracts were pooled and mixed with equal volumes of chloroform and HPLC-grade water, vortexed and then centrifuged at 20,000 g for 5 min. The aqueous phase was collected for colorimetric assays of nitrate (Cataldo et al., 1975), Free Amino Acids (FAA) (Sun et al., 2006) and Total Soluble Carbohydrate (TSC) (Edwards et al., 2011). The remaining pellet was dried under vacuum overnight, and 5 mg was sampled for insoluble starch analysis (Edwards et al., 2011). TSC, starch and FAA concentrations were expressed as fructose, glucose and leucine equivalents.



Statistics and Multivariate Analyses

All statistical analyses were performed using the R software (R Core Team, 2017). In the induction experiment, paired t-tests and Welch paired-tests were performed for each rootstock, using t0 as control, to evaluate the induction of nitrate uptake rate and metabolite changes. Comparison between two means using student t-test, Welch t-test or Wilcoxon test depending on normality or homoscedasticity of the data were conducted to validate the nitrate kinetic induction at each nitrate concentration, and to evaluate rootstock effects on nitrate uptake rate. An Analysis of Covariance was performed to compare nitrate uptake rate between rootstocks, and in response to nitrate resupply. Rootstock, time, and treatment effects on gene expression were evaluated by one-way Analysis of Variance (ANOVA). In the steady-state experiment, a two-way ANOVA was performed to compare 15N flow differences between rootstock and treatment, and to compare biomass allocation and metabolite concentration changes between rootstock and time. For this dataset, the ANOVA was followed by a Tukey’s multiple test from log-transformed data when assumptions were not met from the raw data.



RESULTS


Nitrate Uptake Induction Response

Nitrate uptake rate of fine roots of both rootstocks increased upon nitrate resupply (Figure 1). At the lowest concentration (0.2 mM), rootstocks increased their nitrate uptake capacity after 4 h of nitrate exposure and maintained a high rate for up to 24 h (Figure 1A). At 1 mM nitrate, RG experienced an abrupt increase 4 h after the resupply with a maximum of uptake at 8 h, followed by a decrease 12 h after the treatment (Figure 1B). A steady state uptake was then observed until the end of the experiment. For 1103P, the 1 mM resupply progressively increased nitrate uptake capacity up to 12 h before plateauing at 24 h (Figure 1B). The maximum difference in nitrate uptake capacity between rootstocks was observed at 8 h, and this time point was chosen to compare their nitrate uptake kinetics.
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FIGURE 1. Nitrate uptake rate in roots of Riparia Gloire (circle) and 1103 Paulsen (triangle) rootstocks grafted to Pinot Noir scion (mean ± se; n = 4). Plants were grown 10 days without N, and then resupplied with 0.5 mM Ca(NO3)2. At the indicated times, young roots samples were transferred to 0.2 mM (A) or 1 mM (B) K15NO3 solution for 5 min (as detail in “Materials and Methods”). For each rootstock, asterisks show significant difference to the untreated sample (Time = 0 h; Paired t-test; P < 0.05) whereas letters refer to significant difference between rootstocks at each time point (Wilcoxon test; P < 0.05). Shaded areas represent dark period.




Nitrate Uptake Kinetic

For both rootstocks, nitrate uptake measurements with a gradient of nitrate availability ranging from 0.05 to 10 mM, revealed the presence of the two inducible systems for nitrate transport [Low Affinity Transport (LATS, Figures 2A,B) and High Affinity Transport Systems (HATS, Figures 2C,D)]. At high concentration (>1 mM), nitrate uptake rate increased in a nearly linear fashion to nitrate concentration with no sign of saturation up to 10 mM (Figures 2A,B). The 8-h exposure to 1 mM of nitrate significantly increased the capacity of LATS in both rootstocks (ANCOVA; RG, p < 0.001; 1103P, p = 0.003) although the magnitude of response was larger in RG compared to 1103P. The comparison between rootstocks revealed a greater LATS capacity for non-induced 1103P in comparison with non-induced RG (ANCOVA; p = 0.041). The opposite trend is observed in nitrate induced plants of each rootstock (ANCOVA; p = 0.025). At low nitrate availability (<1 mM), nitrate uptake rate followed a biphasic Michaelis-Menten kinetic pattern in both rootstocks (Figures 2C,D) with a separation of the kinetic phases occurring at 0.3–0.4 mM. For all the concentrations tested and for both rootstocks, exposure to nitrate induced an increase in nitrate uptake capacity. Kinetics parameters (Vmax and Km) could be calculated separately for each rootstock using either Michaelis-Menten or Lineweaver–Burk models, but both rootstocks could not satisfy the regression statistics on the same enzyme kinetics model. However, a general observation suggests that the two rootstocks share a common saturable component value (Vmax) for the first kinetic phase (0.05–0.4 mM), but the Vmax appeared to be higher for RG during the second kinetic phase (0.5–1 mM). In support of this observation, the nitrate uptake rate measured at 1 mM availability for the induced vines was significantly higher for RG than 1103P (t-test, p = 0.005).
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FIGURE 2. Nitrate uptake kinetics in roots of Riparia Gloire (A,C, circle) and 1103 Paulsen (B,D, triangle) rootstocks grafted to Pinot Noir scion (mean ± se; n = 4). Plants were grown 10 days without N, and then resupplied with 0.5 mM Ca(NO3)2 (Induced, black) or with 0.5 mM CaSO4 (non-induced, gray). After 8 h, young roots samples were transferred to a solution of K15NO3 in 0.05–10 mM concentration range. Asterisks show significant difference between induced and non-induced samples (t-test, P < 0.05).




Transcript Abundance of Nitrogen Transport, Assimilation, and Signaling Following Nitrate Resupply

Using Real-Time PCR, we monitored in both rootstocks the expression of the closest ortholog genes involved in nitrate uptake and assimilation (Figure 3 and Supplementary Figure 1). Expression profiles for VitviNRT1.1, VitviNRT2.4A, VitviNRT2.4B, VitviNRT3, VitviNR, and VitviGS2 showed a strong induction 2 h after nitrate resupply followed by a down-regulation upon 24 h. Significant differences between rootstocks for the expression of VitviNRT2.4A, VitviNRT3, and VitviGS2 appeared at 8 h with a higher expression for RG than for 1103P (Figure 3). Relative expressions of VitviNAXT and VitviBTB, involved in nitrate efflux (Segonzac et al., 2007) and nitrate signaling (Araus et al., 2016), respectively, were significantly affected depending on the rootstock genotype with a higher expression level for 1103P and RG, respectively. Rootstock differences for VitviBTB expression was observed mainly for the time 2 and 8 h while the level of expression was identical between rootstocks at 0 and 24 h. Expression of VitviHY5 and VitviCIPK23, whose orthologs in other plants are regarded as major regulators of the nitrogen signaling, were not affected by rootstocks or by nitrate resupply (Supplementary Figure 1).
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FIGURE 3. Relative gene expression of VitviNRT2.4A, VitviNRT3, VitviNRT2.4B, VitviGS2, VitviBTB, and VitviNAXT in roots tips (mean ± se; n = 3) of RG (circle) and 1103P (triangle) in response to nitrate resupply. Indicated time correspond to exposure duration to 0.5 mM Ca(NO3)2 after a 10 days period of N-starvation; shaded areas represent dark period. Letters refers to a significant difference between time point considering the two rootstocks (ANOVA, P < 0.05). Asterisks show significant difference between rootstocks at each time point (t-test, *P < 0.05, **P < 0.01). Overall rootstock differences are presented (ANOVA, ***P < 0.001).




Metabolite Dynamics in Root After Nitrate Resupply

Total Soluble Carbohydrate (TSC), starch, nitrate and Free Amino Acids (FAA) concentrations were compared in young roots before and after 24 h of nitrate resupply (Figure 4 and Supplementary Figure 2). The concentration of amino acids increased after nitrate induction only in RG but not in 1103P (Figure 4A). No other significant changes were observed between rootstocks or in response to nitrate resupply, but the TSC concentration was 35% higher in RG young roots. The ratio of soluble C/N, estimated by the formula TSC/(FAA + Nitrate), significantly decreased for RG after nitrate resupply whereas it stayed stable for 1103P (Figure 4B).
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FIGURE 4. Evolution of free amino acids concentration (A) and soluble C/N calculated as TSC/(FAA + NO3) (B) in root tips of RG and 1103P before (black) and 24 h after (gray) 1 mM of nitrate resupply (mean ± se; n = 4). Asterisks show significant difference between rootstocks at each time point (Welch paired test, **P < 0.01*P < 0.05, n.s., non-significant).




15N Root-to-Shoot Transport

15N root-to-shoot transport was measured after 12 weeks of growth in grafted Pinot noir plants on RG and 1103P roots supplied with two levels of nitrate (Figure 5). Overall, the 15N flow rate followed the plant transpiration circadian rhythm and spiked after 4 h of labeling (5 h after sunrise) when the leaf transpiration was maximal (Supplementary Figure 3). At this time point, 1103P clearly showed a higher 15N transport than RG at both low and high nitrate availability (Figure 5). The leaf transpiration rate and 15N concentration in the xylem sap appeared to differ by rootstock at 4 h (Supplementary Figure 3). Rootstock affected carbon assimilation and stomatal behavior of the Pinot noir scion depending on nitrate availability (Supplementary Figure 3). In LN treatment, 1103P induced a higher carbon assimilation at 8 h and higher stomatal conductance at 0 and 8 h compared to RG. In HN treatment, stomatal conductance of 1103P was higher than that of RG at 0 and 4 h, while no differences were found for carbon assimilation (Supplementary Figure 3).
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FIGURE 5. Flow of 15N measured in leaf xylem sap of Pinot Noir grafted to RG (circle) and 1103P (triangle) after 12 weeks of growth in LN (0.8 mM, gray) and HN (2.4 mM, black) solutions (mean ± se, n = 5–7). Letters refers to a significant difference between groups for each treatment separately (ANOVA, P < 0.05).




Gene Expression in Root Under Steady-State Nitrate Supply

Except for VitviNAXT, all other genes examined showed a diurnal variation in the first 8 h of light (Figure 6 and Supplementary Figure 4). When considering all data together, VitviCIPK23 and VitviHY5 expression decreased, VitviBTB and VitviNRT1.5 expression increased, whereas nitrate uptake and assimilation genes peaked at 4 h before decreasing at 8 h to a level similar to 0 h. VitviNTR1.1, VitviNRT2.4A, VitviNRT2.4B, VitviHY5 showed differences between rootstock depending on nitrate availability. VitviNRT1.1 expression was higher for RG only in LN treatment whereas VitviNRT2.4A and VitviNRT2.4B expressions were higher in RG only in HN treatment. A trend for more expression of VitviHY5 at 0 h for 1103P was observed but it did not reach statistical significance (Supplementary Figure 4). For VitviGS2, VitviNRT3, VitviNAXT, and VitviCIPK23, the rootstocks differences were not dependent on nitrate availability. VitviGS2, VitviNRT3, and VitviCIPK23 was higher for RG than 1103P whereas the opposite was observed for VitviNAXT expression. No differences between rootstocks were observed for VitviBTB, VitviNR, and VitviNRT1.5 (Supplementary Figure 4).
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FIGURE 6. Relative gene expression of VitviNRT1.1, VitviNRT2.4A, VitviNRT2.4B, VitviNRT3, VitviCIPK23, and VitviNAXT in roots tips (mean ± se; n = 3) of RG (circle) and 1103P (triangle) after 12 weeks of growth in LN (0.8 mM, gray) and HN (2.4 mM, black) solutions. Time point correspond to collection time after exposure to labeled solutions (15N, 50%). Asterisks show significant difference between rootstocks at each time point for each nutrient solution (t-test, *P < 0.05, **P < 0.01; ***P < 0.001). Overall rootstock differences are presented (ANOVA, **P < 0.01; ***P < 0.001).




Biomass Allocation

Biomass allocation to roots, trunks, stems and leaves were measured for Pinot noir grafted to RG and 1103P after 12 weeks of growth under LN and HN treatments (Figure 7). Nitrate treatment affected biomass allocation in all tissues in a similar manner between rootstocks. Regardless of the rootstock, allocation of biomass was greater in roots and trunks and lesser in stems and leaves under N-limitation (LN) in comparison with HN treatment. We also observed a greater allocation of biomass to root tissues in RG at the expense of stem and trunk tissues. Lower allocation of biomass to the stem in RG under LN treatment is supported by the weekly measure of stem length during the growth period, where significant difference between rootstocks appeared after the fifth week of LN treatment (Supplementary Figure 5). Total plant biomass increased in response to increasing nitrate availability but did not differ between rootstocks (Supplementary Figure 6).
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FIGURE 7. Allocation of total biomass (%) distributed in roots (dark), trunk (dark gray), stem (light gray), and leaves (white) of Pinot Noir grafted to RG and 1103P after 12 weeks of growth under LN (0.8 mM, gray) and HN (2.4 mM, black) solutions (n = 6–8, mean ± se). Letters when present shows significant interaction response between rootstocks and treatment per tissue (two-way ANOVA, P < 0.05). Absolute dry biomass allocation is provided in Supplementary Figure 6.




Metabolite Allocation

Nitrate, FAA, TSC, and starch concentrations were measured in leaves and roots after 12 weeks of growth under LN and HN treatment (Supplementary Figure 7). In leaves, N limitation (LN) enhanced nitrate and starch accumulation and decreased TSC and FAA concentration. In roots, only the concentration of FAA was affected by the N treatment. Increasing N availability, increased FAA concentration in roots, and the intensity of the response was higher for 1103P than RG (Table 3).


TABLE 3. Nitrate, FAA, TSC and starch as affected by Nitrogen treatment (HN and LN) and Rootstocks (1103P and RG) in leaves and root samples after 12 weeks of nitrogen supply.

[image: Table 3]Carbon allocation in leaves and roots was influenced by the rootstocks. For RG, TSC concentration in leaves and in roots was higher than 1103P whereas the opposite was observed for starch concentration in leaves. These differences in carbon metabolite preference and allocation between rootstocks seem accentuated in LN condition (Supplementary Figure 7). Total C/N ratio, estimated by the formula (TSC + Starch)/(FAA + Nitrate), illustrated the different rootstock strategy in allocation of C and N metabolites between leaves and roots (Figure 8). While total C/N ratio in leaves and roots were not dependent on the rootstock under HN, N limitation resulted in higher proportion of C metabolites in leaves for 1103P and in roots for RG.
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FIGURE 8. Ratio of total C/N in leaves and roots of Pinot Noir grafted to RG (white) and 1103P (black) after 12 weeks of growth under LN (0.8 mM) and HN (2.4 mM) solutions (n = 6–8, mean ± se). Total C is the addition of TSC and starch, and total N is the addition of FAA and nitrate. Asterisks show significant difference between rootstocks for each tissue and each treatment (t-test, *P < 0.05, **P < 0.01; n.s., non-significant).




DISCUSSION

The overall objective of our study was to compare nitrate uptake and its root-to-shoot transport between two rootstocks known to differ in their capacity to stimulate scion growth in grafted grapevines. Our study revealed that nitrate uptake capacity and biomass adaptation to N-limiting conditions are enhanced in the less vigorous rootstock (RG). These differences can be explained by a greater partitioning of C metabolites to the roots in RG as compared to 1103P. By contrast, the transpiration rate and N loading into xylem sap contributed to higher root-to-shoot transport of N in the vigorous rootstock (1103P). Higher transport of N to leaves with 1103P rootstock will promote N assimilation that can maintain shoot growth under LN conditions and increase FAA storage in roots under HN conditions. Overall, rootstocks did not affect the total plant biomass but appeared to contribute to a modification of biomass allocation in N-limited conditions. This is likely caused by a different ability of the rootstocks to control C and N metabolism and/or to transport water and mineral nutrients to the scion.


Nitrate Uptake in Grapevine

Our experiments reinforce the established knowledge regarding induced nitrate uptake mechanisms in young grapevine roots. Previous studies demonstrated that grapevine HATS and LATS were induced after nitrate resupply (Yang et al., 2007; Pii et al., 2014; Tomasi et al., 2015; Kulmann et al., 2020), and their kinetic parameters were dependent on both rootstock and scion genotypes (Tomasi et al., 2015; Kulmann et al., 2020) or under spatial restricting conditions impeding the growth of the root system (Yang et al., 2007). Our results confirm the induction of both HATS and LATS and a faster response to the nitrate resupply compared to what is observed in other woody species (Tomasi et al., 2015).

Our work also revealed a dual Michaelis-Menten curve under low nitrate availability (<1 mM), which seems to validate that grapevine HATS consists of more than one high affinity nitrate transporter (Tomasi et al., 2015). In Arabidopsis thaliana, NRT2.1 is the major HATS controlling 75% of nitrate uptake under low nitrate availability (Cerezo et al., 2001; Filleur et al., 2001; Li et al., 2007). In response to heterogenous and homogenous N resupply, the expression of VitviNRT2.4A, of AtNRT2.1 putative ortholog, is higher in RG than in 1103P (Cochetel et al., 2017, 2019; Figure 3). Because the difference in nitrate uptake was observed only during the second phase of the HATS kinetic pattern (Figures 2C,D), it is possible that VitviNRT2.4A is responsible for HATS activity in this concentration range. Though, it is still unclear whether VitviNRT2.4A acts alone in the higher nitrate uptake of RG. VitviNRT3, the closest ortholog of AtNRT3, shows an identical induction pattern of expression to VitviNRT2.4A (Figure 3). AtNRT3 is essential to regulate the activity of HATS by formation of a tetrameric protein complex with AtNRT2.1 (Orsel et al., 2006; Yong et al., 2010; Kotur et al., 2012). Further experiments will be needed to determine the contribution of each transporter in the inducible HATS activity in young primary roots of grapevine.

Our results confirm the differential regulation of VitviBTB between rootstocks upon nitrate resupply (Figure 3) as proposed by Cochetel et al., 2017. However, neither nitrate availability nor rootstock genotype affected VitviBTB expression under steady state N supply (Supplementary Figure 4). Gene regulation of AtBT2, the closest homolog of VitviBTB in Arabidopsis thaliana, is dependent on the direct activity of NIN-LIKE PROTEIN (NLP) transcription factors (Sato et al., 2017), which modulates the majority of nitrate signaling and assimilation genes during the Primary Nitrate Response (PNR) (Marchive et al., 2013). AtBT2 was shown to be a negative regulator of Nitrogen Use Efficiency (NUE) decreasing the expression of both AtNRT2.1 and AtNRT2.4, and the nitrate uptake under low nitrate availability (Araus et al., 2016). In fact, AtBT2 protein mediates multiple responses to nutrients, stresses and hormones (Mandadi et al., 2009) and may function as ubiquitin ligase to target specific proteins for degradation in response to calcium signaling (Misra et al., 2018) or UV-B treatment (An et al., 2019). Upregulation of VitviBTB only in RG could be the consequence of the more pronounced transcriptomic reprogramming generally observed during PNR among grapevine rootstocks (Cochetel et al., 2017). Further studies focusing at the protein level should be considered to determine the contribution of post-translational modifications to the different behavior of rootstocks to nitrate.



Responsiveness of Riparia Gloire to N Availability Is Greater Than 1103P by Remobilizing C Metabolites Toward the Roots

The marked response of nitrate uptake and gene expression for nitrate transporters in RG roots (Figures 1–3) can be explained by differences in the management of C and N metabolites (Figure 4 and Supplementary Figure 2). We observed that FAA accumulated only in RG roots 24 h after nitrate induction (Figure 4A). The induced expression of VitviGS2 ortholog in RG roots strengthens the hypothesis for enhanced N assimilation. N assimilation genes are known to be upregulated in roots by the level of nitrate and soluble sugars (Lejay et al., 2008; Bussell et al., 2013), and downregulated by amino acids (Tegeder and Masclaux-Daubresse, 2018). Overall, the greater soluble C/N ratio observed at t0h in RG (Figure 4B) might suggest a better or more rapid ability to respond to nitrate resupply than 1103P. This greater ratio was more associated with the TSC concentration that is 35% higher in RG roots compared to 1103P at t0h. Higher level of sugars in roots could enhance the nitrate uptake rate and gene regulation of nitrate transporters (Lejay et al., 1999; Guo et al., 2017), which could contribute to the differences in gene expression observed between the two rootstocks for VitviNRT2.4A and VitviNRT3.

A strong connection between total C/N ratio in root and plant biomass allocation is observed under steady state N supply. Under LN, higher TSC concentration (Supplementary Figure 7) is associated to higher biomass allocation toward the roots in RG rather than in 1103P. These differences in total C/N ratio disappear in HN availability consistent with similar biomass allocation for both rootstocks (Figure 7). Although biomass partitioning is known to respond to C/N ratio in grapevine (Grechi et al., 2007), this is the first report describing rootstock specificity in the allocation of C metabolites in roots without affecting the overall plant biomass. Root development in RG will compete with shoot growth for C and N resources especially in N-limited conditions with a greater tendency of RG to reduce the nitrate in roots. This could explain the lower shoot vigor typically conferred to the scion by RG, as opposed to poor phloem compatibility reducing C allocation to roots and reducing the overall size of the root system (Bieleski, 2000; Olmstead et al., 2006). However, more work is needed to confirm this, and whether or not such a mechanism only operates in young vines. Interestingly, the rate of photoassimilation or C content in leaves cannot explain the better root allocation of C in RG (Supplementary Figures 3, 7). However, rootstocks can actively modulate C flux through hormonal regulation. In grapevine, abscisic acid enhances C allocation toward roots and berries (Moreno et al., 2011), possibly by the regulation of sugar-related SWEET transporters (Meteier et al., 2019). Although, we did not validate this hypothesis, the lower stomatal conductance and transpiration rates under HN for RG during the highest transpiration period of the day (Supplementary Figure 3) suggests that a higher level of abscisic acid was present in the scion with RG, which in turn could promote the transport of sugars toward the roots as proposed by Meteier et al. (2019). A stomatal closure induced by ABA could reduce the rate of photoassimilation in leaves, which in turn would reduce the flow of carbon moving toward sinks like roots. More research is needed to understand rootstock effect on hydraulic properties and C and N source/sink strength between shoot and root growth.



1103P Rootstock Favors N Flux Toward Scion

Regardless of N availability, N flow in leaf xylem sap (Figure 5) was higher in 1103P, especially at 4 h when leaf transpiration is at the maximum (Supplementary Figure 3). Despite differences in N flow rate between rootstocks, nitrate and FAA were almost identical in scion leaves. This result could suggest that 1103P has a greater rate of assimilation of the newly transported nitrate that may promote shoot growth under limited conditions (Figure 7). Under non-limiting conditions, both rootstocks fulfilled the N demand of the scion in terms of N assimilation, but higher N flow of plants grafted to 1103P may translate into a greater reallocation of FAA in 1103P roots. Further investigations are needed to determine if the ability of 1103P to reallocate more FAA in the roots under these conditions is consistent across years. This adaptive strategy could be important for sustaining shoot growth in N-fluctuating field environments. Further, it is unknown whether this strategy leads to more developed root systems in 1103P which could explain its influence on shoot vigor; this needs to be validated in field experiments.

In the N-steady state experiment, differences in N xylem flow between rootstocks were noted through variations in N xylem sap concentration and the transpiration stream (Supplementary Figure 3). While xylem loading and transpiration are independent processes, their cumulative effects mutually impact N xylem flow (Macduff and Bakken, 2003; Siebrecht et al., 2003). We did not measure N uptake in this experiment, so nitrate uptake and xylem loading cannot be estimated. The greater expression of VitviNRT3 orthologs, a possible activator of the HATS, suggests a greater N-uptake in RG in this steady-state experiment (Figure 6). However, the N concentration in the xylem sap was lower in RG, and the concentration of nitrate and FAA did not suggest a higher N accumulation in RG roots (Supplementary Figure 7). The greater nitrate uptake capacity measured from root tips (Figures 1, 2) may not translate into a greater overall nitrate uptake into the roots. Recent advances on NRT1.1 demonstrate that its phosphorylation status determines whether it will act as nitrate or auxin transporters. Phosphorylation of NRT1.1 caused by CIPK23 in Arabidopsis (Ho et al., 2009), promotes the basipetal transport of auxin in fine roots, thereby inhibiting the formation of lateral roots (Liu and Tsay, 2003; Bouguyon et al., 2015, 2016; Zhang et al., 2019). We observed that the expression of the AtCIPK23 ortholog, VitviCIPK23 (Griesser et al., 2017; Xi et al., 2017), was higher in RG root tips regardless of N availability (Figure 6). While the N uptake in RG seems higher at the root tip level, this rootstock was shown to limit the formation of lateral roots when compared with 1103P (Cochetel et al., 2019), which could limit nitrate uptake, and thereby could reduce the global N uptake. Moreover, the phosphorylation of NRT1.1 by CIPK23 limits its uptake capacity when N is available (Wang C. et al., 2018), which could explain the lack of FAA accumulation in RG root under HN.



Could VitviNAXT Be a Xylem Loading NO3 Transporter?

In our experiments, VitviNAXT transcript abundance was not affected by N resupply and N plant status whereas its expression was significantly higher in 1103P than in RG (Figures 3, 7). In Arabidopsis, NAXT1/NPF2.7 has been demonstrated to regulate nitrate efflux to the media (Segonzac et al., 2007). Function of VitviNAXT as a nitrate efflux transporter appears unlikely, as its expression is much higher in 1103P in which we observed higher N translocation rate. VitviNAXT has not been functionally characterized in grapevine, but it may participate in rootstock chloride exclusion of rootstocks under salt stress (Henderson et al., 2014). AtNAXT1 is a NRT1 transporter part of the NPF2a clade containing seven members (Segonzac et al., 2007). Three of them demonstrated ion transport activity. Two members, NPF2.4 (Li B. et al., 2016) and NPF2.5 (Li et al., 2017), have been characterized in Arabidopsis and participate to chloride loading into the xylem and chloride efflux into the media, respectively. The third member, AtNPF2.3, contributes more to the nitrate xylem loading under salt stress (Taochy et al., 2015). KO mutants of AtNRT1.5/NPF7.3 showed only partial limitation of translocation rate to the xylem (Lin et al., 2008); its loss of function under salt stress was found to be compensated by the functional redundancy of AtNPF2.3 (Taochy et al., 2015). Like AtNPF2.3, VitviNAXT is not responsive to salt stress (Henderson et al., 2014). However, functional characterization will be needed to determine whether VitviNAXT can transport nitrate.

Rootstock differences in N translocation to the shoot is partially explained by their impact on scion transpiration (Supplementary Figure 3). In the HN condition, 1103P displayed increased scion stomatal conductance and transpiration leading to higher xylem sap flow than RG, especially during high transpiration demand (at 4 and 8 h). In the LN condition, this observation was true only at 8 h and could be associated with partial stomatal closure for RG probably caused by lower leaf water potential at 4 h (Supplementary Figure 3). This transpiration behavior under LN conditions during a specific time of the day in 1103P were also confirmed when the daily transpiration rate of the plants was calculated 1 day before the 15N was supplied (Supplementary Figure 8). Altogether, these higher transpiration patterns observed with 1103P would facilitate greater root-to-shoot transport of nutrients and hormones but also increases the mass flow movement of soluble nutrients in the soil toward the root surface (Cramer et al., 2009). In addition to a deeper rooting phenotype for 1103P (Cochetel et al., 2019), the promotion of scion transpiration with 1103P might increase nutrient acquisition by facilitating bulk flow of soluble nutrients like nitrate in soil toward the root surface. In grapevine, scion transpiration and shoot vigor are tightly correlated to the root hydraulic conductance and the activity of root aquaporins (Vandeleur et al., 2009; Gambetta et al., 2012; Perrone et al., 2012; Zhang et al., 2016). Nitrate availability modulates transcription and/or activity of root aquaporins in many species to optimize nitrate uptake in homogenous or heterogenous availability (Gloser et al., 2007; Gorska et al., 2008a,b; Ishikawa-Sakurai et al., 2014; Li G. et al., 2016). Thus, the variation of root hydraulic conductivity under the control of aquaporin activity among rootstocks (Lovisolo et al., 2008; Gambetta et al., 2012) may also contribute to the rootstock performance in its capacity to facilitate the transport of nitrate toward the upper part of the plants in limited and heterogenous nitrate availability.



CONCLUSION

The physiological communication between scions and rootstocks is essential to regulate plant development and the acquisition of C and N. In our experiments, the contribution of the rootstock to scion vigor was observed only when N supply was limited and resulted in the alteration of biomass allocation rather than total biomass production. Biomass allocation to the roots and remobilization of C resources from shoot-to-root are part of the adaptive strategy under N-limiting conditions to stimulate N uptake in plants. Here, we demonstrated that two commonly used commercial rootstocks possess distinct strategies to transport, assimilate, and allocate N in the plant. Our findings also suggest that the greater capacity of 1103P to translocate N to shoots, possibly through an increase of transpiration, would allow greater shoot growth under limiting conditions. The capacity of different rootstocks to affect the regulation of transpiration to the scion may be considered a major contributing factor to explain the differences observed in grapevine C and N status. Further experiments including manipulation of grapevine water status should be conducted to validate the influence of transpiration on N uptake, its root-to-shoot transport, and its assimilation in grapevines. By contrast, the higher responsiveness of RG with its capacity to put more N resources in roots rather than in shoots appears to be a more conservative strategy to allocate N to perennial tissues. In both rootstocks, it is unclear whether these mechanisms are controlled directly by the rootstock itself or by interactions with the scion through a feedback loop mechanism. Further investigation is needed to clarify the roles played by both scions and rootstocks on the regulatory activity of the other partner in grafted grapevines with respect to C and N acquisition. Ultimately, whether these distinct behaviors between both rootstocks are maintained over seasons and in the field have yet to be addressed.
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Sensory quality is of increasing importance to consumer decisions in choosing a product, and it is certainly an important factor in repurchasing in terms of meeting the necessary aroma quality and taste properties. To better understand the effects of rootstocks and scions on fruit quality, the sensory profile and volatile aroma composition of the fruits of hydroponically grown tomato plants were evaluated. Experiments were established using the tomato cultivars Clarabella and Estatio as scions during two spring-summer seasons. In both experiments, the scion plants were self-grafted or grafted onto rootstocks of cultivars Arnold, Buffon, Emperador, and Maxifort, with the exception that in experiment 1, the Estatio scion was not grafted onto Buffon. The scions and rootstocks caused differences in observed sensory properties in both experiments. For most of the sensory traits, interaction effects between scion and rootstock were observed. Compared to those obtained from self-grafted Clarabella, the fruits obtained from Clarabella grafted onto Buffon in the first experiment and Clarabella grafted onto Arnold in the second experiment were sweeter by one measurement unit. The contents of seven aldehydes, six alcohols, five terpenes and two ketones were determined. A lower accumulation of total aldehydes, 22–45%, due to lower amounts of pentanal, (E)-2-heptanal and (E,E)-2,4-decadienal, was found in the fruits from plants where Estatio was rootstock compared with the other rootstocks treatments. Clarabella as a rootstock increased (Z)-3-hexenal + (E)-2-hexenal accumulation from 35 to 65%. Grafting Clarabella onto the tested rootstocks led to a change in the composition of volatile compounds, while differences between the combinations with Estatio as a scion were generally not recorded. Fruits from self-grafted Clarabella had higher (Z)-3-hexenal + (E)-2-hexenal concentrations than did fruits from Clarabella grafted onto Arnold (for 54%) and Emperador (for 68%), and in the second experiment, grafting onto all commercial rootstocks reduced (Z)-3-hexenal + (E)-2-hexenal concentrations, from 25 to 74%, compared to those from self-grafted Clarabella. Higher (+)-2-carene and (−)-caryophyllene oxide concentrations were attained in plants in which Clarabella was grafted onto Maxifort (by 56%) and plants in which Estatio was grafted onto Arnold (by 36%) compared to self-grafted plants. This study showed the possibility of altering the composition of volatile aroma compounds and sensory properties of tomato fruits by the use of grafting techniques.

Keywords: Solanum lycopersicum (L.), grafting, firmness, juiciness, hydroponic, sensory quality, volatile aroma compound, texture


INTRODUCTION

To combat the consequences of climate change and achieve profitability, tomato production techniques undergo continual improvements. Good agronomic performance, such as mitigation of stress effects, fruit size uniformity, color appearance, and high yield, is an important factor in tomato breeding programs (Paolo et al., 2018). Thus, vegetable grafting has gained a great deal of attention for overcoming problems, not only to overcome soil-borne diseases or airborne pests but also to improve crop performance under unfavorable conditions, such as water, salt, nutrient, and temperature stresses (Goreta et al., 2008; Rouphael et al., 2008; Colla et al., 2010; King et al., 2010; Lee et al., 2010; Schwarz et al., 2010; Ban et al., 2014). Moreover, many rehearses reported grafting as a tool to overcome multiple abiotic stresses which usually occur under open field conditions (Khah et al., 2006; Rouphael et al., 2008; Djidonou et al., 2016; Casals et al., 2018). Compared with non-grafted plants, commercially available rootstocks usually have a larger and stronger root system that enables them to absorb water and nutrients much more effectively (Lee et al., 2010). These rootstock characteristics have led to a noticeable increase in fruit yield – one of the major advantages of using grafted vegetable transplants (Lee et al., 2010; Schwarz et al., 2010). However, because agronomic performance has been the focus in most cases, organoleptic characteristics have been neglected (Klee and Tieman, 2013; Paolo et al., 2018), and finding a scion/rootstocks combination that improves fruit quality and reconciled without affecting sensory quality is still a challenge.

The flavor is a combined sensation of taste and aroma, and sugars, acids and volatile compounds are their major determinants (Yilmaz, 2001b; Bennett, 2012; Tieman et al., 2012). A plethora of volatile compounds have been identified, and the volatile profile of tomato has been investigated in depth in numerous studies (Buttery and Ling, 1993; Krumbein and Auerswald, 1998; Maul et al., 1998; Auerswald et al., 1999a; Krumbein et al., 2004; Marković et al., 2007; Viljanen et al., 2011; Oluk et al., 2019). Identified tomato volatiles are metabolically derived from fatty acids, aliphatic amino acids, phenolic compounds and terpenoids such as β-carotene and lycopene (Bertin and Génard, 2018).

Linking chemically assessed volatile compounds with tomato flavor by sensory analysis has been a subject for several studies, while consumer preference studies highlight fruit texture (excluding overall flavor) as an influencing trait for purchasing decisions (Causse et al., 2010). Indeed, an integrated perception of odor and taste is distinctly linked to texture by the mechanism of tissue disruption and the mode of cellular component release, thus influencing juiciness and the overall fruit flavor (Auerswald et al., 1999a; Baldwin et al., 2000; Arefi et al., 2015). Quantitative descriptive analysis can provide a set of attributes describing external appearance and texture-related properties such as skin thickness, pulp firmness, mealiness and juiciness. Additionally, it can be used to integrate the various aromas of food, such as that perceived by smelling through the front of the nose and the retro-nasal cavity and the aroma that is released during chewing.

Grafting has not been primarily used as a method for fruit quality improvement, and in some previous investigations, yield and quality have usually been contradictory traits (Klee and Tieman, 2013; Kyriacou et al., 2017). Little information is available about the sensory property changes influenced by grafting. Di Gioia et al. (2010) found no changes in sensory attributes as influenced by different rootstocks (Mauro et al., 2020), and significant genotype × grafting interactions (Casals et al., 2018) were noticed in studies in which trained panels were used. In other experiments, a negative effect of grafting was observed, manifested as a reduction in sweetness, acidity, and flavor attribute intensities. Sweetness is the most frequently examined single quality trait, and contrasting results were found not only in terms of the scion used but also the rootstock used (Turhan et al., 2011; Schwarz et al., 2013; Gajc-Wolska et al., 2015; Riga, 2015). This suggests that, on the basis of the different rootstock/scion combinations, sensory properties can be modified in accordance with the market requirements. Importantly, other non-specific sweetness parameters, such as acidity and aroma volatiles, influence perceived sweet sensation (Tieman et al., 2012).

Several review articles (Rouphael et al., 2010; Fallik and Ilic, 2015; Singh et al., 2017) covered all resent findings of grafting effect on tomato fruit quality, including volatile aroma compounds. However, the interactive effect of the scion × rootstock affecting volatile aroma compounds has not been sufficiently investigate and explained. Krumbein and Schwarz (2013) reported a significant effect of grafting on two-thirds of the volatiles detected. Three volatiles (methyl salicylate, guaiacol, and eugenol) increased in abundance in response to grafting, whereas the concentrations of benzaldehyde, β-ionone and geranylacetone decreased. In addition, the scions studied interacted with the rootstocks, leading to different changes in the composition of identified volatile compounds. Similarly, grafting tomato onto three rootstocks commonly used in Mediterranean greenhouse production (Mauro et al., 2020) significantly changed the volatile composition; specifically, each rootstock promoted increases in a different volatile compound (Mauro et al., 2020). We consider that volatile profile variations in relation to the rootstock, scion and their interactions might be key factors in view of developing strategies of fruit quality management.

The aim of this study was to investigate the rootstock and scion effects on the sensory profile and aroma volatile compound composition of fruits of hydroponically grown tomato plants. The emphasis was on their changes induced by scion x rootstock interaction effects, aiming to preserve or enhance key sensory traits as major interests of consumers. Compared to previous studies, the experiment was established using the two tomato scions differed in type of fruit, Clarabella (beef) and Estatio (cluster), during two spring-summer seasons. The scion plants were self-grafted or grafted onto cultivars Arnold, Buffon, Emperador, and Maxifort, which were used as rootstocks.



MATERIALS AND METHODS


Plant Material and the Design of the Experiments

Two experiments with grafted tomato plants were established at the Institute for Adriatic Crops at Split (43°30′17.17′′N, 16°29′49.71′′E) in the spring-summer season. The cultivars Clarabella (Rijk Zwan, Netherlands) and Estatio (Syngenta Seeds, Switzerland) were used as scions in both experiments. In experiment 1, conducted in 2016, Clarabella and Estatio scions were self-grafted or grafted onto different commercial rootstock cultivars: Arnold (Syngenta Seeds, Switzerland), Emperador (Rijk Zwan) and Maxifort (Seminis, Bayer group, Germany), while Clarabella was also grafted onto Buffon (Syngenta Seeds) rootstock. In experiment 2, conducted in 2017, both of the above mentioned scions were self-grafted or grafted onto the same four rootstocks that were used in experiment 1.

To prepare the tomato plants for both experiments, the seeds of the scions and rootstocks were sown in a heated experimental glasshouse with five separate chambers (50 m2 each, Schwarzmann, Slovenia) from 08 to 10 February. The seeds were sown in an organic substrate (Brill Substrate Tip 4 GmbH & Co., KG, Germany) using polystyrene plates with 228 sowing places (volume: 20 mL each) and were watered with tap water. During seedling development, the temperature ranged from 22 to 28°C. The seedlings were grafted on 02 March in experiment 1 and on 03 March in experiment 2, via splice grafting, as described by Lee et al. (2010). The grafted seedlings were cultured until callus formation, and after acclimation, they were transplanted, grown in rockwool cubes, and fertigated (in both experiments), as described by Žanić et al. (2018).

Young plants growing in rockwool cubes with five developed leaves were transplanted into rockwool slabs (7.5 cm × 20 cm × 100 cm; Kran-izol s.r.o., Czechia) on 08 April in experiment 1 and on 07 April in experiment 2. The experiments were set up in an unheated experimental glasshouse with a total area of 1,200 m2 (Salco, Italy). In both cases, the experimental design was a randomized block experimental design with four replicates. In both experiments, each treatment included 24 plants. Tomato transplants were arranged in one-row system, 140 cm × 50 cm, for a total of 1.43 plants/m2. Each plant was grown with two shoots. The plants were fertigated with a tomato nutrient solution prepared according to the methods of Sonneveld and Straver (1994) 3–14 times per day, at doses of 0.6–4.2 L per plant. The amount of nutrient solution (EC 3 dS/m and pH 5.5 – 6.5) was estimated based on the collected drainage from the previous day, which was 20–30% of the applied amount of nutrient solution. Fertigation was performed from 7 a.m. to 7 p.m., and was more frequent from 11 a.m. to 5 p.m. Each added portion included 200 mL of nutrient solution per plant. In first experiment pollination was performed by shaking the plants five time per day while the pollinators, bumblebees (Biobest Group NV, Belgium) were used in experiment 2. To conduct chemical and sensory analyses, fully colored tomato fruits without visible symptoms of physiological or mechanical damage were sampled for each combination (rootstock/scion) from the same cluster and same position (third and fourth cluster) on 27 June in experiment 1 and 04 July in experiment 2. The values of temperature parameters (average, minimal, and maximal temperature) and number of cloudy days registered for the period under observation in year 2016 and 2017 (Supplementary Figure 1) and were obtained from Meteorological and Hydrological Service of Croatia.



Quantitative Descriptive Sensory Analyses of Tomato Fruits

Quantitative descriptive analysis (QDA) of tomato fruits was performed by nine assessors who had extensive experience in sensory analysis of different kinds of foods and who were previously trained for tomato descriptors according to the methods proposed by Auerswald et al. (1999b) and Gajewski et al. (2014). Odor, internal appearance, texture/mouthfeel, and taste/flavor of the tomato fruit were determined according to the methods proposed by Gajewski et al. (2014), using a modified profile sheet expanded with descriptors for external appearance and firmness by touch, as proposed by Auerswald et al. (1999b). Single sensory attributes were quantified using a 10 cm unstructured ordinal intensity rating scale from 0 (no perception) to 10 (the highest intensity). For overall quality evaluation, tomato fruits were graded by points from 0 (the lowest quality) to 10 (the highest quality). The samples were served in two replicates per treatment in plastic plates coded randomly. Sensory analysis was divided into two sessions with an equal number of samples. QDA was performed in a sensory laboratory under temperature- and light-controlled conditions. Each assessor worked in a separate booth, and between each sample, he or she consumed apples, bread and water (as mouthwash). An arithmetic mean of 9 scores (one per assessor) for each sensory attribute was used for subsequent data treatment. The results represent the mean of two mean values per sample obtained at two different sessions.



Analyses of Tomato Fruit Volatile Compounds

After harvest, the tomato samples used in the study were kept at −80°C until analysis. Prior to the measurements, defrosted tomato fruits (12 g) were homogenized by a Polytron PT 1600 E (Kinematica, Luzern, Switzerland) twice for 30 s at 15,000 rpm, with a 1 min pause between cycles. The homogenized tissue (4 g) was weighed in 20 mL tubes (Supleco, Inc., Bellefonte, PA, United States), after which a small magnetic stir bar was added, and each tube was closed with silicon septa (PTFE silicone, 20 mm; Alum, United States).

Volatile compounds were extracted from the tomato fruits according to a method previously described by Marković et al. (2007), with a slight modification. Headspace solid-phase microextraction (HS-SPME) was carried out by using 2 cm long divinylbenzene/caboxen/polymethiloxane-coated fiber; the thickness of the absorbent polymer was 50/30 μm (Supleco SU 57348U, Supleco, Inc., Bellefonte). Prior to the extraction, the sample was mixed for 25 min in a water bath at 40°C such that the volatile compounds in the headspace reached equilibrium. The volatile compounds were sampled by inserting an SPME needle through the silicon septa for 20 min at 40°C.

Analysis of the volatile compounds in the tomato samples was performed using a Varian GC 3900 (Varian Inc., Palo Alto, CA, United States) gas chromatography system equipped with a split/splitless injector, flame ionization detector (FID) and CP-WAX 57 CB quartz capillary column (length 50 m, inner radius 0.25 mm and 0.2 μm film thickness; Varian Inc., Palo Alto, CA, United States). In this study, the conditions for the GC analysis were as follows: helium was used as the carrier gas at a flow rate of 5.0 mL min–1 and pressure of 22.6 psi (155821.5 Pa; 1 psi = 6894.76 Pa). The injection was carried out according to the splitless technique, and temperature desorption of the SPME needle was performed for 10 min at 250°C. Between two samplings, the SPME needle was cleaned by heating in the injector for 10 min at 250°C.

The starting temperature of the instrument oven was maintained at 40°C for 4 min, after which the temperature was raised in intervals of 5°C/min to 190°C, and this temperature was kept constant for 11 min. The temperature was then raised by applying the same temperature increment scheme up to 200°C, and this temperature was maintained for 8 min. The temperature of the flame ionization detector was maintained at 250°C.

The volatile compounds in the tomato fruit samples were identified by comparison with the retention time of standards. The volatile compound standards used were ≥97% pure. Given that we found the presence of n-amyl alcohol in our samples, calibration was carried out using the external reference method. The results were expressed as the mass ratio of n-amyl alcohol, in micrograms of n-amyl alcohol per kilogram (Sigma-Aldrich, St. Louis, MO, United States) (Wang et al., 2001; Marković et al., 2007). The standard mass ratio range (0.0625–0.5 mg/kg), with a correlation coefficient of 0.9620, was covered by the calibration curve. The obtained data were analyzed using GC Workstation 6.41 software (Varian Inc.) and the data from three independent measurements were collected.



Data Analyses

By the use of proc glm of SAS software (SAS Institute Inc., Cary, NC, United States), the obtained data from this study were tested for normality and homogeneity of variance and transformed when necessary. They were then subjected to two-way analysis of variance, and when F-tests were significant, the means of the main factors (scion and rootstock) and their interactions were compared using Tukey’s honestly significant difference test at P ≤ 0.05.



RESULTS


Sensory Quality


Experiment 1

The results of analyses of evaluated tomato fruit sensory attributes and overall quality scores in experiment 1 are presented in Table 1 and Supplementary Table 1. The results of sensory descriptive analysis included the external and internal appearance of the fruit, the flavor properties of the sliced fruit, the impression during chewing, the taste and aftertaste, and the overall fruit quality. Foreign odors and foreign tastes were not detected in any of the evaluated samples.


TABLE 1. Effects of scions and rootstocks on the tomato fruit sensory attribute intensities in the experiment 1.

[image: Table 1]The sensory properties indicated that fruit shape and fruit firmness significantly differed between scions, with Estatio scion yielding fruits with a rounded shape but with relatively low fruit firmness (Table 1). The Clarabella scion yield fruits with a more intense tomato-like odor, while fruits from Estatio had a higher intensity of fruity odor characterized by fruit ripeness notes.

Scions also differed in fruit sensory parameters evaluated during chewing (Table 1). The fruits of Clarabella were characterized by firmer and mealier flesh. Higher intensities of tomato-like and sweet sensory characteristics were detected in Clarabella fruits compared with Estatio scion fruits, which were sourer.

Rootstock influenced the intensity of sensory properties related to external appearance, mouthfeel/texture, taste attributes and overall quality score (Table 1). Clarabella as a rootstock yielded fruits with thicker skin and firmer flesh compared to those from other rootstocks. The fruits from Buffon rootstock were sweeter and were generally evaluated as having the highest sensory score.

The scion × rootstock interaction influenced the intensities of flesh firmness and sweet taste, as well as the overall quality score (Table 1 and Figure 1). Flesh firmness was higher for fruits from self-grafted Clarabella than for fruits from Clarabella grafted onto Buffon and Maxifort and fruits from all combinations with Estatio (Figure 1A).


[image: image]

FIGURE 1. Scion × rootstock interaction effects on tomato fruit sensory attribute intensities in the experiment 1. The results are expressed as the mean values ± SEs. The different lowercase letters indicate significant differences according to the Tukey test at p ≤ 0.05. Clarabella and Estatio are scions that were self-grafted or grafted onto Arnold (A), Emperador (EM), or Maxifort (M) rootstocks, while only Clarabella scions were grafted onto Buffon (B) rootstocks. Identification: (A) Flash firmness; (B) Fruit sweetness; (C) Overall quality score.


Fruits from Clarabella grafted onto Buffon were sweeter than fruits from self-grafted Clarabella, while no difference in sweet taste was found among combinations with Estatio as the scion (Figure 1B).

Based on the information in Figure 1C, the fruits of Clarabella grafted onto Buffon had a higher overall quality score than did those of the other assessed combinations, with the exception of fruits of Clarabella grafted onto Emperador and Maxifort.



Experiment 2

The tomato attributes obtained via quantitative descriptive sensory analysis in experiment 2 are presented in Table 2 and Supplementary Table 2. The scion significantly influenced most of the evaluated sensory characteristics (10 out of 15). Negative sensory properties (foreign odor and taste) were not detected in any of the analyzed samples.


TABLE 2. Effects of scions and rootstocks on the tomato fruit sensory attribute intensities in the experiment 2.

[image: Table 2]In experiment 2, the Clarabella scion yielded significantly higher scores for fruit shape and red color intensity of both fruit skin and flesh. Among the other sensory properties, differences were observed between scions for sweet taste and tomato odor features, and both were more intense in fruits from the Clarabella scion. Higher intensity green notes reminiscent of the grass, leaves and green fruit were recorded from the fruits of Estatio scion than from those of Clarabella scion cultivar. For the mouthfeel attributes, mealier flesh and more pronounced tomato flavor were determined in the fruits from Clarabella scion than from Estatio, which led to an overall better score of Clarabella in relation to Estatio (Table 2).

Rootstock affected the green odor attribute, skin thickness and fruit sweetness (Table 2). Skin thickness was the highest in fruits from plants where Clarabella was used as the rootstock and the lowest in fruits from plants grafted onto Maxifort rootstock, the latter of which did not differ from that of fruits from plants grafted onto Buffon rootstock.

Compared to the Buffon, Emperador and Maxifort rootstocks, the Estatio rootstock resulted in more intense green odor attributes. Moreover, compared with all the other rootstocks, the Estatio rootstock caused reduced pulp sweetness (Table 2).

The interaction effects of scion × rootstock on the skin thickness and sour and sweet taste attributes are presented in Figure 2. The skin thickness of fruits from self-grafted Clarabella did not differ only from that of fruits from Clarabella grafted onto rootstock Arnold (Figure 2A). Thinner skin was observed for the fruits of Clarabella plants grafted onto other rootstocks (Buffon, Emperador and Maxifort) compared with fruits from self-grafted Clarabella plants. When Estatio was used as a scion, grafting onto only Buffon rootstock decreased the skin thickness compared with that of fruits from self-grafted Estatio plants (Figure 2A).
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FIGURE 2. Scion × rootstock interaction effects on tomato fruit sensory attributes in the experiment 2. The results are expressed as the mean values ± SEs. The different lowercase letters indicate significant differences according to the Tukey test at p ≤ 0.05. Clarabella and Estatio are scions that were self-grafted or grafted onto Arnold (A), Buffon (B), Emperador (EM), or Maxifort (M) rootstocks. Identification: (A) Skin thickness; (B) Sour taste; (C) Fruit sweetness.


The intensity of the sour taste increased in fruits from plants in which Estatio was grafted onto Emperador compared with the Estatio grafted onto Buffon; however, there were no differences between the combinations in which Clarabella was used as a scion (Figure 2B).

Figure 2C shows that the fruit sweetness of fruits from Clarabella grafted onto Arnold, Buffon and Emperador rootstocks was higher than that of fruits from self-grafted Clarabella, Clarabella grafted onto Maxifort and all combinations in which Estatio was used as a scion.



Volatile Profile Composition


Experiment 1

A total of 23 volatile compounds were identified in tomato fruit in experiment 1 (Table 3 and Supplementary Table 3). A higher concentration of total aldehydes, total alcohols and total volatile compounds was detected in the fruits of Clarabella scion compared to the fruits of Estatio scion.


TABLE 3. Effects of scions and rootstocks on volatile aroma compound concentrations in tomato fruits in the experiment 1.

[image: Table 3]The rootstock affected the concentration of volatile compounds in tomato fruits, except that of isovaleraldehyde, (−)-(E)-caryophyllene and β-ionone (Table 3). Clarabella as a rootstock yielded fruits with the highest concentration of (Z)-3-hexenal + (E)-2-hexenal. Compared with fruits from plants grafted onto Arnold and Estatio rootstocks, fruits from plants grafted onto Buffon, Emperador, and Clarabella rootstocks had higher (E,E)-2,4-decadienal concentrations. A higher concentration of 3-methyl-2-butanol was found in fruits from Emperador and Estatio rootstocks compared to the other tested rootstocks. Clarabella as a rootstock and Buffon rootstock yielded fruits with the lowest concentration of terpene (+)-2-carene. Furthermore, compared with Arnold and Emperador rootstocks, the Clarabella rootstock caused an increase in the concentration of (R)-(-)α-phellandrene (Table 3) in the fruits.

However, for the majority of identified volatile compounds, the main factors significantly interacted (Table 3, Figure 3, and Supplementary Table 3). Grafting Clarabella onto Maxifort increased the concentration of (E)-2-heptanal in the fruits compared with Clarabella grafted onto Arnold and self-grafted Clarabella, while when Estatio was used as scion, grafting did not induce a change in (E)-2-heptanal concentration among the examined rootstocks (Figure 3B).
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FIGURE 3. Scion × rootstock interaction effects on the concentrations of volatile aroma compounds in tomato fruits in the experiment 1. The results are expressed as the mean values ± SEs. The different lowercase letters indicate significant differences according to the Tukey test at p ≤ 0.05. Clarabella and Estatio are scions that were self-grafted or grafted onto Arnold (A), Emperador (EM), or Maxifort (M) rootstocks, while only Clarabella scions were grafted onto Buffon (B) rootstocks. Identification: (A) (Z)-3-hexenal + (E)-2-hexenal; (B) (E)-2-heptanal; (C) Total aldehides; (D) 3-methyl-2-butanol; (E) 1-peten-3-ol; (F) 3-methylbutanol; (G) phenylethanol; (H) Total alkohols; (I) (+)-2-carene; (J) α-humulene; (K) (-)-caryophyllene oxide; (L) Total terpens; (M) ethyl butyrate; (N) (+) α-pinen + 1-penten-3-one; (O) Total volatile compounds.


Fruits from Clarabella plants grafted onto Emperador and Maxifort had higher concentrations of 3-methylbutanol than did fruits from Clarabella plants grafted onto Arnold (Figure 3F). While grafting Clarabella onto selected/tested rootstocks led to changes in volatile compound compositions, there were no differences between the combinations with Estatio as a scion for 1-penten-3-ol (Figure 3E), (+) α-pinen + 1-penten-3-one (Figure 3N), total aldehydes (Figure 3C) or total volatile compounds (Figure 3O). Likewise, compared with the other combinations, grafting of Clarabella plants onto Arnold decreased the total aldehyde (Figure 3C) and total volatile compound concentrations in the fruits (Figure 3O).



Experiment 2

The scion cultivar influenced 11 of 21 detected volatile compounds, total aldehydes, terpenes, and total volatile compound concentrations (Table 4). The scions in this experiment did not cause differences in concentrations of hexanal, 1-penten-3-ol, 1-hexanol, (Z)-3-hexen-1-ol, (−)-(E)-caryophyllene, (−)-caryophyllene oxide, ß-ionone or (+) α-pinen + 1-penten-3-one in the fruits (Table 4). The total aldehyde, total terpene and total volatile compound concentrations were higher in Clarabella scion fruits than in Estatio scion fruits.


TABLE 4. Effects of scions and rootstocks on volatile aroma compound concentrations in tomato fruits in the experiment 2.

[image: Table 4]The majority of the detected volatile compounds were affected by the rootstock cultivar (Table 4). The Clarabella as rootstock yielded fruits with twofold higher concentrations of (Z)-3-hexenal + (E)-2-hexenal. Higher concentrations of (E)-2-heptanal were detected in fruits from plants that had Clarabella and Emperador as a rootstock compared with the other rootstocks, except the plants grafted onto Buffon. However, Estatio rootstock and Arnold rootstock caused decreased contents of volatile compounds in the fruits. Arnold rootstock, followed by Clarabella as rootstock, yielded fruit with highest (R)-(−)α-phellandrene concentration.

No differences were noticed in the concentrations of 3-methylbutanal, hexenal, (E,E)-2,4-decadienal, (Z)-3-hexen-1-ol, alpha-humulene, or β-ionone among rootstock treatments (Table 4).

The variations in volatile compound composition caused by the scion × rootstock interaction effect are presented in Figure 4 and Supplementary Table 4. Between the 10 combinations, self-grafted Clarabella yielded the fruits with the highest concentration of (Z)-3-hexenal + (E)-2-hexenal (Figure 4B). Grafting of Clarabella plants onto Emperador increased the fruit concentration of 1-peten-3-ol and n-amyl alcohol compared to that in Clarabella grafted onto Arnold and Maxifort (Figures 4F,G). Fruits with the highest (R)-(−)α-phellandrene content were from Clarabella plants grafted onto Arnold, and this concentration did not differ from that of fruits of Clarabella plants grafted onto Emperador (Figure 4I). The lowest concentration of this volatile was detected in fruits from Estatio plants grafted onto Buffon, but the concentration did not differ from that of the fruits from Estatio grafted onto Emperador and Maxifort (Figure 4I).
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FIGURE 4. Scion × rootstock interaction effects on the concentrations of volatile aroma compounds in tomato fruits in the experiment 2. The results are expressed as the mean values ± SEs. The different lowercase letters indicate significant differences according to the Tukey test at p ≤ 0.05. Clarabella and Estatio are scions that were self-grafted or grafted onto Arnold (A), Buffon (B), Emperador (EM), or Maxifort (M) rootstocks. Identification: (A) pentanal; (B) (Z)-3-hexenal + (E)-2-hexenal; (C) (E)-2-heptanal; (D) (E,E)-2,4-decadienal; (E) Total aldehides; (F) 1-peten-3-ol; (G) n-amyl alcohol; (H) 1-hexanol; (I) phenylethanol; (J) Total alcohols; (K) (+)-2-carene; (L) (R)-(-)α-phellandrene; (M) (-)-caryophyllene oxide; (N) ethyl butyrate; (O) (+) α-pinen + 1-penten-3-one; (P) Total volatile compounds.




DISCUSSION

Tomato fruit flavor is currently generally described as “classic tomato flavor” or “old-fashioned tomato flavor,” referring to the deterioration in the sensory quality of commercial tomato fruits. However, it is unclear how, why and whether fruit quality has truly changed.

The sensory quality of tomato fruit involves a large pool of key visual and organoleptic characteristics that are important from different standpoints in the tomato consumption chain. Nevertheless, sensory attributes assessed by quantitative descriptive sensory analyses have been poorly investigated in grafted tomato (Casals et al., 2018; Mauro et al., 2020).

The Clarabella and Estatio scions tested in the current study differed in fruit shape in both experiments (Tables 1, 2). However, the results were not uniform; in the first experiment, the fruits of Estatio were rounder and of more regular shape, while in the second experiment that was observed for Clarabella. Furthermore, compared with the other rootstocks, Clarabella as a rootstock led to irregular fruit shape (Experiment 1, Table 1), while in the second experiment, the effect of the rootstock on fruit shape was not recorded (Table 2). Commonly, the beef tomato type as observed in Clarabella is larger than the cluster tomato type as observed in Estatio. In the first experiment, we did not use bumblebees as pollinators (Yankit et al., 2018), which probably influenced the Clarabella scion yielding fruits of larger size. Regular fruit development in the second experiment when bumblebees were used conceivably caused Clarabella to manifest its genetic predispositions, resulting in generally rounder fruits. It was observed previously that grafting increases fruit indexes depending on scion (Turhan et al., 2011) and alters fruit height (Schwarz et al., 2013). Additionally, different rootstock-scion combinations can influence fruit mass (Khah et al., 2006; Kyriacou et al., 2017). However, in our study, where two scions and six rootstocks were tested, no significant scion × rootstock interaction effect for fruit shape was found (Tables 1, 2 and Supplementary Tables 1,2).

Texture-related attributes, which were assessed by touch and by physical sensations in the mouth, were affected by scion and rootstock (Tables 1, 2), and the interaction effect of scion × rootstock was significant for flesh firmness (Figure 1A) and skin thickness (Figure 2A).

Fruits of tomato plants where Estatio was used as the scion had lower fruit firmness than did those of plants in which Clarabella was used as the scion in experiment 1 (Table 1), which corroborates other reports of tomato fruit firmness diversity (Causse et al., 2010; Piombino et al., 2013). In both experiments, rootstock did not influence fruit firmness (Tables 1, 2), which is in accordance with the results of sensory evaluations on tomato fruits when the scion cultivar Sir Elyan was grafted onto three rootstocks (He-Man, Interpro and Armstrong) (Mauro et al., 2020). Nonetheless, evaluating more mature fruits obtained from the same rootstock-scion combinations led to changes in fruit firmness induced by the rootstock (Mauro et al., 2020). The mechanisms underlying fruit texture are complex and different molecular and biochemical mechanisms lead to changes in fruit firmness (Bertin and Génard, 2018). Reduction in intercellular adhesion, depolymerization and solubilization of cell wall components result in a decrease in firmness (Toivonen and Brummell, 2008), where the grafting impact could have a more pronounced effect. Overall, the grafting/rootstock impact on fruit firmness by mechanical method measurements show contradictory results: increases and no difference compared with those of self-grafted plants (Riga, 2015), reductions compared with those of self-grafted tomato (Schwarz et al., 2013), and no differences between non-grafted and grafted plants (Khah et al., 2006; Grieneisen et al., 2018). A recent meta-analysis study showed that 86% of the included data obtained from grafted tomato trials revealed no differences in fruit firmness (Grieneisen et al., 2018). Since fruit firmness is involved in fruit shelf-life and transport, preserving this sensory trait by grafting could be considered a positive outcome of the present study (Tables 1, 2).

Skin thickness is considered to be highly important for consumer acceptance, and relatively low scores are desirable (Causse et al., 2010). In the first experiment, in terms of skin thickness, only Clarabella differed from other rootstocks, while the variability of skin thickness among rootstocks was higher in the second experiment (Table 2). Clarabella as a rootstock yielded fruits with the highest skin thickness in both experiments, while the lowest skin thickness was perceived for fruits from Maxifort rootstock, though this parameter did not differ from that of Buffon (Table 2). This indicates the possibility of modifying this sensory attribute by selecting an appropriate rootstock. In the second experiment, the significant scion × rootstock interaction implied a different response of each scion grafted onto rootstocks in the study (Figure 2). Grafting both scions onto Buffon decreased the skin thickness of the fruits compared to that of self-grafted plants, whereas for Clarabella, the same effect was also found for fruits from plants grafted onto Emperador and Maxifort (Figure 2A). Casals et al. (2018) found that a decrease in skin perceptibility of fruits of plants under conventional management was the only positive effect of grafting among the sensory attributes they evaluated. However, pericarp thickness (cm) was not significantly influenced by grafting in soilless media or in soil (Qaryouti et al., 2007).

There is a lack of data on the effect of tomato grafting on flesh mealiness, as assessed by trained panels. In the literature, much attention has been given to understanding the basis and development of mealiness and many questions still need to be answered (Crisosto and Labavitch, 2002; Devaux et al., 2005; Toivonen and Brummell, 2008; Arefi et al., 2015). Fruit mealy texture is most likely caused by cell separation instead of cell rupture (Arefi et al., 2015), as indicated by the high correlation of mealiness and the number of fragments and cells produced (Devaux et al., 2005). Fruit mealy texture is negatively correlated with protein and uronic acid content and positively correlated with pectin content (Brownleader et al., 1999; Devaux et al., 2005). Additionally, as mentioned previously for fruit firmness, several mechanisms and a large amount of compositional remodeling are involved in texture-related sensory properties. In a review by Rouphael et al. (2018), rootstocks might influence fruit texture at the cell and tissue levels, which may be associated with the water and nutritional status of plants (Kyriacou et al., 2017). In our study, the Clarabella as rootstock yielded fruits with mealier flesh compared to those of other rootstocks, except Arnold (Table 1). Since mealiness is considered one of the most challenging attributes to determine, it has been suggested assess it in combination with flesh firmness and flesh juiciness (Barreiro et al., 1998). For the mouthfeel attribute juiciness, the effect of rootstock was not significant (Tables 1, 2), although the obtained data support an opposite relation with tomato fruit juiciness and mealy perception (Devaux et al., 2005). On the other hand, nearly the same effect of the commercial rootstock cultivars on flesh firmness as for flesh mealiness was noticed; the Clarabella as rootstock yielded the fruits with the firmest flesh (Table 1). The change in mealiness/juiciness can be potentially seen as quite positive, given that some consumers prefer one while other consumers prefer the other (Causse et al., 2010). In this way, the choice of rootstock and scion-rootstock combinations may influence the increase in diversification of tomato fruit texture-related attributes. In addition, based on the interaction effect, fruits from self-grafted Clarabella had firmer flesh than did those from Clarabella grafted onto Buffon and Maxifort, while differences in flesh firmness were not detected between fruits from grafted and self-grafted Estatio (Figure 1A).

The grafting/rootstock effect on taste attributes has been a topic of numerous studies [reviewed by Kyriacou et al. (2017) and Rouphael et al. (2010)]. In the present study, rootstocks induced changes in fruit sweetness in both experiments (Tables 1, 2), and in the first experiment, rootstocks additionally altered the fruit sourness intensity (Table 1). Tomato fruits from plants grafted onto Buffon were the sweetest (Table 1). With respect to fruit sweetness, an interaction effect between the scion with rootstock was observed in both experiments (Figures 1B, 2C). No differences in fruit sweetness were observed between fruits from Estatio grafted on different rootstocks (Figures 1B, 2C). However, in the first experiment, Clarabella grafted onto Buffon had sweeter fruits compared to fruits from self-grafted Clarabella (Figure 1B). Moreover, in experiment 2, compared with self-grafted Clarabella and Clarabella grafted onto Maxifort, Clarabella grafted onto Arnold resulted in increased fruit sweetness (Figure 2C). According to our observations, the Buffon and Maxifort rootstocks were less vigorous than were Clarabella, Arnold and Emperador, but there was no difference in the sweet taste of their fruits (Figure 1B). Thus, the results do not coincide with the outcomes of studies reporting a decrease in sugars when vigorous rootstocks that reduce assimilation flow to the fruits were used (Martínez-Ballesta et al., 2010). It is important to highlight that the results of sensory analyses conducted by panels can be only partially compared with the results of diverse chemical analyses (as was the case with the sugar content comparison above), since many other parameters lead to a real sensation in the mouth.

Product quality properties can be altered with the main intention to improve the quantity and the quality of compounds responsible for nutritive and/or sensory characteristics. Tomato flavor is the result of a diverse set of chemicals (such as sugars and acids) and, particularly, of volatile aroma compounds (Baldwin et al., 2000). Variation in volatile contents is exceptionally high within tomato cultivars (Tieman et al., 2012) and is further influenced by environmental and agronomic factors (Paolo et al., 2018).

In the present study, 23 volatile compounds were identified, including different aldehydes, alcohols, terpenes, ketones, and esters. Scions differed in their volatile compound profiles, and higher concentrations of total volatile compounds were detected in the fruits produced by Clarabella scions (Tables 3, 4). In this paper, we have shown that rootstocks exert a range of effects on tomato fruit volatile profiles (Tables 3, 4). In general, relatively low accumulation of total aldehydes, due to relatively low amounts of pentanal, (E)-2-heptanal and (E,E)-2,4-decadienal, was observed in fruits from plants grafted onto Arnold and Estatio. (E)-2-heptenal and (E,E)-2,4 decadienal are related to the sensory flavor attribute tomato-like (Krumbein et al., 2004), and links between the mentioned volatiles (Tables 3, 4) and tomato-like flavor were also confirmed in the present study (Tables 1, 2).

As a rootstock, Clarabella enhanced (Z)-3-hexenal + (E)-2-hexenal accumulation in the fruits (Tables 3, 4). (Z)-3-hexenal is among the most odor-active compounds and is described as tomato/citrus (Tandon et al., 2000) and fresh green/sweet (Krumbein and Auerswald, 1998), while (E)-2-hexenal is associated with the attributes sweet and fruity (Krumbein et al., 2004). Fruits from self-grafted Clarabella had higher (Z)-3-hexenal + (E)-2-hexenal concentrations than did fruits from Clarabella grafted onto Arnold and Emperador (Figure 3A). However, in the second experiment, grafting on all the commercial rootstocks reduced the fruit (Z)-3-hexenal + (E)-2-hexenal concentration compared to that from self-grafted Clarabella (Figure 4B). On the other hand, enhancement of (E)-2-heptanal was achieved by plants in which Clarabella was grafted onto Maxifort (Figure 3B) and Emperador (Figure 4C) compared to self-grafted Clarabella plants. In contrast, within the Estatio treatments, there was no difference in the concentrations of (Z)-3-hexenal + (E)-2-hexenal or (E)-2-heptanal between self-grafted plants and plants in which Estatio was grafted onto commercial rootstocks (Figures 3B, 4B,C). Thus, the results are partially in agreement with those of a study of grafting cocktail and conventional round truss tomato plants, where the majority of identified aldehydes did not differ between the fruits from self-grafted plants and plants grafted onto commercial rootstocks (Krumbein and Schwarz, 2013). Differences in responses to rootstocks are presumably due to barriers to metabolism as well as transmission between the rootstock and scion. It is known that previously mentioned volatile compounds are produced through the lipoxygenase (LOX) pathway by the sequential action of several enzymes involving unsaturated fatty acids as substrates (Yilmaz, 2001a). Although the mechanism by which grafting influences the synthesis of LOX-derived volatile compounds is still not clear, a recent transcriptome analysis indicated that physiological profiling and transcripts of aroma flavor-related genes notably changed in response to the different rootstocks, of which some transcripts could be upregulated, while the majority of the measured genes were expressed at lower levels in the self-grafted plants compared with the grafted plants (Zhao et al., 2018).

C6 compounds, the most abundant tomato fruit volatiles, show various contributions to tomato scents; however, using a metabolomics approach, Tieman et al. (2012) emphasized the contribution of (Z)-3-hexen-1-ol to flavor intensity, and Piombino et al. (2013) linked it to consumer acceptability. The (Z)-3-hexen-1-ol concentration was found to be rootstock-dependent in the study by Mauro et al. (2020), but Krumbein and Schwarz (2013) found no difference in (Z)-3-hexen-1-ol concentration between grafted plants and self-grafted plants. In the present study, the fruit concentration of (Z)-3-hexen-1-ol did not differ between the two scion cultivars, while in the first experiment, the highest concentration was observed in fruits from plants in which Estatio served as a rootstock (Tables 3, 4). Krumbein and Auerswald (1998) related (Z)-3-hexen-1-ol to green sensory attributes. In line with this, fruits with generally higher green notes (grassy, herbal notes) were recorded from plants having Estatio as a rootstock in both experiments (rootstock influence was non-significant in the first experiment; Tables 1, 2). In the second experiment, the intensity of the green sensory attribute of the fruits from plants having Estatio as a rootstock did not differ from that of fruits of plants in which Clarabella and Arnold served as a rootstock (Table 2).

Rootstock significantly affected the concentration of all identified alcohols in both experiments; however, no clear rootstock trend was observed (Tables 3, 4). On the other hand, for the majority of alcohols, the main factors significantly interacted in at least one experiment. For 1-penten-3-ol and phenylethanol, which have been described as having pungent/butter and floral/sweet odors and flavors, respectively (Verzera et al., 2011), a significant interaction was recorded in both experiments (Figures 3, 4). In the first experiment, among rootstocks grafted with Clarabella and rootstocks grafted with Estatio, there were no significant differences in 1-penten-3-ol concentration in the fruits (Figure 3E). Nonetheless, in the second experiment, among Clarabella combinations, the lowest concentration of 1-penten-3-ol was detected in fruits from Clarabella plants grafted onto Arnold, while compared with self-grafted Estatio plants, plants in which Estatio was grafted onto Maxifort presented increased fruit 1-penten-3-ol concentrations (Figure 4F). This result may be interesting in relation to consumer preferences for obtaining a less pungent tomato taste.

Many fruit and floral scents are the results of terpenoids (Pichersky et al., 2006), which are synthesized by parallel pathways in the cytosol (the mevalonate pathway) and in plastids (the methylerythritol 4-phosphate pathway) (Rohdich et al., 2003; Rohmer, 2003). Tomato fruits contain low concentrations of monoterpenes and sesquiterpenes (Petró-Turza, 1986; Buttery and Ling, 1993; Marković et al., 2007; Oluk et al., 2019), but due to their numerous roles in plants (they are involved in membrane structure, growth, signaling and defense mechanisms), breeding efforts are being made to increase their concentrations in tomato fruits (Davidovich-Rikanati et al., 2008). Studies on the grafting impact on terpenoids have seldom been performed. From the results presented in Tables 3, 4, it can be seen that rootstocks have similar potential with respect to the accumulation of fruit total terpenes. On the other hand, most of the single compound concentrations were rootstock dependent (the exceptions were (−)-(E)-caryophyllene and α-humulene in the first and second experiments, respectively), but there was no clear trend (Tables 3, 4). The interaction of scion x rootstock was significant for four out of the five identified terpenoids in the two conducted experiments (Figures 3, 4). Higher (+)-2-carene and (−)-caryophyllene oxide concentrations were observed in plants in which Clarabella was grafted onto Maxifort and plants in which Estatio was grafted onto Arnold compared to self-grafted plants (Figures 3I,K). The combination in which Estatio was grafted onto Arnold also led to increased fruit concentrations of α-humulene (Figure 3J). In the second experiment, grafting of Estatio onto Emperador induced a decrease in (+)-2-carene in the fruits, and grafting of Estatio onto Buffon decreased (R)-(−)α-phellandrene (Figures 4K,L). In terms of fruit sensory perception, terpenoids are associated with fresh citrus-like flavors, with warm, peppery notes of the tomato stem, which complements the aroma and attracts consumer attention (Berna et al., 2005). Several terpenoid concentrations could be enhanced under biotic and abiotic stress (Maes and Debergh, 2003), which is what the graft technique per se is (Riga, 2015). According to our data, it is clear that not all graft combinations cause the same response in terms of the accumulation of particular terpenoids; the rootstocks used obviously have different abilities to affect the concentrations of these compounds in the scions (Figures 3, 4).

Among the most common tomato volatiles is the apocarotenoid β-ionone, which is derived from enzymatic cleavage of carotenoids (Krumbein et al., 2004). It is linked to violet-like (Krumbein and Schwarz, 2013), ripe tomato (Buttery and Ling, 1993), and ripe aroma (Maul et al., 1998) scents and is positively correlated with flavor, odor perception and fruit sweetness (Mauro et al., 2020). Tieman et al. (2012) confirmed the contribution of apocarotenoid volatiles (geranial, 6-methyl-5-hepten-2-one, and β-ionone) to sweetness. The presence of β-ionone in the fruit is due to the decomposition of carotenoids, which are compounds responsible for fruit color (Kazeniac and Hall, 1970; Shi and Le Maguer, 2000; Tieman et al., 2006). In both experiments, we found no effect of scion, rootstock or their interactions on β-ionone concentrations (Tables 3, 4). This was confirmed by the results of the sensory analyses, where no effect of grafting on the color of the fruit or flesh color intensity was observed (Tables 1, 2).

In conclusion, the highest concentration of total volatile compounds was detected in tomato fruits from plants where Clarabella was used as rootstock, although this concentration did not differ from that in fruits of plants grafted onto Buffon or Emperador (Table 3). Similarly, in the second experiment, the highest fruit total volatile concentration was confirmed in fruits from scions grafted onto Clarabella and Buffon rootstocks (Table 4). Moreover, the results indicate a genotypic-dependent response, whereas in the first experiment, only plants in which Clarabella was grafted onto Arnold presented a decrease in fruit total volatile concentration compared that of self-grafted plants (Figure 3O). In the second experiment, differences among the tested combinations were greater, where Clarabella grafted onto Emperador stood out in terms of total volatile compound accumulation, followed by self-grafted Clarabella and Clarabella grafted onto Buffon (Figure 4P).

Among the combinations where Estatio was used as a scion, grafting onto Buffon and Maxifort induced an increase in total volatile compounds in the fruits, while compared with self-grafted Estatio plants, plants involving combinations of Arnold and Emperador did not present a decrease (Figure 4P).

Quantitative descriptive sensory analyses unite odor, flavor, retro-nasal attributes and senses that are exhibited during chewing and thus provide insight for elucidation of the high complexity of perception of tomato texture, flavor and aroma. As such, compared with fruits from self-grafted Clarabella plants, only fruits from Clarabella grafted onto Buffon had a better overall quality score (Figure 1C). Changes in fruit sensory traits induced by the rootstocks, scions or scion-rootstock combinations in this study show possibilities of increasing the variability of specific organoleptic properties of tomato fruits. Our data reveal that rootstocks did not negatively affect the overall quality score.

The differences that were observed among the studied properties between the experiments could be partially explained by the fact that the experiments were set up in production-like conditions. The influence of growing conditions on the results of this study also cannot be excluded, knowing that both volatile compounds and sensory properties are highly dependent on external climatic conditions.

These results could contribute to the knowledge about the effect of grafting on fruit volatile composition and sensory attributes, since, generally, the role of grafting in changes in fruit quality is poorly understood.



CONCLUSION

It was demonstrated that modulation of the volatile compound composition and sensory profile could be achieved by using different rootstocks, scions and scion-rootstock combinations, and thus, tomato plants of these different combinations could be directed to a particular market as well as for the consumers’ desires and preferences. We have demonstrated that volatile compounds and sensory profiles were altered by the use of different rootstocks, scions and scion-rootstock combinations, which opens the possibility of testing particular combinations to fulfill consumer preferences in specific markets.
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Environments with short growing seasons and variable climates can have soil temperatures that are suboptimal for chilling-sensitive crops. These conditions can adversely affect root growth and physiological performance thus impairing water and nutrient uptake. Four greenhouse trials and a field study were conducted to investigate if rootstocks can enhance tomato performance under suboptimal soil temperatures (SST). In a controlled greenhouse environment, we exposed four commercial rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) grafted with a common scion (cv. BHN-589) to optimal (mean: 24°C) and SST (mean: 13.5°C) and compared their performance with the non-grafted BHN-589 cultivar. Several root and shoot physiological traits were evaluated: root hydraulic conductivity and conductance, root anatomy, leaf gas exchange, leaf δ13C, shoot C and N, and biomass. Under field conditions, the same five phenotypes were evaluated for canopy growth, normalized difference vegetation index (NDVI), leaf nutrients, biomass, and yield. Under SST, root hydraulic conductivity (Lp) and conductance (KR), stomatal conductance (gs), and plant biomass decreased. Hydrostatic Lp decreased more than osmotic Lp (Lp∗hyd: 39–65%; Lp∗os: 14–40%) and some of the reduced conductivity was explained by the increased cortex area of primary roots observed under SST (67–140%). Under optimal soil temperatures, all rootstocks conferred higher gs than the non-grafted cultivar, but only two rootstocks maintained higher gs under SST. All phenotypes showed greater reductions in shoot biomass than root biomass resulting in greater (∼20%) root-to-shoot ratios. In the field, most grafted phenotypes increased early canopy cover, NDVI, shoot biomass, and fruit yield. Greenhouse results showed that Lp∗os may be less affected by SST than Lp∗hyd and that reductions in Lp may be offset by enhanced root-to-shoot ratios. We show that some commercial rootstocks possess traits that maintained better rates of stomatal conductance and shoot N content, which can contribute toward better plant establishment and improved performance under SST.

Keywords: root hydraulic conductivity, stomatal conductance, root anatomy, mineral nutrition, grafting, Solanum lycopresicum L


INTRODUCTION

Tomato (Solanum lycopersicum L.) is a highly nutritious crop produced globally and under a wide array of abiotic and biotic stresses. For thermophilic crops such as tomato, production is especially challenged in regions where low temperatures are a significant environmental factor determining the cropping season (Schwarz et al., 2010). For tomatoes, temperatures below 20°C are considered suboptimal (Van Ploeg and Heuvelink, 2005). Suboptimal soil temperatures (SST) can affect root establishment, water and nutrient uptake, and overall plant performance under field and greenhouse conditions (Abdelhafeez et al., 1971; Hurewitz and Janes, 1983; Tindall et al., 1990; Venema et al., 1999; Bloom et al., 2004; Onwuka and Mang, 2018). The regions prone to SST, especially in the spring, are those with high annual or diurnal temperature variations and are typically arid such as Mediterranean, desert, and high-elevation environments (Stoller and Wax, 1973; Dai et al., 1999; Sanders and Markhart, 2000). In the spring, air temperatures fluctuate close to the optimal conditions for shoot function, but root physiology is still challenged by SST (Walter et al., 2009). This occurs when daily fluctuations in soil temperatures lag air temperatures, which can be up to 6 h at just 10 cm depths (Zheng et al., 1993). Thus, root performance under SST becomes critical (Schwarz et al., 2010), especially early in the growing season, and the use of rootstocks that are less susceptible to SST could provide desirable traits to overcome some of the limitations for cold-sensitive vegetables in regions where soil warming is slow or farmers consider earlier plantings to avoid extreme heat during the summer.

Root systems of chill-tolerant genotypes better maintain plant-water relations and nutrient uptake under suboptimal rootzone temperatures (SRT; e.g., in hydroponic systems) as shown for Zea mays L. (maize), Cucumis sativus L. (cucumber), and tomatoes (Ahn et al., 1999; Aroca et al., 2003; Ntatsi et al., 2014). When plants simultaneously encounter optimal air temperatures and SRT, root systems may be unable to meet shoot water demands as movement of water through the root can be inhibited. However, chill-tolerant Cucurbita ficifolia Bouché (figleaf gourd) showed improved water uptake capacity [i.e., root hydraulic conductivity (Lp)] under SRT when compared to chill-sensitive cucumber (Lee et al., 2005a,b). The improved Lp of figleaf gourd under SRT was related to slower suberization of the endodermis and sustained aquaporin permeability (i.e., less gating) (Lee et al., 2005a,b). In maize, a chill-tolerant cultivar demonstrated faster recovery of the hydrostatic hydraulic conductivity (Lphyd), better maintenance of osmotic hydraulic conductivity (Lpos), and sustained transpiration under SRT (Aroca et al., 2001). As SST may last several weeks after planting, the ability of roots to adjust their water uptake capacity becomes critical to prevent prolonged plant stress and delayed establishment. Studies have shown that chill tolerance to short-term exposures (i.e., hours) to SRT requires a fast reduction of stomatal conductance (gs) to prevent shoot desiccation (e.g., tomato: Bloom et al., 2004), while longer exposures would require acclimation of the root Lp along with gs (e.g., spinach: Fennell and Markhart, 1997, maize: Aroca et al., 2001). Faster acclimation of root Lp could result in higher rates of gs and carbon assimilation under SRT leading to earlier plant establishment (Ahn et al., 1999). When cucumber was grafted onto figleaf gourd, it improved gs and photosynthetic rates (Pn) under SRT (Ahn et al., 1999). In tomato, the chill-tolerant Solanum habrochaites reduced gs faster than the chill-sensitive cultivar after SRT exposure (Bloom et al., 2004). Wild-type tomato relatives have shown their potential to improve tolerance to SRT (Venema et al., 2008; Ntatsi et al., 2017) and are being used in breeding for commercial rootstocks (King et al., 2010; Suchoff et al., 2018). However, limited information is available regarding the hydraulic capacity [e.g., root hydraulic conductance (KR) and Lp] of commercial rootstocks and their capacity to confer increased tolerance to SST for tomatoes.

Root anatomical and morphological characteristics are also important factors influencing root performance under abiotic stress, and root traits such as small root diameters and increased root length density have been associated with improved nutrient and water uptake and increased plant productivity under drought (Eissenstat, 1992; Comas et al., 2013). In tomato, low temperatures result in shorter and thicker roots, and rootstocks that increase root length can improve plant performance (Ntatsi et al., 2014). Under SRT, thinner lateral roots and greater branching was reported in a chill-tolerant maize genotype (Ciamporová and Dekánková, 1998). As SRT lowers root physiology and elongation, root maturation could occur closer to the root tip (e.g., earlier Casparian band) and increases in the root-to-shoot ratio are usually observed (Schwarz et al., 2010). In wheat, smaller increases in the root-to-shoot ratios under chilling exposure was found in winter varieties compared to spring varieties (Equiza et al., 1997, 2001), suggesting a higher functionality of the root, per unit of mass, in winter varieties. Under long-term exposure to SRT, grafting of a sensitive tomato cultivar onto S. habrochaites increased the root-to-shoot ratio and promoted root and shoot growth (Venema et al., 2008; Ntatsi et al., 2014, 2017). Plant nutrient content is also compromised because of the reduced root growth, root surface area, changes in membrane fluidity, and increased nutrient efflux back to the soil (Abbas, 2012). In tomato, both macro- and micronutrient uptake have been shown to be diminished in soil temperatures below 25°C (Tindall et al., 1990). SST can reduce N mineralization rates (Zak et al., 1999) and SRT can reduce N uptake (Toselli et al., 1999). Total P uptake was shown to decrease with lower soil temperatures regardless of the solubility of the P fertilizer applied (Case et al., 1964), likely due to reduced root growth limiting the capacity for nutrient interception (Mackay and Barber, 1984). Nutrient deficiencies can decrease root hydraulic conductivity and affect the movement of water through the soil-plant-atmosphere continuum (Clarkson et al., 2000). Relative to S. lycopersicum, S. habrochaites showed improved ammonium uptake after short-term exposure to SRT (Smart and Bloom, 1993; Bloom et al., 1998). Suitable rootstocks can improve root branching and surface area which are traits associated with increased nutrient and water uptake (Huang et al., 2016) and have been shown to confer tolerance to SST to a scion (Ahn et al., 1999). Rootstocks have been shown to alter nutrient uptake in tomatoes by either increasing or decreasing the uptake of specific nutrients (Leonardi and Giuffrida, 2006; Savvas et al., 2011; Schwarz et al., 2013) and can increase the utilization efficiency of nutrients such as N in tomato (Djidonou et al., 2013) and other cucurbits such as watermelon (Nawaz et al., 2017).

This study investigated the capacity of various commercial rootstocks to improve performance of a commercial cultivar under several weeks of continuous SST exposure in both greenhouse and field conditions. Our objectives were to: (1) evaluate several root traits that have a direct impact on plant-water relations; (2) assess the capacity of the rootstocks to improve tolerance to SST based on several root and shoot traits; and (3) understand how different root systems may affect the nutrient profile and yield of a common scion. Rootstocks were sourced from different developers (www.vegetablegrafting.org; Kleinhenz, 2017) and several trials were conducted in a greenhouse where only roots were exposed to SST to compare the performance of the grafted phenotypes to a non-grafted cultivar. A field experiment was subsequently conducted in hoop houses to determine if performance in the greenhouse correlated with increased performance in the field.



MATERIALS AND METHODS


Plant Material and Experimental Setup

Four greenhouse trials were conducted at the Valley Road Greenhouse Complex, and one hoop house experiment at the Main Station Field Lab both at the University of Nevada, Reno. Greenhouse trials were conducted from February 2018 through July 2019. The field experiment was conducted from May through September 2018. For all experiments, the tomato cultivar BHN-589 (BHN) was used as both a scion and as the non-grafted cultivar. We chose to use a non-grafted “control” because adopters of this technology would likely consider the benefit of a rootstock against the own-rooted cultivar. Research shows that even though grafting may influence plant performance, the overall impact may be minimal (Djidonou et al., 2013; Suchoff et al., 2018; Asins et al., 2017). For instance, Lang et al. (2020) found no differences between non-grafted and self-grafted plants concerning biomass, fruit yield and quality under field conditions. Fullana-Pericàs et al. (2020) also showed no difference in photosynthetic parameters between reciprocal-grafted and non-grafted plants under non-stress conditions. BHN-589 was grafted onto the commercial tomato rootstocks Estamino (EST), Maxifort (MAX), RST-04-106-T (RST), and Supernatural (SUP) (all combinations and the non-grafted cultivar are referred to as “phenotypes”). Greenhouse trials altered soil temperature between treatments; air temperature was kept at ∼26°C. The treatments included two soil temperatures: suboptimal soil temperature (∼13.5°C) and optimal soil temperature (OST; ∼24°C). For three greenhouse trials, plants were prepared in situ using a splice grafting method. For the field and the second round of the greenhouse trials, plants were provided by Plug Connection (Vista, CA, United States), which used a similar grafting method as applied in situ.



Greenhouse Trials

Plants prepared in situ were germinated in a 1:2 mixture of seed starter mix (Miracle-Gro, OH, United States) and 30 grit sand (Quikrete, GA, United States). Scion and rootstocks were germinated 2 weeks prior to the non-grafted plants. After ∼21 days from germination, plants were grafted and placed into a GEN1000 growth chamber (Conviron, Winnipeg, MB, Canada) to heal for up to 2 weeks. Seedlings were fertilized twice weekly with 40 ml of 4-12-4 fertilizer (N-P-K) diluted in 15 L of water (Miracle-Gro, OH, United States). After healing, plants were transplanted into square pots (7 cm width × 23 cm height; total volume of 960 ml; Stuewe and Sons, Inc., OR, United States) filled with a 1.5 cm base layer of fritted clay to facilitate drainage and 20 cm of sand.

After transplanting, plants under the SST treatment were placed into modified horizontal refrigerators (HBB-95-HC 95″, AVANTCO, PA, United States) where only the pot (i.e., soil and roots) were exposed to the cold temperature. The refrigerators maintained the soil to an average temperature of ∼13.5°C (Recorded minimum and maximum temperatures: 11 and 18°C). The control temperature plants were placed on benches adjacent to the refrigerators and average soil temperatures were 24°C (Recorded minimum and maximum temperatures: 21 and 32°C). Soil temperatures were measured at two points, 1 cm below the soil surface and 1 cm above the fritted clay, using HOBO U23-003 soil temperature sensors (Onset Computer Corp., MA, United States). The greenhouse air temperature was set to 28 and 21°C (day and night). Average day length was 14 h and supplemental lighting was used when days were shorter. Relative humidity varied between 30 and 40%. Plants were watered daily to field capacity with a fertilizer solution of 3.5 g of 20-20-20 per liter of water (JR Peters, Inc., PA, United States). Greenhouse plants were setup in a split-plot design with temperature treatment as main plot (trial one contained 1 bench and 1 refrigerator, trial 2, 3, and 4 contained 2 benches and 2 refrigerators).



Hoop House Trial

Six-week-old plants were transplanted into four hoop houses when soil temperatures were still below optimal. Each hoop house contained four beds with five plots per bed and four plants per plot (i.e., each bed represented a replicate of all phenotypes; 20 plots total per hoop house). Plants were spaced 40 cm apart with a 1.2 m spacing between the centers of the beds. All data was collected from the two central beds in each hoop house (10 plots) and predominantly from the two central plants in each plot. In each hoop house, one 5TE probe per bed was installed at 20 cm soil depth (Meter Group, WA, United States) to record volumetric soil water content and temperature. Air temperature and relative humidity were recorded 1.5 m above the soil surface in two of the hoop houses using HOBO U23 Pro v2 (Onset Computer Corp., MA, United States). All data loggers recorded every 30 min. Plants were drip irrigated once per week for several hours depending on soil moisture and weather conditions to maintain volumetric water content at approximately 22%. Plants were fertilized via drip tape twice with 30 kg ha–1 (60 units total) of N at 33 and 71 days after planting (DAP) with Phytamin® Fish Plus (4.5-2-1; California Organic Fertilizers, CA, United States).

Soil temperature at 4 and 8 cm depths were estimated using the equation obtained from Koorevaar et al. (1983, pg. 196–197) with calculations corrected by 20 cm soil depth and air temperatures. Temperatures are provided for the 1000 h measurement as air temperature and light intensity should be within the optimal range for plant function. At the 20 cm depth, soil temperatures were only below 18°C at 15, 16, and 17 DAP. At both the 4 and 8 cm depths, the estimated soil temperature was consistently lower than 18°C until 24 DAP. Until 24 DAP, the average air temperature was ∼26°C (min: 14, max: 33). Mid-late season soil temperature was consistently below 18°C starting at 55 DAP for 8 cm, 72 DAP for 4 cm, and 102 DAP for 20 cm. After 55 DAP, average air temperature was 30°C (min: 22°C, max: 34°C). For the entire season, average air temperature was 30°C (min: 14°C, max: 36°C).



Root Hydraulic Conductivity and Conductance

Root hydrostatic and osmotic hydraulic conductivity (Lp∗hyd and Lp∗os), as well as hydrostatic and osmotic conductance (KR–hyd and KR–os), were evaluated in intact root systems of plants from all four greenhouse experiments. Plants were harvested for Lp measurements within 4 weeks after exposure to the temperature treatments and separate plants were used for hydrostatic or osmotic Lp protocols. For the calculation of root Lp, measurements were normalized using fresh root biomass in place of root surface area and denoted with “∗,” which is consistent with Hernandez-Espinoza and Barrios-Masias (2020; and references therein). Prior to 800 h, plants were moved from the greenhouse to the laboratory and fully watered at least one hour prior to measurements. Plants were detopped by cutting below the graft union, and under water to prevent cavitation. For Lp∗os, a piece of Tygon® tubbing was fitted to the stem and sap was collected every 30 min from the tubing with a pipette and weighed to estimate volume. Five collections were taken from each plant, and a linear regression fitted to estimate the slope of the relationship between time and volume of sap exuded. The collected sap was frozen until the osmolality was measured using a vapor pressure osmometer (Vapro 5600, ELITechGroup Biomedical Systems, Logan, UT, United States). For Lp∗hyd measurements, entire root systems were carefully washed to not break any roots and then placed in a plastic container filled with water inside a specialized pressure chamber that was pressurized by a Scholander-type pressure chamber (600 EXP; PMS Instruments, Albany, OR, United States). Measurements were taken at 0.05, 0.1, 0.15, 0.2, and 0.25 MPa. Roots acclimated for 10 min at each pressure, and then a dry pre-weighed gauze pad was placed directly over the protruding stem for 10 min to absorb the exuded water. The gauze pad was weighed, and the volume of water estimated. Calculations were performed as outlined by Barrios-Masias et al. (2015).



Root Anatomy

Roots from greenhouse trials 2, 3, and 4 used only in the Lp∗os measurements were preserved in 50% ethanol and gradually increased to 90% over 4 weeks. Samples were kept at 4°C until processed. Primary roots were free-hand sectioned at 1 and 3 cm from the root apex and staining was conducted according to Knipfer et al. (2020) using Toluidine Blue-O (Acros Organics, NJ, United States). Images of cross sections were taken using a Leica DFC-295 digital camera for bright field images as well as with a LEICA thunder imager with a DAPI filter for fluorescence images (Leica, Hesse, Germany). The polygon selection tool in ImageJ (Fiji software) was used to measure the xylem vessel, stele and cortex areas (Schindelin et al., 2012). Three representative xylem vessels were selected, and their areas were averaged per cross section only when lignified xylem was present. Stele area was measured as the area within, and not including the endodermis. If the endodermis was not discernable, it was assumed to be the first ring of cells outside the stele. Cortex area was measured as the area between the outside of the endodermis and inside of the exodermis. Cortex cell layers were counted between the endodermis and exodermis in three directions and averaged. Average cortical cell area was calculated for each cross-section by dividing the cortex radius by the number of cortical layers to estimate the average cortical cell diameter.



Leaf Gas Exchange

Stomatal conductance (gs) was measured using a Decagon SC1 leaf porometer (Meter Group, WA, United States) on a mature leaflet adjacent to the terminal leaflet on the third or fourth leaf from the top of the plant. Measurements were conducted between 1200 and 1400 h on plants in experiments 1, 2, and 4. Plants were measured on consecutive dates for 3–5 days the week prior to root hydraulic measurements.

Photosynthetic rate (Pn) was measured using a field portable open flow infrared gas analyzer (model 6400, LI-COR Inc., NE, United States). Measurements were taken between 1000 and 1200 h on plants in the fourth experiment for four consecutive days the week prior to root hydraulic measurements. The photosynthetic photon flux density was set to 2000 μmol m–2 s–1, the reference CO2 concentration was set at 400 μmol-CO2 mol–1, and the block temperature was set at 24°C.



Carbon, Nitrogen, and δ13C

Samples from trials 3 and 4 were analyzed for δ13C (180 total samples) utilizing a Micromass Isoprime stable isotope ratio mass spectrometer (Isotopx, NM, United States) at the UNR Stable Isotope Lab. Shoot samples from greenhouse trials 2, 3, and 4 (100 total samples) were analyzed using a CN928 series macro-combustion instrument for C and N (LECO, MI, United States) at the USDA-ARS-Great Basins Rangelands Research’s soils laboratory.



Plant Biomass

For greenhouse trials, roots were gently cleaned of soil particles, patted dry, and then fresh weight was recorded after root hydraulic measurements were completed. Fresh roots and shoots were placed in an oven at 60°C and dry weight was recorded after 48 h. Field biomass evaluations were conducted at 126 DAP. The two central plants in each plot were cut at the base of the stem and separated into shoots and fruits. All fresh biomass was weighed in the field and then subsamples for each plot were dried at 60°C. Percent of subsample dry weights were used to calculate total dry weights.



Canopy Cover and NDVI

Early season soil canopy cover and normalized difference vegetation index (NDVI) values were measured on the two central beds and two central plants per plot in each hoop house. Measurements were quantified using an Agricultural Digital Camera (TETRACAM Inc., CA, United States). Pictures were pre-processed in PixelWrench2 (TETRACAM Inc., CA, United States) and then imported to R software for analysis (R Core Team, 2019). Extracting pixels with NDVI values greater than zero was successful for separating canopy from soil. Extracted pixels divided by total pixels was used to calculate the percent cover which was converted into area cover using a formula derived from the field of view calculator in PixelWrench2. For each picture, pixels with NDVI values greater than the 80th percentile were subset to separate mature leaves from stems and older leaves. Subsequently, 2000 random pixels were selected and averaged for comparison among phenotypes. Canopy cover measurements do not correct for overlapping canopy.



Leaf Nutrient Content

Eight leaflets per field plot were harvested three times during the season (26, 62, and 126 DAP). Harvests approximately correspond to plant establishment, anthesis/fruit set, and post peak production. Leaflets were harvested without petioles from the second or third fully expanded and mature leaf. Leaflets were dried at 60°C for 48 h and 0.3–0.5 g of homogenized material was digested using the protocol from Handbook of Reference Methods for Plant Analysis (Miller, 1998; pp 53–62). After digestion, plant nutrient contents (B, Ca, Cu, Fe, Mg, Mn, P, K, Na, and Zn) were quantified using a microwave plasma-atomic emission spectrometer (MP-AES) (Agilent Technologies, CA, United States) at the USDA-ARS Great Basin Rangelands Research’s soils laboratory. Leaflet samples for C and N from 26 and 62 DAP were unfortunately lost, while samples from 126 DAP were analyzed as described above.



Statistical Analysis

The effect of “temperature,” “phenotype,” and their interaction (fixed effects) on the response variables was investigated using linear mixed-effect model (lme4 package) in R 3.6.1 (R Core Team, 2019). Random effects were selected using Akaike information criterion, AIC, (ANOVA function, base R) and in nesting order: “trial,” “block,” and “main plot” for the greenhouse experiment. In addition, repeated measures analysis (e.g., gs, Pn, cortex and stele area) included “pot” (subject) and “day” or “tip distance” (within-subject) as random effects. For all field experiment models, “phenotype” was the fixed effect and “hoop house” was the random effect. For all models, the alpha for main effects was set 0.05. Post hoc multiple-comparison procedures were conducted using the multcomp function (emmeans package) using unrestricted least significant difference (LSD) test (Saville, 2015). A stricter alpha of 0.01 was set per null comparison for greenhouse data. Field data was analyzed similarly, except due to the smaller sample size and fewer possible comparisons (10), an alpha of 0.05 was used.

Leaf nutrient data was analyzed using a linear discriminant analysis to identify which nutrients and at which time points best differentiated between the phenotypes (lda function, MASS package). Prior to the analysis, data was transformed into standard normal variables (mean: 0, standard deviation: 1) to receive standardized discriminant unit coefficients from the model (McCune et al., 2002).



RESULTS


Greenhouse


Root Hydraulics

Exposure to SST reduced Lp∗hyd for all phenotypes although an interaction effect between temperature treatment and phenotype was observed (Figure 1A). However, SST only reduced Lp∗os for two phenotypes compared to their OST counterparts (Figure 1B). The reductions in Lp∗hyd ranged from 39 to 65% for EST and MAX, respectively. The only differences in Lp∗hyd among phenotypes was EST having a lower Lp∗hyd than MAX and SUP under OST. Lp∗os was significantly affected by temperature, but to a lesser extent than Lp∗hyd; only BHN and SUP showed reductions in Lp∗os between soil temperature treatments by ∼40%. There were no differences between phenotypes within either temperature treatment. However, EST and MAX under SST maintained a similar Lp∗os as BHN in OST.
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FIGURE 1. Root hydrostatic (Lp*hyd; A) and osmotic (Lp*os; B) hydraulic conductivity on whole-root systems of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under optimal (gray) and suboptimal (white) soil temperatures for 4 weeks. All rootstocks were grafted with BHN-589. Values are mean ± standard error (A: n = 25–31; B: n = 23–31). Means followed by different letters are statistically different at P < 0.01.


Similar to Lp∗hyd, KR–hyd was lower under SST than under OST for all phenotypes (Figure 2A). The KR–hyd under SST decreased between 66 and 74% (BHN and SUP, respectively), compared to their OST counterparts. In the OST treatment, the KR–hyd of EST, MAX, and SUP was at least 26% higher than BHN. Whereas under SST, EST and MAX were at least 24% greater than both BHN and SUP. Unlike Lp∗os, the KR–os under SST decreased for all five phenotypes between 49 and 62% for MAX and SUP, respectively (Figure 2B). Under OST, EST, and MAX had at least 30% greater KR–os than BHN. Whereas under SST, the KR–os of EST and MAX were 40 and 53% greater than BHN, respectively. MAX also maintained a similar KR–os under SST as BHN under OST, while RST and SUP did not differ from BHN in either soil temperature treatment.
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FIGURE 2. Root hydrostatic (KR–hyd; A) and osmotic (KR–os; B) hydraulic conductance on whole-root systems of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under optimal (gray) and suboptimal (white) soil temperatures for 4 weeks. All rootstocks were grafted with BHN-589. Values are mean ± standard error (A: n = 28–34; B: n = 24–29). Means followed by different letters are statistically different at P < 0.01.




Root Anatomy

Exposure to SST increased the thickness of primary roots as indicated by the increased cortex and stele areas (Table 1). Plants exposed to SST had between 67 and 140% (MAX and BHN, respectively) larger cortex areas than their OST counterparts. Stele area increased between 50 and 129% for MAX and SUP, respectively. The only difference in cortex area between phenotypes was MAX having 40% more area than RST under OST. Stele area showed more differences between phenotypes. Under OST, MAX had at least 36% greater stele area than EST and RST. Whereas under SST, BHN, MAX, and SUP had at least 46% greater area than EST.


TABLE 1. Cortex area, stele area, cortical cell layers, and cortical cell area of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) exposed to optimal and suboptimal soil temperatures for 4 weeks.

[image: Table 1]The increased cortex area under SST was explained by an increase in both the number of cortex layers and an increase in the average cortical cell area (Table 1). The number of cortex cell layers increased under SST for all phenotypes except SUP. Increases in cell layers ranged from about 1 for MAX to about 2 layers for BHN, EST, and RST. Average cortical cell area only increased for BHN and SUP under SST by about 38%. Neither the number of cortex layers nor the average cortical cell size differed between phenotypes under either temperature treatment. Although stele area increased under SST, no changes in total xylem area nor xylem count were observed (data not shown).

Root maturation and development as determined by exodermis suberization and xylem lignification was not affected by SST (Table 2). However, greater presence of the Casparian band closer to the root tip (1 cm) was observed under SST than under OST (52% vs. 35%). For both temperature treatments, all roots at 3 cm from the tip showed 100% presence of the indicators of root development.


TABLE 2. Presence of Casparian band, suberized exodermis, and lignified xylem in roots exposed to optimal and suboptimal soil temperatures for 4 weeks and sectioned at 1 and 3 cm from the apex.
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Gas Exchange

Overall, exposure to SST reduced gs and Pn although an interaction effect between temperature treatment and phenotype was observed. Stomatal conductance decreased for MAX, RST, and SUP under SST (Figure 3A). These reductions in gs ranged from 20% for MAX to 39% for SUP. Under OST, the gs rates of all grafted phenotypes were approximately 20% greater than BHN. While under SST, gs for EST and MAX was at least 26% greater than BHN. Except for SUP, the gs of all phenotypes under SST was similar to the rates of BHN under OST.
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FIGURE 3. Stomatal conductance (gs; A), and photosynthetic rate (Pn; B) of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under optimal (gray) and suboptimal (white) soil temperatures for 4 weeks. All rootstocks were grafted with BHN-589. Values are mean ± standard error (A: n = 14 and 48 total measurements; B: n = 6 and 24 total measurements) Means followed by different letters are statistically different at P < 0.01.


The Pn was lower for all phenotypes under SST than under OST (Figure 3B). The differences between treatments ranged from 17 to 37% for BHN and SUP, respectively. Phenotypes did not have different Pn under OST, while under SST only SUP was at least 19% lower than BHN, EST, and MAX.

The leaf δ13C increased under SST between 6.8 and 8.7% for EST and SUP, respectively (Table 3). No differences in δ13C among phenotypes were observed under OST. Under SST, the only difference was SUP having a 3.5% greater (less negative) δ13C than MAX. No other differences were observed.


TABLE 3. Leaf δ13C, shoot percent carbon, shoot percent nitrogen, shoot biomass, and root biomass of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) exposed to optimal and suboptimal soil temperatures for 4 weeks.
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Biomass

Suboptimal soil temperatures reduced plant biomass for all phenotypes (Figure 4A). BHN had the smallest reduction in total biomass of 35% while SUP had the largest reduction of 44%. Under OST, EST had 32% greater total biomass than BHN and no other differences were observed. Under SST, BHN’s total biomass was similar to all phenotypes while EST and MAX had 25 and 17% more than SUP, respectively. Shoot biomass did not differ between phenotypes under OST (Table 3). Under SST, EST had 21% greater shoot biomass than SUP. In contrast, root biomass showed more differences between phenotypes for both soil temperature treatments. Under OST, EST, and MAX had at least 29% more root biomass than BHN and at least 17% more than SUP. Under SST, EST, and MAX had at least 24% more than BHN and at least 33% more than SUP (Table 3). EST, MAX, and RST all had similar root biomass under SST as BHN had under OST.
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FIGURE 4. Total biomass (root + shoot; A), root-to-shoot ratio (B), and C-to-N ratio (C) of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under optimal (gray) and suboptimal (white) soil temperatures for 4 weeks. All rootstocks were grafted with BHN-589. Values are mean ± standard error (A,B: n = 45–50; C: n = 10). Means followed by different letters are statistically different at P < 0.01.


Suboptimal soil temperatures resulted in greater reductions in shoot biomass than in root biomass (42% vs. 30%), leading to an increase in the root-to-shoot ratio for all phenotypes (except SUP) relative to OST (Figure 4B). The root-to-shoot ratios increased between 18 and 23% for MAX and BHN, respectively. Under OST, MAX had a 17% greater root-to-shoot ratio than BHN. Under SST none of the phenotypes differed from BHN, but EST, MAX, and RST were at least 14% greater than SUP.



Carbon and Nitrogen

Under SST, the C concentration in the shoot increased compared to the OST counterparts for all phenotypes except MAX (Table 3). Those increases in C ranged between 2.8 and 3.8% for EST and BHN, respectively. Under OST, the C concentration did not differ between any of the phenotypes, whereas under SST, MAX had 3% less C than BHN; no other differences were observed. EST, MAX, and RST, under SST, had similar C concentrations to BHN under OST.

Suboptimal soil temperatures only reduced the shoot N concentrations in BHN and SUP and by at least 22% compared to their OST counterparts (Table 3). Under OST, the N concentration did not differ among phenotypes. Under SST, MAX, and EST had around 18% more N than both BHN and SUP, while RST did not differ from any other phenotype. Similar to C concentrations, EST, MAX, and RST, under SST, maintained similar concentrations of N to BHN under OST.

Suboptimal soil temperatures led to a 37 and 32% increase in the C-to-N ratio for BHN and SUP, respectively (Figure 4C). Under OST, no difference in C-to-N ratio was observed between phenotypes, whereas under SST, EST, MAX, and RST were all at least 16% lower than BHN and 14% lower than SUP. EST, MAX, and RST under SST also maintained similar C-to-N ratio as BHN under OST.



Hoop House


Soil Canopy Cover, NDVI, Biomass and Fruit Yield

Soil canopy cover remained similar and less than 10 cm2 plant–1 between 0 and 8 DAP (Figure 5). From 8 to 44 DAP, the average daily increases in soil canopy cover ranged from 16 to 23 cm2 day–1 for BHN and EST, respectively. The slopes of the increase in soil canopy cover for EST, MAX, and RST were 37, 19, and 34% steeper than BHN, respectively. The growth of SUP was slower than EST and RST but did not differ from BHN or MAX. Between 8 and 22 DAP, the average daily increase in soil canopy cover ranged between 7 and 11 cm2 day–1 for BHN and MAX, respectively. From 22 to 29 DAP, the average daily increases in soil canopy cover was at least three times faster than before and ranged from 23 to 34 cm2 day–1 for BHN and EST, respectively. Between 29 and 36 DAP, soil canopy cover increased for BHN to 28 cm2 day–1 but remained similar for the other phenotypes (∼30 cm2 day–1). After 36 DAP, the average daily increase in soil canopy cover began to decrease for BHN, MAX, RST, and SUP while EST appeared to maintain the same growth rate of ∼30 cm2 day–1.
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FIGURE 5. Changes in canopy cover of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under field conditions. All rootstocks were grafted with BHN-589. All canopies were measured at 8, 22, 29, 36, and 44 days after planting (x-values staggered for visual clarity). Canopy cover values were inverse-negative-log transformed prior to slope comparisons. Data presented is untransformed. Points are mean ± standard error (n = 7–8). Legend information followed by different letters are mean-slopes statistically different at P < 0.05.


Normalized difference vegetation index values consistently increased for all phenotypes from 8 to 44 DAP (Table 4). Over that time, BHN started with the highest NDVI value but ended with the lowest value. BHN ranged from 0.61 to 0.74 for a total increase of 0.13. In contrast, EST and SUP both started with the lowest values and ended being similar to the other grafted phenotypes with a total increase in NDVI of ∼0.18. RST and MAX both started similar to BHN but ended being greater with a total increase of ∼0.16. Overall, all grafted phenotypes had at least 4% higher NDVI values than BHN by 44 DAP. EST, MAX, and RST had higher shoot biomass and fresh fruit than BHN while SUP was similar (Figures 6A,B). EST, MAX, and RST had 55, 81, and 49% more shoot biomass and 54, 47, and 44% more fruit than BHN, respectively.


TABLE 4. Normalized Difference Vegetation Index (NDVI) of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under field conditions and measured at 8, 22, 29, and 44 days after planting (DAP).
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FIGURE 6. Shoot dry biomass (A), and total fresh fruit (B) of four grafted rootstocks (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) grown under field conditions. All rootstocks were grafted with BHN-589. Values are mean ± standard error (A,B: n = 8). Means followed by different letters are statistically different at P < 0.05.




Nutrients

Linear discriminant 1 (LD1) accounted for 56% of the separation between phenotypes and its most important features were predominantly macronutrients at the earliest sampling (Figure 7). P, K, Ca, and Mg content at 26 DAP were four of the five most important features as well as Mn at 62 DAP (see Supplementary Material 1 for standardized discriminant unit coefficients). Mean values for P, K, Ca, and Mn were typically higher in the grafted phenotypes than in the non-grafted cultivar except for Mg, which was highest in SUP and BHN (Supplementary Material 2). The next five most important features were also mainly macronutrients, but at 126 DAP (K, N, and Mg) as well as one micronutrient at 26 (Na) and 62 (Zn) DAP. Along the LD1 axis, SUP is well separated from BHN, EST, and RST, which are also separated from MAX.
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FIGURE 7. Linear discriminant analysis based on ten nutrients (B, Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn) at 3 times points (26, 62, 126 DAP) and C and N at 126 DAP for four grafted phenotypes (Estamino, Maxifort, RST-04-106-T, and Supernatural) and one cultivar (BHN-589) (n = 8). Total variance explained by the first two discriminant functions are presented in parentheses.


Linear discriminant 2 (LD2) accounted for 23% of the variation and its most important features were micronutrients at various time points (Figure 7). Na, K, and Cu at 62 DAP were three of the five most important features as well as Cu at 126 and B at 26 DAP (Supplementary Material 2). The next five most important features were also micronutrients from either 26 (Zn, Na) or 62 (Fe, B, Mn) DAP. The mean concentrations of micronutrients appeared to vary by phenotype and nutrient with no consistent pattern. Along the LD2 axis, RST is separated from BHN, MAX, and SUP, which are also separated from EST.

Linear discriminant 3 and 4 (LD3 and LD4) account for 17 and 4% of the variation and were both defined by macro- and micronutrients at various time points. Of the five most important features in LD3, the macronutrients were Mg at 62 DAP and K and N at 126 DAP, while the micronutrients were Mn and B at 62 DAP. Along the LD3 axis, BHN is well separated from all the grafted phenotypes but no other separation was apparent (axis not shown). LD4 alone did not offer good separation between any phenotypes (axis not shown).



DISCUSSION

Although rootstock vigor is usually referred as the cause of improved cultivar performance, this study shows specific traits associated with grafting that enhanced tomato performance under SST. Primarily, root traits associated with improved water relations, nutrient uptake, and biomass accumulation supported growth of the common scion. Overall, all phenotypes were sensitive to SST, and changes in physiological and morphological traits such as lower water uptake capacity of roots (i.e., root Lp and KR), increased root thickness (i.e., cortex and stele area), and decreased leaf gas exchange were observed. Yet, under SST some of the commercial rootstocks maintained higher KR and gs and a better shoot nutrient profile of the common scion, which were likely favored by smaller reductions in root biomass than the non-grafted cultivar. Similarly, under field conditions, grafted phenotypes had greater canopy growth and NDVI values early in the season, which are indicative of better root growth and establishment, and resulted in greater shoot and fruit biomass by the end of the season. Strategies for managing crops under SST are still insufficient for production in locations with short growing seasons and variable conditions, but our study shows that some commercial rootstocks possess traits important for improved crop establishment that are associated with enhanced water and nutrient uptake under SST.

Exposure to SST reduced water uptake, and this has been related to increases in water viscosity and physiological changes such as membrane permeability or reduced energy metabolism (Bloom et al., 2004). Our study shows that SST reduced water movement through the roots as indicated by ∼50% reductions in Lp∗hyd and subtle decreases in Lp∗os. Those reductions are partly explained by observed changes in root morphology and anatomy such as increased cortex area (i.e., increased cortex cell size and number of cell layers) and presence of a Casparian band closer to the root tip, which contributed to increase the resistance along the apoplastic pathway (Steudle and Peterson, 1998; Rieger and Litvin, 1999). Although not quantified in this study, a further explanation to the reduced Lp∗hyd may include a reduction in root branching associated with prolonged exposure to SST (Kaspar and Bland, 1992; Koevoets et al., 2016), which would likely reduce the root length density. Moreover, reductions in KR–hyd under SST were more pronounced than the decreases in Lp and at ∼70% of OST. The greater reduction of KR–hyd likely occurred due to a combined effect of lower Lp∗hyd and less root biomass. This suggests that early root growth becomes important for plant establishment under SST in order to increase the total capacity for water uptake, as observed in MAX and EST, which maintained greater KR–hyd than the non-grafted cultivar.

While hydrostatic-driven flow was similarly affected in all phenotypes, osmotic-driven flow was only reduced in the lower performing phenotypes under SST (BHN and SUP). This indicates a differential response in water uptake capacity through the cell-to-cell pathway, which can help maintain water status under abiotic stress (Steudle and Peterson, 1998; Barrios-Masias et al., 2019). Studies on cucurbits and maize under SST showed that improved root hydraulics was associated with sustained aquaporin permeability or increased aquaporin content (Aroca et al., 2001; Lee et al., 2005a,b). Although aquaporin activity was not measured in this study, it is likely that it played a role in lowering the resistance to water movement through the cell-to-cell pathway for some of the rootstocks. In addition, the capacity to acclimate to suboptimal temperatures can improve osmoregulation and chilling tolerance (e.g., watermelon; Lu et al., 2020). For instance, the non-grafted cultivar showed a larger increase in the sap osmotic potential than MAX under SST (data not shown), but the Lp∗os in the former still decreased relative to its OST counterpart, suggesting that resistance to water movement increased despite osmotic adjustment. MAX showed a smaller increase in the sap osmotic potential but still maintained a similar Lp∗os under both temperature treatments. Chilling sensitivity results in part from an impaired capacity of the root to supply water to a transpiring shoot (Bloom et al., 2004; Koevoets et al., 2016), but this study suggests that root acclimation and the additive effect of sustained Lp∗os with only slight reductions in root biomass resulted in better capacity to meet transpirational demands (i.e., KR) and favor plant water relations in early growth stages.

Gas exchange measurements showed SST affected gs more than Pn in some of the phenotypes, suggesting that uptake and transport of water played an important role in shoot performance. Although the responses of gs and Pn are considered to be closely correlated (Matthews et al., 2017), gs can be more sensitive to stress (e.g., drought; Barrios-Masias et al., 2018). In tomato and grapevine, rootstocks proportionally increased gs more than Pn (Koundouras et al., 2008; Fullana-Pericàs et al., 2018), consistent with our observation that under OST gs increased more than Pn for all grafted phenotypes. However, under SST, MAX and EST had higher gs than other phenotypes, and EST, MAX, and RST showed no differences in stem water potential compared to their OST counterparts (data not shown); likely a result of their acclimation capacity associated with root elongation, maturation, and water uptake capacity (Venema et al., 2008; Koevoets et al., 2016). Stomatal response to cold soils was regarded as an important mechanism for chill tolerance (Bloom et al., 2004), but under longer exposure of roots to cold soils, it appears that a root-to-shoot interplay in water relations from the acclimation period resulted in the observed decreases of gs under SST. As roots acclimated to cold soils, gs adjusted to the capacity of the roots to provide water (i.e., KR) for transpiration demands, and this was supported by a decreased discrimination of 13C under SST. In addition, the relative contributions of the hydrostatic and osmotic driven flow are important and could fluctuate on a diurnal scale (Knipfer and Fricke, 2011). Early in the day, the lower soil temperatures increase water viscosity and resistance for water movement toward the root (lower Lp∗hyd), which may result in an increased contribution of the cell-to-cell pathway (e.g., increased osmotic adjustment) to support gs and Pn. If roots lack the capacity to acclimate (e.g., in SUP), growth rates may be reduced and unutilized carbohydrates can accumulate, resulting in the down regulation of photosynthesis (Equiza et al., 1997; Venema et al., 1999).

Increases in root-to-shoot ratios are a common response to a variety of abiotic stresses such as soil chilling (Venema et al., 2008), drought (Xu et al., 2015), salinity (Maggio et al., 2007), and heat (Equiza et al., 2001), indicating that under abiotic stress more roots are needed to support shoot functions. Our study showed that this was the case with most phenotypes under SST except for the lowest performing phenotype. Increases in root-to-shoot ratio have been shown before for S. lycopersicum, although the change was lower compared to wild relatives that originated in colder environments (e.g., S. habrochaites; Venema et al., 2008). In our study, the root-to-shoot ratio under SST was driven by larger and more consistent reductions in shoot biomass than decreases in root biomass across phenotypes. The tradeoff of increased root-to-shoot ratios at this early stage of crop establishment may be increased C allocation to support root function at the cost of lower C allocation for shoot growth, which could reduce the total capacity for C assimilation. For cultivated tomato, early canopy growth is associated with increases in yield (Barrios-Masias and Jackson, 2014) as observed in our field data. Thus, crop improvement for chill tolerance should not only consider increases in root biomass (and root-to-shoot ratios), but also on maximizing the functionality and capacity of a smaller root system to provide resources to the shoot.

Shoot N concentration significantly decreased in the lower performing phenotypes (i.e., BHN and SUP), which may have resulted in reduced utilization of photosynthates and a higher accumulation of total non-structural carbohydrates in leaves and stems (Venema et al., 2008; Royer et al., 2013). Reduced leaf N concentrations could also lead to reduced gas exchange as higher N content was correlated with higher rates of gs (Spearman correlation coefficient: 0.669). As C demands decreased and starch concentrations increased in leaves, downregulation of photosynthesis (e.g., SUP) can further decrease plant growth and result in higher C-to-N ratios. Although the shoot C concentration under SST was higher for most phenotypes, it was a small increase (<4%) over the OST, but N concentrations decreased at least 14% and primarily explained the observed changes in C-to-N ratios. Generally, SST would result in lower utilization and translocation of nutrients and photosynthates due to decreased root metabolic activity (Hurewitz and Janes, 1983), and reduce the capacity for nutrient and water uptake needed to support early root and shoot growth.

Early season differences in macronutrient content has been related to root growth (Wang et al., 2016), and our results showed that each rootstock had a different effect on the nutrient profile of the common scion. Individual nutrients are known to have specific functions for mitigating temperature-related stress (Waraich et al., 2012). However, we did not investigate any specific nutrient but instead considered whether the nutrient profiles differed and could help explain phenotype performance. This was observed, for instance, in the discriminant analysis (LD1 axis) where one of the best performing phenotypes (MAX), separated from the lower performing ones (e.g., SUP). Plant uptake of nutrients such as P are inadequate under SST likely due to insolubility and a reliance on root surface area (Case et al., 1964; Mackay and Barber, 1984; Cumbus and Nye, 1985), and early P uptake was one of the main nutrients driving differences among phenotypes in the main axis (LD1) of the discriminant analysis. Increased P uptake has been shown to improve photosynthetic parameters under SST (Starck et al., 2000; Zhou et al., 2009). Other nutrients such as Ca may have played a role in the acclimation to chilling temperatures as Ca regulates cell expansion, cell membrane and wall construction, stomatal closure, and activation of ATPase to increase cellular uptake of nutrients (Palta, 1990; Ntatsi et al., 2014). Although early season N concentrations were not obtained, canopy cover was highly correlated with NDVI (Spearman correlation coefficient: 0.958, which can be used as an indicator of plant N content (i.e., chlorophyll) (Ihuoma and Madramootoo, 2019). Grafted phenotypes tended to display lower NDVI a week after transplanting but NDVI of all grafted phenotypes surpassed the non-grafted cultivar within a month indicating that rootstocks increased N uptake and improved plant performance early in the growing season.

Overall, our results indicate that suitable rootstocks can improve plant performance under SST by supporting plant-water relations as well as altering or enhancing nutrient uptake. We showed that root traits associated with water uptake such as higher root biomass and increased Lp∗os were important to support leaf gas exchange under SST. In addition, changes in the nutrient profile appeared to correlate with improved overall plant performance, which has been demonstrated in other studies (Huang et al., 2016). Although progress is being made on the utilization of tomato wild relatives as a germplasm resource because of their demonstrated performance under cold environments (e.g., S. habrochaites) (e.g., Schwarz et al., 2010; Ntatsi et al., 2017), some commercial rootstocks could be used to mitigate the stress of early-season field plantings in cold soils. Further research on the relative importance of root morphology and architecture into the functionality of roots under abiotic stress and the development of genetic markers may help understand rootstock-scion interactions and assist farmers in selecting rootstock and cultivar combinations better suited to their local conditions.
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In stone fruit trees, resistance to Plum pox virus (PPV) can be achieved through the specific degradation of viral RNA by the mechanism of RNA interference (RNAi). Transgenic virus-resistant plants, however, raise serious biosafety concerns due to the insertion and expression of hairpin constructs that usually contain various selective foreign genes. Since a mature stone tree represents a combination of scion and rootstock, grafting commercial varieties onto transgenic virus-tolerant rootstocks is a possible approach to mitigate biosafety problems. The present study was aimed at answering the following question: To what extent are molecular RNAi silencing signals transmitted across graft junctions in transgrafted plum trees and how much does it affect PPV resistance in genetically modified (GM)/non-transgenic (NT) counterparts? Two combinations, NT:GM and GM:NT (scion:rootstock), were studied, with an emphasis on the first transgrafting scenario. Viral inoculation was carried out on either the scion or the rootstock. The interspecific rootstock “Elita” [(Prunus pumila L. × P. salicina Lindl.) × (P. cerasifera Ehrh.)] was combined with cv. “Startovaya” (Prunus domestica L.) as a scion. Transgenic plum lines of both cultivars were transformed with a PPV-coat protein (CP)-derived intron-separate hairpin-RNA construct and displayed substantial viral resistance. High-throughput sequence data of small RNA (sRNA) pools indicated that the accumulation of construct-specific small interfering RNA (siRNA) in transgenic plum rootstock reached over 2%. The elevated siRNA level enabled the resistance to PPV and blocked the movement of the virus through the GM tissues into the NT partner when the transgenic tissues were inoculated. At the same time, the mobile siRNA signal was not moved from the GM rootstock to the target NT tissue to a level sufficient to trigger silencing of PPV transcripts and provide reliable viral resistance. The lack of mobility of transgene-derived siRNA molecules was accompanied by the transfer of various endogenous rootstock-specific sRNAs into the NT scion, indicating the exceptional transitivity failure of the studied RNAi signal. The results presented here indicate that transgrafting in woody fruit trees remains an unpredictable practice and needs further in-depth examination to deliver molecular silencing signals.
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INTRODUCTION

Nowadays, commercial stone fruit trees are almost exclusively grafted. Primarily implemented as a method of accelerated propagation, grafting now achieves various goals in modern horticulture (Warschefsky et al., 2016). The proper combination of scion and rootstock, sometimes belonging to various species, enhances the productivity of fruit trees and increases the tolerance/resistance to biotic and abiotic stresses. Grafting also improves fruit quality and provides new superior or dwarf architecture to meet a variety of practical needs (Rugini et al., 2016). The interaction between scion and rootstock is bi-directional. Various constituents, including ions, nutrients, hormones, peptides/proteins, small organic molecules, and nucleic acids, have been shown to move across the graft union through the phloem and xylem (Albacete et al., 2015; Lu et al., 2020). As a result, grafting triggers new systemic signals that are able to interact with genes involved in metabolic processes, hormone signaling, the activity of transcription factors, physiological responses to environmental stimuli, and others (Albacete et al., 2015; Warschefsky et al., 2016; Lu et al., 2020).

Managing the rootstock-to-scion mobility of specific functional compounds is of particular interest, especially in the context of the rapid development of transgenic technologies. The entrance of genetically modified (GM) crops on the global agricultural market led to the emergence of a new scion:rootstock scenario named transgrafting. Transgrafting is defined as the combination of non-transgenic (NT) scion with genetically engineered (transgenic) rootstock, or vice versa (Song et al., 2015). Certainly for woody fruit species, the main transgrafting strategy is to use GM rootstock to support NT scion. Such transgrafted trees are primarily intended to increase the food security of biotech crops since the fruits harvested from a non-transgenic scion remain genetically unmodified (Lemgo et al., 2013). At the same time, fruit growers can benefit directly from the improved properties of GM rootstock, or indirectly from the transgene-derived molecular signals transmitted into the scion through grafting (Song et al., 2015). Additionally, the use of transgrafted plants can minimize concerns of transgene flow, as no transgenic pollen will arise from the floriferous NT scion. The reverse transgrafting strategy (GM scion on NT rootstock) is not as much of an interest for fruit growing, but it offers potential benefits from the cultivation of herbaceous root or tuber crops (Kyriacou et al., 2017).

The transgrafting scenario has already been applied to various perennial fruit crops, including apple (Smolka et al., 2010; Flachowsky et al., 2012; Artlip et al., 2016), sweet cherry (Zhao and Song, 2014; Rugini et al., 2015), grape (Vigne et al., 2004; Dandekar et al., 2019), plum (Nagel et al., 2010), walnut (Vahdati et al., 2002; Haroldsena et al., 2012; Liu et al., 2017), sweet orange (La Malfa et al., 2011), and blueberry (Song et al., 2019). The movement of transgenic components, such as RNAs, proteins, and phytohormones, from rootstock to scion has provided disease resistance in grape (Agüero et al., 2005; Dandekar et al., 2019), increased tolerance to viral infection in grape and sweet cherry (Vigne et al., 2004; Zhao and Song, 2014), altered plant size and morphology in sweet orange and apple (Smolka et al., 2010; La Malfa et al., 2011), and stimulated early flowering in blueberry (Song et al., 2019). On the other hand, mechanisms regulating the transmission of various transgene-derived signals are not completely understood. Various attempts to achieve transgraft-mediated effects in recipient scions were unsuccessful since the long-distance transmission of transgene-derived signals was not always detected in transgrafted woody plants. No translocation of RolB transcripts from transgenic rootstock to wild-type (WT) scion was found in apple (Smolka et al., 2010). Transgenic plum rootstock expressing the gene encoding Gastrodia antifungal protein (GAFP-1) was unable to translocate transgenic protein into NT scion (Nagel et al., 2010). No graft transmission of transgene-derived double-stranded RNA (dsRNA) was observed in mature apple plants (Flachowsky et al., 2012). In walnut, the trafficking of transgene-derived DNA, protein, and mRNA across the GM graft was not observed in vegetative tissues (Haroldsena et al., 2012). Besides, the transgrafting did not provide additional benefits, since a small amount of transferred content was found in the WT scions, sometimes only in specific tissues (Flachowsky et al., 2012; Haroldsena et al., 2012; Liu et al., 2017). Discrepancies in the mobility of transgenic components observed from one study to another indicate the complexity of transgene-derived signal trafficking. For this reason, it is not yet possible to accurately predict the real effect of planned transgrafting and it should be explored experimentally, considering the specifics of plant species, genetic construct, molecular targets, physiological behavior, etc.

In the present study, we developed transgrafted plum trees with the aim to increase the resistance of non-transgenic tissue to Sharka disease through signaling mediated by transgene-derived small interfering RNA (siRNA). Plum, like many other stone fruit trees, seriously suffers from attacks of Plum pox virus (PPV), the causal agent of Sharka disease (Scorza et al., 2013). PPV is a single-stranded RNA virus belonging to the Potyviridae family that is currently recognized as a quarantine pathogen easily transmitted by aphids in a non-persistent manner and by grafting. PPV has spread to all “green” continents and causes enormous losses in commercial orchards and private gardens. It affects the fruits of commercially cultivated stone fruits such as plums (P. domestica, P. salicina), apricots (P. armeniaca), cherries (P. avium and P. cerasus), peaches and nectarines (P. persica), almonds (P. dulcis), and other ornamental and wild Prunus species (Scorza et al., 2013). Unfortunately, Prunus species lack the natural genes for resistance, so interspecific grafting also fails to protect commercial orchards from PPV infection.

At the same time, the combination of modern genetic transformation methods with RNA interference (RNAi) technology may provide reliable viral resistance in plant species, while the original characteristics of transformed cultivars remain unchanged. Effective virus suppression could be achieved at the transcriptional level through the production of dsRNA by RNAi-eliciting constructs (Khalid et al., 2017; Limera et al., 2017). Currently, the most successful approach relies on the use of inverse repeat sequences from the viral genome to produce an abundant amount of hairpin dsRNA interfering with viral replication (Khalid et al., 2017). Expression of various transgenic construct-encoding PPV-derive self-complementary hairpin RNA (hpRNA) and intron-spliced hpRNA has been shown to successfully provide long-time resistance to various PPV strains in transgenic plum (Ilardi and Tavazza, 2015; Petri et al., 2018). An important characteristic of RNAi is the short- and long-distance mobility of the silencing signal through the graft junction (Kehr and Kragler, 2018). This rootstock-to-scion transitivity was found to be associated with mobile siRNA, which is formed in cells through cleavage of dsRNA (Liu and Chen, 2018; Choudhary et al., 2019; Zhang et al., 2019). Numerous studies revealed extensive exchange of endogenous and exogenous small RNA (sRNA), including siRNA and micro RNA (miRNA), in woody and herbaceous plant species between intra- and intergeneric grafts (Pyott and Molnar, 2015; Kyriacou et al., 2017; Kehr and Kragler, 2018; Liu and Chen, 2018; Choudhary et al., 2019; Zhang et al., 2019; Lu et al., 2020). This gives rise to an opportunity to design transgrafted plum trees eliciting an abundant amount of dsRNA/siRNA mobile signals in the transgenic rootstock to achieve PPV resistance in a scion. An important feature of such virus-resistant transgraft plants is that no foreign proteins will be produced and, therefore, delivered to the fruit, since the post-transcriptional silencing of viral genes is triggered by dsRNA (Lemgo et al., 2013).

Several reports have been published over the past decade describing some success in controlling viral resistance in transgrafted herbaceous and woody species. In tobacco (Nicotiana benthamiana), grafting onto transgenic stock expressing Potato spindle tuber viroid-derived hpRNAs attenuated viroid accumulation in NT scion (Kasai et al., 2013). Similarly, the RNAi silencing signal has been proven to communicate between transgenic tobacco rootstock and NT scion, and to confer viral resistance due to siRNA-mediated reduction of transcripts of endogenous tobacco genes NtTOM1 and NtTOM3 recruited by tobamovirus to support multiplication (Md Ali et al., 2013). The transgrafting of sweet cherry “Gisela 6” (P. cerasus × P. canescens), a species closely related to plum from the Prunus genus, on transgenic rootstock expressing hairpin sRNA specific to the genomic sequence of Prunus necrotic ringspot virus (PNRSV) resulted in increased vitality of NT scion (Zhao and Song, 2014). Resistance to PNRSV was associated with an increased amount of 24 nt siRNA, sourced from the GM rootstock producing it in large quantities. In grapevine (Vitis vinifera), grafting onto transgenic lines expressing the coat protein gene from Grapevine fanleaf virus (GFLV) resulted in partial resistance to a natural viral infection in some non-transgenic scions; however, no correlation between resistance and transgene mRNA accumulation or CP expression level has been found among resistant and susceptible transgenic lines (Vigne et al., 2004).

Thus, to achieve viral resistance through graft delivery of transgene-derived RNAi-mediated signals, we focused on designing transgrafted composite plum trees that mimic conventional fruit trees consisting of plum cultivar and interspecific rootstock. Previously, we generated transgenic plum cv. “Startovaya” (Prunus domestica L.) that overexpressed hairpin RNAi construct containing self-complementary intron-spliced fragments of the PPV-CP gene sequence (Dolgov et al., 2010; Sidorova et al., 2019). As evaluated by regular visual inspections and molecular diagnosis, all tested transgenic GM plum trees showed stable resistance over 10 years after artificial inoculation with PPV (Sidorova et al., 2019). Using the same RNAi construct, we recently generated transgenic plants of interspecific plum rootstock “Elita” [(Prunus pumila L. × P. salicina Lindl.) × (P. cerasifera Ehrh.)]. Although the produced transgenic events have been molecularly characterized (Sidorova et al., 2018), no data concerning the resistance of transgenic plum rootstock to PPV were available. To understand whether the RNAi silencing signals can move from transgenic rootstocks to WT scions and contribute to resistance, we challenged transgenic plants of the plum rootstock with PPV and confirmed their ability to withstand the viral attack. After that, we conducted grafting experiments, produced various non-transgenic and transgenic scion:rootstock combinations, infected plants with PPV, analyzed viral resistance, and sequenced and then profiled PPV-specific siRNA in samples of GM and NT tissues. We found that transgrafting was not successful in promoting PPV resistance in non-transgenic scions, as few siRNA reads corresponding to the hpRNA construct were discovered. In contrast, an abundant transgene-derived siRNA population was detected in GM rootstock correlating with robust viral resistance.



MATERIALS AND METHODS


Transgrafting

The plant material for transgrafting consisted of the semi-dwarf rootstock “Elita” [(Prunus pumila L. × P. salicina Lindl.) × (P. cerasifera Ehrh.)] and the cultivar “Startovaya” (Prunus domestica L.). All transgenic material of “Startovaya” was derived from the event RNAi1, which was described in our previous study (Sidorova et al., 2019). The transgenic plant material of rootstock “Elita” was derived from events RNAi1 and RNAi2, which were generated in our previous study (Sidorova et al., 2018) and characterized for virus resistance in the present study. All transgenic events successfully expressed the hpRNA construct consisting of the self-complementary fragments (698 bp) of the CP gene sequence of PPV-D (NCBI accession number: D13751.1) separated by a PDK intron, under the modified CaMV 35S promoter (Dolgov et al., 2010).

Four scion:rootstock (“Startovaya”: “Elita”) combinations were designed involving transgenic (noted as GM) and non-transgenic (noted as NT) plant material (Figure 1A). Transgraft combinations were included the conjunction of transgenic “Startovaya” as scions with NT “Elita” as rootstocks (GM:NT, combination B); conversely, NT scions were also grafted on transgenic rootstocks (NT:GM, combination D). Additionally, non-transgenic (NT:NT, combination A) and transgenic (GM:GM, combination C) scion:rootstock pairs were produced. All NT and GM rootstock plants were obtained from in vitro virus-free shoots. They were cultured, rooted, and transplanted to a greenhouse as described (Sidorova et al., 2017), and grown during 2017. In August 2018, the 1.5-year-old rootstock shoots were grafted by T-budding with the appropriate GM or NT scion using a standard piece of stem with an axillary bud, taken from budwoods of the same age. Two buds were grafted on the individual rootstock shoot to ensure the production of a composite plant (Figure 1C). Grafted plants were further cultivated in a greenhouse as described (Sidorova et al., 2019), subjected to chilling during the winter, and allowed to develop shoots from the grafted scion buds (Figure 1D). Prior to inoculation, one of the scion shoots (weaker) was cut off according to the common grafting practice.
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FIGURE 1. Transgrafting experiments in plum. (A) Schematic illustration of four scion:rootstock (“Startovaya”: “Elita”) combinations which involved transgenic (GM) and non-transgenic (NT) plant material. Transgenic lines of “Startovaya” and “Elita” used for transgrafting expressed hairpin RNA (hpRNA) construct consisting of self-complementary intron-separated fragments of the Plum pox virus (PPV) coat protein (CP) gene sequence driven by enhanced 35S promoter. (B) Types of viral inoculation of composite plum trees with PPV-infected buds. The individual trees of all scion:rootstock combinations were inoculated by T-budding on either scion (I) or rootstock (II); uninfected trees were left for comparative tests (0). (C) Transgenic rootstock “Elita” grafted with non-transgenic “Startovaya” buds; 2-year-old plant after chilling period. (D) Transgrafted plum at the end of vegetative season consisting of surviving rootstock branch and two well-developed scion branches grown from grafted “Startovaya” buds. (E) Transgrafted tree (GM scion:NT rootstock) with two infected shoots (“grafts”) grown out from PPV-positive buds grafted on the rootstock, end of third vegetative season. (F) Transgrafted tree consisting of the three types of branches representing scion (NT “Startovaya”), rootstock (GM “Elita”), and infectious grafts grown from PPV-infected bud on scion.




Analysis of Infected Plants

At the first stage of research, before creating transgrafted plum trees, it was necessary to make sure PPV-infected transgenic lines RNAi1 and RNAi2 of rootstock “Elita” were tested for virus accumulation through observation of symptoms, standard Double Antibody Sandwich ELISA (DAS-ELISA), and reverse transcription PCR (RT-PCR). Leaf samples were collected from infected plants and from shoots developed from grafted buds (if available) three times per growing season. ELISA was carried out as described (Sidorova et al., 2019) using a Loewe Biochemica kit (Loewe Biochemica GmbH, Germany). Absorbance values at 415 nm were measured using an iMark Microplate reader (Bio-Rad, United States).

For quantitative RT-PCR (qRT-PCR) analysis, total RNA was isolated from leaves as described (Meisel et al., 2005). cDNA was generated from 5 μg of the total RNA using RevertAid Reverse Transcriptase (Thermo Scientific, Lithuania). Viral genomic components including helper component proteinase (HC-Pro) and RNA-dependent RNA polymerase (RdRp) genes were detected using two sets of primers. For detection of a 442 bp fragment of HC-Pro gene, the primers 5'-gtc-tct-tgc-aca-aga-act-ata-acc-3' and gta-gtg-gtc-tcg-gta-tct-atc-ata-3' were used. Amplification of a 1018 bp fragment of RdRp gene was performed using specific primers 5'-gaa-gga-aat-ttg-aaa-gca-gtt-ggagc-3' and 5'-cat-tca-cra-art-acc-grc-aaa-tgc-a-3'. To verify the RNA quality and reaction efficiency, primers specific to the endogenously expressed plum actin1 gene, 5'-tgt-ggc-tcc-aga-aga-aca-tcc-agt-tc-3' and 5'-gaa-aag-tac-ttc-tgg-gca-gcg-gaa-ac-3', were used.

Western blot analysis was carried out using rabbit polyclonal antibodies (IgG) to PPV coat protein from the Loewe Biochemica kit (Loewe Biochemica GmbH, Germany); antibody was diluted 1:500. Anti-rabbit IgG conjugates with alkaline phosphatase (1:3000; Pierce, United States) was used as secondary antibody. The total protein solution (35 μl) from the leaves of analyzed plants was extracted as described (Sidorova et al., 2019), separated on 12.5% SDS-PAGE, and transferred onto NC membrane (Bio-Rad, United States) by tank transfer. The membrane images were developed by a Novex®AP chromogenic substrate (Thermo Fisher Scientific, United States).

Plum pox virus accumulation in tissues of composite and transgrafted plum plants was evaluated by ELISA and qRT-PCR. Leaf samples for ELISA were collected three times after 1.5 months of cold-induced dormancy in February, March, and April 2020 from all inoculated plants. Depending on the availability of leaf material, leaf extracts were prepared from the scion part, the rootstock part, and shoots (noted as “graft”) developed from grafted infected buds.

Viral RNA accumulation was studied with qRT-PCR in triplicate using SYBR Green qPCR SuperMix (Thermo Fisher Scientific) and run on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems). Specific primers for viral RNA detection were 5'-tcg-gac-cca-atg-caa-gtg-ta-3 and 5-gtt-tgc-ctg-ggt-cgg-agt-ag-3'. The results were normalized to the housekeeping gene Nad5 using the primers 5'-gat-gct-tct-tgg-ggc-ttc-ttg-tt-3' and 5'-ctc-cag-tca-cca-aca-ttg-gca-taa-3' (Menzel et al., 2002). Raw PCR data were analyzed using QuantStudio TM Design and Analysis (Applied Biosystems, Thermo Fisher Scientific, United States).



Small RNA Analysis

Total RNA was extracted from young leaves (1 g) using an acid guanidinium thiocyanate-phenol-chloroform extraction method as described (Chomczynski and Sacchi, 2006). To enrich the fraction of sRNA, extracted total RNA was incubated overnight at 4°C with 4М LiCl (1:1 v:v) solution and then centrifuged (10,000 g) for 15 min at 4°C to precipitate the high-molecular-weight nucleic acids. The remaining supernatant containing the low-molecular-weight RNA was then mixed with cold-ice 96% (v/v) ethanol and stored overnight at −20°C. The low molecular weight RNA was collected by centrifugation at 10,000 g for 15 min at 4°C and washed twice with 80% (v/v) ethanol, and the remaining pellet was then resuspended in diethyl pyrocarbonate (DEPC)-treated water.

Libraries of sRNA were prepared using the Illumina TruSeq Small RNA Sample Preparation Kit (Illumina, United States). The pooled libraries were sequenced (read length 50 bp) using the Illumina HiSeq 2500 platform. The number of obtained sRNA reads for each sample is presented in Supplementary Table 1.

The quality of sRNA reads was checked by FastQC1 and high-quality reads were aligned to the PPV RNA genome sequence (NCBI accession number: D13751.1) and to the hairpin PPV-RNAi sequence. Alignment was carried out by ShortStack 3.8.5 (Axtell, 2013) with default settings. For analysis of de novo annotated small RNA clusters, data from the “Counts” ShortStack file were used. To determine the distribution of sRNA along the PPV-hpRNAi construct and PPV RNA genome sequences, sRNA reads of individual samples were aligned by ShortStack 3.8.5 (Axtell, 2013) to get BAM files. Then, the BAM files were used for coverage calculation using the bedtools coverage command (Quinlan, 2014) with “-d –s” parameters. Data visualization was performed in Rstudio version 1.2.13352 with R version 3.6.0. using ggplot23 and ComplexHeatmap (Gu et al., 2016) packages.

To identify the endogenous small RNA transferred from transgenic “Elita” rootstocks to non-transgenic “Startovaya” scions, several criteria were used: (1) The expression of transferred sRNA in samples of wild-type rootstock “Elita” and two transgenic “Elita” lines was above the median expression of all sRNAs in the corresponding samples. (2) The expression of transferred sRNA was discovered in all samples, including wild-type “Elita,” two transgenic “Elita” lines, and four “Startovaya” scions grafted on transgenic “Elita” lines. (3) sRNA expression was not detected in the wild-type “Startovaya” sample. (4) The expression of transferred sRNA in four “Startovaya” scions grafted on transgenic “Elita” rootstocks lines was above the median expression of all sRNAs detected in wild-type “Startovaya.” Rootstock “Elita”-specific sRNA clusters were defined as those with above the median expression in all rootstock samples, including wild-type “Elita” and two transgenic “Elita” lines, RNAi1 and RNAi2. Detailed information concerning the analyzed sRNA samples is presented in Supplementary Table 1.




RESULTS


Evaluation of Resistance to PPV in Transgenic Plum Rootstock Lines

At the first stage of research, before creating transgrafted plum trees, it was necessary to make sure that the previously generated transgenic rootstock “Elita” was reliably resistant to PPV. To protect rootstock plants from viral attack, the pCamPPVRNAi vector, containing an intron-spliced sequence of the PPV CP protein (Dolgov et al., 2010), previously used to produce PPV-resistant “Startovaya” plants (Sidorova et al., 2019), was introduced into the “Elita” genome. Two independent transgenic lines, RNAi1 and RNAi2, were generated via Agrobacterium-mediated transformation of leaf explants (Sidorova et al., 2018) to retain the original features of the rootstock. To evaluate viral resistance, the greenhouse-grown transgenic RNAi1 and RNAi2 lines were challenged with the PPV-M strain (NCBI accession number: AJ243957.1) by graft inoculation of 1-year-old plants (Figure 2A).

After the first cold-induced dormancy, visible symptoms of virus infection were found on the leaves of surviving infected grafts and the leaves of non-transgenic “Elita” plants (Figure 2B) challenged in parallel with the transgenic rootstock. All individual transgenic plants of RNAi1 (n = 9) and RNAi2 (n = 8) infected with virus-containing buds did not display the characteristic symptoms of PPV infection (Figure 1B) during the two vegetative seasons. After the second cold-induced dormancy, four of the individual infected RNAi1 and RNAi2 plants were analyzed by ELISA, showing nearly equally low optical density (OD) values for infected transgenic and non-infected NT “Elita” plants. In contrast, the protein extracts taken from leaves of infected non-transgenic “Elita” plants and from leaves of surviving infected grafts showed significantly higher OD values (Figure 2C).
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FIGURE 2. Analysis of transgenic lines of plum rootstock “Elita” for resistance to PPV. (A) Two transgenic plum trees (RNAi2) with infectious grafts developed from infected buds, during second vegetative season after inoculation with PPV by T-budding. (B) Visual monitoring for symptoms of PPV infection on transgenic (RNAi1) and non-transgenic (NT “Elita”) rootstock plants 2 years after viral inoculation. (C) Double Antibody Sandwich ELISA (DAS-ELISA) assay applied to leaves of PPV-inoculated plants. WT, uninfected wild-type rootstock; WTinf, PPV-infected non-transgenic rootstock plant. 1b, 1c, 1g, 1e, and 1j are individual plants of transgenic line #RNAi1; 2a, 2b, 2c, and 2d are individual plants of line RNAi2. OD values are presented for infectious shoots (“infected grafts”) grown from infected buds on WT and various individual transgenic plants of RNAi1 and RNAi2 lines. Means with the same letter in the column have no significant differences according to Duncan’s multiple range test (p < 0.05); (D) Example of reverse transcription PCR (RT-PCR) assay of transgenic plum rootstock lines infected by PPV. Amplification of specific fragments of PPV HC-Pro (442 bp) and RdRp (1018 bp) genes is shown; endogenous plum actin gene (502 bp) is used as reference gene. M, DNA marker; C−, uninfected rootstock plant; C+, infected wild-type plant. 1b, 1e, and 1g are individual plants of transgenic rootstock line RNAi1; 2a and 2e are individual plants of transgenic rootstock line RNAi2; G1b is infectious graft on RNAi1 1b plant; G2a and G2e are infectious grafts on RNAi2 2a and 2e plants. (E) Western blot analysis of protein extracts collected from transgenic plum rootstock plants using an antibody to PPV CP. M, marker; C−, uninfected rootstock plant; C+, infected wild-type plant. 1b, 1c, 1g, 1e, and 1j are individual plants of transgenic rootstock line RNAi1 infected with PPV; 2a, 2b, 2c, 2d, 2e, and 2e are individual plants of transgenic rootstock line RNAi2 infected with PPV; G1b is infectious graft on RNAi1 1b plant.


Viral infection was also tested by RT-PCR (Figure 2D) using the primers designed for the detection of fragments of viral genes, such as HC-Pro and RdRp. The presence of the viral genome in total RNA extract was confirmed only in the sample of infected non-transgenic “Elita” plant and in samples of surviving infected grafts (Figure 2D). Western analysis with an antibody directed against the coat protein of PPV showed that it was not detectable in the protein extracts of all infected plants of RNAi1 and RNAi2 events, but the PPV virion was abundant in the PPV-positive non-transgenic “Elita” and in the graft grown from infected bud (Figure 2E). The healthy phenotype observed in infected rootstock plants expressing hpRNAi construct allowed us to start studying viral resistance in transgrafted plum plants.



Virus Resistance Assay of Transgrafted Plum Trees

Two types of transgrafted trees were designed. Attention was mainly focused on to the plum plants when wild-type NT scion (cv. “Startovaya”) was grafted on the PPV-resistant transgenic rootstock (RNAi1 “Elita” event). Additionally, trees consisting of the transgenic scion (RNAi1 “Startovaya” line) grafted on the NT rootstock (cv. “Elita”) were designed. All transgenic parts of transgrafted trees, both scion and rootstock, expressed the same hpRNAi construct. For comparative evaluation, two groups of composite trees were also produced. One of the represented plants consisting of NT scion and NT rootstock, and the other consisted of composite trees where both scion and rootstock were transgenic. Overall, 28 transgrafted and composite trees were produced (Supplementary Table 2); 20 trees were challenged with PPV by inoculation of either the scion or the rootstock (Figure 1B). Ideally, the analyzed trees consisted of the three types of branches representing scion, rootstock, and the graft grown from the PPV-infected bud (Figure 1F). In some trees, however, the original branches of rootstocks did not survive (Figure 1E) after the two rounds of grafting (first by scion and then by infected buds). As expected, the grafted infected buds usually sprouted poorly or produced only a few leaves. Altogether, this restricted the sampling for ELISA tests from rootstocks and grafts during the entire growing season, while scion samples were constantly available from all the trees. Collectively, ELISA tests were performed three times during the vegetation period using all available leaf material. The data summarized across the four scion:rootstock combinations are presented in Figure 3.

[image: Figure 3]

FIGURE 3. Detection of PPV accumulation in composite and transgrafted plum trees by ELISA. Leaf samples were collected three times after 1.5 months post-cold-induced dormancy in February, March, and April 2020 from all inoculated trees. Depending the availability of leaf material, leaf extracts were prepared from scion part, rootstock part, and shoots developed from grafted infected buds. Four combinations were included: (B) non-transgenic (NT scion:NT rootstock) trees; (C) transgrafted trees consisting of transgenic “Startovaya” line as scion and non-transgenic “Elita” as rootstock (GM scion:NT rootstock); (D) non-transgenic “Startovaya” scion grafted on transgenic “Elita” rootstock (NT scion:GM rootstock); and (E) completely transgenic combination of “Startovaya” and “Elita” (GM scion:GM rootstock). (A) Additionally, PPV-free and PPV-infected plants of cvs. “Startovaya” (scion) and “Elita” (rootstock) were used for comparison. Plants of each combination were challenged with PPV by T-budding on either scion or rootstock. All transgenic material of “Startovaya” and “Elita” expressed the same hpRNA construct consisting of self-complementary intron-separated fragments of PPV-CP gene sequence driven by enhanced 35S promoter. In each of scion:rootstock combinations, OD values were compared with average OD value of samples taken from non-inoculated scion through an unpaired t-test with Welch’s correction: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0005; NS, non-significant.


As expected, unambiguous signs of PPV infection were found on leaves of the NT:NT (scion:rootstock) combination, where all parts of the tree were non-transgenic. Despite significant seasonal fluctuations of the individual values in some samples, infection was confirmed by high ELISA values in all analyzed extracts including scions, rootstocks, and grafts (Figure 3B). Regardless the type of inoculation (scion or rootstock), the OD values were very close to the values detected in the leaves of previously infected PPV-positive “Startovaya” and “Elita” trees (Figure 3A). It was evident that the virus was easily transmitted into NT rootstock after the grafting of infected buds on NT scion. Even though we could not test the inoculated rootstock because of the lack of branches, ELISA of scion leaves revealed a clear viral spread into the upper part of the tree (Figure 3B). Altogether, the data confirm the bi-directional transmission of PPV in experimental NT:NT plum trees.

Periodic ELISA sampling of completely transgenic trees found that no virus transmission occurred from inoculated scion and inoculated rootstock (Figure 3E). The rootstock and scion remained free of infection and displayed low OD values, equal to uninfected plants. At the same time, an increased ELISA absorbance value was present in the leaves of infected grafts.

Transgrafting scion expressing the hpRNAi construct onto NT rootstock (combination B) prevented virus transmission from the PPV-inoculated scion, since PPV was not detected in the rootstock during the growing season, either visually or by ELISA test (Figure 3C). When NT rootstock was inoculated with PPV, the transgenic scion remained ELISA-negative, while the graft displayed very high OD values. Unfortunately, the NT rootstocks challenged with the virus did not produce branches, so the data concerning the virus accumulation in the leaves of NT rootstock are not available. Once during the growing season, bark samples were taken from NT rootstocks of the trees B4 (inoculated GM scion) and B2 (inoculated NT rootstock) and analyzed serologically for viral infection. ELISA failed to detect PPV in the tissue of the B4 rootstock (OD415 = 0.09), while in the stem tissue of the B2 rootstock the accumulation of virus was confirmed by higher ELISA values (OD415 = 0.39).

The analysis of transgrafted trees consisting of GM rootstock and NT scion (combination D) showed that the rootstock-to-scion movement of PPV did not occurr. Even under the permanent input of the virus from infected grafts, the inoculated transgenic rootstock showed no ELISA-detectable level of infection (Figure 3D). Consequently, the NT scions also remained ELISA negative and showed no signs of Sharka disease in the case of inoculation of the GM rootstock. When NT scions of NT:GM transgrafted trees were infected with PPV-containing buds, typical disease symptoms appeared on the leaves of NT scions. There was no clear difference in PPV incidence among infected NT scions (Figure 3D) and the PPV-positive “Startovaya” tree used as a source of infected buds (Figure 3A). The mean ELISA values for leaf samples of NT scion were 0.44 (tree D4) and 0.65 (tree D5), fluctuating above 1.00 in individual samples, which was significantly higher the threshold level. The observed ELISA absorbance values were similar to those of the PPV-positive “Startovaya” tree displaying obvious viral symptoms over several years (OD415 = 0.99), as well as those of NT scions of NT:NT combination infected in the same way (OD415 = 0.69; Figure 3B). Nevertheless, the transgenic rootstock of transgrafted NT:GM trees were ELISA negative (OD415 = 0.04) throughout the time of sampling.

To validate the data of ELISA analysis, leaf samples from three scion:rootstock combinations (NT:NT, NT:GM, and GM:GM) were randomly chosen from trees A6, A7, D4, D2, C5, and C1 for extraction of total RNA to conduct RT-qPCR analysis, a technique that is much more sensitive in detecting PPV than ELISA. As the viral RNA is not normally present in the plant cells, the PPV-positive “Startovaya” extracts served as reference samples. As expected, RT-qPCR confirmed the presence of viral RNA in all analyzed samples taken from NT:NT trees; the level of viral RNA accumulation in the scion, rootstock, and graft did not differ statistically from that of PPV-positive “Startovaya” and “Elita” trees (Figure 4). By RT-qPCR, viral RNA was not present in all transgenic parts of NT:GM and GM:GM trees. The relative level of PPV RNA accumulation was thousands of times lower than in the PPV-positive reference samples, and was not significantly different from that of PPV-free “Startovaya” and “Elita” trees (p > 0.01). The analysis of transgrafted trees showed that the transgenic rootstock, expressing the self-complementary hpRNA construct was a reliable barrier for the systemic spread of PPV, since the accumulation of viral RNA was found only in shoots grown from PPV-infected buds grafted on the GM rootstock. At the same time, overexpression of the PPV-hpRNAi construct by cells of the transgenic rootstock did not promote the PPV resistance in the NT scion. According to RT-qPCR data, the level of viral RNA accumulation in the leaves of NT scion inoculated with PPV was as high as in the samples of the PPV-positive “Startovaya” tree (Figure 4).
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FIGURE 4. Relative quantification of accumulation of PPV RNA in total RNA samples extracted from composite and transgrafted plum trees representing three scion:rootstock combinations. Leaf samples were randomly collected in the middle of vegetative period from trees A6, A7, D4, D2, C5, and C1. PPV-positive “Startovaya” extracts served as reference samples. Statistical significance of differences (p < 0.05) between groups was tested using one-way ANOVA. Means with the same letter in the column have no significant differences according to Turkey’s multiple range test (p < 0.05).




Analysis of Transgene-Induced and Endogenous sRNA

As the presence of specific sRNA is the hallmark of the activation process of viral RNA silencing, we further analyzed the profiles of transgene-induced siRNA by sequencing sRNA pools derived from non-infected NT scions grafted on transgenic rootstocks. Samples of sRNA pools were taken from NT scions (“Startovaya”) grafted on two transgenic “Elita” rootstocks, RNAi1 and RNAi2. Samples were collected from two independently transgrafted plants of each transgenic event. The sRNA reads were mapped to the PPV-genomic RNA and the hairpin PPV-RNAi sequence of pCamPPVRNAi vector. The profiles were compared with sRNA profiles of transgenic RNAi1 and RNAi2 events, and with those of non-transformed “Elita” and “Startovaya” plum trees (Figure 5A).
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FIGURE 5. Transgenic-derived and endogenous small RNA (sRNA) profiling. (A) Distribution of sRNAs along PPV-hpRNAi construct and PPV-D RNA genome (PPV RNA) sequences. sRNAs of eight samples are shown including two non-transgenic cultivars, “Startovaya” and “Elita,” two transgenic rootstock “Elita” lines (Elita_RNAi1 and Elita_RNAi2), and four “Startovaya” non-transgenic scions grafted on transgenic rootstocks Elita_RNAi1 (St_RNAi1#1 and St_RNAi1#2) or Elita_RNAi2 (St_RNAi2#1 and St_RNAi2#2; NT scion: GM rootstock transgraft combination). (B) Heatmap of expression values of rootstock-specific endogenous sRNAs in samples described in (A).


The analysis revealed that both GM rootstock lines successfully generated transgene-derived sRNA due to overexpression of the introduced hairpin cassette. In total, 20380.0 and 13273.5 reads per million sequencing reads (rpm) of sRNA (20–24 nt) specific to the hairpin construct and genomic RNA of PPV, respectively, were detected in the sRNA pool of the RNAi1 event (Table 1). The most prevalent sRNA type was 21 nt, constituting 73% of the total mapped sRNA reads. For RNAi2, higher amounts of specific sRNA were detected, 30547.6 rpm for the PPV-hpRNAi construct and 15509.6 rpm for the PPV RNA genome. In both transgenic lines of rootstock, the distribution of sRNA along the target sequences was random relative to the introduced hairpin construct, with a prevalence of reverse sequences (Figure 5A). The mapping showed that position 70–95 nt on the hairpin arm yielded the most abundant sRNA (Figure 5A). In general, the same peak was characteristic for all samples, but the total number of reads in extracts of RNAi1 and RNAi2 “Elita” events was several orders of magnitude higher than in extracts of non-transformed “Elita” (Figure 5A). Concerning the genomic RNA of PPV, reads were distributed in the 8579–9272 bp region specific to the CP gene sequence, which was used as an arm for designing the intron-spliced hairpin structure in the pCamPPVRNAi vector.



TABLE 1. Number of sRNA reads from eight samples* of sRNA pools aligned to hpRNAi construct and PPV-D RNA genome sequences.
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The sRNA pools derived from extracts of non-transformed “Elita” and “Startovaya” plants contained 10.6 and 29.3 rpm, respectively, of endogenous sRNA coinciding with regions of the hpRNAi construct. A few reads were also mapped to the regions of PPV RNA sequence, including 5.3 and 18.2 rpm in sRNA pools of “Elita” in sRNA pool of “Startovaya,” respectively (Table 1). The low portion of such reads in non-transgenic plum samples indicates that the sequencing errors are reliable for profiling transgene-derived siRNA.

The sequencing of sRNA pools extracted from two NT scions grafted on the RNAi1 rootstock plants showed the presence of 10.1–11.2 rpm matching the PPV RNA genome and 16.9–21.2 rpm matching the intron-spliced hairpin structure (Table 1). It was evident that the number of sRNA reads mapped to hairpin arms of a vector remained low, as the same amount (or even more) was found in the extracts of non-transgenic “Elita” and “Startovaya” plants. Analysis of sRNA pools isolated from the two non-transformed scions (samples 1 and 2) grafted on the RNAi2 event revealed some discrepancies between the two analyzed samples. While sample 1 showed a low siRNA level (26.6 rpm), the accumulation of siRNA in sample 2 was nearly 8 times higher (210.8 rpm; Figure 5A; Table 1). In any case, the hpRNA-specific siRNA represented only 0.005% of the overall sRNA pool of the NT scion, while the portion of transgene-derived sRNA in transgenic rootstock line RNAi2 was more than 2%. Thus, the transfer of transgene-derived sRNA from rootstock to scion was negligible in our experiments.

Since the scion (“Startovaya”) and the rootstock (“Elita”) of transgrafted trees belonged to different plum species, we examined the possibility of transferring the rootstock-specific endogenous sRNA into the scion using the data from de novo annotation of small RNA clusters. A total of 78,651 sRNA clusters were identified, and 1,287 of them were expressed with >1 rpm exclusively in rootstock samples, both GM and NT (Figure 5B). Comparable analysis of sRNA pools of scions and rootstocks revealed that sRNAs from 78 (5.1%) “Elita”-specific clusters were detected in scions, suggesting that these sRNAs were transferred from the rootstock (Figure 5B). Hence, the rootstock-to-scion sRNA transfer was not blocked in the analyzed transgrafted plants.




DISCUSSION

In plants, various multiple silencing factors may participate in antiviral defense (Duan et al., 2012). Among them, the mobile siRNA signal has been proved to play a critical role in protecting plant cells from attacks of viral RNA molecules (Khalid et al., 2017). With the help of dsRNA-producing construct targeting the specific PPV sequence, we significantly elevated the amount of virus-specific siRNA in transgenic rootstock “Elita.” Accumulating in the cells to a level of 2% of the total amount of sRNA, the transgene-derived siRNA conferred durable resistance to PPV. Previously, the same construct also provided unbreakable viral resistance for European plum “Startovaya” (Sidorova et al., 2019), indicating that the siRNA signals produced by this construct can be universally used by various transgenic plum species and varieties. The encouraging results prompted us to create plum trees combining transgenic/non-transgenic tissues of “Startovaya” and “Elita.” Despite a certain limitation in the number of individual trees infected with the virus, the expression of silencing siRNA transcripts in transgenic tissues was undoubtedly a reliable barrier to the further spread of the virus to NT graft partners. The accumulation of virus-specific siRNA in transgenic scion or transgenic rootstock effectively prevented the movement of virus in both directions, from the inoculated GM scion to the NT stock, and from the inoculated GM stock to the NT scion. The observed results cannot be related to the combinatorial effects between scion and rootstock, since the virus did not encounter any obstacles to spreading when analogous non-transgenic trees were infected in either the upper or lower parts.

The dsRNA/siRNA silencing signals produced by transgenic tissues have repeatedly been reported to show mobility through graft unions in herbaceous and woody plants (Pyott and Molnar, 2015; Kyriacou et al., 2017; Kehr and Kragler, 2018; Liu and Chen, 2018; Choudhary et al., 2019; Zhang et al., 2019). Based on this, we expected to trigger RNAi-mediated resistance in inoculated NT scion through grafting on transgenic rootstock, abundantly accumulating transgene-derived siRNA molecules. In the present study, repeated molecular and visual diagnosis could not verify that the leaves of NT scions from transgrafted plum trees displayed any signs of resistance, even partial. Virus particles easily migrated from infected grafted buds to the NT scion. The level of viral accumulation, detected by ELISA and RT-qPCR, was in general equal to the viral infection of NT trees and separately infected control plants. Similarly, when NT rootstock was combined with GM scion, the reverse transgrafting also failed to protect inoculated NT rootstock from the viral infection.

Small RNA deep sequencing indicated that most of the analyzed NT scions of transgrafted trees had a very low level of transgene-induced siRNA. The lack of PPV resistance was due to the insufficient transfer of transgene-derived silencing signal from GM rootstock to NT scion. The minor translocation of transgene-specific siRNA was detected in one of the NT scion samples, but it also seemed to be insufficient to stimulate active RNAi-mediated silencing and protect NT tissues from viral attack in plum. This result contradicts the research of Zhao and Song (2014), who reported that transgene-derived mobile siRNA silencing signals of a GM rootstock were able to protect NT scion of sweet cherry from infection with PNRSV. In sweet cherry, close relative woody species, the graft-transmissible movement of PNRSV-hpRNA-derived siRNAs (20–21 nt) reached 187–199 reads. The accumulation of construct-specific siRNA in transgenic plum rootstock was significantly higher (20,380–30,547 rpm) than in transgenic cherry rootstock (1,925–2,856 rpm); however, transitive silencing in plum was not achieved. At the same time, the transgenic rootstock demonstrated the ability to transport into the scion tissues a pool of various unique sRNAs, which are characteristic to the rootstock “Elita” and not naturally produced by “Startovaya.” At the very least, this observation indicates that the transport of endogenous sRNA from the rootstock to the scion occurred in our study at a high level, which is equal to that observed in recent research examining heterografts between highly compatible scions and rootstocks of sweet cherry (Zhao et al., 2020).

Our results are more consistent with those of Flachowsky et al. (2012), who reported that the graft transmission of RNAi silencing signal did not occur in greenhouse-grown apple (Malus spp.), another member of the Rosaceae woody tree family. Similarly, in walnut, mobilization of transgenic siRNA across the graft into NT leaves was also not detected (Haroldsena et al., 2012). Flachowsky et al. (2012) hypothesized that the physiological and morphological transition from herbaceous-like tissues (in vitro) to a woody-like tissues (ex vitro, greenhouse) due to lignification process would negatively influence the systemic transport of silencing signals. This factor can certainly influence the transitivity, as various transgrafted woody species, including plum, had apparent problems with the transition of siRNA and other transgene-derived content (protein and mRNA) across the graft union (Nagel et al., 2010; Smolka et al., 2010; Haroldsena et al., 2012; Liu et al., 2017). A lack of siRNA transitivity was also reported for herbaceous transgfrafts of tomato and tobacco (Haroldsena et al., 2012; Tzean et al., 2020). No doubt, the contradictory data can be attributed to the differences between plant species, the transgenic construct, and the targeted sequence (exogenous infecting virus or endogenous gene transcripts). However, those common factors do not explain the lack of long-distance communication between graft partners in plum concerning transgene-derived siRNA populations.

Evidence from previous transgrafting reports indicates that maintaining some leaves in a transgenic rootstock is necessary to provide mobility of transgene-derived molecules such as FLOWERING LOCUS-induced florigenic signals. Unsuccessful attempts to alter the scion flowering regime in various species were associated with transgrafting on leafless GM rootstocks (Wenzel et al., 2013; Walworth et al., 2014; Bull et al., 2017). When the leafy or branched plants of transgenic tobacco (Walworth et al., 2014), jatropha (Ye et al., 2014), and blueberry (Song et al., 2019) were used as graft rootstocks, the systemic signal that regulates growth and flowering time was successfully achieved in NT scions. The cultivation of traditional woody trees suggests that only scions develop branches, while rootstocks never produce leaves. In our study, a high accumulation of transgene-derived siRNA was confirmed in the extract of the branched transgenic rootstock. The rootstock part of transgrafted plum plants did not produce a lot of leaves, since only one branch was left for the experiments, if available. Although we used the strong constitutive CaMV 35S promoter to express hairpin construct in all plum tissues, it can be assumed that the expression level in nearly leafless rootstock was not sufficient to provide enough mobile silencing signals. Unfortunately, we could not confirm or disprove this supposition, as the reverse transgrafted trees (GM scion:NT rootstock) lacked rootstock branches to analyze scion-to-rootstock transport.

At the same time, our long experience with transgenic PPV-resistant trees of “Startovaya” showed that the PPV-infected NT branches grafted on the GM plants had never recovered from Sharka disease. The presence of a significant number of transgenic leaves did not prevent the annual appearance of viral symptoms on infected NT grafts even after a decade of solid connection between the vascular systems of mature GM trees and infected NT grafts (Sidorova et al., 2019). It is unlikely that more leaves producing PPV-specific dsRNA precursors can completely cure heavily infected tissue, but it is likely to reduce the total amount of virus in infected tissues to some extent. This assumption requires further study using transgrafted plants produced in the present study.

Although the mechanisms determining the upward and downward mobile silencing are still largely unknown and may be different in various plant species, numerous independent studies confirmed that transgene-induced silencing signals traveled systemically through the phloem (Pyott and Molnar, 2015; Song et al., 2015; Yang et al., 2015; Kehr and Kragler, 2018). Phloem-mediated signaling is thought to be triggered by the accumulation of dsRNA precursors, that give rise to primary siRNA (Sarkies and Miska, 2014; Pyott and Molnar, 2015; Kehr and Kragler, 2018). In transgenic plum tissues constitutively expressing the dsRNA-eliciting construct, there was no need to translocate siRNA signal over long distances and the primary siRNA was directly involved in resistance to PPV. The primary RNAi signal has also been shown to supply both vasculature-to-epidermis and long-distance silencing movement (Devers et al., 2020). Primary siRNA initiates the production of secondary siRNA, also known as “transitive” siRNA, which acts as a mobile silencing signal transmitted over long distances through the plant vasculature regardless of the sequence of dsRNA precursor, the origin (transgenic, endogenous, or exogenous natural infection), and the prevalent size (21, 22, or 24 nt; Schwab and Voinnet, 2010; Pyott and Molnar, 2015; Kehr and Kragler, 2018; Choudhary et al., 2019). In contrast to primary silencing, transitive silencing requires more coordinated activity of a set of plant genes. The availability of various genetic elements and mediators, such as ARGONAUTE (AGO), Dicer-like (DCL), RNA-dependent RNA polymerase (RdRp), and phloem-resident RNA-binding family proteins, may act as a limiting factor determining the biogenesis and systemic silencing efficiency of primary and secondary sRNAs (Sarkies and Miska, 2014; Kehr and Kragler, 2018; Devers et al., 2020). In the case of viral infection, this process is additionally influenced by various strong suppressors of silencing produced by the penetrated virus (Duan et al., 2012; Devers et al., 2020).

Based on the current knowledge, various approaches could potentially be used in plum to increase the transitivity of silencing signals produced by a transgenic tissue. A recent study on transgrafted tobacco showed that replacing the constitutive viral 35S promoter with the phloem-specific promoter ensures the transitive viral resistance of NT scion (Tzean et al., 2020). Although the phloem-specific phRNA expression construct generated less viral-derived sRNA than the 35S-based one, non-infected plants were observed only when wild-type scions were grafted on transgenic rootstocks producing hpRNA under phloem-specific promoter (Tzean et al., 2020). While this report provides information concerning the herbaceous species model, it suggests that companion phloem-specific promoter could potentially be used in plum as a first step to increase the transitivity of RNAi signaling.

The data from the present study indicate that the experimental approach for combining NT scion with transgenic rootstock producing a bulk of PPV-specific siRNA is not sufficient to achieve the effective mobility of antiviral silencing signal. As a result, the non-transgenic recipient of transgrafted plum tree remains susceptible to viral infection. Based on this, more attention should be paid in future experiments to revealing the regulatory network that controls the long-distance signaling via the vascular system to promote antiviral silencing machinery in transgrafted plum.
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Grafting is an ancient plant propagation technique widely used in horticultural crops, particularly in fruit trees. However, the involvement of two different species in grafting may lead to lack of affinity and severe disorders between the graft components, known as graft-incompatibility. This complex agronomic trait is traditionally classified into two categories: “localized” (weak graft unions with breaks in cambial and vascular continuity at the graft interface and absence of visual symptoms in scion leaves and shoots) and “translocated” (degeneration of the sieve tubes and phloem companion cells at the graft interface causing translocation problems in neighboring tissues, and reddening/yellowing of scion leaves). Over the decades, more attention has been given to the different mechanisms underlying the “localized” type of graft-incompatibility; whereas the phenylpropanoid-derived compounds and the differential gene expression associated with the “translocated” graft-incompatibility remain unstudied. Therefore, the aim of this study was to shed light on the biochemical and molecular mechanisms involved in the typical “translocated” graft-incompatibility of peach/plum graft-combinations. In this study, the “Summergrand” (SG) nectarine cultivar was budded on two plum rootstocks: “Adara” and “Damas GF 1869”. “Translocated” symptoms of incompatibility were shown and biochemically characterized in the case of “SG/Damas GF 1869” graft-combination, 3 years after grafting. Non-structural carbohydrates (soluble sugars and starch), phenolic compounds and antioxidant activity, were significantly enhanced in the incompatible graft-combination scion. Similarly, the enzymatic activities of the antioxidant enzyme peroxidase, the phenylalanine ammonia-lyase (PAL) and polyphenol oxidase involved in the phenylpropanoid pathway were significantly affected by the incompatible rootstock “Damas GF 1869”, inducing higher activities in the scion than those induced by the compatible rootstock “Adara”. In addition, a positive and strong correlation was obtained between total phenol content, antioxidant capacity and the expression of the key genes involved in the phenylpropanoid pathway, PAL1 and PAL2. Regarding the “SG/Adara” graft-combination, there were neither external symptoms of “translocated” incompatibility nor significant differences in the biochemical and molecular parameters between scion and rootstock, proving it to be a compatible combination. The differential expression of PAL genes together with the biochemical factors cited above could be good markers for the “translocated” peach/plum graft-incompatibility.

Keywords: carbohydrates, enzymatic activities, PAL genes, phenolics, phenylpropanoids


INTRODUCTION

Grafting is the association of two genetically different parts: a scion and a rootstock, living in symbiosis to produce a plant with desirable characteristics of both genotypes (Hartmann et al., 2011; Pina et al., 2017). The survival of a grafted plant depends primarily on the success of the graft-union establishment to enable the formation of callus tissue and the vascular connections between the rootstock and the scion (Baron et al., 2019). However, the range of application of grafting is restricted by anatomical, physiological and biochemical factors leading to graft-incompatibility (Zarrouk et al., 2010; Pina et al., 2017).

Apart from the total incompatibility characterized by a complete failure of grafting, Mosse (1962) described two different types of graft-incompatibility: “translocated” and “localized”. The first type is usually expressed during the first year after grafting as growth cessation and leaf chlorosis leading to leaf yellowing/reddening and early defoliation in the budded scion and a radicular system not fully developed (Moreno et al., 1993; Zarrouk et al., 2006; Hartmann et al., 2011; Neves et al., 2017). In peach/plum combinations, this form of incompatibility has been associated with both biochemical and functional alterations at the graft interface, inducing a carbohydrate blockage at the scion, above the graft union (Moing and Carde, 1988; Moing et al., 1990). Nevertheless, these incompatibility symptoms can occur at a later stage of development (Moreno et al., 1993) and some peach/plum combination can exhibit “localized” incompatibility (Salesses and Bonnet, 1992; Zarrouk et al., 2006). The second type is characterized by anatomical irregularities at the graft-union interface accompanied by poor vascular connections leading to mechanical weakness and subsequent breakdown of the graft-union that can occur at a later stage of development (Reig et al., 2019). Some peach/plum graft combinations showed the coexistence of both incompatibilities and the “translocated” incompatibility preceded the occurrence of the “localized” incompatibility (Zarrouk et al., 2006).

In spite of the increasing interest of using new rootstocks in most horticultural crops (Melnyk and Meyerowitz, 2015), biochemical and molecular factors underlying graft-incompatibility are still not well-understood (Pina et al., 2017). The phenylpropanoid-derived compounds play a major biochemical role in plant resistance toward various stresses (Dixon et al., 2002). Nevertheless, the mechanism of their synthesis is still not fully understood, especially regarding the expression and regulation of key genes (Zhang et al., 2016). In plants, the tolerance to biotic and abiotic stresses is usually regulated by phenolic compounds, which are the main secondary metabolites synthesized by the phenylpropanoid pathway (Lattanzio, 2013). Polyphenol oxidase (PPO) and phenylalanine ammonia-lyase (PAL) are two important enzymes involved in the phenylpropanoid pathway and related with the phenolic compounds metabolism. These enzymes, together with the antioxidant enzyme peroxidase (POX), are developmentally and tissue-specifically regulated and may be induced by graft-incompatibility (Zarrouk et al., 2010; Xu et al., 2015). Previously, the content of phenolic compounds has been associated, in general, with the “localized” type of graft-incompatibility, limiting the proliferation and differentiation of callus and the formation of the new vascular tissues in pear (Machado et al., 2017), cherry (Güçlü and Koyuncu, 2012) and apricot (Pereira et al., 2018). In addition, those compounds escape from the vacuole into the cytoplasm where are susceptible to oxidation by PPO and POX enzymes (Feucht and Treutter, 1989), resulting in the production of quinones and polymeric melanins that may polymerize to toxic compounds (Poëssel et al., 1980).

Recently, more attention has been focused to the molecular mechanisms involved in generating a different response between compatible and incompatible graft-combinations (Chen et al., 2017; Ren et al., 2018). Several studies have reported that differential expression of phenylalanine ammonia lyase (PAL) genes implies distinct roles in development of graft incompatibility symptoms in different species and could be good markers for the study of compatibility due to its importance in the biosynthesis of many phenolic compounds (Pereira et al., 2014; Irisarri et al., 2016). Other recent reports investigated the transcriptomic profiles during graft union development (Cookson et al., 2013; Mo et al., 2018) and incompatibility responses (He et al., 2018; Assunção et al., 2019) in different woody species. They identified transcripts differentially expressed at the graft interface involved in hormone signal transduction, cell proliferation and elongation, xylem differentiation and other metabolisms, which have advanced our knowledge of graft union formation and graft compatibility.

In the last decades, there has been substantial progress in selecting new plum based rootstocks (mainly P. cerasifera Ehrh. and P. insititia L.) in breeding programs for different stone fruit species in Mediterranean temperate areas (Byrne et al., 2012; Reig et al., 2018a; Guajardo et al., 2020). The interest in plum species as rootstocks for peach and nectarine cultivars is due to their tolerance to waterlogging, iron-induced chlorosis and salinity, their resistance to root-knot nematodes and their ability to overcome replanting problems comparing with peach seedlings and almond × peach hybrid rootstocks (Jiménez et al., 2011; Mestre et al., 2015; Font i Forcada et al., 2020).

Although phenolic compounds and genes related to the “localized” graft-incompatibility have already been studied in different Prunus species (Pina and Errea, 2008; Irisarri et al., 2015), to the best of our knowledge, the mechanism of the phenylpropanoid-derived compounds and the differential gene expression associated with the “translocated” peach/plum graft-incompatibility remain unstudied. Thus, the aim of this study was to assess the biochemical and molecular mechanisms involved in the “translocated” graft-incompatibility of peach budded on plum rootstocks. To fulfill this objective, the analyses of non-structural carbohydrates (soluble sugars and starch), phenolic/antioxidant compounds, enzymatic activities of PAL, PPO and POX and the differential expression of phenylalanine ammonia-lyase genes (PAL1 and PAL2) in response to compatible and incompatible graft-combinations were performed.



MATERIALS AND METHODS


Plant Material and Sampling

The present study was performed in the “Summergrand” nectarine cultivar [P. persica (L.) Batsch] budded on two plum rootstocks: “Adara” (“SG/Adara”) and “Damas GF 1869” (“SG/Damas GF 1869”) grown in nursery conditions. “Adara” was selected as a polyvalent rootstock for different stone fruit species (Moreno et al., 1995) from an open-pollinated population of P. cerasifera (Myrobalan or cherry plums, 2n = 16). “Damas GF 1869” is a pentaploid hybrid plum rootstock (P. domestica × P. spinosa) showing graft-incompatibility with most nectarine and a few peach varieties (Salesses and Al-Kaï, 1985). The two ungrafted plum rootstocks were used as controls. One year old rooted plants of both rootstocks were established in February 2014 at nursery conditions of the Experimental Station of Aula Dei-CSIC (Zaragoza). The “Summergrand” cultivar was T-budded in situ in the summer of 2014 on the two rootstocks with 10 replicates (individual trees) for each graft-combination.

Bark tissue samples were collected at leaf fall period (October 2017) and during the most active and strong vegetative period (June 2018) from the stem of each individual tree (n = 3) at ± 5 cm approximately above (scion) and below (rootstock) the graft-union for each graft-combination. The samples were frozen immediately in liquid N2, lyophilized, ground, and stored at −20°C until further analysis.



Tree Growth and Leaf Characteristics

The symptoms of “translocated” graft-incompatibility were determined by visual diagnosis of leaves and shoots according to Moreno et al. (1993). In addition, tree growth parameters were determined by tree height and trunk diameter measurements (±5 cm above and below the graft-union) 3 years after grafting. Trunk cross section area (TCSA) was calculated as previously reported by Mestre et al. (2015). The relative content of chlorophyll per leaf area was also estimated in the field using a SPAD-502 Plus chlorophyll meter (Minolta Co., Osaka, Japan) (Süß et al., 2015). Ten representative leaves were randomly selected from the middle of shoots located all around the crown, and SPAD measurements were carried out in three trees per graft-combination according to Zarrouk et al. (2006), at the end of June of the third year after budding.



Non-structural Carbohydrates (NSC) Analyses

Ten milligrams of the above-mentioned lyophilized bark tissue samples were weighted, mixed with 1 mL of methanol (80%) and kept overnight. The mixture was centrifuged at 20,000 g for 30 min at 4°C (Biofuge Primo R, Heraeus). The supernatant was collected and kept as a stock solution at −20°C. Two hundred microliters of each stock solution were vacuum concentrated in a SpeedVac (Thermo Savant SPD111V) and dry extracts were re-suspended to 200 μL of Milli-Q water. Then, concentrations of the main soluble sugars were determined by high-performance liquid chromatography HPLC (Aminex HPX-87C column, 300 mm × 7.8 mm; Bio-Rad, Barcelona, Spain) with a refractive index detector at 35°C (Waters 2410, Waters Corporation, Milford, MA, United States) as previously reported (Font i Forcada et al., 2013, 2019). Filtered and degassed Milli-Q water was used as mobile phase with a flow rate of 0.6 mL/min at 85°C. Concentrations of the main sugars (fructose, glucose, raffinose, sorbitol, stachyose, sucrose, and xylose) were calculated for each sample. Sugar quantification was carried out with Empower Login software from Waters, using commercial standards (Panreac Química S.A. Barcelona, Spain). The concentration of each individual sugar was expressed as mg per g of dry weight (DW).

The starch extraction was performed according to McGrance et al. (1998) and Zapata et al. (2004), with some modifications. Ten milligrams of the lyophilized samples were mixed with 1 mL of dimethyl sulfoxide DMSO (90%) at 85°C for 1 h. After centrifugation for 15 min at 12,000 g (Heareus Pico 17, Thermo Fisher Scientific, MA, United States), a water dilution 1:10 was prepared and mixed with acidic iodine solution (0.6% KI and 0.03% I2 in 0.05 N HCl). After 15 min, the starch content was determined spectrophotometrically at 600 nm. The results were expressed as mg starch per g of DW.



Phenolic Compounds and Antioxidant Capacity Analyses

From the previously described methanol stock solution, a water dilution 1:10 was prepared and stored at −20°C until further analysis. The analysis of total phenolic content (TPC), flavonoids, anthocyanins and the relative antioxidant capacity (RAC) were carried out using a spectrophotometer Asys UVM 340 Microplate Reader (Biochrom Ltd., Cambridge, United Kingdom) as previously reported (Reig et al., 2016; Font i Forcada et al., 2019).

Total phenolics content (TPC) was determined using the Folin-Ciocalteau reagent according to the method of Singleton and Rossi (1965) with some modifications. Absorbance was measured at 725 nm and the results were expressed as μg of gallic acid (3,4,5-trihydroxy-benzoic acid) equivalents (GAE) per g FW. Flavonoids content was measured employing the colorimetric assay described by Zhishen et al. (1999). Absorbance was measured at 510 nm and results were expressed as catechin equivalents (μg of CE/g DW). Anthocyanins content was determined according to Fuleki and Francis (1968) with some modifications. Aliquots of the extract were acidified with HCl and used for spectrophotometric readings at 535 nm and 700 nm. The results were expressed as μg of cyanidin-3-glucoside equivalents (C3GE) per g of DW using a molar extinction coefficient of ε = 25,965 L/cm mol. The relative antioxidant capacity (RAC) was evaluated using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay according to Brand-Williams et al. (1995). Absorbance was measured at 515 nm, and results were expressed in μg of Trolox equivalents of antioxidant capacity (TEAC) per g of DW.



PAL, PPO, and POX Enzymatic Extraction and Analysis

Three biological replications of the lyophilized samples (10 mg) were mixed with 10 mL of sodium phosphate buffer (0.1 M, pH 7), containing 1% of polyvinylpyrrolidone (PVP) and 0.5% of Triton X-100. Phenol absorbents (PVP) and detergents such as Triton X-100 were used in the enzymes extraction to prevent the reaction between enzymes and phenolic compounds during extraction (Galeazzi et al., 1981, with some modifications). Samples were centrifuged at 4°C for 15 min at 20,000 g. The supernatant was collected and used as an enzyme extract.

The Phenylalanine ammonia-lyase (PAL) activity was determined by the conversion of L-phenylalanine to trans-cinnamic acid according to the protocol of Tovar et al. (2002) with some modifications. The reaction mixture contained 1 mL of L-phenylalanine solution, 4 mL of sodium phosphate buffer (0.1 M, pH 7) and 1 mL of enzyme extract. After incubated at 40°C for 1 h, the reaction was stopped using trichloroacetic acid (TCA). The cinnamic acid yield was estimated by measuring the absorbance at 290 nm (ε = 17,400 L/cm mol). PAL enzymatic activity was expressed in μmol trans-cinnamic acid liberated per g of dry weight (μmol trans-cinnamic acid/h g DW).

The polyphenol oxidase (PPO) activity was assayed spectrophotometrically based on the oxidation of catechol to 1.2-benzoquinone (Galeazzi et al., 1981). The reaction mixture consisted of 100 μL of the enzyme extract mixed with 900 μL of catechol dissolved in sodium phosphate buffer (0.1 M, pH 7). The absorbance was measured at 420 nm at different times. PPO activity was calculated as the slope in the linear part of the activity curve obtained. One unit (U) of the enzymatic activity was defined as an absorbance increase of 0.1 per minute under the assay conditions.

The peroxidase (POX) activity was determined by the oxidation of guaiacol (C3H8O2) in the presence of hydrogen peroxide (H2O2) (Dann and Deverall, 2000). For the development of the reaction, 100 μL of the enzyme extract were mixed with 900 μL of the substrate solution, including guaiacol, H2O2, and sodium phosphate buffer (0.1 M, pH 7). The reaction rate of POX was estimated with an initial rate of increase in absorbance at 470 nm. One unit of the enzymatic activity (U) was defined as an absorbance increase of 0.1 per minute under the assay conditions.



Real Time-q PCR Expression Analysis of PAL Genes

Total RNA was isolated from 25 mg of the previously frozen lyophilized samples and using the CTAB protocol described by Meisel et al. (2005) with some modifications. The final RNA was re-suspended with DEPC water and stored at −80°C until further analysis. The quality of the total RNA was performed by 1% (w/v) agarose gel using 0.01% SYBR® Safe DNA gel stain (Invitrogen, Thermo Fisher Scientific, United States) and the quantification was determined by an ultraviolet (UV) spectrophotometer (NanoDrop ND-2000, Thermo Fisher Scientific, Wilmington, DE, United States). Prior to cDNA synthesis, the endonuclease DNasa I RNasa-free (ref: EN0521) was used to digest strand DNA, according to the manufacturer’s instructions (Thermo Scientific, Baltics UAB, Lithuania). The total RNA (1 μg) was reverse transcribed using an oligo (dT) 20 and SuperScript® III First Strand cDNA synthesis kit in accordance with the manufacturer’s instructions (Thermo Scientific, Baltics UAB, Lithuania). Real-Time qPCR amplifications were performed on a 7,500 Fast Real Time PCR System (Applied Biosystems, United States, Version 2.0.1) using specific primers for PAL1 (ppa002099m) and PAL2 (ppa002328m) as described by Pereira et al. (2014). The reactions comprised a total volume of 20, 10 μL of the SYBR® Green PCR master mix (Applied Biosystems), 10 ng of cDNA and 300 nM of primers. Three technical replications for each of the three biological replicates were analyzed. Four candidate reference genes: Actin (ACT11), translation elongation factor (TEF2), RNA polymerase II (RP II), and EST (Gene Bank accession No. DY652828) were tested to identify the most stable reference gene for the normalization of gene expression using a NormFinder algorithm (Andersen et al., 2004). The PCR reactions were identical for all primers sets: 95°C for 10 min followed by 40 cycles at 95°C for 30 s; annealing temperature at 60°C for 1 min, extension at 72°C for 1 min; and a final extension at 72°C for 10 min. Afterward, a dissociation curve was performed with gradient according to the following curve program: 95°C for 15 s, 60°C for 15 s and 95°C for 15 s. The specificity of amplicons was verified by 1% (w/v) agarose gel using 0.01% SYBR Safe DNA gel stain. The efficiencies (E) and the quantification cycles (Cq) values were determined at constant fluorescence using the LingRegPCR software. The relative expression ratio (R) of the two target genes PAL1 and PAL2 was calculated based on the E and Cq deviation of each sample vs. a basis sample called control or calibrator, and expressed in comparison to a reference gene as described by Pfaffl (2001).



Statistical Analysis

Means from three biological replicates for each graft-combination and ungrafted rootstock were analyzed statistically using IBM SPSS 24.0 (United States) software. Data were evaluated by the analysis of variance (ANOVA). When the F test was significant, the separation of means was performed using Duncan’s multiple range test (P ≤ 0.05). Correlations between biochemical and molecular parameters, to reveal possible associations, were determined by the average of the three biological replicates, using the Pearson correlation coefficient at P ≤ 0.05. Pearson’s rank correlation matrix (P ≤ 0.05) was done using the R corrplot package. Principal components analysis (PCA) was performed and a biplot PCA was designed with combined data from both sampling periods using the SPSS software.




RESULTS


The Influence of Grafting on Vegetative Growth

The visual diagnosis of “Summergrand” trees determined that “SG/Adara” exhibited good graft-compatibility, indicated by normal tree height, healthy shoots and leaves, and external bark appearance at the graft-union, until the end of the experiment, 4 years after budding. In contrast, “SG/Damas GF 1869” trees showed typical symptoms of the “translocated” incompatibility, particularly curling, reddening/yellowing of the leaves, unhealthy appearance of shoots, and reduction in vigor (TCSA and tree height) (Table 1 and Figure 1). These symptoms increased progressively from the first year after budding, and became more acute at the end of the experiment (data not shown). In the most severe cases, death of some shoots was observed. Similarly, lower SPAD index values (Table 1) were found in “SG/Damas GF 1869” compared to the compatible graft-combination and the two ungrafted rootstocks.


TABLE 1. SPAD values and tree growth parameters determination of “Summergrand” nectarine cultivar grafted on two plum-based rootstocks (“Adara” and “Damas GF 1869”) 3 years after grafting.
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FIGURE 1. Visual diagnosis of both graft-combinations at the third year after grafting: (A) External symptoms of “translocated” incompatibility (curling, reddening and yellowing of leaves) in “SG/Damas GF 1869” graft-combination; (B) absence of graft-incompatibility symptoms in “SG/Adara” graft-combination (healthy leaves).




Non-structural Carbohydrates Regulated by Scion-Rootstock Interactions

Sugars profile analysis showed that sorbitol and sucrose were the individual soluble sugars identified with higher concentrations in the bark stem of scion and rootstock for both graft-combinations and periods evaluated (Tables 2A,B). Other sugars detected with lower concentrations were glucose and fructose, followed, in general, by stachyose, raffinose and xylose. In the case of the compatible graft-combination (“SG/Adara”), the majority of individual sugars and starch content did not differ significantly in the scion and rootstock except for glucose and fructose (Tables 2A,B). In contrast, the incompatible rootstock “Damas GF 1869” induced a statistically significant increase of starch in the scion for both sampling dates (Figure 2), approximately two-fold higher than the scion on the compatible rootstock in the vegetative period (Figure 2B). In turn, lower sucrose, fructose and sorbitol were shown in the rootstock of the incompatible graft-combination. No significant differences were found in most soluble sugars and starch between the two ungrafted rootstocks. However, they showed the tendency to exhibit higher sucrose and sorbitol but lower fructose and glucose content that both graft-combinations, especially at the vegetative period.


TABLE 1A. Stem soluble sugars (mg/g DW) in the bark from the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks at the leaf fall period.
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TABLE 1B. Stem soluble sugars (mg/g DW) in the bark from the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks at the vegetative period.
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FIGURE 2. Starch content (mg/g DW) in the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks [(A) October 2017; (B) June 2018] 3 years after grafting. Vertical bars represent the mean ± Standard Error (SE) (n = 3 replicates). For each graph, abcMean values are significantly different at the P ≤ 0.05 level according to Duncan’s Multiple Range Test.




Phenolic Compounds and Antioxidant Capacity

The phenolic compounds content (TPC and flavonoids) and relative antioxidant capacity (RAC) were significantly affected by the “translocated” peach/plum graft-incompatibility. While no significant differences were shown between scion and rootstock in the compatible graft-combination (Table 3), the incompatible rootstock “Damas GF 1869” increased significantly the TPC, flavonoids and RAC activity in the scion. A more acute accumulation of these compounds in the scion was found the following year in late spring (June), with approximately two-fold higher TPC, flavonoids and RAC values than in the rootstock. Regarding the anthocyanin content, there was not a significant effect of the incompatible rootstock on the scion in both sampling dates. No significant differences were found between the two ungrafted rootstocks for all those compounds. However, they showed the tendency to exhibit lower TPC, flavonoids, and RAC values that both graft-combinations, especially at the vegetative period.


TABLE 3. Total phenolic content (TPC), flavonoids, anthocyanins, and relative antioxidant capacity (RAC) in the bark from the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks at leaf fall (October) and vegetative (June) periods.
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Phenylpropanoid (PAL and PPO) and Antioxidant (POX) Enzymes Activities

Enzymatic assays showed that PAL, PPO, and POX activities were significantly affected by the incidence of the “translocated” graft-incompatibility. While no significant differences were shown, in general, between scion and rootstock in the compatible graft-combination, the incompatible rootstock “Damas GF 1869” increased significantly the PPO, POX, and PAL activity in the scion at leaf fall (Figure 3). Moreover, the incompatible rootstock induced two-fold higher PAL activity in the scion at the vegetative period (Figure 3F). No significant differences were observed between the two ungrafted rootstocks, with the exception for the PAL activity at leaf fall. However, the incompatible rootstock induced approximately four-fold higher PPO and 10-fold higher POX activities in the grafted scion compared to the values of the compatible graft-combination at leaf fall (Figures 3A,C).
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FIGURE 3. Enzymatic activities of PPO, POX and PAL in the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft combinations, and ungrafted rootstocks [(A,C,E) October 2017; (B,D,F) June 2018]. Vertical bars represent the mean ± SE (n = 3 replicates) 3 years after grafting. For each graph, abcMean values are significantly different at the P ≤ 0.05 level according to Duncan’s Multiple Range Test.




Differential Gene Expression of PAL Genes

To identify putative regulation of the PAL activity, a gene expression analysis of two PAL isoforms (PAL1 and PAL2) was performed in this study. The NormFinder algorithm, used to identify the stability of the four reference genes expression assessed, indicated that the most stable gene under the experimental conditions was RPII (Supplementary File 1). Thus, the gene expression analysis, using the RPII as reference gene and the ungrafted rootstock “Adara” as control, showed higher expression of both PAL genes in the incompatible graft-combination. Moreover, PAL genes expression was significantly higher above than below the graft-union only in the incompatible graft-combination. The incompatible rootstock (“Damas GF 1869”) induced approximately three-fold more expressed the PAL1 gene in the scion than the compatible one in both sampling periods (Figures 4A,B). A more acute trend was obtained studying the PAL2 expression, which showed five-fold (in October) and six-fold (in June) higher expression in the scion when grafted on “Damas GF 1869” than on the compatible rootstock (Figures 4C,D). For the PAL1 expression, similar values were found in both sampling periods. However, for the PAL2 gene, which was more induced by the graft-incompatibility, approximately two-fold higher expression was observed in the most active vegetative period (June) than at leaf fall period (October). Regarding the compatible graft-combination, no significant differences of PAL genes expression were found between scion and rootstock in both sampling periods. Likewise, there were no significant differences between the ungrafted rootstocks (“Adara”, “Damas GF 1869”), showing similar values as the compatible graft-combination (“S/Adara”).
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FIGURE 4. Differential expression of PAL1 and PAL2 genes in the bark from the scion and rootstock of the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks [(A,C) October 2017; (B,D) June 2018] 3 years after grafting. Vertical bars represent the mean ± SE (n = 3 replicates). For each graph, abcMean values are significantly different at the P ≤ 0.05 level according to Duncan’s Multiple Range Test.




Phenotypic Correlations Between Biochemical and Molecular Parameters and Principal Components Analysis (PCA)

Significant correlations were found between the different biochemical and molecular parameters measured at both periods (Figures 5A,B, Supplementary Files 2,3).
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FIGURE 5. Pearson’s correlation coefficient for the traits studied in the compatible (“SG/Adara”) and incompatible (“SG/Damas GF 1869”) graft-combinations, and ungrafted rootstocks at the leaf fall (A) and vegetative (B) periods, 3 years after grafting. PAL, Phenylalanine ammonia-lyase enzyme; PPO, Polyphenol oxidase enzyme; POX, peroxidase enzyme; RAC, Relative antioxidant capacity; TPC, Total phenolics content.


The PAL enzymatic activity was positively correlated with the TPC (r = 0.698; P ≤ 0.01), flavonoids (r = 0.60; P ≤ 0.01), and RAC (r = 0.762; P ≤ 0.01) at the vegetative period. These correlations suggest that the change in the PAL activity might be a principal factor in the accumulation of phenolic compounds in the scion of the incompatible graft-combination. Moreover, a positive correlation was found between the PPO enzymatic activity and TPC (r = 0.606; P ≤ 0.01), and RAC (r = 0.611; P ≤ 0.01) at leaf fall (Figure 5A and Supplementary File 2).

Some non-structural carbohydrates were also positively correlated with the phenolic compounds, antioxidant capacity, PAL activity and PAL genes expression. In fact, a significant and positive correlation was found between the expression of both PAL genes and the starch content, in both sampling periods. In addition, the fructose sugar was also positively correlated with starch content (r = 0.75; P ≤ 0.01), PPO (r = 0.491; P ≤ 0.05), and PAL activities (r = 0.604; P ≤ 0.01), and PAL2 gene expression (r = 0.538; P ≤ 0.05) at the leaf fall period. Fructose also showed positive correlations with TPC (r = 0.614; P ≤ 0.01), flavonoids (r = 0.715; P ≤ 0.01), and RAC (r = 0.559; P ≤ 0.05) at the vegetative period (Figure 5B and Supplementary File 3). Similarly, a positive correlation was found between both PAL genes expression and PAL enzymatic activity (r = 0.70; P ≤ 0.01).

The principal components analysis (PCA) showed that more than 50% of the observed variance could be explained by the first two components in both sampling periods (Figures 6A,B). Interestingly, the PC1 loadings showed that the incompatible scion (found in the positive side), exhibited higher values of TPC, flavonoids, RAC, starch content, PAL activity and PAL genes expression. In turn, the rootstock part (found at the opposite side of PC1 and PC2 at the vegetative period), indicated lower values for carbohydrates, antioxidants compounds and enzymes, showing the reciprocal effect of scion incompatibility. Moreover, whereas for the incompatible graft-combination (“SG/Damas GF 1869”), scion and rootstock were grouped separately, in the case of the compatible graft-combination (“S/Adara”), both scion and rootstock were found in the same group. The ungrafted rootstocks seem to be less explained by the PC1 loadings compared to the PC2 ones.
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FIGURE 6. Principal component analysis (PCA) for biochemical and molecular traits evaluated on “Summergrand” (SG) cultivar budded on “Adara” and “Damas GF 1869” rootstocks at the leaf fall (A) and vegetative (B) periods, 3 years after grafting. “SG/D” S (●), “SG/Damas GF 1869” Scion; “SG/D” R (■), “SG/Damas GF 1869” Rootstock; “SG/A” S (○), “SG/Adara” Scion; “SG/A” R (□), “SG/Adara” Rootstock; Ungrafted “Damas GF 1869” (▲); Ungrafted “Adara” (Δ). PAL, Phenylalanine ammonia-lyase enzyme; PPO, Polyphenol oxidase enzyme; POX, peroxidase enzyme; RAC, Relative antioxidant capacity; TPC, Total phenolics content; TSS, Total soluble sugars.





DISCUSSION

The establishment of correlations between the biochemical and molecular parameters measured in the scion and rootstock of the two studied graft combinations may reduce the number of characters for screening genotypes or progenies for graft compatibility studies, as reported by Irisarri et al. (2019). In addition, it will help to understand the mechanisms underlying scion-rootstock interactions aiming to optimize time and labor required for evaluation of a high number of grafts per individuals before releasing new rootstocks or scions to the market.

The knowledge of the biological processes involved in grafting, including wound healing, tissue fusion, and vascular reconnection, remains limited (Pina et al., 2017). In Prunus species, graft incompatibility responses can occur from months to years after grafting (Pina et al., 2017; Reig et al., 2019). Although most studies focused on “localized” incompatibility at early stages of development, little is known about the biochemical and molecular processes associated to the “translocated” incompatibility. In the present study, typical symptoms of the “translocated” incompatibility were detected in “SG/Damas GF 1869” trees with lower leaf SPAD index values unlike the “SG/Adara” combination, which exhibited good graft-compatibility. Similar results were found by Moreno et al. (1993) in nectarine cultivars budded on myrobalan × myrobalan clones (P. cerasifera), Zarrouk et al. (2006) in nectarines on different plum based rootstocks, as well as Neves et al. (2017) in peach cultivars on “Myrobalan 29C” and “Marianna 2624” plum rootstocks. Lower SPAD values could be associated with the blockage of carbohydrate assimilation and nitrogen starvation in the aerial parts (Moreno et al., 1994). In fact, another effect of grafting observed in the present study is the alteration of the carbohydrate balance between rootstock and scion, due to the effect of graft-incompatibility but also as consequence of grafting interaction. Changes in sugar and starch accumulation were observed in different species during early stages of graft union formation and development, and as indicator of graft incompatibility (Moing et al., 1990; Andrews and Serrano, 1993; Zarrouk et al., 2010). Sorbitol and sucrose were the individual soluble sugars identified with higher concentrations in the bark stem of scion and both rootstocks, followed by fructose and glucose, and stachyose, raffinose, and xylose, as previously reported in plum phloem tissues (Moing et al., 1987), roots (Moreno et al., 1993), and leaves (Moing et al., 1990). The accumulation of starch and sorbitol in the scion of the incompatible graft-combination (“SG/Damas GF 1869”) was previously found in other peach/plum graft-combinations exhibiting graft-incompatibility (Breen and Muraoka, 1975; Moing et al., 1987). The enhanced concentration of some non-structural carbohydrates at the scion part may be probably a result of disturbances in starch hydrolysis (Drzewiecka et al., 2012) or because of problems in cambium division at the graft-union preventing vascular tissue development and successful connection between the graft-components (Zarrouk et al., 2010). In addition, the accumulation of assimilates in the aerial parts can result in changes in the rate of photosynthesis and disturbances in the sink/source balance within a plant (Borowiak et al., 2015). Our results confirmed that the “translocated” graft-incompatibility may affect the non-structural carbohydrates transport between the graft-components and induce a blockage of starch and sorbitol above the graft-union. This blockage confirmed the disturbance in the phloem transport of starch and soluble sugars from the aerial part to the rootstock.

Similarly, the graft-incompatible rootstock induced higher TPC, flavonoids and RAC activity as well as higher enzymatic activities of PAL, PPO and POX in the scion. Thus, the enhancement of metabolic activities involved in accumulation of phenolic compounds, ROS defense and increased biochemical activity were observed in response to the incompatibility reaction. Nevertheless, the process of grafting could be also inducing an oxidative stress, even in the case of a good scion-rootstock graft compatibility, and thus affect metabolite profile in a lesser extent. In fact, ungrafted rootstocks seem to be less influenced by those metabolic activities when compared to compatible grafts, as it was expected (Pina et al., 2017). Phenolic compounds are secondary metabolites implicated in processes of division, development, differentiation into new tissues, lignification and in generating a biochemical response to biotic and abiotic stresses (Lattanzio, 2013). During the graft-union formation, an intense production of these compounds occurs. As one of the main components of plant cell wall, lignin metabolism has a great importance in plant growth and development, enhancing plant cell wall rigidity and reinforcing the plant vascular system to transport water and minerals (Liu et al., 2018). Thus, the lignin inhibition results in metabolic and growth dysfunctions and weak graft-union in graft-combinations showing “localized” graft-incompatibility (Reig et al., 2018b, 2019). On the other hand, phenolic compounds can affect the auxin plant hormone (IAA), in which monohydroxy B-ring flavonoids act as a cofactor of POX enzyme resulting in the IAA degradation (Feucht and Kahn, 1973). This growth hormone plays a major role in the differentiation of vascular tissues at the graft-union, and promotes the xylem and phloem formation (Baron et al., 2019). Thus, an inhibition of auxin transport can lead to a failure in the vascular connections establishment between the rootstock and scion in some incompatible grafts (Aloni et al., 2010). Although the accumulation of some flavonoids has been already reported in various incompatible scion/rootstock combinations of fruit trees (Hudina et al., 2014; Irisarri et al., 2015; Pina et al., 2017), to date there have been very few reports on the accumulation of phenylpropanoid and antioxidant enzyme activities related to the “translocated” incompatibility. In the present work, higher PAL activity was only observed in the scion of the incompatible graft-combination, as previously reported by Pereira et al. (2014). Similarly, Musacchi et al. (2002) and Zarrouk et al. (2010) also showed higher POX activity in scions of nectarine/plum and pear/quince incompatible graft-combinations.

On the other hand, oxidative stress has been implicated in the graft-incompatibility response of herbaceous and woody plants (Aloni et al., 2008; Nocito et al., 2010; Irisarri et al., 2015). The excessive accumulation of reactive oxygen species (ROS), that can be a consequence of graft-incompatibility stress, lead to the disruption of the normal physiological and cellular functions resulting in cell walls damage and oxidative stress (Pandey et al., 2017). As a response, the plant trigger sits antioxidative defense systems composed of antioxidant enzymes such as the POX enzyme, to get rid of these ROS and promote wound healing (Xu et al., 2015). In our study, the abnormal increase of POX activity observed in the incompatible graft-combination can be also explained by an antioxidant defense reaction triggered by the tree due to a different oxidative stress. Moreover, it has been shown that POX activity is strictly linked to the tissue content of flavanols, a subgroup of flavonoids that are involved in the non-enzymatic antioxidative defense system of plants (Musacchi et al., 2002; Racchi, 2013). This might also explain the flavonoids increase in the incompatible graft-combination in our study. In addition, POX enzyme is also involved in the oxidation of auxin, inducing depressed levels of indole-3-acetic acid (IAA) and affecting plant growth and development as above mentioned (Pandey et al., 2017). Likewise, PPO enzymes play a paramount role as ROS inducers and can trigger cell death during a severe oxidative stress (Musacchi et al., 2002). Thus, indirectly, high PPO activity may adversely affect cell differentiation and proliferation impairing a good connection between scion and rootstock (Porfírio et al., 2016). A positive correlation was found between the PPO enzymatic activity and TPC and RAC at leaf fall period. These correlations can be explained by the role of the carbohydrates in the regulation of the phenolic compounds biosynthesis. The increase in fructose content in the incompatible scion might enhance the erythose-4-phosphate production that constitute, together with the phosphoenol pyruvate, a substrate for lignin and phenolic compounds through the shikimate pathway as reported by Ibrahim and Jaafar (2011) in non-grafted plants. The secondary metabolism (phenolic compounds) is linked to primary metabolism (soluble sugars and starch) by the rates at which substrates are diverted from primary pathways and funneled into the secondary biosynthetic routes. Thus, abiotic and biotic stresses affecting growth, photosynthesis and other parts of primary metabolism will also affect secondary metabolism (Ibrahim and Jaafar, 2011). The activation of repair mechanisms during the stress processes associated to grafting could need to supply carbon skeletons, synthesize new molecules or increase antioxidative enzyme activity. Many of these processes can be supported by photosynthetic activity (Aloni et al., 2008; Calatayud et al., 2013; Penella et al., 2014; Pina et al., 2017).

In addition to the accumulation of metabolites, differences in PAL gene expression were previously reported in apricot cultivars grafted on plum rootstocks (Pina and Errea, 2008; Irisarri et al., 2016) and in peach grafted on Japanese apricot rootstocks 2 years after grafting (Pereira et al., 2014) showing “localized” incompatibility. Pereira et al. (2014), studying the same PAL peach isoforms, found a higher PAL1 expression than PAL2. In contrast, in our study, a higher over-expression of PAL2 was observed in the incompatible graft-combination compared with PAL1. This may be due to differences of plant material and the different type of incompatibility considered. Under stress, the transcription of messenger RNA that codes for PAL is triggered, resulting in an increase of the PAL synthesis in the plant and stimulating the synthesis of phenolic compounds (Lillo et al., 2008). Furthermore, the positive correlation found between both PAL genes expression and PAL enzymatic activity was previously reported in the “localized” type of incompatibility (Pereira et al., 2014). The differential expression of PAL genes might be associated with the higher PAL enzymatic activity, observed in the scion grafted on the incompatible rootstock. Similarly, PAL genes showed positive and significant correlations with the total phenolics content (TPC), flavonoids and the antioxidant capacity (RAC). The relationship between PAL activity, phenolics accumulation, and RAC was reported in peach/Japanese apricot graft-combinations in response to “localized” incompatibility stress (Pereira et al., 2018).



CONCLUSION

In the present study, it was possible to reveal the good correlation between the biochemical and molecular parameters, and “translocated” incompatibility across two peach/plum graft-combinations. To date, no previous studies have been reported describing the PAL genes expression in response to “translocated” peach/plum graft-incompatibility. Moreover, the level of transcription of the PAL genes can differentiate between compatible and incompatible graft-combinations. It is suggested that the over-expression of these genes constitute a good indicator of the onset of the “translocated” graft-incompatibility. Moreover, the differential expression of both PAL genes was associated with the higher PAL enzymatic activity observed in the scion grafted on the incompatible rootstock. This can provide key information for the genes related to the incompatibility between the scion and rootstock. Together with the molecular effects, the high activities of three enzymes (PAL, PPO, and POX) resulted in an enhanced production of phenolic compounds (total phenolic content and flavonoids) as well as the antioxidant activity in the scion of the incompatible graft-combination. Further studies in the identification and transcription of genes involved in other metabolic pathways related to the PPO and POX enzymes could be interesting in the investigation of this type of graft-incompatibility in Prunus. The identification of mRNA and small RNA graft-transmissible signals that may play a pivotal role in grafting physiology could be a step further to this investigation.
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The performance of snake melon [Cucumis melo var. flexuosus (L.)] in organic farming was studied under high biotic and salt stress conditions. Soilborne diseases (mainly caused by Macrophomina phaseolina and Neocosmospora falciformis), combined with virus incidence [Watermelon mosaic virus (WMV), Zucchini yellow mosaic virus (ZYMV), and Tomato leaf curl New Delhi virus (ToLCNDV)] and Podosphaera xanthii attacks, reduced yield by more than 50%. Snake melon susceptibility to M. phaseolina and Monosporascus cannonballus was proved in pathogenicity tests, while it showed some degree of resistance to Neocosmospora keratoplastica and N. falciformis. On the contrary, salt stress had a minor impact, although a synergic effect was detected: yield losses caused by biotic stress increased dramatically when combined with salt stress. Under biotic stress, grafting onto the melon F1Pat81 and wild Cucumis rootstocks consistently reduced plant mortality in different agroecological conditions, with a better performance compared to classic Cucurbita commercial hybrids. Yield was even improved under saline conditions in grafted plants. A negative effect was detected, though, on consumer acceptability, especially with the use of Cucurbita rootstocks. Cucumis F1Pat81 rootstock minimized this side effect, which was probably related to changes in the profile of sugars, acids, and volatiles. Grafting affected sugars and organic acid contents, with this effect being more accentuated with the use of Cucurbita rootstocks than with Cucumis. In fact, the latter had a higher impact on the volatile organic compound profile than on sugar and acid profile, which may have resulted in a lower effect on consumer perception. The use of Cucumis rootstocks seems to be a strategy to enable organic farming production of snake melon targeted to high-quality markets in order to promote the cultivation of this neglected crop.

Keywords: flexuosus, grafting, fruit quality, organic agriculture, soilborne pathogens


INTRODUCTION

Melon (Cucumis melo L.) is a member of the Cucurbitaceae family, which comprises several economically important vegetables, including cucumber, watermelon, squash, pumpkin, and gourds (Pitrat, 2008). It is a highly variable species with a relevant economic importance worldwide (global production 27 Mt) (FAOSTAT, 2018). The top 10 producing countries are in Asia (China, Turkey, India, Kazakhstan, and Iran), Africa (Egypt), Europe (Spain), and America (United States, Guatemala, and Mexico). Spain is the 8th highest melon producer in the world, and the first producer and exporter of the European Union (EuroStat, 2019). C. melo has been produced in Spain since Roman times. The Roman author Lucius Junius Moderatus Columella already mentioned in his writings the cultivation of a snake-shaped cohombro, a C. melo belonging to the botanical variety flexuosus (Hammer and Gladis, 2014), which produced non-sweet fruits. With the arrival of Islam to the Iberian Peninsula, sweet casaba type melons as well as cucumbers (Cucumis sativus L.) were introduced into Europe from Central Asia (Paris et al., 2012a, b). The preference of sweet casaba melon as fruit and cucumber as vegetable displaced and diminished the consumption of flexuosus-type melons.

Snake melon is also an ancient crop highly appreciated in other Mediterranean, Asia Minor, North Africa, and Near and Middle East countries, where it is known by different local names such as Armenian cucumber, Fakous, Kakri, Cucumaru, Hiti, or Mekte, among others (Merheb et al., 2020). Its long non-sweet, non-aromatic fruits are collected when immature and are consumed as fresh vegetables or pickled (Pitrat, 2016; Solmaz et al., 2016a). They are part of many traditional recipes, used like cucumbers because of their appearance and taste, and are also used in traditional medicine (Ibrahim, 2017). This is one of the less studied melons, although the genetic diversity of Middle East landraces has started to be known (Dastranji et al., 2017; Abu Zaitoun et al., 2018; Merheb et al., 2020).

Despite the fact that it has been a neglected crop, snake melons are still commonly grown in many Mediterranean, Asian, and African countries. In Spain, they remain under cultivation in eastern coastal regions (Valencia, Alicante, and Murcia), where local farmers have conserved landraces locally known as “alficoz or alficoç.” Some of these landraces are cultivated for self-consumption and for local markets as the short shelf life of the fruits, much shorter than that of the cucumbers, hampers their commercialization in distant markets. However, this crop is threatened by severe genetic erosion and Spanish snake melon landraces are maintained ex situ in the Universitat Politècnica de València GeneBank.

There exists a global interest for the recovery of heirloom vegetables. Farmers markets, where consumers have access to locally grown vegetables, have continued to rise in popularity. Consumer demands on traditional products are more focused on those produced under sustainable or organic production systems. Organic farming values the use of plant diversity and may constitute the ideal context to promote the cultivation of snake melon (Reganold and Wachter, 2016). The consumer perception of organic food as providing differentiating benefits related to health, nutritional value, and maximum respect to the environment and animals (Massey et al., 2018) can be the basis to revitalize its demand, encourage its cultivation, and promote in situ conservation.

Melon organic farming faces several limiting factors that need to be overcome to be economically sustainable. One of the major limitations is the negative effect on yield and yield stability (Seufert et al., 2012; Schrama et al., 2018). Pests and diseases are main factors causing this loss of productivity, as the use of agrochemicals is very limited. Also, the fact that the local production of this crop is often restrained to marginable lands, where not only biotic but also abiotic stressful conditions occur, enhances the challenge.

One way of controlling diseases would be the use of resistant varieties. However, the alficoz, as many heirloom landraces, has been often neglected in melon breeding programs as the main focus was on sweet melons. Some breeding has centered on yield and earlier production, but no cultivars with introgressed resistances are available (Abdelmohsin et al., 2015). Grafting is an effective approach to deal with soilborne pathogens, increasing yields in stressful environments (Bie et al., 2017). Grafting is used in Cucurbits, mainly in watermelons (about the 90% of the watermelon production in many countries is obtained from grafted plants). Grafting is not so popular in melons due to the lack of appropriated rootstocks. Melon grafting is performed primarily to face soilborne pathogens such as Fusarium and Monosporascus wilts or nematodes (Kyriacou et al., 2018). Compatibility in rootstock–scion combinations and the lack of negative effect on fruit quality are necessary for the successful performance of grafted plants (Picó et al., 2017; Leonardi et al., 2017).

There are many previous studies that report the use of different rootstocks for sweet melons and describe their impact on their aspect and flavor, which is particularly affected by the sugar/acid content and aroma (Colla et al., 2006; Crinò et al., 2007; Condurso et al., 2012; Verzera et al., 2014). These studies clearly show that grafting can have an impact on the quality profile of sweet melons. Also, the impact of grafting in flavor perception through the accumulation of certain compounds has been reported in watermelons (Guler et al., 2014; Fredes et al., 2017; Tripodi et al., 2020). It seems that these effects would be limited in species harvested before biological maturity such as cucumber (Davis et al., 2008), as it would be the case for snake melon.

Only few studies have analyzed flavor preferences of snake melons and their relationship with metabolite accumulation. A recent study with accessions from the Middle East suggested that crispy and non-hollow fruits are not necessarily tastier, but softer and hollow fruits are seldom associated with very good taste (Omari et al., 2018). They also highlighted the existence of a high diversity of taste perception within types. Grafting snake melon has been studied (Maroto et al., 2003), but not the impact of grafting on the quality of this crop. The objective of this study is to fill the gap in the knowledge of the effect of grafting on snake melon agronomic performance under organic farming. The effect of biotic and abiotic stressful conditions is evaluated, as well as the impact of the different types of rootstocks, melon, wild Cucumis, and Cucurbita hybrids, on fruit characteristics, sensory perception, and sugar, acid, and volatile accumulation.



MATERIALS AND METHODS


Fields Characteristics

The study was performed in three different fields of the Valencian Community (Eastern Spain) (Supplementary Figure 1). The first was located in Moncada, a small town in the province of Valencia (39°33′26.8″ N, 0°25′06.5″ W), in a field with no previous history of melon cultivation, as it had been a Citrus orchard for the previous 20 years (Supplementary Figure 1A). The second field assay was located in La Punta, a suburban area of the city of Valencia (39°26′41.3″ N, 0°21′’14.9″ W), with a long history of melon cultivation (Supplementary Figure 1B). The third field assay was in the province of Alicante, in the Natural Park of Carrizales (38°08′32.8″ N, 0°42′44.7″ W). The cultivation plots of Carrizales used in 2018 and 2019 were cultivated with alfalfa and oat, respectively, for the three previous years, and then, 6 months before the assay, were fallowed (Supplementary Figure 1C). Climate data were obtained from public databases (La Punta: Agencia Estatal de Meteorología1; Moncada and Carrizales: Sistema de Información Agroclimática para el Regadío2).



Plant Material

A local snake melon cultivar traditionally known as “Alficoz valenciano” obtained from the GeneBank of the Universitat Politècnica de València (accession number BGV004853) was used for the study. This accession was selected in a previous study considering its good field performance regarding yield and quality and its good consumer acceptance.

In order to analyze the effect of grafting on agronomic performance, fruit quality, and sugar, acid, and volatile profile, five rootstocks were selected and used to graft the snake melon cultivar (Supplementary Figure 2). All graftings were compatible, resulting in fully developed adult plants. Rootstocks included F1Pat81, an experimental inter-subspecific cross between C. melo subsp. agrestis Pat 81, resistant to Monosporascus cannonballus (Roig et al., 2012), and C. melo subsp. melo Piel de sapo, two hybrid rootstocks between wild Cucumis species, Fian (hybrid Cucumis ficifolius × Cucumis anguria), and Fimy (hybrid C. ficifolius × Cucumis myriocarpus), resistant to different soilborne diseases (Cáceres et al., 2017), and two commercial hybrid Cucurbita maxima × Cucurbita moschata rootstocks (Shintoza and Cobalt). Non-grafted (NG) snake melon plants were used as controls in all the assays. The grafting technique employed for the experiments was the “Tongue approach grafting” method.



Crop Management

The experiments were conducted under organic production in the three different fields. The three fields represent three different agro-ecological situations, frequent in melon cultivation. All fields have a clay soil (more clay-loam in Moncada). In the latter field, Moncada, the lack of melon cultivation in the 20 previous years provided unstressed conditions. In La Punta, fungal stress had been reported, due to the accumulation of soilborne pathogens after repetitive melon cultivation. In the natural park of Carrizales, the traditional irrigation system uses water coming from a drainage water channel. This water is characterized by its high electrical conductivity, thus resulting in salt stress conditions.

In 2018, the three fields were cultivated. NG plants were cultivated in the three fields. Additionally, in La Punta and Carrizales, snake melon was also cultivated and grafted onto two rootstocks, the experimental melon hybrid F1Pat81 and the commercial Cucurbita hybrid Cobalt. A randomized complete block design with four plants per treatment and block was used (four blocks).

In 2019, plants were grown in La Punta and Carrizales. This year, the snake melon was cultivated NG and grafted onto five selected rootstocks, the two used in 2018 (F1Pat81 and Cobalt), the two experimental wild Cucumis rootstocks Fian and Fimy, and one additional commercial Cucurbita hybrid, Shintoza, using the same experimental design.

Snake melon plants were transplanted at the 2–3 true leaf stage, between the end of March and the first week of April in the three cultivation sites, in 2018, and the first week of May in 2019. During both years, in the fields, sweet melon Spanish varieties were also cultivated, both grafted and NG.

In Moncada, plants were transplanted onto ridges with black mulch with a separation of 1.1 m between ridges and 1 m between plants. The field was prepared by subsoiling and sheep manure (1 kg m–2) was applied, and afterward, the soil was milled to break down clods of soil and mix the manure. Two applications of azadirachtin with Equisetum arvense and diatomaceous earth were performed to control aphids and whiteflies. In La Punta, a black plastic mulch was also used, with the separation of 2 m between ridges and 0.6 m between plants. The only further treatment performed was the weeding of the soil between ridges. In Carrizales, plants were spaced 2 m between ridges and 0.9 m between plants, with an additional 0.5 m between each treatment and using black plastic mulch. The field was prepared by subsoiling and applying sheep manure (3 kg m–2), and afterward, the soil was milled to break down clods of soil and mix the manure. After transplanting, the plants were covered with a thermal blanket until they reached the appropriate size. The blanket enabled the control of both temperature and humidity, also acting as a barrier against pests. During the crop cycle in Carrizales, two applications were performed with humic and fulvic acids diluted in the water supply. During fruit ripening, one application through the water supply was done of potassium sulfate. Every 15–20 days, sulfur (15–25 kg ha) and Vibafusan G (15 kg ha–1) were applied. Finally, two foliar treatments of biostimulator F-Aspir (5 L ha–1) were applied. Finally, in terms of irrigation, drip irrigation was used in Carrizales and Moncada, whereas in La Punta, water was supplied using flood irrigation once every 2 weeks.



Soil and Water Conductivity

For each assayed field, 10 soil samples from different sites were collected, and their conductivity was measured. The soil samples were homogenized and dried at room temperature. The dry soil samples were then sieved (2 mm) and the soil conductivity (dS m–1) was determined using the method described by Primo and Carrasco (1980). The conductivity of the water supply was measured in collected water samples with an electrical conductivity meter (CM35, CRISON, Barcelona, Spain).



Pathogen Detection

All the plants showing virus symptoms were sampled, and the viruses were identified following Pérez-de-Castro et al. (2019). Root samples were obtained from plants that showed symptoms of soilborne pathogens and they were analyzed to identify the causal agents. Small pieces (0.5–1 cm) from the cortical necrosis of both lower stem and upper root were surface disinfected for 1 min in 1.5% NaClO, washed four times with sterilized bi-distilled water, and plated onto potato dextrose agar (PDA) amended with streptomycin sulfate (0.5 g/L) to avoid bacterial contamination. Plates were incubated at 25°C in the dark for 3–5 days. Then, emerging colonies were transferred to 6 cm Ø PDA plates, and each isolate was subcultured to get pure cultures for subsequent characterization.

Fungal isolates obtained were identified and characterized morphologically on the basis of comparison of their different somatic and/or sexual and asexual reproductive structures. A molecular characterization was made by PCR amplification of the ribosomal ITS fragment for most of the isolates, and TEF-1α and RPB2 gene fragments in the case of certain Fusarium species, using ITS1/ITS4 (White et al., 1990), EF1/EF2 (O’Donnell et al., 1998), and fRPB2-7cF/fRPB2-11aR (Reeb et al., 2004) primers, respectively. Sequences obtained allowed the identification of isolates by their comparison with homologous sequences deposited in public databases like GenBank (using BLASTn tool) or Fusarium ID Database3, as well as by performing phylogenetic reconstructions employing Bayesian inference methods from multilocus alignments of combined genomic regions for some of the mentioned Fusarium taxa.



Pathogenicity Tests Against Fungal Pathogens

The degree of susceptibility/tolerance of the snake melon cultivar against four of the most frequently isolated soilborne pathogens, the fungi Neocosmospora keratoplastica and Neocosmospora falciformis, recently detected causing Fusarium wilt in melon in Spain for the first time (González et al., 2020b, c), and M. cannonballus and Macrophomina phaseolina, previously reported to cause severe vine decline and charcoal root rot in melons (Castro et al., 2020; de Sousa Linhares et al., 2020), was evaluated. Isolates from Carrizales were used for Neocosmospora spp. and from La Punta for M. cannonballus and M. phaseolina, respectively.

For N. keratoplastica and N. falciformis, plants of the snake melon cultivar and “Don Quixote” Piel de Sapo (commercial control not previously tested against these pathogens) were grown with a sterilized substrate in plastic trays. When plants reached the 15-day-old stage, they were uprooted and artificially inoculated by root dip for 2 min into a conidial suspension of 5 × 106 conidia ml–1 of each isolate (seven plants with each pathogen and three non-inoculated controls). Then, inoculated plants were planted into pots containing sterilized substrate and maintained in a growth chamber for 30 days at 26°C (González et al., 2020c). Disease severity was evaluated at 30 days after inoculation (DAI), using the following scale: 1 = no symptoms; 2 = beginning of wilting or yellowing on leaves; 3 = all leaves completely wilted, stem standing; and 4 = dead plant (Cothiere et al., 2016). Plants with a disease severity score (at 30 DAI) lower than 2 were considered to be resistant (R); between 2 and 3, moderately resistant (MR); and higher than 3, susceptible (S). The area under the disease progress curve (AUDPC) was calculated for each inoculation (Perchepied and Pitrat, 2004) with the formula:
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where i = 1 to 4 scorings, xi = mean disease score of each plant at date i, xi + 1 = mean disease score of each plant at date i + 1, and ti + 1−ti = number of days between scoring date i and scoring date i + 1. The AUDPC value is effective for determining the progress of the disease; it gathers different observations during the epidemic and summarizes all the values in a single one that reflects the severity of disease. Finally, dead or severely wilted plants were removed and processed to check the cause of death and fulfill Koch’s postulates.

For both M. cannonballus and M. phaseolina, six plants of the snake melon accession were inoculated and three were used as non-inoculated controls. Also, six plants of the “Piñonet” Piel de Sapo cultivar were used as commercial susceptible control (Ambrósio et al., 2015; Castro et al., 2020). The inoculum of M. cannonballus was prepared as described in Castro et al. (2020). Briefly, inoculated PDA plates were incubated at 25°C for 1 week and used to inoculate autoclaved bottles with hydrated wheat seeds. These bottles were incubated at 25°C for 1 month, being shaken weekly. After this period, the final inoculum was prepared by mixing 200 g of the inoculated wheat seeds kg–1 of peat. Plants were grown in a greenhouse, and 30 DAI roots were washed and extended on an acetate film. Root damage of the primary and lateral roots was scored from 0, healthy with no lesions, to 4, highly damaged roots with root rots, rootlets pruning, etc. The inoculum of M. phaseolina was prepared as reported in Ambrósio et al. (2015). Briefly, the isolate was inoculated in PDA + antibiotic (tetracycline 0.05 g/L) plates. This culture was used to inoculate plates containing toothpicks in PDA medium that was incubated at 28°C for 1 week. Inoculated toothpicks were inserted at the base of the stem of plants 20 days after transplanting. Plants were grown in a greenhouse, and the severity of the infection was scored at 7 and 15 DAI, with a severity index, from 0, asymptomatic, to 4, severe lesions on the stem.



Fruit Characterization

All fruits of marketable size were weighted at the time of harvest to estimate total marketable yield per plant (Figures 1A,B). Two fruits per plant were selected for characterization (Figures 1C,D) in order to obtain data for fruit weight (FW, g, measured with a digital scale), fruit length and diameter (FL and FD, in cm, measured with a graduated ruler), rind and flesh firmness (RF and FF, measured with a penetrometer in kg cm–2), fruit pH (universal pH indicator paper), and soluble solids content [SSC, measured as °Brix from drops of juice using a hand-held Pocket refractometer (PAL-α), Atago CO., LTD, Tokyo, Japan]. Both fruit flesh and rind colors were measured with a CR-400 colorimeter (Konica Minolta, Inc., Tokyo, Japan), obtaining Hunter L, a, and b coordinates.
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FIGURE 1. Snake melon fruit in the field ready to be harvested (A) and harvested fruit (B). Characterization of snake melons (C,D).




Fruit Sensorial and Metabolomics Analysis

Sensory evaluations were performed employing a modified methodology of Saftner et al. (2006).

In 2018, four sensory evaluations using a consumer panel (20 tasters) were performed with snake melon fruits from La Punta (evaluations 1 and 2) and Carrizales (evaluations 3 and 4). In each evaluation, the fruits harvested from different plants of each treatment were arranged in three biological replicates for each of the three treatments, NG and grafted onto F1Pat81 and Cobalt. The panelists were asked to score the nine samples randomly arranged (three biological replicates of each of the three treatments) in a 1–5 scale (5 representing the highest acceptability), considering flavor, texture, and aroma together. During the evaluations, panelists could add extra comments regarding the scores provided. Panelists were given water and low salt cracker to cleanse the palate. All snake melon samples were collected the day of the evaluation, as snake melons have a short shelf life.

In 2019, five sensory evaluations (20 tasters) were performed, the first three using fruits obtained from La Punta and the last two from Carrizales. The same design as that in 2018 was used, and fruits harvested from different plants of each treatment were arranged in three biological replicates. Evaluations 1 and 5 compared fruits from NG plants and plants grafted onto the two Cucumis rootstocks, F1Pat81 and Fian. Evaluations 2, 3, and 4 compared fruits from NG plants and grafted onto the Cucumis and Cucurbita rootstocks, F1Pat81 and Shintoza. Panelists were asked to provide a score between 1 and 5 to flavor, texture, and aroma to each of the nine samples randomly arranged (three biological replicates of each treatment). Aliquots of fruit tissue from the biological replicates used for the sensory evaluations were used for sugars, organic acids, and volatile organic compounds (VOCs) analysis.



Sugar and Acid Analysis

The aliquots of fruit tissue from the biological replicates used in sensory evaluations of year 2019 (La Punta and Carrizales, NG plants and plants grafted onto F1Pat81, Fian, and Shintoza) were homogenized (Silent Crusher M; Heidolph, Schwabach, Germany) and frozen at −80°C until analysis. A half of each sample was used for sugars (sucrose, glucose, and fructose) and organic acids (citric, malic, and glutamic) analysis. Only sporadic contents of glutamic acid were found, and these data were not included in the results. These compounds were quantified following the methodology described by Cebolla-Cornejo et al. (2012) based in capillary electrophoresis. For that purpose, an Agilent 7100 system (Agilent Technologies, Waldbronn, Germany) was used.

For the analysis, samples were thawed in a refrigerator in complete darkness. Then, they were centrifuged at 510 × g for 5 min. The upper phase was diluted (1:20) with deionized water and filtered using centrifuge tube filters with 0.22-μm membranes (Costar® Spin-X®, Corning, Amsterdam). For the separation, fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, United States) with 50 μm internal diameter, 363 μm external diameter, 67 cm total length, and 60 cm effective length were used. They were previously conditioned with flushes at 95,000 Pa of NaOH 1 mol L–1 at 50°C for 5 min, NaOH 0.1 mol L–1 for 5 min at 20°C, and deionized water (Elix 3, Millipore, Billerica, MA, United States) for 10 min. At the beginning of each sequence, the capillary was flushed at 20°C with the running background electrolyte (BGE) for 30 min. BGE consisted of 20 mmol L–1 2,6-piridin dicarboxylic acid at pH 12.1 and 0.1% w:v hexadimethrine bromide. Between runs, the capillary was flushed with 58 mmol L–1 SDS (2 min) and BGE (5 min). Samples were injected hydrodynamically at 3400 Pa for 10 s, and separations were performed at −25 kV and 20°C. Absorbance was measured at 214 nm. Results were expressed in g kg–1 fresh weight (FW). Sucrose equivalents were calculated by multiplying sucrose, glucose, and fructose contents by their relative sweetening power, 1, 0.74, and 1.73, respectively, and adding them up (Koehler and Kays, 1991).



Analysis of Volatile Compounds

The second half of each homogenized sample used in sugar and acid analysis was employed for the analysis of VOCs listed in Supplementary Table 1. The method described by Fredes et al. (2017) was followed. Solid phase extraction (SPE) cartridges were conditioned with 5 ml of diethyl ether, 5 ml of n-hexane, and dried for 10 min. Frozen samples were defrosted in the fridge. Once thawed, 30 g of the sample was weighed into a 150-ml Erlenmeyer flask with a stopper. The extraction was carried on using a purge and trap headspace system, using nitrogen gas for the inlet tube and the conditioned SPE cartridge for the outlet tube. The samples were extracted for 49 min at 40°C using magnetic agitation and nitrogen flow of 1.6 ml min–1. Subsequently, the cartridges were eluted using 5 ml of a diethyl ether-hexane 1:1 (v:v) solution and 5 ml of diethyl ether. Finally, the collected elution solvents were evaporated to 0.5 ml at 35°C under a nitrogen flow. The resulting extracts were divided into two aliquots in sealed Gas Chromatography (GC) vials, and frosted at −40°C until analysis.

The chromatographic analysis of VOCs was carried on using a Shimadzu GC-2010 Plus system (Shimadzu, Kioto, Japan) coupled with a single quadrupole mass spectrometry system (GCMS QP2010 Ultra, Shimadzu, Kioto, Japan). A Supelcowax 10 column of 30 m × 0.25 mm (Sigma-Aldrich, St. Louis, MO, United States) was used. Helium was used as carrier gas at a flow of 1 ml min–1. The injection was performed in split mode (split ratio 1/50) with a volume of injection of 1 μl at 250°C. The temperature program started at 30°C during 4 min after the injection followed by a rise to 160°C (10°C min–1), and finally, a rise to 250°C (30°C min–1), which was maintained for 3 min. The mass spectra were acquired in Selected ion monitoring (SIM) mode using the m/z for each compound. Electron ionization in positive mode was used at a temperature of 250 and 230°C for the interphase and the ion source, respectively.

From those treatments included in the five sensory evaluations of 2019, NG and F1Pat81, 10 biological replicates were analyzed for sugar and VOC contents (two of the three biological replicates used per each sensory evaluation), and 7 and 4 biological replicates were independently analyzed for the Shintoza and Fian treatments that were included in three and two of the sensory evaluations performed, respectively.



Statistical Analysis

Fruit characterization, agronomic, sugars, acids, and volatiles data were analyzed using a Dunnett’s test. For each location, the effect of each rootstock was compared to the NG control. StatGraphics Centurion version 17.2.04 for Windows and IBM SPSS Statistics 25 for Windows were used for this purpose. Principal component analysis (PCA) of VOCs data were performed using S-Plus v. 8.01 for Windows (Insightful Corp., Seattle, WA, United States). A biplot representation was then obtained, including the scores of data points and the loadings of each VOC for each principal component. Pairwise correlations for metabolite and sensory analysis data were graphically represented as heatmaps using the software heatmapper4.




RESULTS


Growth-Limiting Factors


Climate, Water, and Soil Properties

Mean temperatures were similar in the three fields (Supplementary Figure 3) except a significantly higher temperature (around 1°C) in April in Carrizales and La Punta compared to Moncada in 2018, and higher temperature in June and July 2019 in Carrizales compared to La Punta. Rainfall was higher in La Punta in the middle of the growing cycle (June) in 2018 and at the beginning (April) of the 2019 assay, and in Carrizales at the end of the growing cycle in 2019.

The irrigation water of Carrizales showed high values of conductivity, reaching 4.5 dS m–1 in 2018 and 5.95 dS m–1 in 2019. Thus, the high salinity in this area of cultivation was confirmed. In fact, soil conductivity reached values of 3.17 ± 0.05 dS m–1 in 2018 and 1.66 ± 0.10 dS m–1 in 2019. The other two fields showed rather standard values for the area, with water conductivity below 2.2 dS m–1 and soil conductivity under 0.7 dS m–1 in both years.



Pests and Diseases

Aphids were the main pest in all the fields in the 2 years, with a higher incidence in La Punta and Moncada than in Carrizales (Supplementary Figure 4).

During 2018, in La Punta, some snake melon plants showed mosaic symptoms (Supplementary Figure 4) and the aphid borne potyvirus WMV was detected, with 9% of snake melons affected by this virus. This year in Moncada, the presence of Cucumber mosaic virus (CMV), also transmitted by aphids, was not detected in snake melons, although it was present in sweet melons cultivated in the same field. No viruses were detected in the plants grown in Carrizales, likely associated to a reduced presence of the insect vectors. Podosphaera xanthii, the fungus responsible for the cucurbit powdery mildew, was detected in La Punta and Moncada, but only caused mild infections to the snake melon plants, whereas the sweet melons were severely affected.

In 2019, WMV was also the most prevalent virus in La Punta, with 26% of the snake melon plants affected by the virus. Other aphid-transmitted potyviruses such as ZYMV and the whitefly transmitted Begomovirus ToLCNDV, both affecting approximately 18% of the snake melon plants, were also detected in this field. P. xanthii (Supplementary Figure 4) affected the snake melon plants in La Punta. Again, the field of Carrizales was free of virus and powdery mildew.

In accordance with the history of fungal stress, we observed some mortality of snake melon plants with vine decay symptoms likely due to fungal soilborne pathogens in 2018 in La Punta. Twelve percent of the NG plants of snake melon died at early developmental stages, and M. phaseolina was isolated from their roots. Twelve percent of the snake melon plants grafted onto the Cucurbita rootstock Cobalt died at later stages, with roots affected by Fusarium oxysporum, whereas plants grafted on F1Pat81 were less affected by fungi. Other soilborne pathogens, detected in roots of sweet melon plants cultivated in the same field, but not affecting snake melons, were Fusarium equiseti, N. falciformis, Fusarium solani, F. solani f. sp. cucurbitae, M. cannonballus, Torula herbarum, Fusarium incarnatum, Rhizopus sp., Alternaria alternata, Alternaria sp., Rhizoctonia solani, Plectosphaerella cucumerina, Aspergillus flavus, Aspergillus sp., Fusarium chlamydosporum, Acremonium sp., Geotrichum candidum, Gibberella fujikuroi, Gibberella sp., Chaetomium acropullum, Chalaropsis radicicola, Collariella bostrychodes, and Penicillium sp.

In 2018, no snake melon plants were affected by soilborne diseases in Carrizales, although different soilborne pathogens were detected in the roots of sweet melon plants cultivated in the same field (M. phaseolina, N. falciformis, N. keratoplastica, F. solani, M. cannonballus, F. oxysporum, Alternaria sp., Cladosporium herbarum, Fusarium sp., C. bostrychodes, Mortierella alpina, and Acremonium sp.). No fungal stress was observed in Moncada.

The fungal attack in 2019 was less severe in La Punta, where the lower mean temperature in May, June, and August and higher rainfall by the end of the cycle could have contributed to the reduced fungal damage (Supplementary Figure 3). No snake melon plant died by soilborne pathogens. Although some soilborne pathogens were detected in the sweet melon plants cultivated on the field (M. phaseolina, F. oxysporum, F. equiseti, F. solani, Fusarium sp., N. falciformis, Alternaria tenuissima, A. alternata, Gibberella sp., Pyxidiophora arvernensis, Botryosphaeriaceae, C. herbarum, Pythium aphanidermatum, Gibberella avenacea, and Mucor sp.), they did not affect the snake melon plants.

This year, a more severe fungal attack was observed in Carrizales (Supplementary Figure 5) that might be associated to the different characteristics of the cultivation plot and to the higher average temperatures in July along with a reduced rainfall until the end of the growing cycle compared to the previous year (Supplementary Figure 3). The snake melons showing symptoms of soilborne pathogens were mainly those grafted onto Cucurbita rootstocks, Shintoza and Cobalt, and the NG plants (44, 31, and 25% mortality, respectively). The main pathogens detected were M. phaseolina, N. falciformis, F. equiseti, Gibberella spp., and Fusarium longipes. No symptoms of fungal attack were observed in plants grafted onto Cucumis rootstocks, F1Pat81, Fimy, and Fian. Sweet melons planted on Carrizales were also affected by the same pathogens.




Response of Snake Melon to M. phaseolina, M. cannonballus, and Neocosmospora spp.

The field survey results indicated that the main pathogen associated with dead snake melon plants or plants showing decay symptoms in our conditions is M. phaseolina. To test the level of susceptibility to this pathogen under controlled conditions, we conducted an artificial inoculation assay, using a M. phaseolina isolate collected in La Punta. Results showed that snake melon is highly susceptible to this pathogen. Symptoms started at 7 DAI and were severe at 15 DAI (Figure 2A). Average damage score was higher in snake melons than in the control sweet melon Piel de Sapo that has also proven to be susceptible to this disease (de Sousa Linhares et al., 2020). All the snake melon plants were dead after 30 DAI, while the mortality of the susceptible control Piel de Sapo was 20%.
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FIGURE 2. (A) Average damage scores (from 0 to 4) of the stem lesions caused by M. phaseolina in snake melon and sweet melon control (Piel de Sapo Piñonet) at 7 and 15 days after inoculation (DAI). (B) Average damage scores (from 0 to 4) caused by M. cannonballus in primary and lateral roots of snake melon and sweet melon control at 30 DAI. Average area under the disease progress curve (AUDPC), average damage score, type of reaction (R, resistant; MR, moderately resistant), and disease incidence (%) for snake melon and the sweet melon control plants (Piel de Sapo Don Quixote) inoculated with N. falciformis (C) and N. keratoplastica (D). Six (A,B) and seven (C,D) biological replicates (plants) were used for each genotype.


We also tested the response to M. cannonballus, despite the fact that it was less frequent than Macrophomina in our fields, because in many hot and dry regions of melon cultivation, these are two of the main soilborne pathogens affecting melons (Cohen et al., 2016). Snake melon plants were also susceptible to M. cannonballus (Figure 2B), with similar average damage scores in primary roots, although less severe lesions in the lateral roots compared to Piel de Sapo.

Field results also showed the importance of Fusarium species. Snake melons are known to be highly susceptible to several pathogenic forms of the so-called F. oxysporum species complex (Solmaz et al., 2016b; Al-Taae and Al-Taae, 2019), but their response to other species belonging to the F. solani species complex (FSSC) (e.g., some of them currently included in the genus Neocosmospora) had not been tested yet. For both pathogens, N. falciformis and N. keratoplastica, snake melon plants showed considerably higher AUDPC than the commercial control sweet melon Piel de Sapo Don Quixote, as well as a higher disease incidence for N. falciformis (Figures 2C,D). Supplementary Figures 6, 7 show symptoms on snake melon caused by the different pathogens.



Yield and Fruit Characteristics

The agronomic performance of NG melons in the three fields was compared to analyze the effect of the agro-ecological conditions (Figure 3 and Table 1). Moncada, representing unstressed conditions, could be considered as control, as the lack of previous melon cultivation led to the absence of soilborne diseases, while La Punta and Carrizales represented stressful conditions due to the incidence of diseases and the use of saline water and soil, respectively. The yield of NG snake melon plants in La Punta was reduced compared to Moncada (≈ 4 kg/plant vs ≈ 10 kg/plant, respectively) (Figure 3). This reduction was likely a consequence of the incidence of viruses and soilborne diseases, as stated above. Conversely, the high salinity conditions at Carrizales did not affect yield per plant, which was similar to that of Moncada. No differences were found for most fruit traits among the three fields (Table 1), although the stressful conditions of both La Punta and Carrizales resulted in lower fruit FF. Also, regarding basic quality characteristics, the SSC was higher at Carrizales, which is expected under saline conditions. At this field, fruits showed higher Hunter a value, representing a less greenish color of the flesh.
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FIGURE 3. Cumulative production (kg plant–1) of non-grafted (NG) snake melons in 2018, cultivated in the three fields. Sixteen NG plants were cultivated per field. All fruits of marketable size were weighted at the time of harvest to estimate total yield per plant.



TABLE 1. Agronomic performance and fruit characterization of non-grafted (NG) plants in the three fields (Moncada, La Punta, and Carrizales) in 2018.
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The effect of grafting during 2018 was evaluated in the fields of La Punta and Carrizales using the commercial Cucurbita hybrid Cobalt and the experimental C. melo hybrid F1Pat81. Some mortality was observed in grafted snake melon plants in La Punta, with the F1Pat81 rootstock being the one that displayed the best performance under these epidemiological conditions. The plants grafted onto this rootstock displayed less mortality and higher yield ≈ 6 kg/plant compared to the ≈ 4 kg/plant (Figure 4A) produced by the plants grafted onto Cobalt and NG. The higher susceptibility of snake melon roots and the Cobalt rootstock to the fungal pathogens may account for these differences. Production in Carrizales (Figure 4B) was higher than in La Punta. In this field, fungal stress was lower, and the salt stress had a much less severe impact on snake melon production. Grafting had a favorable effect on snake melon production under saline conditions. The plants grafted onto the melon rootstocks F1Pat81 were as productive as those grafted onto Cobalt (≈ 14 kg/plant), both much more productive than NG plants (≈ 10 kg/plant).
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FIGURE 4. Cumulative production (kg plant–1) of snake melons in 2018 grown in La Punta (A) and Carrizales (B) obtained from non-grafted plants and plants grafted onto the commercial Cucurbita hybrid Cobalt and the experimental C. melo hybrid F1Pat81. Sixteen plants were cultivated per field and treatment. All fruits of marketable size were weighted at the time of harvest to estimate total yield per plant.


Regarding snake melon fruit traits, no differences were found between fruits from the NG and those of grafted for fruit shape, firmness, pH, and °Brix (Table 2). Only Hunter L and a values were altered in fruits from plants grafted on F1Pat81 in La Punta. They were less green with a lighter color. Lower Hunter a values were obtained in fruits from plants grafted onto Cobalt in Carrizales (more greenish color). As stated before, the saline conditions of Carrizales produced snake melon fruits with higher °Brix in all treatments (Table 2).


TABLE 2. Agronomic performance and fruit characterization of the snake melons produced in plants grafted onto commercial Cucurbita hybrid Cobalt and experimental C. melo hybrid F1Pat81 compared to non-grafted in two fields (La Punta and Carrizales) in 2018.
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In 2019, the fungal stress in La Punta did not cause plant mortality in snake melons. However, despite lower mortality, the impact on yield was important (Figure 5A). Yield per plant ranged from ≈ 4 to 5 kg plant–1, except for the snake melon plants grafted onto the Fimy rootstock that was the less productive. In Carrizales, the yield in 2019 dropped significantly compared to 2018 (Figure 5B). The fungal attack was more severe. Also, this year, conductivity of irrigation water was higher. Additionally, the fact that an extensive crop like oat, and not a nitrogen fixing crop like alfalfa, was cultivated for the three previous years might have resulted in a poorer and less productive soil. The fungal attack resulted in a higher plant mortality in both NG and grafted onto Cucurbita rootstocks plants, whereas Cucumis rootstocks were again the most tolerant to fungi. Among them, the wild Fian and the cultivated hybrid F1Pat81 maintained a moderate yield per plant compared to NG plants. Fimy was again the less productive rootstock.
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FIGURE 5. Cumulative production (kg plant–1) of snake melons in 2019 from non-grafted plants and plants grafted on commercial Cucurbita hybrids (Cobalt and Shintoza), the C. melo hybrid F1Pat81, and hybrids between C. ficifolius and C. anguria (Fian) or C. myriocarpus (Fimy) in the two sites of cultivation La Punta (A) and Carrizales (B). Sixteen plants were cultivated per field and treatment. All fruits of marketable size were weighted at the time of harvest to estimate total yield per plant.


No significant effects were found regarding fruit traits in grafted plants compared to the NG ones, except for a reduction in °Brix of the fruits harvested from plants grafted onto Shintoza in Carrizales (Table 3). Again, differences between fields were mainly associated with °Brix, higher in Carrizales, and fruit color, with a more yellowish fruit with less firm flesh in La Punta (Table 3).


TABLE 3. Agronomic performance and fruit characterization of the non-grafted control compared to plants grafted onto two commercial Cucurbita hybrids (Cobalt and Shintoza), the C. melo hybrid F1Pat81, and hybrids between C. ficifolius and C. anguria (Fian) or C. myriocarpus (Fimy) grown in the two sites of cultivation (La Punta and Carrizales) in 2019.
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Sensory Evaluation

Four sensory evaluations were performed in 2018, two with fruits from La Punta and two with fruits from Carrizales (Figure 6). Except for the second evaluation using fruits from La Punta, which did not result in significant differences among treatments, panelists gave higher scores of flavor acceptability to the fruits from NG plants compared to the fruits from plants grafted onto F1Pat81 and Cobalt, which had similar scores. Therefore, an effect of grafting on consumer acceptability was found in fruits from both fields.
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FIGURE 6. Mean flavor acceptability (1 being the lowest and 5 being the highest) obtained in the sensory evaluations of 2018. Columns of lighter color indicate that the fruit samples were from La Punta and those of darker color indicate that they are from Carrizales. Values followed by (*) show significant differences compared to the NG control (Dunnett’s test, P ≤ 0.05). Averages are calculated with the mean scores of 20 panelists on three biological replicates (fruit samples) of each treatment.


Five sensory evaluations were performed in 2019 (represented as 1–5 in Figure 7), two comparing fruit from the NG control with those from plants grafted onto two Cucumis rootstocks, the melon F1Pat81 and Fian (sensory evaluations 1 and 5 for La Punta and Carrizales, respectively), and three comparing the NG with the melon F1Pat81 and the Cucurbita rootstock Shintoza (sensory evaluations 2 and 3 for La Punta and 4 for Carrizales). This time, flavor, texture, and aroma were scored independently. Significant differences were found for flavor scores, but not for aroma and texture; the Shintoza rootstocks had consistently lower scores compared to NG and F1Pat81, and the F1Pat81 and Fian fruits from Carrizales were less valued than NG snake melons.
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FIGURE 7. Mean texture, aroma, and flavor acceptability scores (1 being the lowest and 5 being the highest) obtained in the sensory evaluations of 2019. Columns of lighter color indicate that the fruit samples were obtained from La Punta and those of darker color indicate that they were obtained from Carrizales. Columns with (*) show significant differences compared to the NG control (Dunnett’s test, P ≤ 0.05). Averages are calculated with the mean scores of 20 panelists on three biological replicates (fruit samples) of each treatment. (A,C,E) Correspond to sensory evaluations 1 and 5. (B,D,F) Correspond to sensory evaluations 2, 3, and 4.




Accumulation of Sugars, Acids, and Volatiles

Since the sensory evaluations suggested differences in acceptability, we used samples of the evaluation of 2019 to determine sugar and acid accumulation and volatile compounds. The sugar and acid profiles are shown in Figure 8. In general, snake melon fruits have similar levels of fructose and glucose, whereas sucrose levels remained under the limit of detection, expected for a non-sweet fruit. Malic acid was predominant in the samples, with contents up to 20 times higher than those of citric acid.
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FIGURE 8. Accumulation of sugars and acids in fruits from non-grafted and grafted (Shintoza, F1Pat81, and Fian) snake melon plants from Carrizales (A) and La Punta (B). Columns with (∗) show significant differences with respect to the NG control (Dunnett’s test, P ≤ 0.05). Averages were calculated from the biological replicates used in the sensory evaluations. From those treatments included in the five sensory evaluations of 2019, NG and F1Pat81, averages were calculated from six and four biological replicates, respectively, from the three sensory evaluations of la Punta and the two sensory evaluations of Carrizales. Four and three biological replicates were averaged, respectively, for the Shintoza treatment, included in two sensory evaluations from La Punta and one sensory evaluation from Carrizales. Two biological replicates were averaged for the Fian treatment from each of the two sensory evaluations in which this treatment was included (one from La Punta and one from Carrizales).


Grafting had a higher impact in the sugar content than in the organic acid profile (Figure 8). This effect was significant in Carrizales. Although the same trend seemed evident in La Punta, a higher variability hindered the identification of significance. The rootstock that had a higher impact on sugar accumulation was the Cucurbita rootstock Shintoza, with a significantly lower amount of both glucose and fructose; malic acid was also reduced with this rootstock. Sugar reduction also occurred, although to a lesser extent, in Cucumis rootstocks, both F1Pat81 and Fian, but only glucose content was significantly affected. In fact, this reduction did not affect the sucrose equivalents, a variable that accounts for the sweetening power of each sugar and which is more related to sweetness perception.

Regarding VOCs, aldehydes represented, by far, the main compounds of the snake melon aroma profile, followed by alcohols, and a very low amount of esters, as expected for a low-aroma melon, and apocarotenoids (Figure 9). The alcohol profile was rich in 2-phenylethanol, associated to floral odor (Table 4). The ester compounds, which are the major contributors to the aroma of sweet melons, were nearly absent in this immature fruit, with ethyl butanoate, the major ester contributor to melon aroma, being the most abundant, although in very low amounts. The apocarotenoid beta-ionone was the only one consistently detected, but in very low amounts.
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FIGURE 9. Accumulation of volatile organic compounds in fruits from non-grafted and grafted (Shintoza, F1Pat81, and Fian) snake melon plants from Carrizales (A) and La Punta (B). Samples obtained from the sensory analyses performed in 2019. Columns with (∗) show significant differences with respect to the NG control (Dunnett’s test, P ≤ 0.05). Averages were calculated from the biological replicates used in the sensory evaluations as described in legend of Figure 8.



TABLE 4. Detailed accumulation of volatile organic compounds (VOCs) in alficoz fruits from plants non-grafted (NG) and grafted onto F1PTA81, Shintoza, and Fian harvested in the 2019 campaign.
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A significant impact of grafting on the total VOCs was observed in both fields (Figure 9), with the Cucumis rootstocks being those that produced fruits with higher VOC content. The fruits produced in plants grafted onto these two rootstocks had VOC profiles with more aldehydes, more alcohols, and more esters. The Cucurbita rootstock also increased volatile content, especially alcohols and aldehydes, although this increase was not so important as that of Cucumis rootstocks and was only significant in Carrizales.

Principal component analyses showed that the different fruit samples were grouped according to their VOC profiles in both fields (Figure 10). Consistently, the samples from NG plants were grouped apart from those obtained from grafted plants, especially those grafted onto Cucumis. They were separated according to the first component that explained more than the 50% of the observed variation. This effect was observed in both fields, and fruits grafted onto Cucumis rootstocks, both the melon F1Pat81 and the wild Fian, resulted in fruits richer in most volatile compounds. This was also true for fruits produced by plants grafted onto the Cucurbita rootstock, but the effect of this rootstock was dependent on the field assay, having a similar effect to that of the F1Pat81 in Carrizales, but with less impact on plants grown in La Punta. The second component, which explained 15% of the observed variation, separated fruits produced in F1Pat81 grafted plants from those produced on Fian grafted plants, with the latter having higher contents in some aldehydes and apocarotenoids (Figure 10).
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FIGURE 10. Biplots of scores (bold) and loadings (italics) obtained in the principal component analyses performed with the contents of volatile organic compounds in fruits from non-grafted (NG) and grafted (Shintoza, F1Pat81, and Fian) grown at La Punta (A) and Carrizales (B). Samples obtained from the sensory analyses performed in 2019 as described in legend of Figure 8. 1_1, 1-pentanol; 1_2, (Z)-3-hexen-1-ol; 1_3, 1-nonanol; 1_4, (Z)-3-nonen-1-ol; 1_5, benzyl alcohol; 1_6, phenol; 1_7, phenylethanol; 1_8, 1-hexanol; 2_1, hexanal; 2_2, heptanal; 2_3, (E)-2-heptenal; 2_4, (E,E)-2,4-heptadienal; 2_5, (E)-2-octenal; 2_6, nonanal; 2_7, (Z)-6-nonenal; 2_8, (E)-2-nonenal; 2_9, (E,E)-2,4-nonadienal; 2_10, (E,Z)-2,6-nonadienal; 2_11, (E,E)-2,4-decadienal; 2_12, benzaldehyde; 2_13, phenylacetaldehyde; 3_1, 2-methyl propyl acetate; 3_2, (E,E)-2,4-headienoic acid, ethyl ester; 3_3, butyl butyrate; 3_4, ethyl butanoate; 4_1, 6-methyl-5-hepten-2-one; 4_2, geranylacetone; 4_3, beta-ionone; 4_4, beta-cyclocitral.


When analyzed in detail (Table 4), we observed in both fields that the F1Pat81 rootstock increased the content of some of the most abundant aldehydes, (E,Z)-2-6-nonadienal, E-2-nonenal, hexanal, and benzaldehyde (the latter more in Carrizales than in La Punta), of most alcohols, with the higher increase occurring in 2-phenylethanol, but also in (Z)-3-hexen-1-ol, 1-nonanol, and benzyl alcohol, and also affected ester content, doubling the amount of ethyl butanoate, compared to the NG melons. Most of these effects were also observed in fruits produced by plants grafted onto the wild melon rootstock (Fian), with some differences, the latter with a higher increase in most aldehydes, except from hexanal.

The analysis of specific products also showed the effect of the Cucurbita rootstock, Shintoza. Conversely to the consistent effect found in F1Pat81 and Fian, the Cucurbita effect was affected by the field, with the impact on VOCs being higher in Carrizales. The impact on aldehydes was less important, with a significant increase in some compounds regarding NG, but lower than that observed in the Cucumis rootstocks, for example, for main aldehydes such as (E,Z)-2-6-nonadienal and hexanal, which did not significantly increase in any of the fields. Benzaldehyde and phenylacetaldehyde, however, significantly increased in the saline conditions of Carrizales, even more than in the F1Pat81. A similar situation was found for the increase in alcohols and ethyl butanoate, which were only significant in Carrizales.

Correlation analysis performed with sensory scores and metabolite contents is shown in Figure 11. We found moderately significant correlations between flavor and aroma (R = 0.42) and between flavor and texture (R = 0.53). Flavor acceptability was positively correlated to the sugars (R = 0.56 to R = 0.63) and malic acid contents (R = 0.47), with a higher correlation being detected between flavor and glucose (R = 0.63). Significant negative correlations were found between flavor acceptability and contents of (Z)-3-hexen-1-ol (R = −0.59), benzyl alcohol (R = −0.43), 1-hexanol (R = −0.40), benzaldehyde (R = −0.50), and phenylacetaldehyde (R = −0.64).
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FIGURE 11. Heatmap of correlation analyses performed with data from the sensory evaluation and metabolite contents of the samples of 2019. 1_1, 1-pentanol; 1_2, (Z)-3-hexen-1-ol; 1_3, 1-nonanol; 1_4, (Z)-3-nonen-1-ol; 1_5, benzyl alcohol; 1_6, phenol; 1_7, 2-phenylethanol; 1_8, 1-hexanol; 2_1, hexanal; 2_2, heptanal; 2_3, (E)-2-heptenal; 2_4, (E,E)-2,4-heptadienal; 2_5, (E)-2-octenal; 2_6, nonanal; 2_7, (Z)-6-nonenal; 2_8, (E)-2-nonenal; 2_9, (E,E)-2,4-nonadienal; 2_10, (E,Z)-2,6-nonadienal; 2_11, (E,E)-2,4-decadienal; 2_12, benzaldehyde; 2_13, phenylacetaldehyde; 3_1, 2-methyl propyl acetate; 3_2, (E,E)-2,4-hexadienoic acid, ethyl ester; 3_3, butyl butyrate; 3_4, ethyl butanoate; 4_1, 6-methyl-5-hepten-2-one; 4_2, geranylacetone; 4_3, beta-ionone; 4_4, beta-cyclocitral.





DISCUSSION

Melon production is limited by viral and fungal diseases (García-Jiménez et al., 2008; Lecoq and Katis, 2014; González et al., 2020a). Resistances to the main viruses affecting melons have been reported and introgressed into commercial cultivars. However, traditional varieties, such as snake melons, have been neglected in breeding programs, and most of them are susceptible to most viruses (Solmaz et al., 2016b; Yousif et al., 2007). In the current study, we detected several viruses in different years and fields affecting snake melon plants. The aphid-transmitted Potyvirus WMV was the most prevalent, but another potyvirus, ZYMV, and the Begomovirus ToLCNDV were also found with a lower incidence. Resistances to all these viruses are available (Sáez et al., 2017; Pérez-de-Castro et al., 2019; Martín-Hernández and Picó, 2021), but have not been introgressed into the snake melon background. Therefore, introgression programs are needed to develop snake melon cultivars with resistance to these viruses.

Regarding the incidence of fungi, global warming is favoring the increasing incidence of highly damaging fungi to melon (Cohen et al., 2012; de Sousa Linhares et al., 2020; Timmusk et al., 2020). M. phaseolina and N. falciformis were identified as major pathogens in snake melon NG plants. Our inoculation studies confirm the worse response of snake melon, compared to Piel de Sapo sweet melon, to both pathogens, being highly susceptible to M. phaseolina and MR to N. falciformis. The former has been described as a main pathogen of melon worldwide, with recently available resistant sources (Ambrósio et al., 2015; Cohen et al., 2016; de Sousa Linhares et al., 2020) and the determination of the genetic control under study. The latter has been very recently reported for the first time as a melon pathogen in Spain (González et al., 2020b, c). The high susceptibility of snake melon to Brazilian isolates of M. phaseolina compared to sweet melons was already reported by Ambrósio et al. (2015). The response of this melon to N. falciformis is reported here for the first time.

Despite the fact that plant mortality caused by these pathogens was moderate, the impact on the production was very important. The dramatic impact of diseases on snake melon production under organic farming management, almost halving yield, was confirmed in the experiment of 2018, when the production of snake melon in infested soils with previous melon cultivation (La Punta) was compared to that obtained in a soil with no previous cultivation of melon (Moncada). Despite production losses, there was not an important effect on fruit traits, other than reduction in FF. Compared to the impact of fungal attack, salts stress of Carrizales in 2018 was less damaging for snake melon plants, and productions similar to those of the unstressed control field were obtained. Therefore, snake melons seem to be much more susceptible to fungal stress than to salinity. This is consistent with the general idea that melons, like other Cucurbits, are only moderately sensitive to salinity, compared to other vegetables (Villalobos et al., 2016; Wang et al., 2016). As occurred with fungal stress, FF was slightly reduced under salt stress, which also increases SSC. These effects have been previously reported in sweet melons with higher SSC when grown at high salinity levels (Colla et al., 2006), but our results also show a similar effect even in this non-sweet melon. Also, an effect of salinity on fruit firmness has been reported (Trajkova et al., 2006; Yarsi et al., 2012).

Grafting can be used to reduce the impact of stressful conditions on snake melon production and quality. In fact, the use of Cucumis rootstocks, both melon, F1Pat81, and wild Cucumis, Fian and Fimy, reduced plant mortality. M. phaseolina, M. cannonballus, and different species of Fusarium were detected in plants cultivated in both fields. Previous studies showed that F1Pat81, Fian, and Fimy are quite tolerant to M. cannonballus and M. phaseolina (Ambrósio et al., 2015; Cáceres et al., 2017; Gisbert et al., 2020; Castro et al., 2020), although the tolerance derived from Pat 81 seems to be temperature dependent (Castro et al., 2020; de Sousa Linhares et al., 2020). The wild Cucumis are also resistant to F. oxysporum (Matsumoto et al., 2011; Gisbert et al., 2020). These tolerances may account for the reduced mortality found in snake melon plants grafted onto these rootstocks. Cucurbita rootstocks are known to have resistance to F. oxysporum and tolerance to M. cannonballus and M. phaseolina. However, in our study, plant mortality similar to that found on NG snake melon occurred in Cucurbita grafted plants. Regarding the lower performance of Cucurbita rootstocks, it should be considered that these are usually employed to control F. oxysporum. This fungus, along with M. phaseolina and M. cannonballus, were detected in Cucurbita roots. However, in this case, the high levels of mortality could be due to the presence of other fungi as N. falciformis and N. keratoplastica of the FSSC (O’Donnell et al., 2008; González et al., 2020a), as F. solani has been found to very seriously affect the Cucurbita hybrid rootstocks in watermelon (Armengol et al., 2000). It is then necessary to include these new pathogens in the selection process of new rootstocks for melon to overcome future pathogenic problems in these Cucurbita species, due to the possible spread of these soilborne fungi in our producing areas.

As stated before, grafting onto the melon F1Pat81 and wild Cucumis rootstocks reduced consistently plant mortality in different agroecological conditions, but the impact on the production per plant was variable between years and fields, and similar to that caused by the Cucurbita rootstocks. Despite the variability, in most cases, grafted plants displayed lower production losses than NG, except those grafted onto the Fimy rootstock, which were less productive. Under salt stress, grafting significantly increased production per plant, as occurred in 2018 in Carrizales, with similar effect of melon and Cucurbita rootstocks. The combined effect of salinity and fungal stress, and the environmental conditions that favored the stressful scenario, caused the highest impact on production in Carrizales in 2019. Increased susceptibility to soil borne diseases has been reported in tomato under high salinity (Bai et al., 2018). Also, in melons, enhanced fungal damage has been reported under saline conditions (Roustaee et al., 2012; Mirtalebi and Banihashemi, 2019). Grafting contributed to alleviate the impact of these extreme conditions. The lower performance of F1Pat81 in these conditions could be related to the higher temperatures, as the level of resistance against M. phaseolina and M. cannonballus of materials derived from F1Pat81 drop at higher temperatures (Castro et al., 2020; de Sousa Linhares et al., 2020). Therefore, grafting is a good strategy to reduce plant mortality due to fungal stress and can alleviate yield losses, depending on the resistance of the rootstocks and the fungal profile of the soil, and increase production under saline conditions.

The use of grafting in melon is prevented by the impact that the different rootstocks can have on fruit quality (Fita et al., 2007; Fallik and Ilic, 2014; Fredes et al., 2017; Leonardi et al., 2017). In the case of snake melons, the effect of the different rootstocks on fruit traits, such as shape, firmness, pH, or Brix degree, was minimum for both Cucumis and Cucurbita rootstocks, and only limited effects in certain combinations and environments were detected. Most of these mild effects were associated to the flesh and rind color. Variable effects on fruit color have also been reported for different types of rootstocks in sweet melons (Cáceres et al., 2017). The increase in Brix degree observed in NG snake melons cultivated under salt pressure in Carrizales was also consistently observed both years in grafted plants, which is more intense in plants grafted onto Cucumis rootstocks.

Even when no effect of rootstocks on basic fruit traits is detected, grafting can alter metabolite profiles, which may affect consumers’ preferences. Trained sensory panels have been successfully used for the evaluation of sweet melons (Bianchi et al., 2016; Park et al., 2018; Ayres et al., 2019), Spanish sweet melons (traditional landraces) (Escribano and Lázaro, 2012), and even snake melons (Omari et al., 2018). Training such panels is time-consuming and much more difficult to implement in neglected crops such as snake melon. Despite these difficulties, in this study, they consistently showed preferences for snake melon fruits produced in NG plants. In this sense, Cucurbita hybrid rootstocks clearly scored below the NG control in most sessions, while the Cucumis rootstock F1Pat81 showed no significant differences with the NG control. It is also important to note that some tasters reported fibrous or course textures and strange tastes for the Cucurbita grafted plant fruits.

We performed analysis of sugars, acids, and volatiles to evaluate if these consumer preferences might be associated to metabolic profile differences due to grafting. Snake melons do not accumulate sucrose, or present it at very low levels. Burger et al. (2003) related this trait with a high acid invertase activity that prevents the accumulation of sucrose and described the recessive gene suc as responsible for high sugar accumulation in sweet melons. The fruits analyzed in this work have shown this profile, with sucrose remaining under the limits of quantification and limited accumulation of hexoses. The main acids detected in our snake melon fruits were citric and malic, with malic being predominant. Burger et al. (2003) described the same profile in the variety “Faqqous” of snake melon, with high acid values being conferred by the dominant gene So. Snake melons (along with Indian Momordica and Acidulus melons) are considered sour melons and, in contrast to sweet melons, have malic acid as the main organic acid. The non-sweet and acidic profile found in our snake melon is typical of the So/So, Suc/Suc combination, described in other C. melo var. flexuosus varieties (Burger et al., 2003). Cohen et al. (2014) identified the gene CmPH with a major effect on fruit acidity. They found a high acid profile in the cultivars that lacked a four-amino acid duplication in this gene, among them the flexuosus melons.

Grafting seems to affect the sugars and organic acid profile, with this effect being more accentuated with Cucurbita rootstocks that significantly decrease both hexoses, affecting sucrose equivalents and malic acid. Melon rootstocks did not alter malic acid content, and the effect on sugars was only significant for glucose, not affecting sucrose equivalents. The sugar and organic acid contents can affect consumer acceptability. In fact, flavor scores of sensory evaluations were positively correlated with sugars and malic acid contents.

Snake melons are climacteric melons, aromatic when fully mature (Esteras et al., 2018), but we characterized the aroma profile at commercial maturity, when fruits are physiologically immature. At this ripening stage, VOC profile was more like that of non-climacteric melons, very rich in aldehydes, followed at a considerable distance by alcohols, and low levels of esters and apocarotenoids. The aldehyde profile of the snake melon was characterized by high contents of (E,Z)-2-6-nonadienal, followed by E-2-nonenal, hexanal, and benzaldehyde, which differ from the aldehyde profile usually found on aromatic and non-aromatic sweet melons. These compounds are known to be some of those with the main impact in melon aroma (Gonda et al., 2016). (E,Z)-2-6-nonadienal is reported to contribute with cucumber-like odor, whereas E-2-nonenal and hexanal contribute with green and fresh odor notes. This profile differs from that of sweet climacteric melons, poorer in these aldehydes, but also from other non-climacteric melons, such as the inodorus group, rich in aldehydes, but with a different aldehyde profile, richer in hexanal (Esteras et al., 2018). The alcohol profile was also different to that of aromatic sweet melons, richer in hexanol, stale odor, and fermented notes, and Z-3-hexen–1-ol, grassy-green odor, instead of 2-phenylethanol, floral odor, the main alcohol present in snake melons. The ester compounds, which are the major contributors to the aroma of sweet melons, are nearly absent in this immature fruit, with ethyl butanoate being a major ester contributor to melon aroma and the most abundant, although in very low amounts compared to sweet melons. Also, the apocarotenoid beta-ionone was the only consistently detected, but in very low amounts. This profile was similar to that reported for the “Cai Gua” snake melon by Tang et al. (2015) and Chen et al. (2016), who also reported high levels of phenylethanol among alcohols, and (E-Z)-2-6-nonedienal, (E)-2-nonenal, hexanal, and benzaldehyde among aldehydes.

There was a clear impact of grafting on VOC profile, with a higher effect in Cucumis vs Cucurbita rootstocks. Grafting onto Cucumis rootstocks resulted in fruits with a VOC profile richer in most aldehydes, alcohols, and esters. This effect was lower and more dependent on the field conditions in Cucurbita rootstocks. Flavor acceptability showed significant negative correlations with some of these compounds, (Z)-3-hexen-1-ol, benzyl alcohol, and 1-hexanol, among alcohols, and phenylacetaldehyde and benzaldehyde, among aldehydes. All grafted plants had significant increases of most of these compounds compared to NG plants. The increase was higher for Cucurbita vs Cucumis rootstocks in Carrizales for (Z)-3-hexen-1-ol, the compound with the highest negative correlation with flavor acceptability. The increase in the two aldehydes more negatively correlated with flavor acceptability, phenylacetaldehyde and benzaldehyde, was more important in Cucurbita in the Carrizales assay, associated with the lower scoring of fruits produced by plants grafted onto these rootstocks in the sensory evaluations.

Our results showed that Cucurbita rootstock has a higher impact in sugar and organic acid profile than in VOC profile, resulting in a less favorable consumer perception, and that Cucumis rootstocks affect VOC profile more than sugar and acid profile, which may result in a lower effect on consumer perception, although the increase in specific alcohols and aldehydes could also be related to the less positive perception of consumers of fruits coming from grafted plants.



CONCLUSION

Snake melon seems to be moderately susceptible to biotic stress and especially to soilborne diseases. Nonetheless, under high incidence conditions, yield losses can be higher than 50%. This yield loss would be even higher when combined with high salinity, due to a synergic effect. In organic farming, strategies against diseases are limited, and in this context, the use of rootstocks seems to be an efficient alternative. The use of Cucumis rootstocks seems to be more favorable. F1Pat81 not only reduced yield losses under biotic stress but also increased yield under salt stress. Nonetheless, grafting may have a side effect on consumer acceptability. This effect seems to be related to changes in the profiles of the analyzed metabolites caused by grafting, but it depends on the specific scion–rootstock combination. Cucumis rootstocks had a major effect on the VOC profile, but the incidence on sugar accumulation was limited compared to Cucurbita rootstocks, probably reducing the negative side impact on flavor.
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Supplementary Figure 3 | Mean temperature (lines) and total rainfall (columns) for each field in 2018 (A) and 2019 (B).

Supplementary Figure 4 | Pests and diseases detected in La Punta. Aphids on a snake melon plant (A). Snake melon plants with WMV (B) and ZYMV symptoms (C). Plants affected by P. xanthii (D).

Supplementary Figure 5 | Snake melon plants affected by different soil borne pathogens in Carrizales (2019), with their corresponding roots. (A,B) Non-grafted, (C,D) grafted onto Shintoza, (E,F) grafted onto Cobalt.

Supplementary Figure 6 | Response of snake melon to Monosporascus cannonballus (left) and Macrophomina phaseolina (right). Healthy root of non-inoculated control (A). Roots of plants inoculated with M. cannonballus at 30 DAI, root lesions and pruning are apparent (B). Response of snake melon to M. phaseolina. Plant inoculated with the toothpick method (C). Lesions of M. phaseolina on the stem at 15 DAI (D) and lesion on the stem of a dead plant at 30 DAI (E).

Supplementary Figure 7 | Response of snake melon to N. falciformis and N. keratoplastica. Pictures show the symptoms at 7 and 14 DAI, and the non-inoculated control.

Supplementary Table 1 | Volatiles analyzed in the fruit samples. (CAS, Chemical Abstract Service, MW: molecular weight; Chromatographic parameters obtained from GC-MS chromatograms: Rt: retention time, RI: retention index; Quan ion: quantitation ion). Retention index calculated with n-alkanes on Supelcowax 10 (bonded polyethylene glycol) capillary column. Linearity range corresponding to the real concentration of standards used for calibration.
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Graft incompatibility (GI) between the most popular Prunus rootstocks and apricot cultivars is one of the major problems for rootstock usage and improvement. Failure in producing long-leaving healthy grafts greatly affects the range of available Prunus rootstocks for apricot cultivation. Despite recent advances related to the molecular mechanisms of a graft-union formation between rootstock and scion, information on genetic control of this trait in woody plants is essentially missing because of a lack of hybrid crosses, segregating for the trait. In this study, we have employed the next-generation sequencing technology to generate the single-nucleotide polymorphism (SNP) markers and construct parental linkage maps for an apricot F1 population “Moniqui (Mo)” × “Paviot (Pa)” segregating for ability to form successful grafts with universal Prunus rootstock “Marianna 2624”. To localize genomic regions associated with this trait, we genotyped 138 individuals from the “Mo × Pa” cross and constructed medium-saturated genetic maps. The female “Mo” and male “Pa” maps were composed of 557 and 501 SNPs and organized in eight linkage groups that covered 780.2 and 690.4 cM of genetic distance, respectively. Parental maps were aligned to the Prunus persica v2.0 genome and revealed a high colinearity with the Prunus reference map. Two-year phenotypic data for characters associated with unsuccessful grafting such as necrotic line (NL), bark and wood discontinuities (BD and WD), and an overall estimate of graft (in)compatibility (GI) were collected for mapping quantitative trait loci (QTLs) on both parental maps. On the map of the graft-compatible parent “Pa”, two genomic regions on LG5 (44.9–60.8 cM) and LG8 (33.2–39.2 cM) were associated with graft (in)compatibility characters at different significance level, depending on phenotypic dataset. Of these, the LG8 QTL interval was most consistent between the years and supported by two significant and two putative QTLs. To our best knowledge, this is the first report on QTLs for graft (in)compatibility in woody plants. Results of this work will provide a valuable genomic resource for apricot breeding programs and facilitate future efforts focused on candidate genes discovery for graft (in)compatibility in apricot and other Prunus species.
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INTRODUCTION

The main goals of apricot breeding programs are to decrease production costs (pest and disease resistance), to increase yield (self-compatibility and graft compatibility, low or high chill requirement), and to improve fruit quality (Ruiz et al., 2010; Zhebentyayeva et al., 2012). Nowadays, improvements in cultural practices, the withdrawal of soil fumigants, extended cultivation season, and demand for higher fruit quality significantly increased the number of both rootstocks and apricot cultivars on the market. Graft compatibility between rootstock and scion becomes a major concern for advanced selections to be released for agricultural production. Knowledge on the extent and nature of (in)compatibility reaction provides growers and nurseries with information that allows to estimate weakness of the graft interface and potential risk of delayed incompatibility, i.e., long-term survival and functioning of the composite grafted plants (Hartmann et al., 2002; Pina et al., 2017; Baron et al., 2019). Early diagnostics of graft compatibility is of critical importance for plants with a long-life cycle. Therefore, characterization of the physiological and molecular mechanisms involved in graft responses at early stages of development was in focus of several studies in stone fruit trees (Irisarri et al., 2016; Reig et al., 2019) and grapevines (Cookson et al., 2014; Assunção et al., 2019). Differentially expressed transcripts, proteins, and secondary metabolites accumulated at the graft interface were reported in several studies to improve our understanding of the molecular-level differences between heterografts and homografts (Wang et al., 2016., Chen et al., 2017; Pina et al., 2017; Gautier et al., 2019; Prodhomme et al., 2019). However, the advancement of graft incompatibility (GI) studies was slow compared to other agronomic traits such as resistance to biotic and abiotic stresses, self-fertility, or fruit quality, because it is logistically challenging to graft hundreds of different scion–rootstock combinations with a sufficient number of replicates to quantify the trait. Additionally, accurate identification of expressed transcripts, proteins, or other biomolecules requires appropriate controls (ungrafted scions and rootstocks, homografts, and heterografts) and sufficient amount of sampled tissue (Goldschmidt, 2014; Gautier et al., 2019). Consequently, our knowledge on biology and genetics of rootstock–scion compatibility is incomplete and requires more studies. In the last decades, the development and application of molecular tools have increased the speed and precision of the breeding process in horticulture, particularly for traits that are difficult to evaluate phenotypically or when the expression of a gene is recessive. Molecular markers are frequently used for indirect selection on traits of interest in fruit trees and other crops (Arús et al., 2005; He et al., 2014). Because of long period of juvenility and space constrains, traditional selective breeding and marker-assisted selection are usually carried out in the Prunus breeding programs simultaneously. Selection by molecular markers is possible, provided sufficient mapping information is known in shortening the number of generations required to eliminate the undesired genes in the backcrossing programs (Ruiz et al., 2010; Aranzana et al., 2019). Thus, genetic linkage analysis of segregating progeny in biparental crosses elucidates structural organization of genomes and enables identification of genomic regions and their gene contents underlying simple Mendelian and complex quantitative traits. As a result, approximately 200 maps have been developed for more than 100 traits in the Prunus tree species (reviewed in Guajardo et al., 2015; Aranzana et al., 2019). The first apricot linkage maps were developed using the combination of different molecular markers (RAPDs, AFLPs, RFLPs, and SSRs) from different families that segregated for plum pox virus (PPV) resistance (Hurtado et al., 2002; Vilanova et al., 2003), bloom date (Campoy et al., 2011), self-incompatibility (Muñoz-Sanz et al., 2017), and fruit quality (Ruiz et al., 2010; Salazar et al., 2013; García-Gómez et al., 2019). Because of recent advancements in biotechnology, the use of single-nucleotide polymorphisms (SNPs) markers for genotyping has increased the potential to score variation in specific DNA targets. Sequence-based genotyping (SBG) with different modifications provides a rapid and low-cost approach to genotype breeding populations and their parents, allowing plant breeders to implement genetic linkage analysis, genome-wide association studies, and genomic selection (GS) under a large scale of plant breeding programs (Truong et al., 2012; Andrews et al., 2016; Scheben et al., 2017). It has been shown to be a valid tool for population genetics studies (Fu and Peterson, 2011; Peterson et al., 2014) and identification of quantitative trait loci (QTLs). In fruit trees, genotyping by sequencing to date was conducted in apple (Nocker and Gardiner, 2014), raspberry (Ward et al., 2013), cherry (Guajardo et al., 2015), peach (Bielenberg et al., 2015), Japanese plum (Salazar et al., 2017, 2019), and Prunus rootstock germplasm collections (Guajardo et al., 2020), generating SNPs of sufficient quality and quantity to be of utility in genetic mapping. In apricot, high-density genetic map was constructed and used for mapping pistil abortion, an important agronomic trait decreasing the yield in production (Zhang et al., 2019). However, the genetic control of GI remains poorly understood mainly because of a lack of hybrid crosses, segregating for the trait. To generate a hybrid plant material for genetic analysis, we cross-pollinated two apricot cultivars that were previously phenotyped as graft-compatible and -incompatible when grafted to the same rootstock universal for Prunus. Using this cross, we established a phenotyping protocol for this complex trait based on cytomorphological observations of graft interface (Irisarri et al., 2019). Regression analysis of phenotypic data across the progeny revealed likely polygenic control of successful graft formation. In the follow-up study presented here, we genotyped progeny by sequencing and constructed high-density parental genetic maps for QTL analysis in order to (1) answer a questions if any genomic regions in apricot are significantly associated with graft (in)compatibility trait and (2) delineate QTL intervals and identify genetic markers most associated with graft (in)compatibility trait for potential use in breeding.



MATERIALS AND METHODS


Plant Material and DNA Extraction

We genotyped by sequencing a population of 138 F1 apricot individuals from the “Mo × Pa” cross between graft-incompatible traditional Spanish cultivar “Moniqui (Mo)” and graft-compatible French cultivar “Paviot (Pa)”. Genomic DNA was extracted from young leaves of each individual using the DNeasy plant kit (Qiagen, United States) according to the manufacturer’s instructions and quantified on agarose gels in presence of ethidium bromide against incremental dilutions of the lambda DNA standard (Green and Sambrook, 2012). As a first quality test, 100 ng of DNA from parents and some progeny individuals was digested with Pst1 and Mse1 (New England Biolabs, United Kingdom) using the manufacturer’s instructions. DNA samples were sent to the Clemson University Genomics institute (SC, United States) to perform SBG of offspring and parents.



Data Processing and SNP Genotyping

DNA samples were digested with partially methylation-sensitive enzyme ApeK1, and 96-plexed libraries were prepared following the protocol described for maize by Elshire et al. (2011) with few modifications. Parental genotypes were sequenced three times and used as intraplate and interplate controls of sequencing quality. Data processing and SNP genotyping were done as previously described for multiple chestnut crosses (Zhebentyayeva et al., 2019). Reads were demultiplexed using “process_radtag” command implemented in the Stacks v.1.44 (Catchen et al., 2011). In total, 97% of reads were retained after check for quality (QC > 30) and presence of ApeK1 restriction site (Supplementary Table S1). Triplicated parental reads were combined, and names “p1” and “p2” for “Moniqui” and “Paviot” were given, respectively. Reads were then aligned against the Prunus persica v2.1 genome (Verde et al., 20171) using short-read nucleotide alignment program GSNAP version 2015-07-23 at default parameters (Wu and Nacu, 2010). Also, Burrows–Wheeler aligner (BWA) by Li and Durbin (2009) was used to compare efficiency of two aligners for progeny genotyping.

Following the same strategy used for linkage mapping in heterozygous grape (Hyma et al., 2015), we first separated sequences into chromosomal groups based on alignment against the P. persica v 2.1 pseudochromosomes and collected genotypic data for linkage groups (pseudochromosomes) separately. Replicated parental reads were combined, providing saturated frameworks for SNP genotyping. A catalog of tags and SNP genotypes was generated using a “ref_map” command and encoded as an F1 segregating population type. Genotypes were further filtered for minimum stack depth of five (-m) and a minimum number of genotyped progenies at 90% necessary to retain any SNP locus (−r). Data were exported from Stacks in a JoinMap format and used for linkage map construction. Map graphics were generated with MapChart v. 3.0 (Voorrips, 2002).



Linkage Map Construction

Two parental, female and male, maps for graft-incompatible “Moniqui” and graft-compatible “Paviot”, respectively, were constructed following the two-way pseudo-testcross strategy for outcrossing species (the CP population type) using the JoinMap v4.1 (Van Ooijen, 2006). An input file generated by Stacks was manually curated, and only markers polymorphic in one parent (< lm × ll > and < nn × np > configurations) were retained. Individuals with more than 10% of missing data as well as identical loci (>0.95 similarity threshold) were excluded from consideration. Additionally, distorted markers (P ≤ 0.05) were identified and deleted from dataset using the χ2 test and the “Exclude Selected Item” function in JoinMapv4.1. Phases (coupling and repulsion) of the marker loci were automatically detected with the CP option. Linkage groups were established at independence logarithm of odds (LOD) < 7.0 using the regression algorithm (Kosambi mapping function) with the following thresholds: recombination frequency of 0.400, LOD value of 1.0, and a goodness-of-fit jump of 5.00 and performing a ripple function after each added locus for optimization of marker order. Three rounds of mapping were performed. After an initial round of mapping, loci were excluded from subsequent maps if they (1) had a high nearest neighbor fit values and/or low locus mean genotype probabilities; (2) introduced negative genetic distance assigned to conflicting linkage phases; (3) produced multiple hits when blasted against the P. persica v2.1 genome; or (4) were in prominent order conflicts with P. persica v2.1 pseudochromosomes (few cases). Mapping iterations continued until there was no further improvement in map quality as assessed by χ2 values for each linkage group or alignment against peach reference genome. The Phytozome 12.1 genome browser (Goodstein et al., 2012) was used for verifying orientation of linkage groups and marker order along the P. persica v2.1 pseudochromosomes, as well as for functional annotation of marker sequences most associated with the trait.



Analyzing QTLs Associated With Graft (In)Compatibility

Two-year phenotypic data, anatomical patterns associated with GI, collected for 92 individuals from the “Mo × Pa” cross in 2014 and 2015 (Irisarri et al., 2019) were used for detecting marker–trait associations in this study. Necrotic line (NL) and wood and bark discontinuities (WD and BD, respectively) were scored between 0 = absence and 5 = presence. For overall estimates of the trait, GI categories were assigned to individuals according to Herrero (1951) with some modifications: category 0 represents a perfect union in which the graft line is almost invisible; in category 1, the bark and wood are continuous, although the line of union in the wood is often clearly distinguished by excessive ray formation; and in category 2, unions show vascular discontinuities and WD (Figure 1). Five to 10 grafts on the rootstock “Marianna 2624” were phenotyped for each hybrid individual, and mode values were calculated for each parameter evaluated 1 year after grafting.
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FIGURE 1. (A) Distribution of classified graft (in)compatibility phenotypic classes in the mapping population “Mo × Pa” progeny in the years 2014 and 2015. Images showing categories 0 (B), 1 (C), and 2 (D). Scale bars = 5 mm. Category descriptions: (0) perfect union in which the graft line is almost invisible; (1) the bark and wood are continuous, although the line of union in the wood is often clearly distinguished by excessive ray formation; and (2) unions showing vascular and wood discontinuities.


The QTL analyses were performed using multiple statistical analyses: non-parametric Kruskal–Wallis test (KW), interval (IM), and composite interval multiple (MQM) mapping implemented in the MapQTL6 (Van Ooijen, 2009). The minimum LOD score for QTL detection was determined by either the genome-wide or chromosome-wide LOD significance threshold (α = 0.05) calculated using 1,000 permutations (Churchill and Doerge, 1994). Marker–trait associations above chromosome-wide but below genome-wide thresholds were declared as suggestive QTLs following guidelines by Lander and Kruglyak (1995). The support intervals for QTLs were calculated using a 1.5-LOD drop interval. The QTL (q) names reflected the trait (NL, BD, WD, and GI) and their positioning on parental linkage groups (from LG1 trough LG8), and they were appended with a year of phenotyping. For example, the QTL named qGI.5-2014 was the first for GI on G5 from the 2014 cohort of the “Mo × Pa” cross.



RESULTS


Sequence-Based Genotyping and Linkage Mapping

Altogether, 270,059,232 (97%) clean barcoded reads were generated for the “Mo × Pa” progeny. The average number of reads per individual was 1.93 mln (Supplementary Table S1). Seven individuals with less than 1-mln reads were discarded from genotyping. We compared the efficiency of the short-read aligners BWA and GSNAP to map apricot sequences against the reference P. persica v2.1 genome. Percent of unique reads properly aligned against reference with the GSNAP software was higher than that by BWA, 51.27 and 40.58%, respectively (data not shown). Consequently, the GSNAP dataset (individual bam files) was used for progeny genotyping. Catalog of tags, i.e., apricot DNA fragments potentially useful for SNP calling in progeny, was composed of 147,315 sequences. Altogether, 18,995 SNPs distributed along eight peach pseudochromosomes were written into unfiltered mapping files. Of these, 7,618 high-quality SNPs were present in more than 90% individuals (Table 1). These genotypes were exported from Stacks for additional filtering based on marker segregation types and χ2 goodness-of-fit test for distortion.


TABLE 1. Marker distribution in F1 “Moniqui × Paviot” cross (“Mo × Pa”).

[image: Table 1]After filtering markers heterozygous in one parent (segregation types either < lm × ll > or < nn × np >), the number of markers was dramatically reduced. Altogether, 1,551 (23%) and 1,349 (18%) SNPs distributed along eight P. persica pseudochromosomes satisfied a marker configuration requirement in female and male parents, respectively. These were assessed for deviation from segregation ratio 1:1 using the χ2 goodness-of-fit tests (at P ≤ 0.05). Finally, 577 and 501 non-distorted SNPs were organized in eight female “Mo” and male “Pa” linkage groups, respectively (Table 1 and Figure 2). The resultant genetic maps spanned a total length of 780.3 and 690.4 cM, respectively. The LG length was variable in the female “Mo” map, with LG2 being the largest, 149.9 cM, and LG5 the shortest, 53.3 cM group. The average marker density was 1.4 cM per marker. The male “Pa” map was composed of maximum and minimum linkage group lengths of 160.7 cM (LG1) and 51.2 cM (LG6) and an average marker density of 1.38 cM per marker (Figure 1). The average distance between markers ranged from 0.48 cM (LG5) to 3.53 cM (LG4) in the “Mo” and from 0.49 (LG6) to 3.28 (LG7) in the “Pa” maps. The markers mapped to the two parental maps, along with the linkage group, segregation type, phase, and the “Mo × Pa” encoded alleles, are detailed in Supplementary Table S2.


[image: image]

FIGURE 2. Linkage map constructed from genotyping-by-sequencing derived SNPs in an F1 apricot population derived from a cross between the female parent “Moniqui” and the male parent “Paviot” (N = 138 seedlings).


We compared marker order on the genetic maps calculated from recombination frequencies and physical order of corresponding sequencing tags on the assembled P. persica pseudochromosomes (Supplementary Table S3). The parental “Mo × Pa” maps were highly syntenic, and the SNP marker order was in good agreement with physical positioning markers in the P. persica genome. However, several genomic regions of genetic maps were underrepresented in consequence of removal of the SNP markers with segregation ratios deviating from 1:1. Several gaps larger than 5 Mb of physical distance were identified—one on the top of the LG1 on the “Mo” map (0–23 Mb) and three on the LG1 (39.2–47.9 Mb), LG2 (1.2–14.9 Mb), and LG3 (0–18.2 Mb) of the “Pa” map. As a result, corresponding linkage groups, the LG1 on female “Mo” map, and LG1, LG2, and LG3 of the male “Pa” map, were significantly shorter than reference Prunus map. Similar non-random effect of segregation distortion on parental maps was reported for Rubus idaeus (Ward et al., 2013).



QTL Analysis for GI Traits in Apricot

Altogether, 92 seedlings from the “Mo × Pa” progeny, phenotyped in the years 2014 and 2015 for graft (in)compatibility (GI), and three phenotypic characters linked to this trait NL, BD, and WD were evaluated (Irisarri et al., 2019). For reasons not related to phenotyping, five grafted trees died in 2014 (no phenotypic data recorded), and one tree died in 2015 (2014 phenotypic data only). Phenotypic data for specific characters associated with graft (in)compatibility and overall GI scores were used for mapping QTLs on the “Mo” and “Pa” maps (Supplementary Table S4). QTLs were mapped separately on the “Mo” and “Pa” maps because cultivars could contribute to graft compatibility using different set of genes, not necessarily colocalized on same linkage groups. Mapped markers associated with graft (in)compatibility characters in female parent (the “Mo” map) were not detected. Apparently, inheritance of the trait by progeny relied solely on male parent “Paviot” graft-compatible with “Marianna 2624.” Therefore, herein we report the QTL analysis results generated with the male “Pa” map. Using three statistical methods (KW, IM, and MQM) implemented in MapQTL, we identified two genomic regions on LG5 (44.9–60.8 cM) and LG8 (33.2–39.2 cM) associated with graft (in)compatibility characters such as NL, WD, and overall GI scores (Table 2). However, we failed to detect QTL signals, i.e., marker–trait associations, for BD in both 2014 and 2015 datasets. Two QTLs qWD8-2014 and qNL8-2015 explaining 16.1 and 14.7% of phenotypic variance colocalized on LG8 and shared the same genetic interval with a qWD8-2015 and qGI8-2015. However, the last two suggestive QTLs were significant only at a chromosome-wide LOD threshold. On LG5, two colocalized putative QTLs qNL5-2014 and qGI-2015 were also significant at chromosome-wide level. The KW test provided additional support for positioning graft compatibility QTLs on the “Pa” genetic map for those datasets, in which QTLs were not declared because of low (<1.0) LOD scores. Most significant markers pa71770 and pa71806 on LG5 for the qWD5-2014, qGI5-2015, and pa113022 for the qGI8-2014 on LG8 were shared among all graft compatibility traits. Thus, two genomic regions on LG5 and LG8 were associated with graft compatibility, although at different significance levels, depending on specific character and year (Supplementary Figure S1).


TABLE 2. Quantitative trait loci (QTLs) associated with necrotic line (NL), wood (WD) and bark discontinuity (BD), and overall graft incompatibility (GI) on the male “Paviot” map.

[image: Table 2]Using marker sequence information, we delineated QTL intervals for graft compatibility on the P. persica v2.1 pseudochromosomes (Table 2). The QTL intervals covered 3.2 Mb of physical distance on LG5 (9.14–12.36 Mb) and 2.1 Mb on LG8 (15.36–17.47 Mb). On LG5, two cofactors, i.e., most associated markers, pa71770 or pa71806, were located approximately 34 kb apart within the same QTL interval. The pp71770 derived from Prupe.5G111500.1 gene encoding a dirigent-like protein. Dirigent proteins were found to mediate a stereoselective bimolecular phenoxy radical coupling during lignan biosynthesis and modulate cell wall metabolism under stress condition (Paniagua et al., 2017). The pa71806 marker is derived from two overlapping genes of unknown functions, Prupe.5G111900.1 (+) and Prupe.5G112000.1 (-) encoding glyoxalase-like domain protein and acyl-coenzyme A:6-aminopenicillanic acid acyltransferase, respectively. The most associated marker pa113022 identified within QTL interval on LG8 is derived from gene Prupe.8G141300.1 annotated as amino acid permease family protein involved into transport amino acids into cell.



DISCUSSION

Graft incompatibility is an important agronomical trait in the development and selection of new rootstocks and cultivars. Although several approaches have been applied to identify physiological and molecular markers related to graft union formation and graft success, there is still limited information on this trait. Several studies have monitored the transcripts and proteins associated with graft union formation and GI in grape (Cookson et al., 2013, 2014), pecan (Mo et al., 2018), and citrus (He et al., 2018). Higher expression of genes related to stresses, wounding, and secondary metabolism has been highlighted as typical for less compatible scion–rootstock combinations at early stages of development after grafting: in lichi (Chen et al., 2017), grapevine (Cookson et al., 2014; Assunção et al., 2019), Prunus species (Irisarri et al., 2015, 2016), melon (Aloni et al., 2008), and bottle gourd (Wang et al., 2016). However, not all the studies included all the necessary controls to reliably identify the genes and proteins differentially expressed during heterografting and associated with GI. Similarly, the metabolite profile of the scion, rootstock, and graft interfaces appears to change over time, suggesting that metabolite markers of GI could be specific and only valid in understanding graft (in)compatibility at certain developmental stages (Assunção et al., 2019). Until now, no genetic approaches have been used due to different reasons: the challenge of phenotyping GI in large fruit tree population, which is extremely labor-intensive and requires space for growing trees, and the difficulty of finding phenotypically different parents in respect of graft compatibility but missing fertilization barriers. So far, apricot was the only fruit tree species for which an F1 cross segregating for graft compatibility was generated. A phenotyping protocol was established and used to demonstrate that progeny segregate for the trait (Irisarri et al., 2019).

In this report, we utilized the SBG technology to generate extensive dataset of the SNP markers distributed throughout the apricot (Prunus armeniaca) genome. Parental maps constructed for the “Mo × Pa” cross provided sufficient marker density for downstream QTL analyses and were comparable with recently released saturated genetic maps for apricot cross segregating for pistil abortion trait (Zhang et al., 2019). Similar marker density was reported in other Prunus species such as peach (Bielenberg et al., 2015), cherry (Klagges et al., 2013; Calle et al., 2018), and Japanese plum (Salazar et al., 2017). As indicated by marker order extrapolated to the P. persica pseudochromosomes (Supplementary Table S3), our apricot maps showed high colinearity with other Prunus maps and provided robust framework for QTL detection. Because of highly syntenic genomes and transferability markers across the Prunus maps (Verde et al., 2013), results of our study could be transferred to other species. Thus, the linkage maps constructed in this work provide a valuable genomic resource for apricot breeding programs and present an important tool for finding candidate genes underlying traits of interest for effective marker-assisted breeding.

In previous publication, anatomical and cytomorphological characteristics related to graft (in)compatibility displayed continuous variation within the progeny, suggesting a polygenic inheritance that implies interactions of a number of small-effect QTLs (Irisarri et al., 2019). In this study, we identified only two genomic regions on LG5 and LG8 associated with graft compatibility in progeny inherited from male parent “Pa”. The QTL interval on LG8 covering 3-cM interval on genetic map was supported by two QTLs the qNL8-2015 and qWD8-2014 and two suggestive QTLs, the qWD8-2015 and qGI8-2015. Thus, the LG8 QTL was more consistent across different years and traits reflecting specific aspects of graft-compatibility phenotype in progeny, whereas the QTL interval on LG5 was supported by two suggestive 1-year QTLs qNL5-2014 and qGI-2014. Putative QTLs declared at a chromosome-wide LOD thresholds are rarely reported in plant genetic studies. However, in animal genetics dealing with low progeny sizes and complex physiological traits or disease incidence, suggestive QTLs allowed initial delineation of genomic intervals associated with a number of traits in mice (Makhanova et al., 2017; Suto and Kojima, 2019), chicken (Besnier et al., 2011), and carp (Lv et al., 2016). In Prunus, there are several important agronomical traits that were mapped with low progeny sizes and candidate genes identified, for example, PPV resistance and self-incompatibility in apricot (Vilanova et al., 2003; Zuriaga et al., 2013; Muñoz-Sanz et al., 2017), adaptability to chilling in peach (Bielenberg et al., 2015), or fruit quality (Abdelghafar et al., 2020). In this study, we reported suggestive QTLs following a similar conservative approach that allows keeping maximum information on potential QTLs for their consequent verification with increased population size, improved phenotyping protocols, or application of high-throughput sequencing technologies for transcriptome analyses.

Formation of graft–scion union is a complex physiological process that involves multilayered regulations for establishing cell contact at graft interface and maintenance of nutrient and water balance between scion and rootstock (Pina et al., 2017). Connectivity in bark and xylem can be spatially or timely desynchronized during graft union formation. Distribution of the BD phenotypic data in the “Mo × Pa” progeny (Irisarri et al., 2019) was in agreement with the observation by Reig et al. (2019) that BD observed after grafting may be healed in older trees not leaving visible signs of disconnection. Thus, the QTL signals not detected with phenotypic BD dataset could be explained by problem with phenotyping or indicate involvement of additional genetic factors not accounted for in our study. The process of graft union formation begins with the formation of a necrotic layer, followed by the adhesion of both graft partners, callus cell formation, vascular cambium formation from the callus bridge, and the establishment of functional vascular connections (new xylem and phloem) between the stock and scion (Pina et al., 2017; Gautier et al., 2019). In most situations, profuse callusing causes the necrotic layer to disappear, but sometimes the persistence of the NL seems to inhibit the vascular differentiation producing unsuccessful graft combinations (Hartmann et al., 2002). Based on histological data and anatomy of the graft interface, graft incompatible combinations exhibit vascular discontinuities that are associated with presence of necrotic cells in the wood and bark, the inclusion of unlignified cells in the wood, and invaginations or breaks in the cambium (Ermel et al., 1999; Pina et al., 2017). Probably, the sequential events during graft union formation are not synchronized in a tissue-specific manner and were dependent on stage of development, rootstock–scion age, and maturity of grafts. This may also explain a year variation in intensity of the QTL signals on LG5 and LG8 for NL, WD, and GI reported here. In grape, graft success in heterografts also varied from year to year and was dependent on genetic background of scions (Assunção et al., 2019). Environmental effect on rootstock–scion interaction was studied mainly in vegetables that have less stringent labor and space limitations conducting experiments compared with perennial trees (Albacete et al., 2015; Djidonou et al., 2020). Environmental influences have an effect on the anatomical structure, as well as on the physical and chemical properties of wood formation including the cambium, phloem, and bark (Battipaglia et al., 2014).

Delineated QTL intervals on LG5 and LG8 cover 3.2 and 2.1 Mb of physical distance on Prunus pseudochromosomes 5 and 8, respectively. Hundreds of genes are annotated in genomic regions underlying reported QTLs. Results of our analyses highlighted markers pa71770 on LG5 and pa113022 on LG8 derived from expressed Prunus genes as most associated with QTLs. The first one, the Prupe.5G111500.1 encoding a dirigent-like protein, could be potentially involved in lignin biosynthesis and cell wall formation (Paniagua et al., 2017). Increased phenolic production in graft interface is reported to be the earliest manifestation of failure to form a union between rootstock and scion in Prunus species (Usenik et al., 2006; Pina et al., 2017), grape (Canas et al., 2015; Assunção et al., 2016), and pear (Musacchi et al., 2000; Hudina et al., 2014). Expression of phenylalanine ammonia lyase, a key enzyme in the synthesis of phenolic compounds, has a prominent effect on their accumulation in incompatibility response (Irisarri et al., 2016). The second gene highlighted in our study on LG8, Prupe.8G141300.1, was annotated as membrane permeases involved in the transport of amino acids into the cell (Fujita and Shinozaki, 2014). In peach/plum grafts, a decrease in free amino acids was shown in incompatible grafts, while they became stabilized in compatible grafts between 79 and 89 days after grafting (Moreno et al., 1994). However, it is premature to consider genes underlying most associated markers within QTL intervals as candidate genes for graft-incompatibility trait. Answering this question requires verification of QTLs and marker–trait associations in other than “Mo × Pa” genetic background and extensive transcriptome studies in apricot graft-compatible and -incompatible interface to identify differentially expressed genes within QTL intervals. It is likely that different systematic groups of plants share common molecular network involved in graft union formation. Significant differentially expressed genes were identified and analyzed between compatible and incompatible combinations involved in metabolism (carbohydrate, energy), wound response, phenylpropanoid biosynthesis, and plant hormone signal transduction in Litchi (Chen et al., 2017), citrus (He et al., 2018), and grape (Assunção et al., 2019). More studies are necessary including the appropriate controls (homografts, ungrafted and wounded rootstock, and scion tissues) to use transcriptome datasets generated for successful and failed heterografts in woody plants for candidate gene discovery in apricot. Thus, results of QTL mapping reported here could provide directions to more comprehensive and focused experiments on graft (in)compatibility trait. It would be valuable to study if any genes within QTL intervals are differentially expressed in graft combinations with different degree of compatibility. In addition, further analysis of non-related breeding material is necessary to validate the presence of putative QTLs. Increasing a progeny size of the “Mo × Pa” cross as well as additional years of observation may lead to the identification of additional QTLs for more complete characterization of genetic architecture of graft (in)compatibility in apricot. Therefore, more experimental strategies that lead to segregating families for graft (in)compatibility are crucial for further genetic characterization of this agronomic trait.



CONCLUSION

This work highlighted that SBG is a rapid and suitable method for genetic map construction in an F1 apricot progeny segregating for the graft (in)compatibility trait. Our findings presented here provide a set of sequence-based SNPs useful for screening in apricot breeding programs. Furthermore, we constructed parental genetic maps and delineated genomic regions associated with graft (in)-compatibility parameters linked with the trait (NL, BD, and WD). QTLs with a significant effect through the years were found in LG8 as well as suggestive QTLs on LG5. Validation of these QTLs in other apricot progenies will help to set up marker-assisted breeding for this important trait in apricot. Likewise, the genetic information reported here can serve as the starting point for downstream genetic investigations such as QTL analyses, positional cloning of genes controlling traits of interest, and the development of GS strategies. The results presented in this article (map construction and QTLs found) should facilitate future work focused on exploring and understanding the genetic control of GI in Prunus species, as well as for searching candidate genes linked to this trait.
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Grafting cultivation is implemented worldwide mainly to resist abiotic and biotic stresses and is an effective method to improve watermelon production. However, grafting may affect fruit development and quality. In our experiment, pumpkin-grafted (PG) watermelon fruits developed slower and the ripening period was extended compared to self-grafted (SG) fruits. We found that the concentrations of abscisic acid (ABA) among endogenous phytohormones were dramatically reduced by pumpkin grafting. In order to understand these changes at the gene expression level, we performed a comprehensive analysis of the fruit flesh transcriptomes between PG and SG during fruit development and ripening. A total of 1,675 and 4,102 differentially expressed genes (DEGs) were identified between PG and SG. Further functional enrichment analysis revealed that these DEGs were associated with carbohydrate biosynthesis, phytohormone signaling transmission, and cell wall metabolism categories. ABA centric phytohormone signaling and fruit quality-related genes including ABA receptor, PP2C proteins, AP2-EREBP transcription factors, sucrose transporter, and carotenoid isomerase were co-expressed with fruit ripening. These results provide the valuable resource for understanding the mechanism of pumpkin grafting effect on watermelon fruit ripening and quality development.
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INTRODUCTION

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai var. lanatus], belonging to the Cucurbitaceae family, is an important global horticultural crop species. Watermelon growing area has been continuously expanding. Steel-frame sheds, greenhouses, and other protected areas cause severe spreading of soilborne diseases. Severe Fusarium wilt outbreaks can result in the destruction of whole croplands. Although chemical control agents, biological control agents, and physical prevention and control technologies have been used to attempt to solve this problem, there is no effective control measure. Grafting is a useful cultivation technology initially applied in fruit tree planting. Now it is widely employed in horticultural plant production. Watermelon grafting has been utilized in China since the 1960s and was accepted gradually by more countries and areas. The application of grafting in watermelon crops has been used to solve major problems associated with Fusarium wilt. Grafting was used to enhance the growth vigor and soilborne resistance, extend the fruit development period, and then promote fruit yield. The mechanism of grafting cultivation-induced improvement in plant growth and fruit development becomes the research focus recently. Several studies have been carried out to dissect the grafting-induced changes in phenotypes, physiology, compositions, gene expressions, and signal transmission in watermelon, cucumber, melon, and tomato (Fredes et al., 2017; Aslam et al., 2020; Fallik and Ziv, 2020; Garcia-Lozano et al., 2020; Chen et al., 2021). In general, the yield and the fruit quality of the scion were affected by the rootstock (Davis et al., 2008). Fruit of the Cucurbita rootstock-grafted watermelon shows the firm and rough flesh texture (Kawaide, 1985). Grafting cultivation reduces the flesh sweetness during watermelon fruit development (Qian et al., 2004). Liu et al. (2016) reported that the lycopene contents were different in the flesh of pumpkin-grafted (PG) watermelon fruit and self-grafted (SG) watermelon fruit. In total, 14 differentially expressed genes (DEGs) from 8 gene families were suggested in mediating lycopene biosynthesis in the fruit of the grafted watermelon. Besides flesh sweetness, color, and texture, other watermelon fruit traits including fruit shape and rind thickness were also affected by grafting cultivation (Yetisir et al., 2003). Kong et al. (2016) found that watermelon grafting cultivation using bottle gourd and wild watermelon increased fruit lycopene content. At the transcriptome level, the biosynthetic genes, ζ-carotene desaturase, and phytoene synthase, were upregulated. In contrast, the catabolic genes, carotenoid cleavage dioxygenase, beta-carotene hydroxylase, 9-cis-epoxycarotenoid dioxygenase, and zeaxanthin epoxidase, were downregulated. Watermelon fruit quality, yield, plant growth, and disease resistance were affected by specific rootstock grafting cultivation. The content of fruit lycopene was significantly increased by grafting (Alan et al., 2007; Proietti et al., 2008; Mohamed et al., 2012). Petropoulos et al. (2014) found that fruit volatiles concentrations in grafted watermelon were higher than those in ungrafted watermelon. Compared with the ungrafted watermelon, plant growth, fruit number, yield, and fruit flesh firmness were increased by grafting cultivation. Soteriou et al. (2014) reported that watermelon fruit ripening was delayed comprehensively by grafting cultivation. Interestingly, fruit quality of the grafted watermelon was improved finally by the extended development period. Fruit flesh firmness, lycopene content, and fruit juice titratable acidity were increased by grafting cultivation, while the dynamic peaks were delayed. Tripodi et al. (2020) found that the volatile aroma compounds of watermelon fruits were also affected by different grafting combinations. However, the impact and mechanism of grafting-induced watermelon fruit quality improvement were not well-elucidated (Nawaz et al., 2016).

To explore the material basis, gene expression patterns and the co-expressed networks that play regulatory roles in grafted watermelon during fruit ripening, high-throughput Illumina RNA sequencing (RNA-Seq) analysis, combined with the physiologic analysis and metabolic analysis, was applied to dissect the grafting-induced impacts during watermelon fruit development and ripening. The large-scale, multi-strategies dataset provides a valuable resource for understanding the mechanism of pumpkin grafting effect on watermelon fruit ripening and quality development.



MATERIALS AND METHODS


Plant Materials and Morphological Trait Measurement

Cultivated watermelon 97103 (Citrullus lanatus subsp. vulgaris) was used as scion. Jingxinzhen No. 2 (C. maxima × C. moschata) was used as rootstock. Watermelon 97103 plants that were grafted onto watermelon 97103 were used as controls. Grafted plants were grown in plastic pots containing mixture (peat:sand:pumice, 1:1:1, v/v/v) in the greenhouse of Beijing Academy of Agriculture and Forestry Sciences. The scions at the two-leaf stage and the rootstocks at the cotyledon flattening stage were used for grafting. These pumpkin graft combinations and watermelon self-graft combinations were grown under the same conditions. Flowers were hand-pollinated and tagged. Center flesh samples at the critical stages from PG plants and from SG plants at the same stages were collected for RNA extraction and transcriptome analysis. SG fruit samples were collected at 10, 18, 26, and 34 days after pollination (DAP). PG fruit samples were collected at 10, 18, 26, 34, and 40 DAP. Three plants in each replicate and three biological replicates were used. Tissues were frozen in liquid nitrogen immediately and stored at -80°C until use.

Soluble solid content of the fruit flesh was determined by the handheld digital refractometer (PR-1; Atago, Tokyo, Japan). Each treatment was repeated three times. Each replicate consisted of five fruit samples. Frozen samples from each development stage were ground to juice by Bio-Gen PRO200 homogenizer (PRO Scientific, Oxford, United Kingdom). Lycopene was analyzed using high-performance liquid chromatography instrument (Waters, Milford, MA, United States) with a Waters PDA detector 2535 and Agilent LCZORBAXSB-C18 column (250 mm × 4.6 mm, 5 μm; Agilent), and the eluted derivative was detected at 472 nm. Lycopene authentic standard (Sigma, St. Louis, United States) was used to construct the standard curve and quantify the samples. Concentration of fruit flesh lycopene was determined as μg/g of fresh weight (FW).

Phytohormones were analyzed in the mass spectrometry (MS) laboratory of the College of Biological Sciences, China Agricultural University. Flesh samples were harvested and frozen in liquid nitrogen then stored at -80°C. Phytohormones were extracted following the description of Wang et al. (2017). Chromatographic separation was carried out on the Waters ACQUITY UPLC I-Class system (Waters Corporation, Milford, MA, United States) using Poreshell EC-120 chromatographic column (3.0 mm × 100 mm, 3 μm; Agilent, Santa Clara, CA). Mass spectrometric analyses were carried out using Thermo Q-Exactive high-resolution mass spectrometer (Thermo Scientific, Waltham, MA, United States) and the following conditions: ion source, HESI; spray voltage (–), 3,000; capillary temperature, 320; sheath gas, 30; aux gas, 10; spare gas, 5; probe heater temperature, 350; S-Lens RF level, 55. The retention time and mass spectrometry information were determined with standard substance.



RNA Extraction and Library Preparation

Total RNA was isolated using Quick RNA Isolation Kit (Cat. No.: ZH120, Huayueyang Biotechnology, Beijing, China) following the manufacturer’s instructions. Quantity and quality of the total RNA were determined by NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., United States) and 1% non-denaturing agarose gel electrophoresis, respectively. Strand-specific RNA-Seq libraries were generated following the method of Zhong et al. (2011). A total of 54 samples were involved in the initial experimental design. However, we found that some samples were not relevant and supportive to the research objectives and were not involved in the subsequent study. A total of 26 samples were used in this research finally.



Identification of Differentially Expressed Genes and the Function Analysis

A total of 26 libraries derived from flesh samples were sequenced on an Illumina HiSeq 2500 with 100-bp single-end mode, and the generated datasets were uploaded to NCBI Sequence Read Archive (SRA) under the accession number PRJNA549006. Three biological replicates were carried out for each sample. The following steps were carried out to identify the DEGs. Trimmomatic was used to process the raw RNA-Seq reads to eliminate adapter and low-quality sequences (Bolger et al., 2014). Bowtie was used to align the high-quality reads to ribosome RNA database, allowing up to three mismatches. Those reads aligned to ribosome RNA sequences were eliminated (Langmead et al., 2009). Tophat was used to align the cleaned reads to watermelon genome, allowing one segment mismatch (Trapnell et al., 2009). The number of the reads mapped to each gene model of watermelon genome was counted, then normalized to reads per kilobase of exon model per million mapped reads (RPKM). To identify the genes differentially expressed in watermelon fruit flesh tissues, the getVarianceStabilizedData module in DESeq was used to transform the raw counts (Anders and Huber, 2010). LIMMA was used to analyze the transformed expression data, and F tests were carried out (Smyth, 2004). Benjamini–Hochberg procedure was used to adjust the raw P-values for multiple testing (Benjamini and Hochberg, 1995). GO:TermFinder was used to perform Gene Ontology (GO) term enrichment analysis of the DEGs, with the adjusted p-values less than 0.01 (Boyle et al., 2004). Significantly changed pathways were identified using the pathway enrichment analysis module of CuGenDB (Zheng et al., 2019). Co-expression modules and gene networks were constructed using weighted gene co-expression network analysis (WGCNA) (Zhang and Horvath, 2005).



RESULTS AND DISCUSSION


Pumpkin Grafting Cultivation Extended the Period of Watermelon Fruit Development

The scion, watermelon cultivar 97103, is a cultivated variety with high-quality fruit, round shape, moderate size, green rinds, and thin skin with light red flesh. Four important phases were involved in watermelon fruit development: immature white flesh stage (10 DAP), white-pink flesh stage (18 DAP), red flesh stage (26 DAP), and full ripe stage (34 DAP). During watermelon fruit development, the fruit traits of watermelon SG plant and PG plant changed distinctly, such as fruit flesh color and fruit size (Figure 1).
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FIGURE 1. Fruit phenotypes of the watermelon self-grafted (SG) plant and the pumpkin-grafted (PG) plant at different development stages. (a) SG fruit at 10 days after pollination (DAP). (b) SG fruit at 18 DAP. (c) SG fruit at 26 DAP. (d) SG fruit at 34 DAP. (e) PG fruit at 10 DAP. (f) PG fruit at 18 DAP. (g) PG fruit at 26 DAP. (h) PG fruit at 34 DAP. (i) PG fruit at 40 DAP. Scale bar, 2 cm.


Compared with the fruits of watermelon-grafted plant, the fruit development and ripening process of PG plant was extended and full ripe stage was delayed to 40 DAP. It is interesting that the quality of the full ripe PG fruit is better than that of the full ripe SG fruit, although the result is inverse in the early development stages (Figure 2). These results indicated that pumpkin grafting had a noticeable impact on watermelon fruit quality development and ripening process.
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FIGURE 2. Fruit phenotype comparison between watermelon self-grafted (SG) plant and pumpkin-grafted (PG) plant. (A) Fruit weight. (B) Fruit flesh sugar content. (C) Fruit flesh beta-carotene content. (D) Fruit flesh lycopene content. ns, not significant; *P < 0.05; **P < 0.01.




Pumpkin Grafting Decreased Abscisic Acid Accumulation and Delayed Watermelon Fruit Ripening

Phytohormones are the important signals regulating plant growth, development, and fruit ripening. Pumpkin root was more vigorous than that of watermelon. This difference brings out the hypothesis that phytohormones may contribute to the grafting-induced impact on fruit development and ripening of watermelon scion. To test this hypothesis, five phytohormones including ABA, abscisic acid glucose ester (ABA-GE), indole-3-acetic acid (IAA), jasmonic acid (JA), and salicylic acid (SA) were determined in root and fruit of SG combination and PG combination. In comparison, we found that ABA and IAA were the major changed components among these phytohormones. In the previous study, it is found that fruit ripening was regulated by ABA biosynthesis and signaling in strawberry. In contrast, the synergic relationship between IAA biosynthesis and signaling and fruit ripening process was not observed (Guo et al., 2018). These results implied that the difference of ABA concentration may be one of the main factors leading to the delayed fruit ripening in PG watermelon. In the current study, we found that ABA concentration in SG and PG fruit flesh at 26 DAP was higher than those at 10 DAP. This result, supported by our previous study (Wang et al., 2017), indicated that ABA was the important factor promoting watermelon fruit development and ripening. Moreover, ABA concentration in PG fruit flesh was 40% lower than that of SG fruit flesh (Table 1). Fruit ripening process is regulated at multiple levels, and plant hormones such as ABA could be of great importance. In the fruits of non-climacteric type, such as cucumber, citrus, grape, and sweet cherry, ABA content was relatively low in immature fruit and increased with mature fruit and reached the peak level at the onset of ripening. The important role of ABA in non-climacteric fruit ripening is also confirmed by some mutants and exogenous treatments. ABA-deficient mutant citrus fruit caused the delayed fruit degreening process, and exogenous ABA treatment could promote fruit ripening by speeding up fruit pigment accumulation and significantly reducing the content of fruit organic acid (Romero et al., 2012). Applying exogenous ABA could significantly accelerate grape fruit ripening process, such as rapid accumulation of sugar and anthocyanin (Koyama et al., 2019). ABA application at the turning stage of cucumber fruit development could significantly reduce chlorophyll content in the exocarp (Wang et al., 2013). Injecting exogenous ABA and ABA biosynthesis promoter dimethyl sulfoxide (DMSO) could accelerate the ripening process of strawberry fruit, while application of ABA biosynthesis inhibitor nordihydroguaiaretic acid (NDGA) notably delayed the ripening process (Jia et al., 2011; Li et al., 2016). These pieces of evidence, combined with our previous study (Wang et al., 2017), suggested that the decreased ABA concentration may contribute to the grafting-induced fruit development period extension and ripening delay. This hypothesis was further supported by the result that the ABA concentration in the PG root was notably lower (98%) than that in the SG root (Table 1). ABA can be synthesized in many tissues including fruit and root. To eliminate other factors affecting fruit development and ripening, the rootstock tissue was the only different factor between SG plant and PG plant in this study. These data proved that the difference in ABA concentration between pumpkin rootstock and watermelon rootstock was the important factor contributing to fruit development period extension and ripening delay.


TABLE 1. Phytohormone patterns of the flesh and root tissues in watermelon self-grafted (SG) plant and pumpkin-grafted (PG) plant.

[image: Table 1]


Identification of the Differentially Expressed Genes Between Pumpkin-Grafted and Self-Grafted Watermelon

To identify the candidates contributing to grafting-induced difference in fruit development and ripening, we performed the pairwise comparison of the expressed genes at the four critical stages. There were 4,102, 1,817, 1,760, and 1,675 genes differentially expressed between SG fruit and PG fruit at 10, 18, 26, and 34 DAP, respectively. Sample clustering showed that the PG fruits at both 26 and 34 DAP were clustered with the SG fruits at 26 DAP. Similarly, PG fruits at 40 DAP were clustered with the SG fruits at 34 DAP (Figure 3). This reflects the fact that the fruit development period of the PG watermelon was extended compared with the SG watermelon. This extension may facilitate more photosynthate accumulation in fruit and promote the fruit enlargement and the quality improvement finally.
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FIGURE 3. Cluster of the differentially expressed genes in fruit of self-grafted (SG) watermelon plant and pumpkin-grafted (PG) watermelon plant.




Gene Ontology Function and Pathway Enrichment of Differentially Expressed Genes

Among these DEGs, 1,765, 1,103, 1,427, and 912 genes were downregulated in the PG fruit compared with those in the SG fruit (Figure 4). Before 26 DAP, most of the downregulated genes in the fruit of SG combination were also downregulated in the PG combination. The upregulated genes showed a big difference. Those commonly upregulated genes may play an essential role in fruit ripening. GO enrichment analysis indicated that cell development and phytohormone signal-related functions were enriched at 10 DAP, such as regulation of nitrogen compound metabolism (GO:0051171), regulation of hormone levels (GO:0010817), regulation of cellular biosynthetic process (GO:0031326), cellular hormone metabolic process (GO:0034754), cytokinin metabolic process (GO:0009690), cellulose biosynthetic process (GO:0030244), cellular response to hormone stimulus (GO:0032870), and ABA binding (GO:0010427). These DEGs enriched in these gene function categories may contribute to the fruit development delay in the early stage and the relatively smaller fruit (1.47 kg) of the PG combination than that of the SG combination (1.81 kg) in the early fruit development stage. At 18 DAP, the functions of these DEGs were mainly enriched in carbohydrate metabolic process-related categories, such as monosaccharide metabolic process (GO:0005996), negative regulation of cellular biosynthesis process (GO:0031327), hexose metabolic process (GO:0019318), carbohydrate metabolic process (GO:0005975), and carbon fixation (GO:0015977).
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FIGURE 4. Identification of the differentially expressed genes in self-grafted (SG) watermelon plant and pumpkin-grafted (PG) watermelon plant. DAP, days after pollination; SG_UP, up-expressed genes in SG plant; SG_DN, down-expressed genes in SG plant; PG_UP, up-expressed genes in PG plant; PG_DN, down-expressed genes in PG plant.


Downregulation of these DEGs may contribute to the decreased fruit sweetness in fruit (7.2 Brix) of the PG combination compared to the fruit of the SG combination (9.0 Brix). The downregulated DEGs at 26 DAP were mainly enriched in phytohormone regulation, fruit sweetness, and flavor and texture development-related function categories, such as hormone transport (GO:0009914), carbohydrate metabolic process (GO:0005975), organic acid transmembrane transport (GO:1903825), galactose metabolic process (GO:0006012), xyloglucan metabolic process (GO:0010411), hemicellulose metabolic process (GO:0010410), regulation of hormone levels (GO:0010817), cell wall polysaccharide metabolic process (GO:0010383), polysaccharide metabolic process (GO:0005976), cell wall biogenesis (GO:0042546), and cellulose metabolic process (GO:0030243). Normally, watermelon became ripe at 26 DAP (Figure 5). In the PG watermelon fruit, several fruit quality traits are significantly lower than those of the SG fruit, including fruit sweetness, flesh color, and flesh texture, except fruit size (Figure 2). These results suggested that downregulation of these phytohormone regulation and fruit quality-related DEGs in the PG combination were important factors delaying watermelon fruit ripening. Similar to the fruit morphological difference at 26 DAP, the fruit qualities, including fruit sweetness, fruit beta-carotene content, and lycopene content, of the PG combination were still lower than those of the SG combination at 34 DAP (Figures 1, 2). At this stage, functions of these DEGs mainly enriched in fruit nutrition components and ripening-related categories included lipoprotein catabolic process (GO:0042159), cysteine biosynthetic process (GO:0019344), fruit ripening (GO:0009835), and developmental maturation (GO:0021700).
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FIGURE 5. Gene Ontology (GO) terms enrichment of the differentially expressed genes in self-grafted (SG) watermelon plant and pumpkin-grafted (PG) watermelon plant.


Compared to the SG combination, another notable fruit trait in the PG combination is that the fruit size was enlarged after 10 DAP stage. GO enrichment analysis of the upregulated DEGs indicated that several nitrate metabolism and cell wall development-related categories were enriched, including cell wall organization (GO:0071555), nitrate metabolic process (GO:0042126), nitrate assimilation (GO:0042128), xylem development (GO:0010089), and negative regulation of cell death (GO:0060548). The involved DEGs may contribute to the pumpkin grafting-induced fruit development period extension and fruit enlargement. This result preliminary explained the mechanism of grafting-induced difference of watermelon fruit development.



Expression of Abscisic Acid Centric Signal Regulators Were Altered in Pumpkin-Grafted Watermelon

To understand the co-expression dynamics during watermelon fruit developmental process between the two different cultural methods and to identify the pivotal genes highly associated with grafting, WGCNA was carried out and 24 distinct modules were identified. The co-expression modules were associated with the fruit development stages. The modules that highly correlated with pumpkin grafting cultivation and displayed the opposite correlation with self-grafting cultivation were analyzed further to investigate the gene regulatory network affected by grafting.

Two modules, tan and darkturquoise, were identified to be highly positively correlated to the 26 DAP SG fruit and 40 DAP PG fruit, respectively (Figure 6). Moreover, we identified that the brown module is highly correlated with all of the fruit quality traits including soluble sugar content (SSC), weight, beta-carotene, lutein, and lycopene, and fruit development and ripening-related phytohormones (ABA, IAA, ABA-GE). It is also highly correlated with the PG fruit at 40 DAP, the important stages with improved fruity quality and size than the SG fruit at 34 DAP. Sample clustering indicated that the PG fruit at 40 DAP was clustered with the SG fruit at 34 DAP. The fruit size, fruit sweetness, and fruit color of the PG fruit at 40 DAP are better than those of the SG fruit at 34 DAP. In our previous study, we found that ABA content in fruit flesh is significantly correlated with watermelon fruit ripening and fruit quality evolution. Significant correlation (R2 = 0.905) was observed between ABA content and SSC in ripening watermelon fruits of different evolutionary stages (Wang et al., 2017). These findings, combined with our previous study, suggested that these genes in the brown module may be the important candidates contributing to the grafting-induced watermelon fruit size enlargement and fruit quality improvement.
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FIGURE 6. Weighted gene co-expression network analysis (WGCNA) module analysis of the differentially expressed genes in self-grafted (SG) watermelon plant and pumpkin-grafted (PG) watermelon plant.


Considering that these modules might contribute to the fruit quality difference between the SG plant and the PG plant, the gene networks of these modules were analyzed further to identify the vital genes. A total of 232 genes were involved in the tan module that significantly correlated with the SG fruit at 26 DAP (Figure 7A). Co-expression networks indicated that five AP2-EREBP transcription factors (Cla016009, Cla002330, Cla021070, Cla021069, Cla011487), four Tify transcription factors (Cla011143, Cla019575, Cla009781, Cla012536), one bHLH transcription factor (Cla007559), one MYB transcription factor (Cla009156), and one WRKY transcription factor (Cla015003) served as the hub gene of this module. These hub genes represented the core nodes of this co-expression network. They may determine the difference between the SG fruit and the PG fruit at 26 DAP by regulating other or phytohormone signaling and fruit quality-related genes involved in this module, such as PP2C proteins (Cla009239, Cla016081, Cla013306, Cla020413, Cla009546) and trehalose 6-phosphate phosphatases (Cla006270 and Cla008123).


[image: image]

FIGURE 7. Expression patterns and the co-expression networks of the differentially expressed genes in self-grafted (SG) watermelon plant and pumpkin-grafted (PG) watermelon plant. (A) The module correlated with SG fruit at 26 days after pollination (DAP). (B) Darkturquoise module correlated with PG fruit at 40 DAP. (C) Brown module correlated with PG fruit at 40 DAP.


A total of 39 genes were involved in the darkturquoise module that significantly correlated with the PG fruit at 40 DAP (Figure 7B). Co-expression networks indicated that an AP2-EREBP transcription factor (Cla020392) served as the hub gene of this module. AP2/EREBP transcription factor family is a plant-specific transcription factor, which plays vital and multiple roles in plant growth, development, and fruit ripening. This result suggested that the AP2-EREBP transcription factor-regulated gene network contributes to the grafting-induced fruit quality improvement.

The brown module is highly correlated with all of the fruit quality traits (SSC, weight, beta-carotene, lutein, and lycopene) and fruit development and ripening-related phytohormones (ABA, IAA, ABA-GE). It is also highly correlated with the SG fruit at 40 DAP (Figure 7C). A total of 1,557 genes were involved in this module. Co-expression networks indicated that the trihelix transcription factor GT-3b Cla017995 and the C3H transcription factor Cla018368 served as the hub genes. Besides the two transcription factors, there were 80 transcription factors that were involved in this module, including NAC transcription factor Cla019693, bHLH transcription factor Cla022045, and MADS transcription factor Cla014493. Moreover, several ABA signaling and fruit quality-related candidates were involved in this module, such as ABA receptor PYR1 Cla006604, sucrose transporter Cla005565, and carotenoid isomerase Cla011810. These ABA signaling and fruit quality-related genes may be the important candidates determining the difference between the SG fruit and the PG fruit.



CONCLUSION

Watermelon, the typical non-climacteric fruit plant exhibiting several unique characteristics, has attracted numerous studies to explore the intrinsic mechanisms of the fleshy fruit development and ripening. Grafting became a widely used cultural method in watermelon production, considering the serious outbreaks of soilborne disease in watermelon production. The morphological traits of watermelon fruit including fruit size, flesh sweetness, color, and texture were changed dramatically by different grafting cultural methods. The impact and intrinsic mechanism of grafting-induced watermelon fruit quality improvement were not well-elucidated. In our study, the fruit flesh and root tissues from critically different fruit development periods of watermelon SG plant and PG plant were analyzed. We found that the fruits of SG and PG dramatically changed in morphological traits, such as fruit sweetness, flesh color, and fruit weight. Self-grafting in the same developmental stage increased fruit flesh sweetness, while pumpkin grafting decreased flesh sweetness. Compared with the fruits of the watermelon-grafted plant, fruit development, and ripening process of the PG plant were extended and full ripe stage was delayed to 40 DAP. It is interesting that the quality of the full ripe PG fruit is better than that of the full ripe SG fruit, although the result is inverse in the early development stages. Phytohormone dynamics suggested that the difference in ABA accumulation was the main factor leading to delayed fruit ripening of grafted watermelon. Further transcriptome analysis indicated that ABA signal regulators were differentially expressed and played key roles in the fruit ripening gene expression network of grafting watermelon (Supplementary Table S1). This study provides a systematic insight on the difference between SG watermelon and PG watermelon in fruit metabolites, phytohormone, and gene expression levels for the first time. Our findings of ABA centric phytohormone difference-mediated fruit ripening delay in PG watermelon will help to get the comprehensive understanding of grafting plant development mechanism and improve the rootstocks beneficial for fruit development and quality characteristics.
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Grafting watermelon scions to interspecific squash hybrids has been found to increase fruit firmness. Triploid (seedless) watermelon are prone to hollow heart (HH), an internal fruit disorder characterized by a crack in the placental tissue expanding to a cavity. Although watermelon with lower tissue firmness tend to have a higher HH incidence, associated differences in cell wall polysaccharide composition are unknown. Grafting “Liberty” watermelon to “Carnivor” (interspecific hybrid rootstock, C. moschata × C. maxima) reduced HH 39% and increased tissue firmness by 3 N. Fruit with and without severe HH from both grafted and non-grafted plants were analyzed to determine differences in cell wall polysaccharides associated with grafting and HH. Alcohol insoluble residues (AIR) were sequentially extracted from placental tissue to yield water soluble (WSF), carbonate soluble (CSF), alkali soluble (ASF), or unextractable (UNX) pectic fractions. The CSF was lower in fruit with HH (24.5%) compared to those without HH (27.1%). AIRs were also reduced, hydrolyzed, and acetylated for GC-MS analysis of monosaccharide composition, and a portion of each AIR was methylated prior to hydrolysis and acetylation to produce partially methylated alditol acetates for polysaccharide linkage assembly. No differences in degree of methylation or galacturonic and glucuronic acid concentrations were found. Glucose and galactose were in highest abundance at 75.9 and 82.4 μg⋅mg–1 AIR, respectively, followed by xylose and arabinose (29.3 and 22.0 μg⋅mg–1). Mannose was higher in fruit with HH (p < 0.05) and xylose was highest in fruit from grafted plants (p < 0.05). Mannose is primarily found in heteromannan and rhamnogalacturonan I side chains, while xylose is found in xylogalacturonan or heteroxylan. In watermelon, 34 carbohydrate linkages were identified with galactose, glucose, and arabinose linkages in highest abundance. This represents the most comprehensive polysaccharide linkage analysis to date for watermelon, including the identification of several new linkages. However, total pectin and cell wall composition data could not explain the increased tissue firmness observed in fruit from grafted plants. Nonetheless, grafting onto the interspecific hybrid rootstock decreased the incidence of HH and can be a useful method for growers using HH susceptible cultivars.

Keywords: Citrullus lanatus, watermelon, neutral sugar, graft, linkage assembly, pectin


INTRODUCTION

Seedless (triploid) watermelon now make up 90–95% of the U.S. market (Levi et al., 2014) and are prone to an internal fruit disorder known as hollow heart (HH), characterized by a cavity or void air space in the center of the fruit (Johnson, 2014, 2015). Triploid watermelon do not produce viable pollen, thereby requiring diploid (seeded) pollenizer plants at correct ratios (25–33% of field) to avoid the onset of HH (Freeman et al., 2007). Inadequate pollination from reduced bee visits or limited pollen release due to cold or wet weather also causes HH in watermelon (Johnson, 2015; Trandel et al., 2020a). HH disorder is thought to develop at the epidermal layers within the carpels, ovule and septum (mesocarp or placental tissue) (Kano, 1993). Watermelon rind is known to expand and differentiate for the duration of fruit growth. In contrast, mesocarp tissue division stops 7–10 days after fruit set, tissue growth slows and instead the placental cells enlarge with water, sugars, proteins and nutrients. If the relative rates of rind and mesocarp growth are too far apart, the three internal fruit compartments will separate, leading to HH (Kano, 1993). This internal fruit disorder has been associated with textural changes including decreased tissue firmness and cell density (e.g., increased cell size) (Kano, 1993). In a multi-year, large cultivar study of triploid selections, cultivars that produced fruit with lower tissue firmness had a higher incidence of HH (Trandel et al., 2020a). However, grafting of triploid watermelon onto squash rootstock shows promise for both increasing watermelon flesh firmness and reducing the incidence of HH disorder (Trandel et al., 2020b).

Grafting watermelon onto Cucurbita rootstocks (RS) has been used as a means to reduce damage caused by soil-borne diseases (Mohamed et al., 2012). Grafting watermelon to interspecific hybrid RS (Cucurbita maxima × C. moschata) has been reported to change fruit textural characteristics including increased tissue firmness (Soteriou et al., 2014, 2017) and possibly increased cell density (e.g., smaller cells and more cells/unit area). Furthermore, Soteriou et al. (2017) found a positive correlation between tissue firmness of fruits from non-grafted plants or those grafted onto interspecific hybrid RS and the sum of insoluble pectic fractions (%CSF + %ASF). This suggests that differences in watermelon textural characteristics may be from de-esterified pectins and matrix glycans (Brummell and Harpster, 2001). Since fruit firmness has been associated with incidence of HH (Trandel et al., 2020a) and differences in pectic substances, a closer look into the cell wall components of watermelon fruit is warranted.

A primary cell wall is ubiquitous among all plant tissues and serves a variety of functions, including cell wall strength, integrity, and protection of intracellular contents (Rose, 2003; Brummell, 2006). The cell wall maintains fruit structural integrity as cell size expands and associated extracellular air spaces develop during fruit growth and maturation (Ng et al., 2013). In general, plant cell walls are composed of polysaccharides (90% of dry weight), structural glycoproteins (2–5%), phenolic esters (<2%), and minerals (5%) (Rose, 2003). Cell wall polysaccharides commonly include cellulose, hemicellulose (matrix glycans) and pectin. During fruit growth and development, the cell wall undergoes protoplast-controlled modification in both morphology and composition (Tanner and Loewus, 2012). Pectic polysaccharides are deposited during the formation of new cell walls in the process of cell plate formation (Amos and Mohnen, 2019). The plate persists during deposition of the primary cell wall and layers of pectic polysaccharides are secreted then pushed outward via internal cell pressure (Tanner and Loewus, 2012), resulting in a pectin-rich middle lamella (Amos and Mohnen, 2019). Crosslinking of pectin within the middle lamella strongly controls intercellular junction and cellular adhesion (Ng et al., 2013; Daher and Braybrook, 2015; Amos and Mohnen, 2019). Pectin depolymerization, de-esterification (e.g., breakdown of pectin), and changes in cross-linkage within the middle lamella occur during fruit ripening, causing loss of cell-to-cell adhesion (Ng et al., 2013; Amos and Mohnen, 2019). Pectin breakdown can affect cell wall strength (Daher and Braybrook, 2015) and contributes to loss of tissue firmness and diminishing flesh quality (Brummell, 2006; Amos and Mohnen, 2019).

Ripe watermelon fruit have a crisp and juicy texture rather than the soft and melting flesh texture associated with many tree fruits and berries (Harker et al., 1997). The fruit undergoes changes in pigment, flavor, soluble solids, and tissue firmness during ripening. As the fruit matures, photosynthesis, and nutrient uptake increases and intercellular spaces fill with sugars and water (Guo et al., 2011). At maturity, the tissue consists of very large cells encompassed by a primary cell wall and separated by intercellular spaces. Once overripe, the flesh turns bright red with accumulation of volatile compounds, tissue firmness, and placental tissue becomes dry with seed trace cavities apparent (Guo et al., 2011).

Polysaccharide changes were followed in watermelon treated with ethylene to stimulate polygalacturonase, depolymerize pectic substances in the cell wall and soften fruit texture (Karakurt et al., 2008; Mort et al., 2008). Despite changes in fruit firmness, no change in monosaccharide composition or matrix glycans were found (Karakurt et al., 2008; Mort et al., 2008). Differences in xyloglucan/xylose monomers and enzymes known to have hydrolytic activity were also followed (Karakurt et al., 2008; Mort et al., 2008; Karakurt and Huber, 2009). First watermelon cell walls were hydrolyzed with endo-polygalacturonase and assessed using NMR via hydrogen and carbon shifts (1H and 13C) shifts (Karakurt et al., 2008). Nine linkage residues were identified consisting of xylose [1-Xyl(p)] and galacturonic acid [3-GalA(p), 4-GalA(p), and 3,4-GalA(p)] linkages, but no differences were seen in monomers or linkage residues related to ethylene induced tissue softening (Mort et al., 2008). Then, enzymes from xylosyl linked residues were analyzed in watermelon treated with and without ethylene induced water soaking (Karakurt and Huber, 2009). Five endo-xyloglycan transferase enzymes (P1S1, P2S2, P3S1, P3S2, and P3S3) were found in watermelon and no differences were found with and without an ethylene treatment. The enzymes were also active toward carboxymethylcellulose, indicating they were not specific to xylose/xyloglucan and did not play a dominate role in tissue softening from ethylene induced watermelon (Karakurt and Huber, 2009).

Watermelon grafted to squash rootstocks showed differential expression in genes associated with primary and secondary metabolism (Liu et al., 2017; Soteriou et al., 2017), including carbohydrate metabolism. These subsequent gene changes from grafting may either increase or decrease cell wall monomers/linkage residues. Information is available on the cell wall polysaccharide composition of cucurbit species that could be used as rootstocks. Total pectin, molecular weight, and monosaccharide analysis was previously studied on microwave heated/pH extracted Cucurbita maxima cell walls (Yoo et al., 2012) and to identify differences of Cucurbita maxima vs. Cucurbita pepo Lady Godiva (Song et al., 2011; Zhou et al., 2014). Exposing cell walls to lower pH (pH 1.0–1.5) increased total pectic yields while microwave temperature had no effect (Yoo et al., 2012). Zhou et al. (2014) elucidated polysaccharide linkage in Cucurbita maxima and found high amounts of galactose residues (2,3,4,6-Gal, 2,3,6-Gal and 2,4-Gal) in pumpkin. In Lady Godiva pumpkins (Cucurbita pepo) crude polysaccharides were extracted and molecular weight, monosaccharides and chemical structures were identified (Song et al., 2011). Glucose (50%), galactose (41.67%), and fucose (8.33%) were monomers in highest composition and galactose (2,3,4-Galp, 3,4-Galp), glucose (2,3,4,6-Glcp, 2,4,6-Glcp, 2,3-Glcp) and terminal fucose linkages (2,3,4-fucp) were identified via methylation analysis (Song et al., 2011). In Cucurbita pepo higher amounts of fucose were identified in comparison to watermelon (Song et al., 2011), while galactose and glucose were the most abundant monomers in both pumpkin and watermelon (Karakurt et al., 2008; Song et al., 2011). Therefore, grafting watermelon to interspecific RS may increase the amount of fucose and highly branched glucose and galactose linkage residues, which play a critical role in rhamnogalacturonan II (RG II) branching (Brummell and Harpster, 2001). Researchers propose that crosslinking of homogalacturonan (HG) and RG II within the middle lamella strongly controls cellular adhesion and differences in fruit textural characteristics (Daher and Braybrook, 2015; Amos and Mohnen, 2019). In the present study, we hypothesize that grafting watermelon to interspecific rootstocks will increase tissue firmness and reduce the incidence of HH by increasing total pectin content, monomeric building blocks and glucose and galactose linkage residues ultimately increasing cell wall communication, strength, and integrity.

The objective of this study was to explore differences in watermelon cell wall polysaccharide composition relative to HH and grafting, using fruit from a large field study where HH was induced via reduced pollinezer plants. Cell wall polysaccharide characterization was done through assessment of total pectin content, and quantification of neutral sugars and uronic acids of pectic fractions. Total pectin content and sequential fractions of water soluble (WSF), carbonate soluble (CSF), alkali soluble (ASF) and unextractable fractions have been studied and are known to contain specific polysaccharide types (Brummell and Harpster, 2001; Paniagua et al., 2014; Soteriou et al., 2017). Determination of neutral sugar composition and linkage assembly was conducted to identify differences in cell wall polysaccharide composition with the onset of HH or grafting. Determination of cell wall polysaccharide composition, such as cellulose, hemicellulose and pectin, relied on assays to deduce the various components through identification of monosaccharide composition and associated linkage assembly (Pettolino et al., 2012). Saemen hydrolysis was used on intact cell wall samples to cleave polysaccharides into monomeric building blocks (Saeman et al., 1954) and was used to quantitatively measure 12 neutral monosaccharide building blocks (Pettolino et al., 2012). Complete methylation of the cell wall was used to deduce linkage residues and estimate the amount of polysaccharide classes. Understanding the composition of the cell wall with these methods could lead to a better understanding of general fruit textural changes with grafting and may be useful in elucidating how HH forms in watermelon.



MATERIALS AND METHODS


Plant Material

Triploid and diploid watermelon were grown as transplants. “Liberty” triploid watermelon (Nunhems USA Inc., Parma ID) was used as the scion and not grafted or grafted onto the interspecific hybrid RS (Cucurbita maxima × C. moschata) “Carnivor” (Syngenta AG, Basal Switzerland). “Liberty” seed was sown on 29 April 2019, 7 days prior to “Carnivor.” The diploid pollinezer “SP-7” (Syngenta AG, Basal Switzerland) was sown on 16 April 2019. A one-cotyledon graft method was utilized on 11 May 2019 following the method of Hassell et al. (2008). Grafted plants were placed into a healing chamber at a constant 27°C, 100% humidity provided by a Trion Comfortbreeze CB777 Atomizing Hurmidifier (Trion, Sanford NC). Following a 6 days graft union healing interval, the plants were held in an open wall greenhouse to harden off for 2–3 days.

The experiment was carried out via open field production and was planted at the Cunningham Research Center (35.8942 °N, 77.6801 °W) in Kinston, NC from May to August 2019. Six watermelon beds (rows) were used and were split evenly into two blocks via a 7 m drive row. The experimental design was a two factor, full factorial design with grafting treatments and HH phenotype as the main effects.

The study field was fumigated with Telone II (Dow AgroSciences, Indianapolis, IN) via broadcast application at 65.6 kg⋅ha–1 on 30 April 2019. S-Metachlor (1.7 kg⋅ha–1), Terbacil (0.2 kg⋅ha–1), and Glyphosate (2.3 kg⋅ha–1) (Dow AgroSciences) were applied between plastic beds for weed control in April before planting.

Preplant broadcast fertilizer 10-10-20 (10.0N-4.35P-16.5K) (Helena 10-10-20 Broadcast Fertilizer, B.B. Hobbs, Clinton, NC) was applied on 24 April 2019 at 67.3 kg⋅ha–1 N, 67.3 kg⋅ha–1 P and 134.5 kg⋅ha–1 K, respectively. Watermelon were planted on 22 May 2019 and one block (3 rows) was planted with non-grafted plants and the second block (3 rows) was planted with grafted transplants. Rows were 100 m long, with 3.1 m between row spacing and 0.8 m in-row spacing for graft and non-graft watermelon plants. To induce HH, the diploid pollenizer “SP-7” was transplanted every 12 m in each of the rows and held at 8% of the total plant population. Typically, growers plant between 25 and 33% of the production field is panted in diploid plants for adequate pollination and fruit set. Trickle irrigation (NETAFIM, 197 ml, 0.24 gph; NETAFIM, Tel Aviv, Israel) was utilized over the course of the growing season. Liquid fertigation started 2 weeks after planting and was applied weekly using a 7-0-7 (7.0N-0.0P-5.8K) liquid fertilizer (Liberty Fertilizer, B.B. Hobbs, Clinton NC). Cumulative amounts of fertilizer (broadcast and drip) applied over the growing season were 95.3 kg⋅ha–1 N, 67.3 kg⋅ha–1 P, and 162.5 kg⋅ha–1 K, respectively. A conventional spray program from North Carolina was used for the duration of production (Schultheis and Starke, 2019). Watermelon harvest began 30 July 2019 and ended 06 August 2019 (71 and 77 days from transplant). The maximum and minimum daily temperatures and daily precipitation during pollination and fruit set (3–7 weeks after transplant) are reported in Figure 1.
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FIGURE 1. Maximum and minimum daily temperatures (A) and daily precipitation (B) during the estimated time of fruit set (3–7 weeks after transplanting). The x-axis represents the estimated number of days of pollination with diploid flowers opening ∼ 13 June 2019; climate data shown from 13 June to 18 July.




Quality Evaluations

Fruit were weighed and cut longitudinally from stem to blossom end then rated for the incidence and severity of HH with a 1–5 scale (1 = no HH to minor crack and 5 = severe cavity) following USDA (2006) grading standards. Fruit were subjectively rated for ripeness based on color development and tissue breakdown in the seed trace cavity areas. One fruit half was saved for cell wall polysaccharide and total pectin sample extraction. Rind firmness and tissue firmness (N) were assessed as maximum resistance to puncture (5 mm depth) at two locations near or in heart tissue using a stationary firmness tester equipped with a Force One FDIX Digital Force Gauge (Wagner Instruments, Greenwich, CT) and a 0.8 cm diameter flat tip probe (Perkins-Veazie et al., 2016). Following flesh firmness readings, the fruit half was flipped over and rind firmness was determined using a needle style probe (0.3 cm diameter) that penetrated both the rind and peel. Total number of grafted fruit samples was 102 and 19 had HH. Total number of non-grafted fruit samples was 138 and 73 had HH.

A central core of tissue (∼5 g) was cut from the half, squeezed onto a digital refractometer (Atago Pal-1, Bellevue WA) and soluble solids (°Brix) content determined. A second set of tissue samples (100 g) were taken from the heart area, frozen, thawed, and pureed for determination of pH, soluble sugars (sucrose, fructose, and glucose), free citrulline, free arginine and total lycopene following the methods of Fall et al. (2019).



Mineral Analysis on Watermelon Flesh Tissue

A sample from the central core (∼50 g) of the watermelon half used for tissue firmness determination was excised for mineral analysis. In cases of severe HH, the sample was taken directly from the hollowed area. The sample was checked for seed cavities/seed traces and if any were present, they were removed. Sample weight was recorded, and samples were frozen in disposable tubes −80°C for 1 day then freeze dried for 10 days. Freeze dried samples were analyzed for mineral content (A&L Great Lakes Laboratory, Fort Wayne, IN) as described below.

Samples were dried overnight at 100–105°C then ground with a Wiley Mill Grinder and sieved through a 20 mesh screen. Total nitrogen was measured via the Dumas Method (Saint-Denis and Goupy, 2004) and nitrate and nitrite were measured by cadmium reduction and colorimetric analysis by flow injection system (Yue et al., 2004). Sample digestion for mineral analysis was accomplished using hot acid extraction via a vessel microwave procedure. Samples were weighed to ∼0.2 g, 2 mL of nitric acid added and samples microwaved in an oven programmed to ramp up to 90°C and held for 90 s. Samples were cooled below 50°C and 1 mL of peroxide was added, then returned to the microwave oven and ramped up to 105°C and held for 10 min. After the samples cooled, the samples were brought to a final volume of 25 mL (∼1:125 dilution), capped, mixed and minerals were analyzed via Inductively Coupled Argon Plasma with a multispectral detector.



Experimental Design to Analyze Cell Wall Polysaccharides

Cell wall analysis was set up as a randomized complete block design (RCBD) to assess the cell wall architecture of watermelon fruits with and without HH from grafted and non-grafted plants. Samples with or without severe HH and of similar ripeness as determined by SSC and pH were selected for cell wall analysis. Six fruit were analyzed for each phenotypic group. A total of three batches (24 fruit samples) were analyzed for total pectin and cell wall polysaccharides. Samples were blocked by analysis batch. Each batch was comprised of a randomized sampling of watermelon AIRs that included two watermelon fruit for each of the four treatment combinations per batch.



Total Pectin

Samples for total pectin content (50 g) were cut with a sharp knife from the center portion of each watermelon heart, and frozen at −80°C. About 20 fruit per graft and HH combination were used to collect samples. Samples with no HH and severe HH ratings (4–5) were selected for analysis. About 20 g of frozen tissue were weighed into 50 mL disposable test tubes for total pectin analysis. Samples were ground in 80% ethanol and further extracted with acetone and methanol to yield AIR. Total pectin methods follow Trandel et al. (2020b).

Yields of AIR were ∼40–50 mg and were then sequentially extracted with ultrapure water, 50 mM calcium carbonate and 4 M potassium hydroxide to create water-soluble (WSF), carbonate soluble (CSF), and alkali soluble pectic fractions (ASF). The cell wall material was filtered, and filtrates were saved between sequential extractions. The sequential fraction filtrates were freeze dried and the weight of the fraction was obtained to calculate the percentage of each fraction relative to the starting AIR. The freeze-dried fractions were diluted with 20 mL of di-water and total neutral sugars (Masuko et al., 2005) and uronic acids (Blumenkrantz and Asboe-Hansen, 1973) were determined on all sequential fractions. Galactose was used as the calibration standard for total neutral sugars and galacturonic acid was used as the calibration standard for total uronic acids. Results were expressed in galacturonic acid and/or galactose equivalents per g of cell wall material from each of the sequential extractions.



Sugar Standards for Cell Wall Polysaccharide Composition Analysis

Twelve sugar standards (meso-erythritol, 2-deoxy-d-ribose, rhamnose, fucose, ribose, arabinose, xylose, 2-deoxy-d-glucose, allose, mannose, galactose, and glucose) and the internal standard sugar of myo-inositol were used for cell wall quantification. The standard sugars were dried in a vacuum (Isotemp Vacuum oven, Model 2855, Fisher Scientific) oven at 40°C overnight in the presence of desiccant (added to the oven in an open metal tray to collect water from the sugar standards). Sugar standards (0.1 M) were prepared from the dry sugars and double distilled water then used to prepare a stock mix of the 12 sugars. The stock sugar mix was diluted at 1:5, 1:10, 1:15, and 1:20 for the calibration curve. Myo-inositol was diluted at 1:20. The internal standard and stock sugar mixes were stored at −80°C until ready for use.



Cell Wall Polysaccharide Extraction

Methods for cell wall analysis were adapted from Pettolino et al. (2012). Details on optimization of cell wall polysaccharide extraction on watermelon can be found in Trandel et al. (2020b). In brief, ∼10 g of heart tissue was excised, frozen with liquid N and packed into 50 ml test tubes then stored at −80°C. Each of the frozen watermelon samples were ground in 80% ethanol similar to total pectin methods and washed with solvents to yield AIR. AIRs were placed in a fan forced oven for 16 h at 37°C to dry.

Prior to starting the reduction steps, the dried AIRs were packed into 2 mL microcentrifuge tubes (PFSS 2800 50 20U, OPS Diagnostics, Lebanon NJ) and re-ground with 4 × 2.8 mm steel balls (magnetic, high carbon, Grainger, Lake Forest, IL) for 60 s at 4,000 strokes/min using a bead mill (BeadBug Microtube Homogenizer, Model D1030, Sigma Aldrich, St. Louis, MO). Particle size was analyzed via Helos laser diffraction particle analyzer (Sympatec, Clausthal-Zellerfeld, Germany). The final particle size of the ground AIRs yielded 55.3 ± 0.43 μm. Samples went through a series of carboxyl reductions (reduction I and II). Small molecules were filtered, and large molecules were recovered (<3 KDa) using centrifugal ultrafiltration (Vivaspin turbo 15 mL Centrifugal Ultrafiltration Filters; Sigma Aldrich, Germany, Darmstadt). Samples were quantitatively transferred to the Ultrafiltration centrifugal filters. The glass test tube was rinsed 3–4 times with 500 μL of di-water. Then samples were centrifuged (Sorval Legend RT Centrifuge, Model D-37520 Osterode) at 4,000 g for 1.5 h (or until ∼200 μL of retentate remained). Following the second reduction, samples were quantitatively split for hydrolysis or methylation and stored at −80°C. Samples were freeze dried for ∼56 h prior to hydrolysis and methylation.

Methylation and sulfuric acid hydrolysis were done simultaneously to the sister samples. Hydrolysis of cell walls was done following the method of Saeman et al. (1954) and was optimized to ensure complete hydrolysis of cell walls for watermelon. AIR (5 ± 0.23 mg) was weighed into 2 ml microcentrifuge tubes with screw caps (product no. PFSS 2800 50 20U) (OPS Diagnostics, Lebanon, NJ).

Watermelon samples were treated with 126 μL of 72% sulfuric acid and incubated at room temp for 1 h with intermittent vortexing. Samples were diluted to 1 M with di-water and then placed in an oven at 100°C for 3 h. Samples were removed and cooled to room temperature and brought up to neutral pH using 20% chloroform/dioctyl amine, four rinses are required, followed by a four rinses with chloroform to remove the amine. The internal standard, 10 μL of myo-inositol at 13.56 μg⋅mL–1 was added to each sample. Samples were gently mixed and then were dried in a nitrogen-evaporator (Model TM 111, Organomation Associates INC, Berlin, MA) and warm water bath (held at 35°C) and then stored at −20°C until ready for acetylation.

A sister sample was designated for methylation in dimethyl sulfoxide and iodomethane. Samples designated for methylation were pulled from the freeze dryer and 20 μL of methanol were added to dehydrate the sample, then freeze dried for 3 more hours. Samples were solubilized in 200 μL of dimethyl sulfoxide for 18 h. A sodium hydroxide/dimethyl sulfoxide slurry was prepared and 200 μL of the slurry were added to each sample, then were sonicated for 1 h. Iodomethane was added to each sample. After methylation, samples were rinsed three times with di-water and then were dried down under nitrogen in a warm water bath. Methylated samples were hydrolyzed via TFA hydrolysis following the method of Pettolino et al. (2012). Myo-inositol was added to each of the methylated samples (10 μL, 13.51 μg⋅mL–1) and samples were dried in a warm water bath (<40°C) under nitrogen.

Hydrolyzed and methylated samples and sugar standards were reduced via the addition of 2 M ammonia and sodium borodeuteride. The reductant was destroyed, and samples were placed in a shallow water bath maintained at about 35°C and evaporated with a stream of nitrogen. Samples were rinsed 2 × 250 μL of 5% (vol/vol) acetic acid/methanol and then 2 × 250 μL methanol to remove borate complexes and stored in methanol overnight at −20°C.

All samples were brought to room temperature prior to acetylation in acetic anhydride. After acetylation samples were packed into small glass vials and 0.1–0.2 g of sodium sulfate was added to remove excess water prior to GC-MS analysis. The dichloromethane phase was transferred into 2 ml vials with PTFE/RS screw caps (part nos. 5182-0715 and 5185-5820, Agilent, Santa Clara CA) Samples were stored at −80°C until ready to run on the GC-MS.



Partial Methylation of Sugar Standards

Sugar standards of arabinose, glucose, galactose, xylose, mannose, rhamnose, and fucose were converted into partially methylated methyl glycosides following Sassaki et al. (2005) and Wang et al. (2007). In short, 20 mg of standard were weighed separately into 7 mL glass test tubes, weight recorded, and 2 mL of 2% methanolic-hydrochloric acid added. The samples were placed into a water bath (70°C) for 12 h. Samples were removed from the warm bath and 0.15 g sodium bicarbonate (ACS reagent, = 99.7%, cas no. 144-55-8, Sigma Aldrich, St. Louis, MO) was added to neutralize each sample. Samples were filtered with 0.2 μm PTFE filters (13 mm syringe filter, PTFE membrane, cat no. 28145-491, VWR, Radnor, PA) and were dried down in a warm water bath held at 40°C under nitrogen.

The prepared methyl glycosides (e.g., sugar standards) were partially methylated by adding 330 μL dimethylformamide (HPLC, = 99.9%, CAS no. 270547, Sigma Aldrich, St. Louis, MO), 33.2 mg barium oxide (99.99% trace metal basis, CAS no. 554847, Sigma Aldrich) and 1.7 mg barium hydroxide octahydrate (=98%, CAS no. 12230-71-6, Sigma Aldrich). The samples were gently vortexed for 15 s. and 166 μL methyl iodide (grade, Sigma Aldrich) was added. Samples were then placed on an orbital shaker (I 24 Incubator Shaker Series, New Brunswick Scientific, Edison, NJ) at 220 rpm for 4 h. in the dark. Methylene chloride (500 μL) was added and samples were vortexed for 120 s. to extract the partially methylated methyl glycosides. After methylation, samples were rinsed three times with di-water and then were dried down under nitrogen in a warm water bath. The partially methylated samples were hydrolyzed via TFA hydrolysis following the method of Pettolino et al. (2012). Myo-inositol was added to each of the methylated samples 10 μL, 13.51 μg⋅mL–1) and samples were dried in a warm water bath (<40°C) under nitrogen.

Sugar standards were reduced via the addition of 2 M ammonia and sodium borodeuteride. Samples were rinsed with acetic acid/methanol and then methanol to remove borate complexes and stored in methanol overnight at −20°C. Samples were dried down with nitrogen and acetylated by adding 400 μL acetic anhydride followed by holding in a 100°C oven for 2.5 h. After acetylation, samples were extracted into 750 mL methylene chloride then packed into small glass vials with PTFE/RS screw caps and 0.1 g sodium sulfate and stored at −80°C until GC-MS analysis.



Gas Chromatograph-Mass Spectrophotometer and Data Processing

An Agilent 7890A gas chromatography (GC) coupled to a 5975C VL MSD mass spectrometer (MS) (Agilent, Santa Clara, CA) was used for sample analysis. The GC-MS system and injection methods were set up using Agilent 5975c software (library or databases were not) and were adapted from Pettolino et al. (2012). Helium was used as the carrier gas with a flow rate of 1 mL⋅min–1. Samples were injected at 1 μL with a split (1/10) injection using an autosampler (inject samples with the temperature at 240°C). Five syringe washes with dichloromethane were preformed between each sample. The oven conditions were set to an initial temperature of 170°C, held for 2 min, and then ramped at 3°C min–1 to 260°C. Held for 3 min and the mass selective detector (MSD) transfer line was held at 260°C.

The MS quad was maintained at 106°C and MS source at 230°C, 70 eV electron impact ionization and data were acquired in scan mode from 100 to 350 m/z at 2.14 scans per 1 s and with a solvent delay of 3 min. A BPX 70 column was used, trimmed and purged before starting sample injections. Injector syringe, septa (premium inlet septa, part no. 5183-4757, Agilent, Santa Clara, CA) and inlet liners (liner 4 mm, part no. 5181-3316, Agilent, Santa Clara, CA) were changed from the autosampler to the GC system every 50 injections.

All data were integrated and quantitated via 5975C Data Analysis MSD Chemstation (Agilent, Santa Clara, CA). Alditol acetates (neutral sugars) were identified using relative retention time (rrt) and mass spectra of authentic standards, and each alditol acetate concentration was calculated via comparing samples to a 5 point internal standard curve. Quantitative estimates of each alditol acetate were normalized to the starting AIR mass and are reported in μg⋅mg–1 of AIR. The degree of methylation and uronic acid (galacturonic and glucuronic acid) concentrations were also calculated following methods from Trandel et al. (2020b).

Partially methylated alditol acetates (linkage residues) were identified using the partially methylated methyl glycosides generated in this study. The watermelon cell wall chromatograms were compared to the independent methyl glycoside chromatograms and rrts found in Supplementary Table 1 of Pettolino et al., 2012. Some partially methylated glycosides coeluted at the same time. For these, linkage residues were identified using mass spectral data within each independent methyl glycoside and were compared to the mass spectral data from the Complex Carbohydrate Research Center (Georgia, United States) http://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html. Once the linkages were identified, the glucose and galactose linkages with uronic acid components were calculated using the peak area of m/z = 119. All neutral sugar and uronic acid linkages in each watermelon sample were normalized against the internal standard by dividing the peak area of the linkage by the peak area of the internal standard. Then the concentration of each PMAA was estimated from the concentration of the internal standard. All linkages are reported in μg⋅mg–1 of watermelon AIR.



Statistical Analysis

All fruit quality data were subjected to analysis using R 3.5.3 (Revolution Analytics, Mountain View, CA). A one-way ANOVA was run on the incidence of hollow heart (%) between grafting treatments. A two-way ANOVA was run on heart firmness (N), rind firmness (N), soluble solids content, and pH modeled on grafting treatment and hollow heart phenotype. Data were subjected to Bonferroni correction for mean separation (p = 0.05).

Compositional data were subjected to analysis using SAS 9.4 (SAS Institute, Cary, NC). A two-way ANOVA was run to determine whether lycopene, arginine, citrulline, total sugars, fructose, glucose, sucrose and mineral contents differ among watermelon from grafting treatment or hollow heart phenotype. Students T-test was done on the significant main effects for mean separation (p = 0.05). Tukey’s honest significant difference test was conducted on any significant interaction between graft and hollow heart, p = 0.05.

All cell wall polysaccharide data (neutral sugar concentrations, degree of methylation, uronic acid concentration and individual polysaccharide linkages) and total pectin data were analyzed using JMP, Version 15.1 (SAS Institute, Cary, NC). A two-way ANOVA was used to model the effects of graft treatment and hollow heart phenotype on total cell wall material, water soluble, alkali soluble, carbonate soluble, and unextractable pectic fractions, total neutral sugars (nmole⋅mg–1), total uronic acids (nmole⋅mg–1), each of the 12 neutral sugars, degree of methylation, galacturonic and glucuronic acids, and individual polysaccharide linkages. Where significance was found, a Student’s T-test was used for mean separation between the main effects p = 0.05. Tukey’s honest significance test was done for mean separation where there was significant interaction of graft × hollow heart (p = 0.05).



RESULTS


Fruit Quality Attributes

The percent of watermelon fruit with HH was substantially decreased with grafting (19 vs. 53%) while the severity of HH was similar. Fruit weight, soluble solids content and pH were not significantly different with graft or with HH (Table 1). Heart tissue firmness and peel/rind resistance to puncture was higher in fruit from grafted plants compared to fruit from non-grafted plants (Figures 2A,B). Within grafting treatments, fruit with or without HH were similar in flesh firmness and resistance to puncture (Figures 2C,D). Peel/rind firmness was higher in fruit from grafted plants than those from non-grafted (45.1 and 38.4 N). Fruit from grafted plants with and without HH indicated no differences in rind firmness (Figures 2B,D).


TABLE 1. Quality measurements in fruit from grafted and non-grafted plants and in fruit with and without hollow heart.
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FIGURE 2. Heart tissue firmness (A) and rind firmness (B) in fruit from grafted (G) and non-grafted (NG) plants and with (+HH) and without hollow heart (-HH) (C,D), with standard error bars. Mean separation of values from graft and non-graft was done using Bonferroni correction (p = 0.05), with differences indicated by *. The significance of graft and HH interactions were determined using Tukey’s honest significant difference effects where different letters indicate significance (p = 0.05).


Total lycopene, free arginine and free citrulline contents were similar in tissues regardless of grafting treatment or presence of HH (Table 2). Total lycopene averaged 61.2 ± 0.9 mg⋅kg–1, arginine was 1.2 ± 0.2 g⋅kg–1, and citrulline was 3.9 ± 0.7 g⋅kg–1, respectively. Total sugars, glucose and fructose concentration did not differ with grafting or incidence of HH. Total sucrose content in watermelon flesh was higher than fructose and glucose but did not differ with HH or graft. When expressed as percent of total sugars, %glucose and %fructose averaged 17.5 ± 1.0 and 31.3 ± 0.7, respectively and were not different with treatment (data not reported). The percentage of sucrose differed and %sucrose was higher in fruit with HH (52.2%) compared to fruit without HH (43.4%) but did not differ with grafting.


TABLE 2. Phytonutrients, total sugars, sucrose, glucose, and fructose in watermelon fruit from grafted and non-grafted plants and in fruit with or without hollow heart.
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Fruit Mineral Content

Total nitrogen, magnesium, sulfur, calcium, and iron were similar for fruit from grafted or non-grafted plants or in fruit with and without HH (data not shown). Watermelon fruit tissue had a mean content of 12.5 ± 0.7, 14.4 ± 0.3, 7.5 ± 0.1, 1.1 ± 0.5, 6.5 ± 0.2 g⋅kg–1 and 21.4 ± 2.5 mg⋅kg–1 total nitrogen, potassium, magnesium, sulfur, calcium and iron, respectively. Other minerals that differed in fruit from grafted or non-grafted plants and with and without HH are reported in Table 3. Phosphorus did not differ with grafting treatment but was highest in fruit with HH (13.1 g⋅kg–1) compared to fruit without HH (2.8 g⋅kg–1). Fruit with HH (3.5 mg⋅kg–1) had higher amounts of boron compared to fruit without HH (12.8 mg⋅kg–1). Copper was higher in fruit from grafted plants (7.1 mg⋅kg–1) compared to those from non-grafted plants (5.6 mg⋅kg–1). Zinc and manganese were higher in fruit from grafted plants at 20.7 and 8.6 ppm, respectively, compared to non-grafted plants (18.2 ad 6.8 mg⋅kg–1). Fruit with HH had higher amounts of copper, zinc, and manganese (6.8, 20.6, and 8.1 mg⋅kg–1) compared to those with no HH (6.2, 18.1, and 7.1 mg⋅kg–1).


TABLE 3. Differences in mineral contents in watermelon fruit due to grafting or hollow heart phenotype.

[image: Table 3]


Total Pectin Content

Total cell wall material, reported as AIR, was calculated as a percentage of fresh watermelon tissue weight and was not different with graft or HH treatments. Sequential fractions are reported as a percentage of that extracted from AIR. The WSF was lowest at 12.82%, while CSF was 25.97% and ASF was highest at 34.58% of TCWM, respectively (Table 4). The CSF was lower in fruit with HH (24.11%) than fruit without HH (27.90%) (p < 0.0428). No other differences were found among the pectic fractions. Total neutral sugars and uronic acids of the pectic fractions were not different with graft or HH (Table 5).


TABLE 4. Watermelon total cell wall material and sequential fractions (% of total) in relation to grafting and incidence of hollow heart.
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TABLE 5. Total neutral sugars and uronic acids among the sequential cell wall fractions for watermelon from differing grafting treatments and incidence of hollow heart.
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Monomeric Composition of Cell Wall Polysaccharides

The average concentration of individual cell wall polysaccharide monomers (alditol acetates) and the degree of methylation (%) for watermelon cell wall polysaccharides are reported in Table 6. No differences were found in meso-erythritol, rhamnose, fucose, arabinose, 2-deoxy-d-glucose, allose, glucose, and galactose concentrations for graft, hollow heart, or the interaction of graft and HH (p > 0.05). No 2-deoxy-d-ribose was detected in watermelon cell walls. Fruit with HH were higher in mannose (2.31 μg⋅mg–1), compared to fruit without HH (1.85 μg⋅mg–1) but no differences were seen with grafting treatment (Figures 3A,B). In contrast, xylose was highest in fruit from grafted plants (30.78 μg⋅mg–1) compared to fruit from non-grafted plants (26.33 μg⋅mg–1) with no differences in fruit with or without HH (Figures 3C,D). No differences were seen in galacturonic and glucuronic acid concentrations or the degree of methylation (%methylation) with graft or HH.


TABLE 6. Average concentration of monomeric building blocks, degree of methylation and galacturonic and glucuronic acids in watermelon cell walls.
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FIGURE 3. Mannose and xylose content (μg⋅mg–1) of cell wall polysaccharides in watermelon fruit from grafted and non-grafted plants (A,C) and in fruit with and without HH (B,D). Bars represent means (n = 12) ± standard error bars. Student T-test was used for mean separation (p = 0.05) with significant differences indicated by *.




Partially Methylated Alditol Acetate Linkage Assembly

Comprehensive linkage assembly data are reported as averages in Table 7. From the partially methylated methyl glycosides (e.g., sugar standards), 56 partially methylated alditol acetates were identified with 34 polysaccharide linkage residues found in watermelon cell walls. In watermelon, 4-Glc(p) (37.91 μg⋅mg–1), 4-Gal(p) (15.97 μg⋅mg–1)), 6-Glc(p) 5.35 μg⋅mg–1), 5-Ara(f) (4.72 μg⋅mg–1), 3,4-Gal(p) (3.75 μg⋅mg–1), t-Ara(f) (2.59 μg⋅mg–1), and t-Xyl(p) (2.07 μg⋅mg–1) were found to be the linkages in highest abundance on average. The linkage 2,3,4-Rha(p) differed among treatments (Figure 4). However, the relationship between 2,3,4-Rha(p) concentration with grafting and HH phenotype was complex and requires further study to determine whether it has biological significance. No other differences in the content of specific carbohydrate linkages were found in relation to grafting, HH phenotype or their interaction.


TABLE 7. Estimated concentrations of watermelon cell wall polysaccharide linkages residues.
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FIGURE 4. Linkage residue of the partially methylated alditol acetates (μg⋅mg–1) ± SE in fruit tissue from watermelon from grafted (G) or non-grafted (NG) plants and with no (-HH) or severe (+HH) hollow heart. Means separated using Tukey’s honest significant difference, with different letters indicating significance (p = 0.05).




DISCUSSION AND CONCLUSION


Hollow Heart Incidence and Grafting Effects

Factors known to induce HH include heavy rainfall events, temperature fluctuations, pollen viability and pollinator activity during the time of pollination (Fiacchino and Walters, 2003; McGregor and Waters, 2014). Hollow heart is most common in triploid watermelon, where blooms cannot produce viable pollen. Watermelon pollination begins from ∼3 to 6 weeks after transplant and can continue for an additional 6 weeks (Dittmar et al., 2009; Trandel et al., 2020a). Diploid and triploid watermelon flowers open in the morning and flowers typically senesce within a few hours. Triploid pistillate flower stigmas are most receptive to pollen between 15 and 26°C (Lyu et al., 2019) and generally require between 16 and 24 pollinator visits for adequate pollination (Fiacchino and Walters, 2003). In this study, morning temperature fluctuations were not extreme enough to effect pollen viability and pollinator movement during the time of peak pollination (Figure 1A). Only two rainfall events of ∼4 cm occurred and were scattered during production making, rainfall an unlikely contributor to HH defect (Figure 1B).

Grafting “Liberty” watermelon onto an interspecific squash hybrid RS decreased the incidence of HH in watermelon, and increased flesh firmness and peel/rind resistance to puncture. Interspecific hybrid RS have been reported by others to increase watermelon flesh firmness (Soteriou et al., 2017), while other RS such as Lageneria or wild watermelon do not seem to have this effect. Rind thickness has been reported to increase in grafted fruit (Yuan et al., 2016) and may contribute to resistance to puncture. Resistance to probe penetration through rind and peel was 7 N higher and flesh firmness was about 3 N higher in fruit from grafted plants compared to those from non-grafted plants, regardless of HH phenotype (Figure 2). Increased rind/peel firmness was found to increase in watermelons grafted to interspecific hybrid rootstocks and was associated with increased fruit flesh firmness (Yuan et al., 2016). Yuan et al. (2016) speculated that increased flesh firmness was due to the increased root size and plant vigor associated with the interspecific hybrid rootstock as mature watermelon fruit in their study also had higher amounts of calcium, magnesium, iron, and zinc.

Watermelon cultivars with lower tissue firmness are generally more susceptible to internal fruit disorders (Trandel et al., 2020a). Increased watermelon firmness has been related to more cells/unit area in the placental tissue (Kano, 1993; Trandel et al., 2021). Trandel et al. (2021) found fruit firmness increased by 1 N in watermelon grafted onto two interspecific hybrid RS of “Carnivor” and “Kazako” compared to non-grafted fruit. Using confocal microscopy to assess watermelon flesh density and its relationship to firmness and HH, cell area decreased with increasing HH severity in fruit when grown without grafting or on “Carnivor” RS. Results were the opposite for fruit from plants grafted to Laginaria siceraria RS, and average cell size was largest (Trandel et al., 2021). These results suggest that increased firmness may decrease the tension imposed on the placental tissue, ultimately decreasing middle lamella separation, leading to smaller intracellular air spaces, and less development of HH.



Sugar and Phytonutrient Composition in Grafted Watermelon With and Without Hollow Heart

Aside from watermelon’s delicious flavor, the fruit is rich in carotenoids and citrulline, providing nutritional and bioactive benefits (Kong et al., 2017). Increased sugars, citrulline, and lycopene in fruit from watermelon grafted on interspecific hybrid rootstocks have been reported in some studies (Davis et al., 2008; Soteriou et al., 2014). These increases may depend on location of the study, environmental conditions, and relative ripeness. Grafting to an interspecific hybrid RS will delay ripening by 5–7 days compared to non-grafted fruit (Fallik and Ilic, 2014). This delay is thought to be from the stress and healing of the graft union, leading to a 3–5 days delay in flower production that is carried through ripening (Kyriacou et al., 2016).

Fruit soluble solids content is the primary indicator of fruit ripeness, and pH is another indicator, with watermelon considered ripe between pH values of 5.0–5.5 (Corey and Schlimme, 1988; Soteriou et al., 2014; Kyriacou et al., 2016). Watermelon fruit in our study were fully ripe, as indicated by pH values near 5.5 for grafted and non-grafted samples (Table 1). A soluble solids content greater than 8% is commonly used as a benchmark for ripe watermelon (Kyriacou et al., 2018), and was about 12% in all fruit in this experiment. In watermelon, SSC is primarily from the soluble sugars sucrose, glucose, and fructose (Fall et al., 2019). Total sugars, glucose, sucrose, and fructose did not differ with HH or graft (Table 2). When sucrose was calculated as percent of total sugars, no differences were seen with grafting although fruit with HH were found to be higher in % sucrose than fruit without HH (Table 2). During fruit ripening, sucrose is the main carbohydrate accumulating as glucose and fructose decrease (Kyriacou et al., 2018). Sucrose accumulation occurs during ripening via sucrose phosphate synthase and sucrose synthase activities and decreased acid invertase activity (Yativ et al., 2010; Kyriacou et al., 2018). The increased proportion of sucrose in HH fruit without a concomitant increase in overall sugars indicates a directed enzyme activity, possibly in response to HH development.

A full red coloration in watermelon is an indicator of quality. The red pigment is from lycopene and color development begins in the locular regions shortly after cell division ends and extends progressively to 43–45 days after pollination (Kyriacou et al., 2018). Lycopene content has been reported to increase, decrease, or remain unchanged in watermelon grafted to interspecific rootstocks, when care has been taken to select fruit of similar ripeness to those from non-grafted plants (Kong et al., 2017). Results from this study suggest the interspecific hybrid RS “Carnivor” did not up or down regulate lycopene content and HH did not compromise phytonutrient quality (Table 2).

Citrulline is a potent osmolyte and radical scavenger against drought/salt stress in plants (Akashi et al., 2001) as well as an intermediate in the human nitric oxide system. In studies done with 14 and 56 watermelon cultivars, no correlation was found with watermelon type (e.g., open-pollinated and hybrid cultivars) and citrulline content (Rimando and Perkins-Veazie, 2005; Kyriacou et al., 2018). Results have been inconclusive regarding citrulline content and watermelon grafting as some rootstock-scion combinations have been shown to increase citrulline content (Davis et al., 2008) or have no effect with grafting (Aslam et al., 2020). In our study, citrulline did not change substantially either with grafting or hollow heart (Table 2).



Graft and Hollow Heart Effects on Fruit Minerals

When watermelon is grafted with a compatible rootstock and a vigorous root system is adopted, plants absorb and shuttle mineral nutrients more efficiently than non-grafted watermelon (Ruiz et al., 1997; Martinez-Ballesta et al., 2010). Likewise, the cell wall can also play a role in mineral shuttling and is responsible for the movement of metal cations into cellular organelles (Yang et al., 2018). Due to increased water and nutrient uptake from watermelon grafting, the cell wall may readily transport copper, manganese and zinc through the cell wall into storage organelles (Ruiz et al., 1997; Martinez-Ballesta et al., 2010), and may have accounted for the significant increase of these minerals in fruit from grafted plants in our study (Table 3).

Fruit with and without HH differed in mineral content (Table 3). Phosphorus aids plant growth and its distribution is affected by sink to source relationships. Phosphorus content in plant tissues can influence fruit quality attributes, as found for increased soluble solids content in strawberries (Cao et al., 2015). Strawberry fruit are a strong sink organs and fruit with higher P have enhanced sugar transport from leaf to fruit (Cao et al., 2015). Higher P content found in watermelon with HH may indicate high sugar enzyme activity suggesting that increases in P increase sucrose synthase activity.

Boron is essential throughout the plant and is responsible for boron-bridging and dimerization of RG II. Boron generates a covalent bridge between pectin molecules and decreases cell wall porosity by modifying biochemical properties of the cell wall (Chormova and Fry, 2015). While the major sites of mineral accumulation for copper, manganese and zinc are in the chloroplast, vacuole and cytoplasm, the cell wall controls heavy metal uptake and storage (Printz et al., 2016). It is possible that the increased boron, zinc and manganese in fruit with HH may be from storage in fruit cells or a change in metal transport mechanisms in the cell wall (Printz et al., 2016). Increased minerals found in fruit from grafted plants might result indirectly from increased water and nutrient uptake from the roots (Table 3).



Total Pectin Content and Fruit Textural Characteristics

Watermelon tissue firmness is attributed to the strength and intercellular connections of the primary cell wall (Brummell, 2006). Pectin is the most abundant polymer in the middle lamella and regulates intercellular adhesion (Paniagua et al., 2017). The solubilization of pectin varies greatly and fruit with a crisp texture, like watermelon, have a low degree of pectin depolymerization and solubilization when ripe (Brummell, 2006; Soteriou et al., 2017).

Despite the significant increase in heart tissue firmness (Figure 2A), no differences were seen in total cell wall material or sequential pectic fractions (%) with grafting treatment (Table 4). Soteriou et al. (2017) speculated that increased fruit tissue firmness could be elicited by an increase in cytokinin production from the grafting rootstock. Rootstock grafts promote plant growth via synthesis and translocation of cytokinin and gibberellin. Recently, an upregulation of cytokinin was found in watermelon grafted to squash RS, promoting the movement of this hormone from the RS to the scion and subsequent fruit (Liu et al., 2016). Cytokinin is generally synthesized in the roots and mediates local and long-distant signaling that influences fruit qualities by increasing cell division (Srivastava and Handa, 2005). Increases in cell division are related to an increased number of cells/unit area and may be associated with textural changes (Kano, 1993). Grafting onto interspecific hybrid RS has been found to increase root vigor and root dry weight 14 d after pollination compared to non-graft controls (Yuan et al., 2016). This vigor may further promote the differences in fruit quality from increased nutrient shuttling and/or changes in cytokinin response between grafted and non-grafted watermelon in this study.

The %WSF was lowest compared to the %CSF and %ASF, which is comparable to what Soteriou et al. (2017) found in fruit grafted to interspecific hybrid rootstocks and non-grafted watermelon. Similarly, in other crops like strawberry and apple, %WSF was lowest compared to all other fractions (Yu et al., 1996; Ng et al., 2013), while in blueberry all sequential fractions were similar (Lin et al., 2019). Water soluble fractions yield pectins in the plant cell wall that are freely bound and soluble in the apoplast (Paniagua et al., 2014). Consistent with our findings, Soteriou et al. (2017) found no differences in the %WSF in fruit from homeografted, non-grafted and heterografted plants, suggesting a limited association between WSF and tissue firmness. Total neutral sugars were highest in the WSF at 18.76 nmole⋅mg–1 compared to all other pectic fractions and neutral sugars were higher compared to total uronic acids (Table 5). Polysaccharides such as XG and RG I and II have neutral sugar side chains. Increases in total neutral sugars in WSF may be due to the pectic sidechains solubilizing in the apoplast of intact cell walls (Redgwell et al., 1992).

The %CSF was found to differ only in watermelons with the HH disorder (Table 4) and was higher in fruit without HH (27.1%) compared to those with HH (24.8%). Carbonate soluble fractions are enriched in de-esterified pectin covalently bound to the cell wall (Paniagua et al., 2014), HG (Mohnen, 2008; Paniagua et al., 2014; Soteriou et al., 2017), and RG I (Paniagua et al., 2014). Fruit with HH may have lower enrichments of RG I and HG. Loss of arabinan and galactan side chains from RG I may further contribute to increased solubilization of CSF in fruit without HH (Zywinska et al., 2005). Carbonate soluble fractions extracted with calcium or sodium carbonate have previously been found to have higher total neutral sugar concentrations compared to total uronic acids. In this study, neutral sugars from CSF were 8.76 nmole⋅mg–1 compared to 5.15 nmole⋅mg–1 total uronic acids (Table 5). These results suggest CSF from grafted watermelon may have high amounts of RG I (Paniagua et al., 2014; Soteriou et al., 2017).

Alkali soluble fractions are derived from matrix glycans tightly attached to the cell wall via hydrogen bonds and are generally the hardest to solubilize (Brummell and Harpster, 2001). These fractions are also considered to have a low degree of methylesterification (Gawkowska et al., 2019) and high polyuronide (uronic acid) concentrations (Soteriou et al., 2017). In this experiment, ASF were highest compared to all other pectic fractions but had no discernable treatment differences. The ASF also had higher total neutral sugars (12.21 nmole⋅mg–1) compared to total uronic acids (6.17 nmole⋅mg–1) (Tables 4, 5). Arabinose and galactose were found in high amounts in ASF from apple. Similarly, these neutral sugars are found in high concentrations in watermelon (Brummell, 2006; Soteriou et al., 2017) accounting for higher total neutral sugars compared to uronic acids.



Role of Neutral Sugar Composition in Watermelon Cell Wall Polysaccharides

Neutral sugars and galacturonic and glucuronic acids are the monomeric building blocks forming complex polysaccharide networks. The net change or loss of specific monosaccharides have been linked to fruit ripening characteristics in strawberry, beet, tomato, stonefruit, melon, starfruit, and watermelon (Brummell, 2006; Karakurt et al., 2008; Petkowicz et al., 2016; Broxterman and Schols, 2018).

In this experiment, 12 neutral sugars were analyzed, and average concentrations are reported in Table 6. Previous research on watermelon focused on the mol% of only the major monosaccharide building blocks (Yu and Mort, 1996; Brummell, 2006). Karakurt et al. (2008) found 95% of the watermelon matrix glycans consisted of 40% glucose, 30% xylose, 15% arabinose, and 14% galactose. Likewise, monosaccharides in highest content in this study were glucose (78.22 μg⋅mg–1), galactose (48.49 μg⋅mg–1), xylose (27.65 μg⋅mg–1) and arabinose (19.76 μg⋅mg–1), respectively.

Among the major monosaccharides identified in watermelon, galactose is a structural component of the backbone in pectin and is a major constituent in arabinogalacto-proteins and RG I and II (Jimenez et al., 2001; Kruger et al., 2008; Pogosyn et al., 2013). High concentrations of galactose are expected in watermelon, as this sugar is present in many pectic polysaccharides. Glucose increases in the cell wall as plant and fruit parts ripen (Jimenez et al., 2001), and is a monomeric building block in cellulose, hemicellulose and RG (Pettolino et al., 2012; Chormova and Fry, 2015). Research on olive fruit suggests that increases in glucose are related to increases in RG II (Jimenez et al., 2001). Xylose is a major monosaccharide in the formation of XG, encompassing about 10% of plant cell wall pectins (Kruger et al., 2008). Xylose also plays a role in RG II side branches (Brummell, 2006; Karakurt et al., 2008; Kruger et al., 2008). Arabinose is known to be a pectic sugar primarily and is dominant in building type I and II arabinogalactans (AG), which attach to RG I and XG (Pogosyn et al., 2013; Yang et al., 2018).

Higher amounts of galacturonic acid (GalA) (26.28 μg⋅mg–1) were found compared to glucuronic acid (10.15) (Table 6). Coenen et al. (2007) proposed a model for the pectic backbone that is made up of alternating HG and RG I with xylose as side chains. Coenen et al. (2007) found that HG was built of 81-117 GalA residues, while RG I was built of ∼20 GalA residues (Amos and Mohnen, 2019). Due to several polysaccharide backbones being built of GalA, high amounts were expected in watermelon cell walls. Glucuronic acid (GlcA) is expected to be found in lower amounts as it is found only in xylans (made up of 12 GlcA residues), AG backbones (1–8 GlcA residues) and RG II side chains (8–27 GlcA residues) (Chormova and Fry, 2015; Leivas et al., 2015; Amos and Mohnen, 2019).



Differences in Neutral Sugars With Grafting or Hollow Heart Defect

No 2-deoxy-d-ribose was detected and monosaccharide concentrations of meso-erythritol, rhamnose, fucose, arabinose, 2-deoxy-d-glucose, allose, glucose, and galactose in fruit were similar with grafting and HH. However, differences were seen in mannose concentration; fruit with HH (3 μg⋅mg–1) had higher amounts compared to fruit without HH (2.31 μg⋅mg–1), while no differences were seen in grafting treatments (Figures 3A,B). Mannose is an important neutral sugar in both pectic and hemicellulosic polysaccharides. A key pectic polysaccharide, RG I, is highly branched and composed of the neutral sugars glucose, fucose, and mannose (Voragen et al., 2009; Erdmann do Nascimento et al., 2017). Hemicelluloses such as heteromannan are composed of β-1,4-mannose residues and thus have mannose present in the polysaccharide structure (Hernandez-Gomez et al., 2015). The increase of mannose in fruit with HH suggest either a change in RG I sidechain configuration or an increase of heteromannan.

Xylose concentration was lower in fruit from non-grafted plants (26.33 μg⋅mg–1) compared to those from grafted plants (30.28 μg⋅mg–1). Xylose is a critical monosaccharide that encompasses pectic polysaccharides such as the backbone of XG and side branches of RG II (Brummell, 2006; Karakurt et al., 2008; Kruger et al., 2008). Xylose also plays a dominant role in heteroxylan, a hemicellulose composed of β-1,4-xylose residues (Hernandez-Gomez et al., 2015). The lower levels of xylose found in fruit from non-grafted plants imply that less XG or heteroxylan is present.

The degree of methylation (% methylation) has been associated with the rate of cell wall degradation in that higher % methylation is related to increased cell wall disassembly (Krall and McFeeters, 1998; Lurie et al., 2003). Pectin can be demethylated and depolymerized by both enzymatic and non-enzymatic reactions in fruit and vegetables (Krall and McFeeters, 1998). Extensive depolymerization of pectin and removal of neutral sugar side chains happens during fruit ripening (Brummell and Harpster, 2001). Although fruit from grafted plants had increased tissue firmness, no significant differences in the degree of methylation were found relative to watermelon grafting treatment or HH phenotype. In this experiment, the % methylation was highly variable among individual watermelon, which may have influenced the ability to observe differences associated with grafting treatments and/or HH incidence.



Linkage Assembly of Cell Wall Constituents

Methylation analysis offers a means to elucidate polysaccharide structure and investigate cell wall architecture (Pettolino et al., 2012). Pectic polysaccharides participate in crosslinking interactions as linkage residues are added to terminal ends of polysaccharide chains to synthesize pectic constituents or to connect pectin with other cell wall networks (Amos and Mohnen, 2019). An advantage of determining monosaccharide composition via linkage assembly is the potential to identify the relative proportion of different polysaccharides in the cell walls from one single analysis (Pettolino et al., 2012). In our study, several new linkage residues were found in watermelon cell walls; some of the novel linkages identified include 3,4,6-Gal(p) and 2,4,6-Glc(p).

Linkage residues found in highest concentration in these “Liberty” watermelon were 4-Glc(p), 4-Gal(p), 6-Glc(p), 5-Ara(f), 3,4-Gal(p), t-Ara(f), and t-Xyl(p), respectively (Table 7). There was a significant interaction of graft by HH occurred for the linkage residue 2,3,4-Rha(p), which was lowest in fruit from grafted plants with HH and in fruit from non-grafted plants without HH (Figure 4). The relationship between 2,3,4-Rha(p) and HH phenotype is complex, and further research is needed to understand whether there is any biological significance in the different contents of this linkage.

Galactose linkages are known to play a dominant role in building specific polysaccharides such as AG I and II (Tan et al., 2013; Yamassaki et al., 2018) and HG. In this experiment, 4-Gal(p) and 3,4-Gal(p) were dominant linkages. Arbinogalactan I requires 4-Gal(p), 3,4-Gal(p), 4,6-Gal(p), and t-Ara(f) to build the polysaccharide (Pettolino et al., 2012; Tan et al., 2013; Leivas et al., 2015), and all of these linkages were identified in our study. The high amounts of both 4-Gal(p) and 3,4-Gal(p) support the conclusion by Redgwell et al. (1997) that AG I is a dominant polysaccharide in watermelon fruit cell walls. While for AG II, 3-Gal(p), 6-Gal(p), 2-Ara(f), and 3,4,6-Gal(p) are required, and all linkages were found in watermelon suggesting the presence of AG II. Arabinan, a hemicellulose, is composed of 5-Ara(f), 2,5-Ara(f), 3,5-Ara(f), and t-Ara(f) linkages (Durado et al., 2006; Pettolino et al., 2012). All of these arabinose linkages except 3,5-Ara(f) were found in this experiment and indicate that arabinan is another dominant hemicellulose in watermelon cell walls.

The highly abundant glucose linkages, like 4-Glc(p) and 6-Glc(p), are commonly derived from cellulose, HM or XG (Pettolino et al., 2012). The linkage residue 4,6-Glc(p) found in HM was not identified in this experiment; however, linkages of t-Gal(p), 4,6-Man(p), and 4-Glc(p) were present and indicate HM as another notable polysaccharide in watermelon. The linkage residue of 4-Xyl(p) was another dominant linkage in this experiment, and this linkage is quite common in heteroxylans, a type of hemicellulose (Pettolino et al., 2012; Kang et al., 2018). Heteroxylan is composed of additional linkage residues such as 2,3,4-Xyl(p), t-Ara(f), and t-GlcA in the polysaccharide structure, and all of these linkages were found watermelon. In Arabidopsis and dried distiller grains, the linkage t-Xyl(p) was found to make up hemicelluloses (Kang et al., 2018) and XG (Pettolino et al., 2012). Several XG linkages were identified in this experiment including 4-Glc(p), 2-Xyl(p) 2-Gal(p), and t-Xyl(p), suggesting the presence of XG in watermelon. It is likely that some of the 4-Glc(p) is associated with XG while the majority of the 4-Glc(p) could be attributed to cellulose. The relatively high abundance of 6-Glc(p) along with detection of several other glucose linkages also signifies the presence of mixed linkage β-glycans (Coenen et al., 2006; Pettolino et al., 2012).



Cell Wall Analysis and Fruit Quality

Interesting and unexpected trends were found in watermelon cell walls in this study. Total pectin and cell wall composition data could not be linked directly to differences in fruit textural characteristics associated with grafting, suggesting other factors may be at play. In apples, fruit textural characteristics were linked to the cell wall by determining the degree of polymerization, enzymatic activity [endo-polygalacturonase (PG) and pectin methylesterase (PME)], tissue microstructure/middle lamella separation and molecular weight of pectin (Ng et al., 2013). Larger pectin molecules were associated with increased apple tissue firmness and pectin immunolabeling gave insight on cell adhesion, cell-to-cell loosening and middle lamella separation (Ng et al., 2013; Pose et al., 2015). Immunolabeling also indicated the type of HG within the middle lamella (Ng et al., 2013). These approaches may be useful in elucidating a cell wall-fruit texture connection in watermelon.

The degree of polymerization is similar to molecular weight analysis and can give insight on the number of residues within a polysaccharide chain (Pose et al., 2015). The degree of polymerization decreased as fruit firmness decreased in strawberry (Pose et al., 2015). Furthermore, enzymes such as PG are thought to depolymerize HG within stretches of unesterified galacturonic acid residues that are created by PME (Brummell and Harpster, 2001; Ng et al., 2013). In apple, increases in PME were related to decreases in highly esterified HG, while increases in PG were found to depolymerize pectin in the cell wall leading to softer fruit (Ng et al., 2013). Enzyme activity of PG and PME in watermelon following ethylene was not found to increase despite tissue softening (Brummell, 2006; Karakurt and Huber, 2009). However, assessing the degree of polymerization/molecular weight has not been done on grafted and non-grafted watermelon and may be useful in understanding fruit textural differences that are not associated with composition alone.

Rootstocks are known to have wide-ranging effects on the regulation of the scion and developing fruit. Watermelon grafted to squash rootstocks were found to differentially express up to 3,485 genes associated with primary and secondary metabolism (Liu et al., 2016; Soteriou et al., 2017). Of these genes, 20 to 47 microRNAs were significantly different in watermelon grafted onto bottle gourd compared to those grafted to interspecific hybrid RS (Liu et al., 2016). Moreover, more genes were differentially expressed in the watermelon grafted to interspecific hybrid squash (36 genes encoding pentatricopeptide repeat proteins and 13 WD40 repeating-containing proteins) compared to the bottle gourd RS (Liu et al., 2016). By analyzing microRNA in grafted and non-grafted plants, researchers may gain better insight as to the role of the rootstock and differences in textural properties between fruit from grafted or non-grafted plants.



CONCLUSION

Hollow heart is a serious internal defect found predominantly in triploid watermelon types and cannot be visually distinguished from normal fruit unless cut. In this study, HH was induced on demand by limiting pollen through reducing pollenizer plants in the field to 8% of total watermelon plants. Grafting a HH susceptible triploid cultivar to an interspecific hybrid rootstock increased fruit tissue firmness and decreased HH incidence. Although the presence of HH can cause load rejection, HH did not compromise fruit quality (e.g., firmness, pH, °Brix and total sugar) or phytonutrient content in this study. Additionally, cell wall polysaccharide composition was not related to increased firmness in fruit from grafted plants. Total pectin from CSF was lowest in fruit with HH suggesting these fractions may be enriched in HG. Thirty-four cell wall linkage residues were identified in watermelon for the first time, and arabinan and AG I were found to be notable polysaccharides in watermelon cell walls. Since few differences were found with grafting and fruit textural characteristics, research on tissue microstructure, pectin immunolabeling, enzymatic activity, and degree of polymerization may help delineate the relationship of cell wall polysaccharides to fruit quality and rootstock influences on scion fruit firmness.
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Grafting can improve the resistance of watermelon to soil-borne diseases. However, the molecular mechanism of defense response is not completely understood. Herein, we used a proteomic approach to investigate the molecular basis involved in grafted watermelon leaf defense against Fusarium oxysporum f.sp. niveum (FON) infection. The bottle gourd rootstock-grafted (RG) watermelon seedlings were highly resistant to FON compared with self-grafted (SG) watermelon plants, with a disease incidence of 3.4 and 89%, respectively. Meanwhile, grafting significantly induced the activity of pathogenesis-related proteases under FON challenge. Proteins extracted from leaves of RG and SG under FON inoculation were analyzed using two-dimensional gel electrophoresis. Thirty-nine differentially accumulated proteins (DAPs) were identified and classified into 10 functional groups. Accordingly, protein biosynthetic and stress- and defense-related proteins play crucial roles in the enhancement of disease resistance of RG watermelon seedlings, compared with that of SG watermelon seedlings. Proteins involved in signal transduction positively regulated the defense process. Carbohydrate and energy metabolism and photosystem contributed to energy production in RG watermelon seedlings under FON infection. The disease resistance of RG watermelon seedlings may also be related to the improved scavenging capacity of reactive oxygen species (ROS). The expression profile of 10 randomly selected proteins was measured using quantitative real-time PCR, among which, 7 was consistent with the results of the proteomic analysis. The functional implications of these proteins in regulating grafted watermelon response against F. oxysporum are discussed.

Keywords: bottle gourd, Citrullus lanatus, Fusarium oxysporum f.sp. niveum, proteomics, rootstock grafting


INTRODUCTION

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] is an important fruit crop and contributes 11.98% of the world fruit production (FAO, 2018)1. Fusarium wilt, caused by the soil-borne fungus Fusarium oxysporum f. sp. niveum (FON), is the most serious production-limiting disease in watermelon-growing areas all over the world (Zhang et al., 2015a). The pathogen’s survival in the infected field can be extended for over 10 years (Martyn, 1987) and causes up to 100% yield losses. Resistance to FON has been widely described, and resistance locus Fo-1.3 (Lambel et al., 2014; Meru and McGregor, 2016) to FON race 1 and locus qFon2-2 (Branham et al., 2017) to FON race 2 have been identified. Currently, the watermelon reference genome (Guo et al., 2013) and the whole-genome resequencing (Guo et al., 2019) developed a series of potential genes resistant to Fusarium wilt. These results should be useful for further elucidating the mechanism of resistance to Fusarium wilt and in the development of molecular markers for breeding programs of watermelon.

Grafting is an environmentally friendly and economic technique that is currently being adopted globally in watermelon to cope with soil-borne disease (Lee, 1994). Grafted watermelon was documented with enhanced Fusarium wilt resistance (Huh et al., 2002) as well as higher abiotic stress tolerance (Shi et al., 2019) and increased fruit weight and total yield (Davis et al., 2008). Grafting could also facilitate the uptake and utilization of nutrition (Zhang et al., 2012a; Huang et al., 2013). During the interaction between grafted watermelon and FON, previous reports have shown changes in physiological (Zhang et al., 2015b) and histological (Zhang et al., 2012b) aspects, indicating that grafting could induce higher levels of defense enzymes and immediately form tyloses in the infected xylem vessels soon after FON infection. Ling et al. (2013) found that chlorogenic and caffeic acids in root exudates from rootstock-grafted (RG) inhibited FON conidial germination and growth. Further experiment evidenced that grafting can shift the root-secreted protein profile and thus increased FON resistance (Song et al., 2016). Recently, a series of comparative proteomic analyses was conducted to explore the cold/chilling (Xu et al., 2016; Shi et al., 2019) or salt (Yang et al., 2012) stress-induced mechanisms in grafted watermelon seedlings. It is noteworthy that most of the previous studies on grafted watermelon resistance assessment were focused on root tissues, whereas few reports have discussed the FON-resistant mechanisms mediated by RG plants especially the above-ground leaf tissues. Herein, we hypothesized that the leaf protein profile has been altered after watermelon grafting and plays an essential role in resistance to Fusarium wilt.

To gain insight into the molecular mechanisms involved in RG watermelon against FON infection, a two-dimensional gel electrophoresis (2-DE) technique in combination with matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry (MALDI-TOF/TOF MS) was used to investigate the above-ground leaf proteome profiles of RG and self-grafted (SG) under FON challenge. Proteomic analysis identified 39 differentially accumulated proteins (DAPs), including 11 specific to RG and 4 unique to SG. Thirty-nine DAPs are mainly involved in plant metabolism and energy, defense and stress, protein biosynthesis, and degradation. The expression patterns at the transcriptional level of 10 randomly selected DAPs were validated using real-time PCR. Meanwhile, the functional implications of 39 DAPs especially those specifically accumulated in RG plants were discussed.



MATERIALS AND METHODS


Plant Materials

A FON-susceptible watermelon cv. “Sumi 1” (Institute of Vegetable Crops, Jiangsu Academy of Agricultural Sciences, China) and a FON-resistant bottle gourd rootstock cv. “Chaofengkangshengwang” (a commercial rootstock from Zhengzhou Fruit Research Institute, Chinese Academy of Agricultural Sciences, China) were used as scion and rootstock, respectively. An “insertion grafting” method (Lee, 1994) was employed to create the grafting combinations. Scions were grafted onto itself (SG) and bottle gourd rootstock (RG), respectively, and the grafting plants were cultivated in a growth chamber at 28/18°C under an 18/6 h light/dark cycle with a relative humidity of 70%. Grafting seedlings at the three-true-leaf stage were used for FON inoculation. SG and RG seedlings with FON inoculation were named as SG-FON and RG-FON, and their corresponding control seedlings inoculated with distilled water were designated as SG-C and RG-C, respectively. Three replicates were conducted with 30 seedlings for each replication. Ten leaves from various seedlings were pooled for each sample at 240 hours post-inoculation (hpi), when wilting symptoms were observed above the ground and were immediately frozen in liquid nitrogen and stored at −80°C until further use. Three biological replicates were sampled.



Preparation of Inoculum and Inoculation of Plants

The FON race 1 (Institute of Vegetable Crops, Jiangsu Academy of Agricultural Sciences, China) was used for plant inoculation. FON was maintained on potato dextrose agar (PDA) at 25°C for 7 days and then inoculated in liquid potato dextrose medium in a 250 ml triangular flask at 25°C on a rotary shaker at 150 rpm for 7 days. Fungal suspension with a concentration of 106 conidia per ml was used to inoculate plants (Chang et al., 2008). For inoculation, grafting seedlings at the three-true-leaf stage were carefully removed from the seedling-raising pot, followed by a rinse with tap water to exclude the soil particles. Roots of the seedlings were immersed in freshly prepared fungal suspension for 30 min, and then seedlings were re-planted in the seedling-raising pot with peat moss + vermiculite + perlite (6/1/3, v/v/v). Seedlings inoculated with sterile distilled water were treated as a control.



Measurements of Physiological Traits

A total of 0.5 g leaf samples from RG or SG inoculated with FON were extracted with 2 ml citrate buffer (0.1 M, pH 5.0) to obtain the crude enzyme extract and used for enzyme activity assay. Chitinase extraction and measurements were performed according to the method described by Boller et al. (1983). In brief, assay mixture (1 ml) containing 0.1 ml of sodium acetate buffer (0.05 M, pH 5.0), 0.3 μM of sodium azide, 1 mg of colloidal chitin, and 0.4 ml of crude enzyme extract was incubated at 37°C for 3 h. Then, 0.4 ml of the assay mixture was mixed with 0.2 ml of sodium borate buffer (0.8 M, pH 9.1) and heated at 100°C for 3 min, followed by added 3 ml of 1% 4-dimethylaminobenzaldehyde (DMAB) solution and incubated for 15 min at 37°C. The absorbance was recorded at 585 nm. Three replicates were conducted.

The β-1,3-glucanase activity was measured as presented by Shu et al. (2006). In brief, assay mixture (1 ml) containing 0.48 ml of sodium acetate buffer (0.1 M, pH 5.2), 1 mg of laminarin, and 0.3 ml of crude enzyme extract was incubated at 50°C for 3 h. Then, 1 ml of 3,5-dinitrosalicylic acid (DNS) was added and heated at 100°C for 5 min. The absorbance was recorded at 540 nm. The amount of glucose was calculated from the standard curve of glucose. Three replicates were conducted.



Protein Extraction

Total proteins were extracted from leaves of SG and RG seedlings as described by Zhang et al. (2018a). In brief, protein pellets were dissolved in an extraction buffer containing 9.5 M urea, 4% w/v 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 65 mM dithiothreitol (DTT), and 2% v/v immobilized pH gradient (IPG) buffer pH 4–7. The protein concentration was determined using the Bradford method (Bradford, 1976) with bovine serum albumin (BSA) as a standard. Three biological replicates were prepared.



2-DE Analysis

Two-dimensional gel electrophoresis was performed using the GE Healthcare 2-DE system as described by Zhang et al. (2018a). Then, 800 μg protein for each sample was loaded to rehydration strip (pH gradient of 4–7, 13 cm) and separated on a Multiphor electrophoresis unit (GE Healthcare, Tokyo, Japan) with the following parameters: 30 V for 12 h, 1 h step from 200 to 500 V, 1 h gradient from 500 to 1,000 V, 30 min gradient from 1,000 to 4,000 V, 30 min gradient from 4,000 to 8,000 V, and 5 h at 8,000 V. After isoelectric focusing, the strips were equilibrated in equilibration buffer I [containing 6 M urea, 50 mM Tris–HCl (1.5 M stocking buffer, pH 8.8), 30% glycerol, 2% sodium dodecyl sulfate (SDS), 1% DTT] with gentle agitation for 15 min, followed by equilibration buffer II [containing 6 M urea, 50 mM Tris–HCl (1.5 M stocking buffer, pH 8.8), 30% glycerol, 2% SDS, 4% iodoacetamide] for 15 min. The strips were transferred to a 12.5% SDS-polyacrylamide gel for protein separation using a Hoefer SE 600 Ruby system (GE Healthcare, Tokyo, Japan). The electrophoresis was carried out at a constant current of 5 mA/gel for 15 min and 10 mA/gel for 6 h.



Gel Staining and Image Analysis

Gels were stained with Coomassie Brilliant Blue R-250 (Solarbio, Beijing, China). Gel images were acquired using a TyphoonTM 9400 imager (GE Healthcare, Tokyo, Japan) and analyzed by ImageMaster 2D Platinum 6.0 software (GE Healthcare, Tokyo, Japan). For image analysis, manual editing was carried out after automated detection and matching to correct any mismatched and unmatched spots. Proteins were considered to be differentially accumulated if their percent volume ratio was ≥1.5 and ANOVA test value was ≤0.05.



In-Gel Digestion and MALDI-TOF/TOF MS Analysis

The DAP spots were excised from the 2-DE gel, washed with 50% (v/v) acetonitrile in 0.1 M NH4HCO3, and digested with modified trypsin (Promega, United States). The digested peptides were further analyzed by MALDI-TOF/TOF MS. MS/MS spectra were searched against the NCBInr database with a Viridiplantae (green plants) restriction and Cucurbitaceae database using the Mascot search tool (Matrix Science, London, United Kingdom).



Quantitative Real-Time RT-PCR

Total RNA was extracted from leaves of SG and RG seedlings inoculated with FON by using an RNApure Plant kit (with DNase I) (CWBiotech, China). Reverse transcription with 1 μg RNA and the oligo dT primer was performed through a BU-Superscript RT kit (Biouniquer, China) according to the manufacturer’s instructions. Real-time PCR was carried out using the 1× SYBR Green PCR Master Mix (PE Applied Biosystems, United States) on the GeneAmp® 7300 Sequence Detection System (PE Applied Biosystems, United States) according to the manufacturer’s instructions. 18SrRNA (GenBank accession no. AB490410) was used as the internal control for normalization. The relative quantization of gene expressions was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). Three replicates were performed. Primers used in this work were listed in Supplementary Table 1.



Bioinformatics Analysis

Protein subcellular localization was identified using WoLF PSORT2. The possible interaction between the DAPs was carried out through STRING3.




RESULTS


Comparison of Disease Phenotypes and Physiological Changes of Grafting Seedlings Under FON Infection

Plant growth was significantly influenced by bottle gourd rootstock grafting under FON infection. SG seedlings exhibited visual wilting symptoms in cotyledons at 240 hpi, whereas RG seedlings grew well, and no cotyledon wilting was observed. RG plants showed high resistance to FON with 3.4% of infested plants, whereas SG plants were relatively highly susceptible with 89% of disease incidence at 21 days post-inoculation. FON infection induced the accumulation of both β-1,3-glucanase and chitinase, whereas their activities showed differences in RG and SG seedlings. β-1,3-Glucanase was significantly higher in RG than in SG (Figure 1A), whereas chitinase remarkably accumulated more in SG than in RG (Figure 1B). These results indicate that rootstock grafting could improve plants’ resistance by accumulating activity of PR proteases to prevent watermelon seedlings from FON infection.
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FIGURE 1. Physiological responses of the grafted watermelon seedlings infected with FON. Changes of β-1,3-glucanase (A) and chitinase (B) activities in the leaves of RG and SG plants. Vertical bars labeled with different letters are significantly different at p < 0.05. Error bars are based on three biological replicates.




Proteome Analysis of Grafting Plants With FON Infection

Leaf samples of RG and SG seedlings inoculated with FON at 240 hpi were analyzed to investigate the FON responsive proteins using 2-DE. More than 1,340 protein spots were generated on each gel, and 917 were reproducibly detected. Proteins with fold change >1.5 at p-value < 0.05 were considered to be differentially accumulated (DAP). Accordingly, 39 DAPs were identified (Table 1 and Figures 2, 3), of which 14 up-accumulated proteins were shared in both RG and SG; 10 and 2 proteins were up-accumulated only in RG and SG, respectively. Six down-accumulated proteins were overlapped in both RG and SG; 1 and 2 proteins were down-accumulated only in RG and SG, respectively (Figure 3). Three proteins were up-accumulated in RG but down-accumulated in SG; 1 protein was up-accumulated in SG but down-accumulated in RG (Figure 3).


TABLE 1. Identification of differentially accumulated proteins in leaves of grafted watermelon under FON infection.
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FIGURE 2. Representative 2-DE gels of proteins extracted from leaves of grafted watermelon seedlings. Proteins extracted from leaves of (A) SG-C, (B) RG-C, (C) SG-FON at 240 hpi, and (D) RG-FON at 240 hpi were focused on IPG strips (11 cm, pH 4–7 NL) and separated by SDS-PAGE (12.5%). Arrows mean the differentially accumulated proteins among RG and SG responding to FON infection.
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FIGURE 3. Venn diagram of differentially accumulated proteins (DAPs) in RG and SG infected with FON. DAPs were analyzed based on SG-FON vs. SG-C and RG-FON vs. RG-C libraries, respectively.




Classification of FON Responsive DAPs

Thirty-nine DAP spots were excised from the gel and subjected for MALDI-TOF/TOF MS analysis. All the 39 DAPs were successfully identified (Table 1), of which 90% of proteins were identified with >10% sequence coverage showing high confidence. The DAPs were functionally categorized mainly in 10 different pathways: C metabolism-related (3), N metabolism (2), energy metabolism (4), protein biosynthetic (10), photosystem (4), defense and stress (7), reactive oxygen species (ROS) metabolism (4), translation (2), signal transduction (1), and transport (2) (Table 1 and Figure 4A). In addition, it was reported that subcellular localization of the proteins was closely related to their physiological functions in plants (Sun et al., 2014). Thirty-nine DAPs were further localized to the chloroplast (19), cytoplasm (15), mitochondria (2), nucleus (1), cytoskeleton (1), and vacuole (1) (Figure 4B), indicating that chloroplast located proteins (49%) play crucial roles in plant defense against FON in grafting seedlings.
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FIGURE 4. Functional category (A) and subcellular location (B) of DAPs in leaves of grafted watermelon in response to FON infection.




Protein–Protein Interaction Network

A predicted protein–protein interaction network was generated using STRING 9.0 to reveal functional links between proteins differentially accumulated in watermelon leaves in response to F. oxysporum infection. As expected, one protein interacted with another one to constitute a complex interaction network (Figure 5 and Supplementary Table 2). The main cluster revealed strong interaction among TAPX-FNR1-RABE1b-LOS2-MDH. These proteins belong to ROS metabolism, photosystem, translation, energy metabolism, and C metabolism. This observation indicated that these proteins function cooperatively to prevent plants from FON infection in grafted watermelon seedlings.
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FIGURE 5. Protein–protein interaction (PPI) network as elucidated through the STRING 11.0 online software with a confidence score of 0.4 using Arabidopsis thaliana. The network nodes represent proteins, and the edges indicate the predicted functional associations. The clusters mean the highly interacting proteins involved in photosystem, energy metabolism, translation, and C metabolism.




Analysis of the Expression Profiles of the mRNAs of Some Identified Proteins by Real-Time PCR

Ten DAPs were selected for transcript level to validate the proteomic data. In our proteome work, protein spots L2 (USP), L22 (JIP), and L35 (IRL) were up-accumulated in both SG and RG. Protein spot L31 (FNR) was down-accumulated in both SG and RG. Protein spot L21 (HOP) was up-accumulated in RG but down-accumulated in SG. Protein spots L6 (TrxH), L23 (APXT), and L28 (ARG) were only up-accumulated in RG but no response in SG. Protein spots L9 (GS) and L15 (thaumatin-like protein, TLP) were only up-accumulated in SG but no response in RG. Quantitative reverse transcription-PCR (qRT-PCR) (Figure 6) showed that the gene transcription level of seven proteins (USP, TrxH, GS, HOP, JIP, APXT, and ARG) was correlated with MS-based level supporting the reliability of the proteomic approach, whereas the gene expression profile of the other three proteins (TLP, FNR, and IRL) was not correlated with their protein level.
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FIGURE 6. Relative expression level of genes corresponding to 10 randomly selected DAPs in leaves of grafted watermelon in response to FON infection. The value of the relative expression level was normalized to 18SrRNA. Error bars were based on three technical replicates. USP (spot L2), universal stress protein; TrxH (spot L6), thioredoxin h; GS (spot L9), glutamine synthetase; TLP (spot L15), thaumatin-like protein; HOP (spot L21), Hsp70–Hsp90 organizing protein; JIP (spot L22), jasmonate-induced protein; APXT (spot L23), L-ascorbate peroxidase T; ARG (spot L28), arginase; FNR (spot L31), ferredoxin–NADP reductase; IRL (spot L35), isoflavone reductase-like protein.





DISCUSSION


Energy and Metabolism Proteins

Defense mechanisms are employed to minimize pathogenic damage, among which plant metabolism and energy supply are the key factors for the defense of plants against pathogens (Zaynab et al., 2019). Pathogen infection leads to dramatic changes in the carbohydrate metabolism of the infected plant tissue that was supported in our work by the alteration of C metabolism-related proteins (spots L14, L26, L33) in grafted watermelon seedlings infected with FON. Specifically, the abundance of malate dehydrogenase (MDH, spot L33) was up-accumulated extremely in RG under FON challenge. MDH is the key tricarboxylic acid (TCA) cycle enzyme that reversibly catalyzes the interconversion of malate and oxaloacetate (Musrati et al., 1998). Many studies have evaluated the function of MDH in plant defense against various abiotic stresses either by maintaining energy homeostasis (Selinski et al., 2014) or by enhancing organic acid synthesis (Tesfaye et al., 2001). We therefore speculated that the improved FON tolerance of RG may be related to the up-representation of MDH (spot L33) that enhanced the TCA cycle.

Photosynthesis is one of the plant metabolisms that could be involved in defense against pathogens. Most studies have shown that pathogen invasion locally reduced the rates of photosynthesis that could be interpreted as for freeing up resources utilized for the defense response (Somssich and Hahlbrock, 1998) or protecting the photosynthetic apparatus against light-induced damage (Niyogi, 2000). In contrast, stimulated rates of photosynthesis have been described in several compatible plant–pathogen interactions. As an example, in the tomato plants infected with Pseudomonas syringae and Botrytis cinerea, Berger et al. (2004) found the expected inhibition of photosynthesis in the infection sites as well as distinct stimulation of photosynthesis in the surrounding circular areas. The authors presumed that the enhanced photosynthesis could be part of the defense strategy for plants to produce assimilates for defense reactions that ultimately helps to confine pathogen growth. In this study, three ATP synthase proteins (spots L13, L27, L30) and two ferredoxin–NADP reductase (FNR) proteins (spots L31, L32) were downregulated in abundance in both RG and SG plants in response to FON infection. One of the possible explanations might be the plant’s attempt to maintain the intactness of the membranes or repair them for carrying on the electron transport reactions (Dinakar et al., 2012).



Proteins Involved in Defense and Stress

Activation of plant defense systems was evidenced by an altered abundance of defense-related proteins, such as universal stress protein 1 (spot L2), jasmonate-induced protein (spots L4, L22), isoflavone reductase-like protein (spot L35), and pathogenesis-related protein PR-5 (TLP, spots L15, L16). The density of TLP (spot L15) was up-accumulated in SG, whereas there remained no changes in RG. Conversely, the abundance of TLP (spot L16) was significantly activated in RG, whereas it was repressed in SG. A wealth of evidence suggests that the accumulation of TLPs induces systemic acquired resistance that boosts the plant’s resistance against fungal pathogens (Dong, 2001). Sun et al. (2020) proved that TLP performs different functions in other physiological processes. They found that Pe-TLP played a role as an elicitor of other anti-fungal proteins that cause the activation of other defense pathways. Meanwhile, fungal pathogens employed different mechanisms simultaneously or in succession to facilitate successful infection during the plant–fungus interaction. It was proven that TLP could either be bound to Trichoderma virens Alt a 1 protein (Kumar and Mukherjee, 2020) or be absorbed by fungal mycelia (Marcato et al., 2017) and hence suppressing plant defense. Based on these observations, we presume that different mechanisms may be deployed during the interaction of grafted watermelon and FON.

Among ROS-scavenging enzymes, thioredoxin h (spot L6) and peroxidase (spot L7) were identified in grafted watermelon leaves infected with FON. The abundance of these proteins was up-accumulated while exhibiting different profiles in RG and SG seedlings. Thioredoxin h (spot L6) was observed to be up-represented in RG seedlings, whereas there remained no changes in SG. A series of reports documented that increased production of thioredoxin h was triggered by accumulation of ROS and misfolded proteins in ROS homeostasis in defense against fungal (Zhang et al., 2017) and viral infections (Das et al., 2019) and abiotic stress (Shi et al., 2019). Thioredoxin h functions in the protection of infected plants against oxidative stress by reducing disulfide bonds on selected target proteins (Jacquot et al., 1997) or by acting as a molecular chaperone for peroxisome matrix proteins as well as antioxidant in peroxisome (Du et al., 2015). Based on these observations, elevated thioredoxin h protein in RG might be the result of maintaining ROS homeostasis in defense of RG watermelon plants against FON and thus allows the RG seedlings to survive.

The abundance of peroxidase (spot L7) was higher in SG than in RG (Table 1 and Figure 1), indicating that SG seedlings need more peroxidase to reduce the ROS accumulation in their intracellular system (Das et al., 2019). Peroxidase activity was also proven as key players particularly in cell wall modifications by catalyzing lignification (Passardi et al., 2004), implicating that structures were produced around the sites of potential FON ingress to establish physical barriers to prevent the progress of pathogen in SG plants (Zaynab et al., 2019). Additionally, the differential representation of antioxidant proteins was observed in grafted watermelon infected with F. oxysporum. Two L-ascorbate peroxidase (APX, spots L23, L37) were identified. APX removes potential harmful H2O2 from plant cells by detoxificating H2O2 into water utilizing ascorbate as electron donor (Shigeoka et al., 2002). Overproduction of APX in this work might be the result of the enhancement of active oxygen scavenging system in grafted watermelon (Sarowar et al., 2005) and thus result in F. oxysporum resistance. However, other studies have suggested that chloroplastic APX is highly sensitive to inactive to excessive ROS, namely, high contents of ROS under extreme stress conditions may repress APX, which was interpreted as that APX deficiency could activate a compensatory mechanism to protect plants against oxidative stress (Caverzan et al., 2014) and therefore explained the low density of APX (spot L23) in SG plants in this work.

Germin-like protein (GLP) is a ubiquitous water-soluble glycoprotein characterized by various enzymatic activities and is known to play crucial roles in plants’ resistance to fungal pathogens due to its antioxidant potential (Wang et al., 2013). GLP-overexpressing plants exhibited enhanced resistance to bacterial blight and fungal pathogens, which was explained by promoting ROS accumulation (Beracochea et al., 2015) or regulating the expression of plant defense-related genes (Liu et al., 2016) in transgenic plants. The up-representation of GLP (spot L17) in the current work suggests that GLP functions as a positive regulator of grafted watermelon resistance to FON.



Protein Biosynthesis and Degradation

Changes in protein synthesis and degradation were evidenced by the altered abundance of 10 proteins (Table 1). Earlier reports showed the increased amino acid triggered plants’ resistance to salt stress resulting from the strong nitrogen uptake ability by the root system of the bottle gourd rootstock (Martinez-Ballesta et al., 2010). In our study, two proteins, cyanate hydratase (spot L1) and sulfurtransferase (spot L34), were up-accumulated in both RG and SG; four proteins (spots L11, L21, L25, L28) were up-represented specifically in RG, whereas they were down-accumulated in SG, especially for Hsp70–Hsp90 organizing protein (HOP/Sti 1 spot L21). HOP/Sti 1 is a co-chaperone that could bind both Hsp70 and Hsp90 chaperones and enables complex formation at the same time. HOP/Sti 1 functions in host physiological processes linked to disease states and roles in aiding protein folding and avoiding or rescuing misfolded proteins (Tiroli-Cepeda and Ramos, 2011). The differential alteration of HOP/Sti 1 protein abundance (spot L21) in this work implicates its crucial role in maintaining proteostasis in RG and SG under F. oxysporum challenge.

Four proteins (spots L10, L39, L12, L29) involved in protein synthesis were under-represented in both RG and SG. EF-Tu (spot 29) was suppressed strikingly in RG, whereas it remained unchanged in SG. EF-Tu plays a vital role in mRNA decoding by proofreading each aminoacyl-tRNA (Morse et al., 2020). Although speculation exists that EF-Tu is involved in the other cell functions (Choi et al., 2000), the contribution of the lower abundance of EF-Tu to the RG plant’s resistance to F. oxysporum remains to be explored.



DAPs Involved in Signal Transduction

The abundance of a nucleoside diphosphate kinase (NDPK, spot L18) was identified to be significantly up-represented in RG infected with F. oxysporum. A similar result was observed in tolerant Arabidopsis thaliana line upon challenge with Alternaria brassicae (Sharma et al., 2007). The authors speculated the NDPK role in mediating plant defense to A. brassicae via the ROS-mediated signaling pathway. NDPK, a ubiquitous and highly conserved enzyme, plays a role in the primary metabolism for maintaining the nucleotide balance in the cell (Sweetlove et al., 2001), as well as functions in signal transduction pathway for mediating plant defense against abiotic stress (Moon et al., 2003), hormone responses (Galvis et al., 2001), and pathogen (Sharma et al., 2007). Overexpression of AtNDPK2 reduced the accumulation of ROS and thereby conferred enhanced tolerance to multiple environmental stresses (Moon et al., 2003). Further evidence showed that the enhancement of plant defense resulted from the association of AtNDPK2 with H2O2-mediated MAPK signaling in plants. Our current observation that NDPK (spot L18) abundance is strikingly increased in RG suggests that NDPK appears to play a vital regulatory role via ROS-mediated signaling in mediating RG plants’ response to FON challenge.



Translation and Transport-Related Proteins

Two proteins, eukaryotic translation initiation factor 5A (eIF5A, spot L3) and multiple organellar RNA editing factor 2 (MORF2, spot 20), associated with translation were identified in grafted watermelon infected with FON. The abundance of eIF5A (spot L3) was up-accumulated in both RG and SG plants under pathogen challenge. eIF5A is involved in the initial process of protein translation and can be induced by the pathogen (Campo et al., 2004). In the present work, the up-representation of eIF5A (spot L3) following F. oxysporum challenge may be responsible for regulating proteins important for pathogen attack. Rather, MORF2 up-represented extremely in RG while with low intensity in SG. MORF2 is an essential component of the plant RNA editosome and is a major player as an editing factor regulating the RNA editing efficiency at multiple sites (Bentolila et al., 2013). The function of MORF2 during plant and pathogen interaction remains unknown, although observation exists that plastid-signaling defective mutant gun1, directly interacting with MORF2, showed a deficiency of rapid RNA multiplication that results in more severe oxidative stress (Zhang et al., 2011).

A nuclear transport factor 2 (NTF2, spot L5) protein was identified in this work as shown to be markedly accumulated in RG, whereas it remained unchanged in SG under FON challenge. The up-representation of NTF2 was observed previously in the compatible interaction of Verticillium dahliae with tomato (Hu et al., 2019). Furthermore, the silencing of TaNTF2 reduced the resistance of wheat to different avirulent isolates of the Puccinia striiformis, which speculated that NTF2 acted as a critical regulator in the Ran-mediated signal transduction in the plant immune system (Zhang et al., 2018b).




CONCLUSION

In conclusion, we reported here that bottle gourd rootstock grafting can significantly improve watermelon resistance against FON. Proteomic analysis revealed 39 DAPs in leaves of grafted watermelon plants under FON challenge. These reprogrammed proteins were classified into 10 different biological functional categories, among which, protein biosynthesis (26%) and defense and stress (18%) are the two major affected biological functional processes, indicating that they act as a positive regulator in defense responses triggered by FON in grafted watermelon. Notably, we identified six proteins, i.e., MDH (spot L33), HOP/Sti 1 (spot L21), MORF2 (spot L20), NTF2 (spot L5), NDPK (spot L18), and thioredoxin h (spot L6) were accumulated in abundance only in RG in response to FON infection. These proteins presented in different functional categories while interacted with each other closely and play crucial roles in rootstock grafting-mediated resistance. These specifically accumulated proteins will be further characterized to elucidate their roles in rootstock grafting-induced resistance during watermelon and FON interaction. Overall, the proteomic data provide us with new insight into a better understanding of the molecular defense mechanisms in rootstock-grafted watermelon.
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Salicylic acid (SA) has been proven to be a multifunctional signaling molecule that participates in the response of plants to abiotic stresses. In this study, we used cold-sensitive cucumber and cold-tolerant pumpkin as experimental materials to examine the roles of SA in root–shoot communication responses to aerial or/and root-zone chilling stress in own-root and hetero-root grafted cucumber and pumpkin plants. The results showed that pumpkin (Cm) rootstock enhanced the chilling tolerance of grafted cucumber, as evidenced by the observed lower levels of electrolyte leakage (EL), malondialdehyde (MDA), and higher photosynthetic rate (Pn) and gene expression of Rubisco activase (RCA). However, cucumber (Cs) rootstock decreased the chilling tolerance of grafted pumpkins. Cs/Cm plants showed an increase in the mRNA expression of C-repeat-binding factor (CBF1), an inducer of CBF expression (ICE1), and cold-responsive (COR47) genes and CBF1 protein levels in leaves under 5/25 and 5/5°C stresses, or in roots under 25/5 and 5/5°C stresses, respectively, compared with the Cs/Cs. Chilling stress increased the endogenous SA content and the activity of phenylalanine ammonia-lyase (PAL), and the increase in SA content and activity of PAL in Cs/Cm plants was much higher than in Cs/Cs plants. Transcription profiling analysis revealed the key genes of SA biosynthesis, PAL, ICS, and SABP2 were upregulated, while SAMT, the key gene of SA degradation, was downregulated in Cs/Cm leaves, compared with Cs/Cs leaves under chilling stress. The accumulation of SA in the Cs/Cm leaves was mainly attributed to an increase in SA biosynthesis in leaves and that in transport from roots under aerial and root-zone chilling stress, respectively. In addition, exogenous SA significantly upregulated the expression level of cold-responsive (COR) genes, enhanced actual photochemical efficiency (ΦPSII), maximum photochemical efficiency (Fv/Fm), and Pn, while decreased EL, MDA, and CI in grafted cucumber. These results suggest that SA is involved in rootstock–scion communication and grafting-induced chilling tolerance by upregulating the expression of COR genes in cucumber plants under chilling stress.

Keywords: cold-responsive genes, Cucumis sativus, Cucurbita moschata, grafting, salicylic acid, root–shoot communication


INTRODUCTION

Cucumbers (Cucumis sativus L.) are cold-sensitive plants, and they often suffer from low temperatures during winter in solar greenhouses in northern China (Wu et al., 2016). Cold stress is considered an important constraint on crop growth and productivity in global agriculture because of its adverse effects on various physiological and metabolic processes of plant growth (Theocharis et al., 2012). Therefore, the mechanisms about the chilling stress responses in plants and the increase in the chilling tolerance of protected vegetables have recently attracted considerable attention.

Salicylic acid (SA), a plant hormone, has been widely regarded as a signal molecule that plays an important role in showing the response to biotic stress, which mediates the defense mechanism against pathogens and develops systemic acquired resistance (SAR; Dempsey et al., 2011; Metraux et al., 1990). Evidence is also increasing that application of SA enhances tolerance against abiotic stresses, such as heat, cold, drought, and salt stresses (Khan et al., 2015). In general, abiotic stresses induce an improved level of SA biosynthesis, helping to activate various other defensive compounds (Davies, 2004). SA can promote the tolerance of a plant to biotic and abiotic stress conditions by activating complex signal transduction cascades (Sendon et al., 2011; Shin et al., 2018). For example, the application of exogenous SA improved chilling/freezing tolerance as evidenced by reduced accumulation of excess hydrogen peroxide (H2O2), reduced leakage of ions, and alleviated oxidative stress (Dong et al., 2014; Shin et al., 2018). Nitric oxide (NO) produced by SA upregulated the activities of the ascorbate–glutathione (AsA-GSH) cycle and antioxidant enzymes so that it could play a central function as a signaling molecule in the salt tolerance of pepper plants (Kaya et al., 2020).

Cold acclimation is one of the major mechanisms by which plants adapt to cold stress by activating a set of cold-responsive (COR) genes, which encode cryoprotective proteins to alleviate the damage of plant cells caused by chilling stress (Thomashow, 1999). The ICE1-CBF-COR transcriptional cascade is generally considered as the best understood cold acclimation signaling pathway. In this pathway, C-repeat binding factors (CBFs) are crucial transcription factors (Zhou et al., 2018), and they are essential for the induction of chilling tolerance (Hannah et al., 2006; Kang et al., 2013). Thomashow (2001) reported that overexpression of CBF genes in Arabidopsis caused an increase in freezing tolerance, while knockdown of CBF1 and/or CBF3 decreases freezing tolerance after cold acclimation (Novillo et al., 2008). Previous studies have demonstrated that plant hormones play a crucial role in the cold stress response. For instance, ethylene-insensitive 3(EIN3), one of the transcription factors in the ethylene signaling pathway, restrains the CBF transcription, consequently suppressing the expression of downstream COR genes under normal growth conditions (Shi et al., 2012). At early stages of cold stress, a decrease in endogenous ethylene weakens the transcriptional inhibition of CBFs by ethylene signaling and triggers CBF-dependent cold acclimation. Subsequently, the cold stress response promotes the accumulation of EIN3 to prevent overaccumulation of CBFs through feedback adjustment (Shi et al., 2015). Furthermore, the accumulation of SA can also upregulate the expression of COR genes and improve the chilling tolerance of plants. Dong et al. (2014) demonstrated that chilling stress increased the expression levels of CBF and COR47 in cucumber seedlings, and the increases in the expression of CBF and COR47 were higher in SA-pretreated seedlings and lower in paclobutrazol (PAC, an inhibitor of SA biosynthesis)-pretreated seedlings than in control seedlings. However, how SA and COR genes influence stress responses under chilling stress remains unclear.

Grafting has been widely used to improve the tolerance of a plant to pathogens and to abiotic stresses, namely, low temperature, high temperature, drought, or salts, in the horticulture industry (Zhou et al., 2007; Han et al., 2013; Xing et al., 2015). Many rootstocks with strong ecological adaptability possess tolerance to exogenous limiting factors, such as pathogens, salinity, water, temperature, and oxygen deficit (Rizk-Alla et al., 2011; Marguerit et al., 2012; Li et al., 2014a). This resistance is mainly from the signal transduction between rootstocks and scions. Some studies suggest that rootstocks confer positive effects to the scion by alterations in chemical or root-to-shoot hydraulic signals (Li et al., 2014a). However, the interaction between rootstock and scion in promoting the tolerance of a plant to abiotic stress is still ambiguous. Dat et al. (1998) found that high temperature rapidly increased total endogenous SA. SA has been recognized as a long-distance hormone signaling molecule that is involved in the regulation of stress responses of plant and has been proven to be capable of regulating the responses of plant to heat stress and alleviating certain consequences induced by oxidative stress (Dat et al., 1998; Liu et al., 2003). However, the response of endogenous SA in rootstock/scion to chilling stress and its relationship with chilling tolerance in grafted plants remain elusive. Therefore, we compared the stress tolerance of cucumber and pumpkin plants grafted with their own roots to those grafted with pumpkin and cucumber roots, respectively, when exposed to root-zone chilling, aerial chilling, and the combination of the two. The results of this study suggest that pumpkin-induced SA accumulation upregulated the expression of COR genes and improved the chilling tolerance in cucumber, implicating that SA is involved in the rootstock–scion communication in responding to chilling stress in grafted cucumber.



MATERIALS AND METHODS


Plant Materials and Growth Environment

Two different species, cucumber [Cucumis sativus L, cv. “Jinyou 35" (JY35), Cs] and pumpkin [Cucurbita moschata D., cv. Jinmama 519 (JM519), Cm], were used as experimental materials that serve as scion or rootstock for each other. The Cs and Cm seeds were soaked in water for 6 or 12 h, respectively, and germinated on a moist filter paper in the dark at 28°C for 24 or 36 h, respectively. For rootstocks, the germinated Cm seeds were sown into trays filled with seedling substrate, and for scion, Cs seeds were sown 3 days later. When the cotyledon of the scions expanded, the seedlings were grafted with the top approach grafting method. When the Cs was used as the rootstock, Cm seeds were sown 10 days later and then grafted when the first true leaf of rootstocks spread. The grafted combinations (scion/rootstock) were designated as Cs/Cm, Cs/Cs, Cm/Cs, and Cm/Cm and were grown in an artificial climate chamber with a constant humidity of 80–90% and a photon flux density (PFD) of 50 μmol m−2 s−1 and 25–28°C for 7 days. When the first true leaves fully expanded, the four grafted combination seedlings were transplanted into a container (40 cm × 25 cm × 15 cm) filled with 1/2 Hoagland’s nutrient solution and under the following environmental conditions: photoperiod of 11 h, PFD of 600 μmol m−2 s−1, temperature of 26/18°C (day/night), and relative humidity of 80%.



Chilling and Salicylic Acid Treatment

To analyze the response of the grafted plants to aerial and/or root-zone chilling temperature, the three-leaf stage seedlings of the four grafted combinations were transferred to a climate chamber at low (5°C) or normal (25°C) temperature with a photoperiod of 11 h and PFD of 100 μmol m−2 s−1. For the shoot chilling stress treatment (5/25°C, shoot/root temperature), half of the nutrient solution of 5°C-treated seedlings in the climate chamber was heated to and maintained at 25°C with an external constant temperature circulator (HX-2015, Zhengzhou Great Wall, China), and the other half of the nutrient solution of seedlings was used as the combined chilling treatment (5/5°C). For the root-zone chilling stress treatment (25/5°C), half of the nutrient solution of 25°C-treated seedlings in the climate chamber was cooled to and maintained at 5°C, and the other half of the nutrient solution of seedlings was used as the control (25/25°C). During 48 h of chilling stress, leaf and root samples were collected to measure the electrolyte leakage (EL), malondialdehyde (MDA), photosynthetic rate (Pn), chlorophyll fluorescence parameters, mRNA abundances of RCA and COR genes, and the relative expression of CBF1 at the protein level. The SA emission system was also measured after chilling stress for 120 h. All the experiments were repeated four times per treatment. For transcriptome analysis, the three-leaf stage Cs/Cs and Cs/Cm seedlings were exposed to 5 or 25°C (control) for 12 h. The second true fully expanded leaves were sampled for RNA-Seq, and each treatment had three biological replicates with 10 seedlings per replicate.

To determine the effect of SA on the chilling tolerance of grafted cucumber seedlings, Cs/Cs and Cs/Cm seedlings at the three-leaf stage were foliar sprayed with 1.0 mM SA, 0.03 mM 2-aminoindan-2-phosphonic acid (AIP, a synthesis inhibitor of SA; Solecka and Kacperska, 2003), 0.1 mM L-a-aminooxy-b-phenylpropionic acid (AOPP, a synthesis inhibitor of SA; Janas, 1993), or deionized water (control) 24 h before the combined chilling (5/5°C) treatment. After exposure to chilling stress for 48 h, the Pn and chlorophyll fluorescence parameters were determined, and leaf samples were collected immediately to assay the EL, MDA, chilling injury index (CI), and the relative expression of the COR genes at the mRNA and protein levels. The deionized water treatment under chilling stress was marked as the H2O treatment to distinguish the control under normal conditions. There were four replicates per treatment and 10–20 seedlings per replicate.



Determination of CI, EL, and MDA Content

For CI determination, the stress seedlings were graded according to the method described by Semeniuk et al. (1986), and the CI was calculated as follows: CI = Σ (plants of different grade × grade)/[total plants × 5 (the maximum grade)]. The EL was assayed using the method of Campos et al. (2003). A total of 0.3 g of each sample was oscillated at 25°C in 25 ml test tubes containing 20 ml deionized water for 3 h, and the electrical conductivity (EC1) of the bathing solution was measured, with a conductivity meter (DDB-303A, Rex Electric Chemical, China). Then, the leaf samples were boiled (100°C) for 30 min, and the EC2 of the bathing solution was measured after cooling to room temperature. The EL was calculated as follows: EL (%) = EC1/EC2 × 100. The MDA content was determined as described by Zhao and Cang (2015), 0.5 g fresh tissue was extracted with 4 ml 10% trichloroacetic acid, and the homogenate was centrifuged at 4,000 g for 10 min at 4°C. Then, the supernatant was mixed with an equal volume of 0.6% thiobarbituric acid, added to water, and boiled for 15 min, and the absorbance of supernatant was measured at 450, 532 and 600 nm. The MDA content was calculated from the following equation: MDA (μmol L−1) = 6.45 × (OD532–OD600)−0.56 × OD450 to eliminate the effects of soluble sugar.



Photosynthetic Rate and Chlorophyll Fluorescence Assay

The photosynthetic rate (Pn) was measured with a portable photosynthesis system (Ciras-3, PP-Systems International, Hitchin, Hertfordshire, United Kingdom). During the measurements, constant photon flux density (PFD, 600 μmol m−2 s−1), CO2 concentration (400 mg L−1), and leaf temperature (25 ± 1°C) were maintained.

The maximum photochemical efficiency of PSII in darkness (Fv/Fm) and actual photochemical efficiency (ΦPSII) were measured using a modulated chlorophyll fluorescence spectrometer (FMS-2, Hansatech Instruments, King’s Lynn, Norfolk, United Kingdom) according to the instructions. The chlorophyll fluorescence imaging was also visualized with a variable chlorophyll fluorescence imaging system (Imaging PAM, Walz, Wurzburg, Germany), which consist of a CCD camera, LED lights, and controlling unit connected to a PC running a dedicated software (Imaging Win 2.3, Walz, Wurzburg, Germany), by the method of Tian et al. (2017).



Measurement of Salicylic Acid Content

Salicylic acid content was measured with a high-performance liquid chromatography-triple quadrupole mass spectrometry (HPLC-MS, Thermo Fisher Scientific, TSQ Quantum Access, USA) as described by Li et al. (2014b). About 0.2 g freeze-dried leaf or root was grounded and extracted with 5 ml of 80% methanol (containing 30 μg ml−1 sodium diethyldithiocarbamate) for 16 h at 4°C in darkness and then centrifuged at 8,000 g for 10 min at 4°C. The supernatant was collected, and the remaining residue was extracted two more times with the same method, each time for 2 h. Then, the homogenates were centrifuged at 8,000 g for 10 min at 4°C, and the supernatants were dried in vacuo at 38°C with a rotary evaporator (N-1210B, Shanghai EYELA, China). The resulted residues were dissolved in 5 ml of 0.2 M phosphate buffer (pH = 7.8) and 4 ml of trichloromethane. Let it standing for 30 min after oscillation, the solution was kept until stratification and the lower layer was discarded to remove the pigment. The phenolic impurities was removed by polyvinylpolypyrrolidone (PVPP), followed by centrifugation at 8,000 g for 10 min. The supernatants were adjusted to pH 3.0 with formic acid and were leached by ethyl acetate three times. The total ester phase was dried in vacuo at 38°C with a rotary evaporator. Finally, the residue was dissolved in 1.0 ml mobile phase (methanol: 0.04% acetic acid = 50:50, v:v) and filtered through a 0.22 μm filter. The filtrate was used for the HPLC-MS analysis.

Methanol and 0.04% acetic acid were used as mobile phases, at a column temperature of 30°C and a flow of 0.3 ml min−1 to separate SA with a Hypersil Gold C18 column (100 mm × 2.1 mm, 1.9 μm, Thermo Fisher Scientific, United States). The components separated by HPLC were further quantitatively analyzed by MS with triple quadrupole mass spectrometry with electrospray ionization (ESI) in negative mode. The optimum conditions for MS were ion source capillary temperature of 300°C, vaporizer temperature of 300°C, spray voltage of 2.5 kV, sheath gas pressure of 33 Arb, auxiliary gas pressure of 2 Arb, and the mode of selective response monitoring (SRM) adopted for scanning (Table 1). The SA standard sample (Sigma-Aldrich, United States) was used to generate the standard curve, and the SA content in plants was calculated by the external standard method.



TABLE 1. Characteristic fragment ions of the salicylic acid (SA) obtained by liquid chromatography-mass spectrometry (LC-MS) in selective response monitoring (SRM) mode.
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Activity of Salicylic Acid Synthase Enzymes Assay

The phenylalanine ammonia-lyase (PAL) activity was determined using a spectrophotometer (UV-2450, Shimadzu, Japan) as described by Shang et al. (2012). About 0.5 g fresh sample was extracted with 5 ml of 50 mM Tris–HCl buffer [containing 5 mM EDTA, 15 mM β-mercaptoethanol, and 0.15%(w/v) polyvinylpyrrolidone, pH 8.5]. The supernatant was reacted with 0.02 M phenylalanine at 37°C for 1 h. The amount of the enzyme required for the changes in absorbance of 0.01 h−1 at 290 nm is one unit (which equates to 1 μg trans-cinnamic acid was formed per ml reaction mixture).



Transcriptome Analysis

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, United States) and subsequently used for mRNA purification and library construction using the NanoDrop 2000 spectrophotometer (Thermo Scientific, United States) and TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, United States), respectively, according to the instructions. Samples were sequenced on an Illumina NovaSeq 6000 (Illumina, San Diego, CA, United States), and the clean reads were mapped to the cucumber genome using HISAT2. Fragments per kilobase per million mapped reads (FPKM) of each gene were calculated using Cufflinks, and the read counts of each gene were obtained by HTSeq-count. We standardized the counts of genes in each sample and calculated the difference multiplied with DESeq (2012) R package. The value of p each gene was calculated, and the value of p was corrected by multiple hypotheses testing using the false discovery rate (FDR) error control method. We set p < 0.05 and fold change > 2 as the threshold for significant differential expression. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes (DEGs) was performed, respectively, with R based on the hypergeometric distribution. This work was supported by Qingdao Oebiotech Co. Ltd (Qingdao, China).



RNA Extraction and Gene Expression Analysis

Total RNA was extracted from cucumber leaves and roots using an RNA extraction kit (TRIzol; TRANs, Beijing, China) and then reverse-transcribed with HiScript® III RT SuperMix for qPCR (Vazyme, Nanjing, China). The relative expression of RCA, SA synthase genes, and COR genes in cucumber or pumpkin plants was analyzed by real-time quantitative PCR (RT-qPCR) using ChamQ™ Universal SYBR® qPCR Master Mix (Vazyme, Nanjing, China), according to the instructions. Amplification was performed on the LightCycler® 480II system (Roche, Penzberg, Germany). The primers for different genes are shown in Table 2.



TABLE 2. Primer sequences.
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Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Immunoblot Analysis

Total protein was extracted and then separated with a 10% (w/w) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, and the resulted proteins from the gel were blotted onto polyvinylidene difluoride (PVDF) membranes. The blot was blocked with 5% (w/w) skimmed milk for 2 h at room temperature and subsequently incubated overnight with the primary antibody at 4°C. Afterward, the blot was incubated with the antibody of horseradish peroxidase-conjugated anti-rabbit IgG (CWBio, Beijing, China) for 2 h. The immunoreaction was detected using the ECL Western Blot Kit (CW00495, CWBio, Beijing, China), and the ChemiDoc™ XRS imaging system (Bio-Rad Laboratories Inc., Hercules, CA, United States) was used to record the chemiluminescence on blots. The primary CBF1 antibody was ordered from GenScript Company (Nanjing, China).



Availability of Supporting Data

The data discussed in this publication have been deposited in Gene Expression Omnibus of NCBI and can be accessed through Sequence Read Archive (SRA) accession no: PRJNA701131.1



Statistical Analysis

The whole experiment was performed at least triplicate, and results are shown as means ±one SD. All data were analyzed statistically using DPS soft. Statistical analysis of the values was determined at p < 0.05, according to Duncan’s multiple range tests.




RESULTS


Rootstock–Scion Interactions Influence Plant Chilling Tolerance

To explore whether the rootstock–scion communication directly affects the chilling tolerance of grafted plants, we used the cold-tolerant species Cm and cold-sensitive species Cs, serving as scion or rootstock for each other and measured the changes in EL, MDA, Pn, RCA relative mRNA expression, ΦPSII, and Fv/Fm in the grafted seedlings after exposure to aerial and/or root-zone chilling stress. At the optimum growth temperature (25/25°C), the own-root grafted (Cs/Cs and Cm/Cm) and hetero-root grafted plants (Cs/Cm and Cm/Cs) showed similar EL and MDA in both leaves and roots. Chilling stress (5/5°C) led to significant increases in the accumulation of EL and MDA in all plants (Figures 1A,B). Interestingly, the hetero-grafted cucumber plants that used Cm as rootstock (Cs/Cm) showed distinctly lower accumulation of EL and MDA in leaves, compared with the Cs/Cs plants. However, the hetero-grafted pumpkin plants using cucumber as rootstock (Cm/Cs) had higher EL and MDA in leaves than the Cm/Cm plants after chilling stress (p < 0.05). Moreover, the EL and MDA in Cs/Cm roots were significantly lower than those in Cs/Cs roots, but those in the Cm/Cs roots were markedly higher than in Cm/Cm roots (p < 0.05).
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FIGURE 1. Effect of rootstock on the tolerance to chilling stress of own-root and hetero-root grafted cucumbers and pumpkins. (A) Electrolyte leakage (EL) of leaf and root; (B) malondialdehyde (MDA) content; (C) photosynthetic rate (Pn); (D), relative expression of Rubisco activase (RCA); (E,F) images of actual photochemical efficiency (ΦPSII) and maximum photochemical efficiency (Fv/Fm), respectively, after exposure to 5°C for 48 h. The false color code depicted at the top of the image ranging from 0 (black) to 1.0 (purple) represents the degree of photoinhibition at PSII. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).


The Pn and mRNA abundance of RCA decreased under chilling stress in all the own-root and hetero-root grafted plants, but the extent of the decrease varied (Figures 1C,D). After 48 h at 5/5°C, the Pn in Cs/Cs plants decreased by 94.1% but that in Cs/Cm plants decreased by 88.9%. In contrast, the Pn in Cm/Cm plants only decreased by 77.1% after exposure to 5/5°C for 48 h, while that in Cm/Cs plants decreased by 85.0%. The Cs/Cm plants showed significantly higher RCA mRNA abundance than the Cs/Cs plants following 48 h chilling stress, but the Cm/Cs plants showed lower mRNA abundance of RCA relative expression to the Cm/Cm plants (p < 0.05).

Figure 1E reveals that chilling stress also caused significant decreases in ΦPSII of the own-root and hetero-root grafted plants. The decrease in ΦPSII in Cs/Cm plants was less than that in Cs/Cs plants, but decrease in ΦPSII in Cm/Cs plants was markedly greater than that in Cm/Cm plants (p < 0.05). Plants subjected to 5/5°C stress revealed a remarkably lower Fv/Fm than the 25/25°C control plants (Figure 1F). After exposure to 5/5°C for 48 h, the Fv/Fm in Cs/Cm plants was 18.4% higher than that in Cs/Cs plants but that in Cm/Cs plants was 8.2% lower than that in Cm/Cm plants. These data suggest that grafting with chilling-tolerant pumpkin as rootstock can enhance the tolerance of cucumber to chilling stress while that with cold-sensitive cucumber as rootstock may decrease the chilling tolerance of pumpkin.



Pumpkin (Cm) Rootstock Upregulated the Expression of COR Genes in Grafted Plants

The ICE1–CBF–COR transcriptional cascade is a key cold acclimation signaling pathway. To examine whether the transcriptional cascade contributed to Cm-induced chilling tolerance in grafted cucumber plants and Cs-induced chilling sensitivity in grafted pumpkin plants, we compared the responses of the C-repeat-binding factor (CBF1), an inducer of CBF expression (ICE1), and COR47 genes to chilling stress among the four grafted combinations of Cs/Cs, Cs/Cm, Cm/Cm, and Cm/Cs. Figures 2A–C shows that 5/25 and 5/5°C stress largely upregulated the relative mRNA expression of ICE1, CBF1, and COR47 in the leaves of grafted plants (p < 0.05), but 25/5°C did not affect them. The increases in the relative mRNA expression of the three genes were markedly higher in Cs/Cm than in the Cs/Cs leaves. For example, the mRNA abundance of CBF1 increased by 69.6 and 101.5% in Cs/Cm leaves but only by 51.8 and 86.1% in Cs/Cs leaves, after exposure to 5/25 and 5/5°C for 48 h, respectively.
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FIGURE 2. Changes of the relative mRNA expression of C-repeat-binding factor (CBF1), inducer of CBF expression (ICE1), cold-responsive (COR47) genes, and the protein level of CBF1 in the Cs/Cs and Cs/Cm plants under aerial or/and root-zone chilling stress. (A–F) Relative mRNA expression of ICE1, CBF1, and COR47 in leaves and roots; (G) the protein level of CBF1 in leaf and root. Three-leaf stage seedlings were exposed to chilling stress for 48 h. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).


To further explore whether the increased relative mRNA expression of ICE1, CBF1, and COR47 in Cs/Cm leaves was transported from roots or whether those in Cm/Cs roots was transported from leaves, we determined the relative mRNA expression of ICE1, CBF1, and COR47 in roots of the four grafted combinations. The mRNA abundances of ICE1, CBF1, and COR47 increased only in the roots of 25/5°C- and 5/5°C-stressed plants, but similar ICE1, CBF1, and COR47 mRNA abundances were found in the roots of 5/25°C-stressed or control plants. Cs/Cm plants showed significantly higher mRNA abundances of ICE1, CBF1, and COR47 in roots than Cs/Cs plants (Figures 2D–F). Aerial or aerial and root-zone chilling also significantly increased the accumulation of CBF1 protein in leaves, which were more evident in Cs/Cm leaves than in Cs/Cs leaves (Figure 2G). CBF1 protein in roots of the four grafted combinations was significantly upregulated at 25/5 and 5/5°C but not induced at 5/25°C. The increase in the CBF1 protein was greater in Cs/Cm than in Cs/Cs roots under 25/5 and 5/5°C chilling stress. These results indicate that the increase in CBF1 protein in Cs/Cm leaves was mainly synthesized in leaves but not transported from roots. Interestingly, the increase in the mRNA and protein levels of COR genes was less in Cm/Cs leaves than in Cm/Cm leaves under 5/25 and 5/5°C stress. Cm/Cs roots also displayed lower mRNA abundances of ICE1, CBF1, and COR47, and lower protein level of CBF1 compared with the Cm/Cm roots at 25/5 and 5/5°C (Supplementary Figure 1).



Transcriptome Analysis of the Own-Root and Hetero-Root Grafted Cucumber Leaves

To explore the response of endogenous SA to chilling stress, we estimated the endogenous SA accumulation and PAL activity in Cs/Cs and Cs/Cm plants under chilling stress for 120 h. Chilling stress caused a clear increase in the SA content and PAL activity at the first 12 h but then decreased. Twenty-four hours later, the SA content and PAL activity gradually increased along with the chilling time, and the increases were the most significant after 72 h at 5°C. Subsequently, the SA content and the PAL activity slowly decreased, but those in Cs/Cm plants were always higher than those in Cs/Cs plants (p < 0.05, Figure 3).
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FIGURE 3. Response of salicylic acid (SA) accumulation and phenylalanine ammonia-lyase (PAL) activities to chilling stress in Cs/Cs and Cs/Cm plants. (A) SA content and (B) PAL activity. Three-leaf stage seedlings were exposed to 5°C for 120 h and sampled at 0, 6, 12, 24, 48, 72, and 120 h. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).


To verify whether SA is involved in Cm-induced chilling tolerance in grafted cucumber, we analyzed the transcriptome in Cs/Cs and Cs/Cm plants. Compared with Cs/Cs plants, Cs/Cm plants upregulated 221 genes and downregulated 193 genes at the optimum growth temperature. After exposure to 5°C for 12 h, the Cs/Cm plants upregulated 1,418 genes and downregulated 1,906 genes relative to the Cs/Cs plants (Figure 4A), and there is an overlap of 186 differential genes between the two conditions of 25 and 5°C (Figure 4B). From the KEGG enrichment results (Figure 4C), we found that the obvious enrichment pathways (p < 0.05) of the DEGs in Cs/Cm plants were the hormone signaling pathways, phenylalanine metabolism, and phenylpropanoid biosynthesis relative to Cs/Cs plants under chilling stress, which were all closely related to SA synthesis and metabolism (Supplementary Figure 2).

[image: Figure 4]

FIGURE 4. Comparison of gene expression and statistics of pathway enrichment. (A) Differentially expressed genes (DEGs) numbers (p ≤ 0.05 and fold change ≥2) between Cs/Cm and Cs/Cs; (B) Venn diagram; and (C) the DEG statistics of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment on Cs/Cm vs. Cs/Cs under normal and chilling condition. The top 20 pathways with the most minimum values of p were displayed. The circle represents the gene number of the KEGG pathway. The circle color represents the genes enrichment degree of the KEGG pathway. Three-leaf stage seedlings were sampled at 0 or 12 h after chilling treatment.


To further verify the results of transcriptome analysis, we chose some key related genes of SA synthesis and metabolism for qPCR assays. As shown in the heat maps (Figure 5A), the mRNA levels of PAL, ICS, and SABP2 were upregulated, while SAMT was downregulated in Cs/Cm leaves, compared with Cs/Cs leaves, after chilling for 12 h. Then, we determined the relative mRNA expression of PAL, ICS, SAMT, and SABP2 in Cs/Cm and Cs/Cs leaves at normal and chilling conditions. As shown in Figure 5B, the mRNA abundances of PAL, ICS, and SABP2 were significantly higher in Cs/Cm leaves than in Cs/Cs leaves but that of SAMT was markedly lower in Cs/Cm leaves relative to the Cs/Cs leaves. These were highly consistent with the transcriptome data, which showed the confidence of the RNA-Seq data, and these results illustrate that SA is involved in Cm-induced chilling tolerance in hetero-root grafted cucumber.
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FIGURE 5. Verification of RNA-seq results using qRT-PCR. (A) Hierarchical clustering analysis of transcriptome data; (B) relative mRNA expression of PAL, ICS, SAMT, and SABP2 in Cs/Cm and Cs/Cs leaves. Three-leaf stage seedlings were sampled at 12 h after chilling treatment. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).




Rootstock–Scion Interaction Regulated Salicylic Acid Biosynthesis in Grafted Plants

It is widely known that SA is an important signal involved in the responses of plants to biotic and abiotic tolerances. Therefore, we analyzed the changes in SA content in leaf, root, and xylem sap of the four grafted combinations under chilling stress. SA content and PAL activity increased remarkably (p < 0.05) in both leaves (Figures 6A,D) and roots (Figures 6B,E) of the grafted plants after exposure to 5/25, 25/5, and 5/5°C for 12 h, and the increase was significantly greater in the 5/5°C treatment. The rootstock genotypes did not affect the SA content in grafted plant leaves at 25/25°C, but the SA accumulations in Cs/Cm leaves increased by 52.5, 23.3, and 164.4% after 12 h at 5/25, 25/5, and 5/5°C, respectively, and were higher than those in Cs/Cs leaves. Notably, the increase in SA content in Cs/Cm leaves was accompanied by a significant increase in roots, but not in PAL activity in leaves, compared with Cs/Cs plants at 25/5°C. However, no differences were found in SA content in roots between Cs/Cm and Cs/Cs plants at 5/25°C, although the PAL activity increased significantly in Cs/Cm roots. Under combined chilling of the aerial and root zones, the increases in SA accumulation and PAL activity in Cs/Cm plants were significantly higher than those in Cs/Cs plants. To further explore whether there is a long-distance information transmission between rootstock and scion, we determined the changes in the SA content in xylem sap under aerial or root-zone chilling stress. Figure 6C showed that the SA content in the xylem sap increased in all of the grafted combinations after exposure to aerial, root-zone, and combined chilling stress. The increase in SA content in xylem sap was much higher in the Cs/Cm plants than in Cs/Cs plants after exposure to 25/5 and 5/5°C, but no significant differences were found in it between Cs/Cm and Cs/Cs at 5/25°C. These data suggest that SA acts as a long-distance signal and is involved in graft-induced chilling tolerance in cucumber plants. The increase in SA accumulation in Cs/Cm leaves is mainly attributed to the SA biosynthesis in leaves under aerial chilling stress, whereas at root-zone chilling conditions, the increase in SA content in Cs/Cm leaves is derived from the promotion of SA biosynthesis in roots.
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FIGURE 6. SA accumulation and PAL activity in leaves, roots, and xylem sap under aerial and/or chilling stress in Cs/Cs and Cs/Cm plants. (A–C) SA content in leaves, roots, and xylem sap, respectively; (D,E) PAL activity in leaves and roots, respectively. The third leaf of three-leaf stage seedlings was sampled at 12 h after chilling treatment. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).


From Supplementary Figure 3, we found that the SA content in Cm/Cs roots was significantly lower than that in Cm/Cm roots after 12 h at 5/25, 25/5, and 5/5°C. The decrease in SA content in Cm/Cs roots was accompanied by an obvious decrease in leaves but not in PAL activity in leaves in comparison with Cm/Cm under 25/5°C. The SA accumulation in the xylem sap was lower in the Cm/Cs plants than in Cm/Cm plants after exposure to 25/5 and 5/5°C, while no difference in it was found between Cm/Cs and Cm/Cm plants at 25/25 or 5/25°C. These results further confirmed that SA has been involved in rootstock–scion communication and plays a positive role in graft-induced chilling tolerance in plants.



Salicylic Acid- or Cm Rootstock-Induced Expression of COR Genes and Chilling Tolerance in Cucumber

The real-time quantitative (qRT)-PCR results revealed that SA significantly upregulated the mRNA abundances of ICE1, CBF1, and COR47 under chilling stress, and the increase in the mRNA abundances of the three genes was much greater in Cs/Cm than in Cs/Cs plants (Figures 7A–C). After chilling for 48 h, the transcript expression of ICE1, CBF1, and COR47 in SA-pretreated Cs/Cs plants was upregulated by 2.3-, 3.1-, and 13.8-fold, respectively, and those in SA-pretreated Cs/Cm plants were increased by 7.6-, 10.1-, and 23.3-fold, respectively. However, plants treated with AIP and AOPP showed little difference in the relative mRNA expression of ICE1, CBF1, and COR47 compared with the plants treated with H2O under chilling stress. Similar results were found at the protein level of CBF1, with stronger protein signals in SA-pretreated plants and weaker signals in AIP- and AOPP-pretreated plants than in H2O-treated plants under chilling stress (Figure 7D).
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FIGURE 7. Effect of SA on the mRNA abundance of cold-responsive (COR) genes and the protein level of CBF1 in Cs/Cm and Cs/Cs plants under chilling stress. (A–C) Relative mRNA expression of ICE1, CBF1, and COR47. Plants were foliar sprayed with 1.0 mM SA, 0.03 mM AIP, 0.1 mM AOPP, or deionized water (H2O, control) for 24 h and then exposed to 5°C stress for 48 h. (D) CBF1 protein accumulation in seedlings after exposure to 5°C for 24 h. Data are the means of four replicates (±SDs). Different letters indicate significant a difference between samples according to Duncan’s new multiple range test (p < 0.05).


Chilling stress led to a significant decrease in ΦPSII and Fv/Fm in cucumber plants (Figures 8A,B). Notably, the chilling-induced decreases in ΦPSII and Fv/Fm were greatly reduced by SA but enhanced by AIP and AOPP (p < 0.05). The Cs/Cm plants showed higher ΦPSII and Fv/Fm than the Cs/Cs plants under chilling stress (p < 0.05). When the plants were subjected to chilling stress for 48 h, the Pn in H2O-treated Cs/Cm and Cs/Cs plants was decreased by 43.7 and 77.3%, respectively, but that in SA-treated Cs/Cm and Cs/Cs plants decreased by only 35.6 and 69.9%, respectively, relative to the control. AIP and AOPP treatments showed little differences in Pn compared with the H2O-treated Cs/Cm and Cs/Cs plants under chilling stress (Figure 8C). The chilling-induced accumulation of MDA and the EL and CI were reduced by SA but enhanced by AIP and AOPP (p < 0.05). At 8/5°C for 48 h, the Cs/Cm plants revealed significantly lower MDA, EL, and CI than the Cs/Cs plants (Figures 8D–F). These data suggest that exogenous SA significantly upregulated the expression level of COR genes in grafted cucumber, and it is involved in Cm rootstock-induced accumulation of the COR protein and subsequent chilling tolerance.
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FIGURE 8. Effect of SA on the chilling tolerance of Cs/Cm and Cs/Cs plants. (A) ΦPSII; (B) Fv/Fm; (C) Pn; (D) MDA content; (E) EL; and (F) chilling injury index (CI). Plants were foliar sprayed with 1.0 mM SA, 0.03 mM AIP, 0.1 mM AOPP, or deionized water (control) for 24 h and then exposed to 5°C for 48 h. Data are the means of four replicates (±SDs). Different letters indicate a significant difference between samples according to Duncan’s new multiple range test (p < 0.05).





DISCUSSION

Despite the widespread use of grafting in crops, the mechanism by which scion–rootstock interaction regulates the tolerance of plants to abiotic stress is yet to be completely understood. In this study, we confirmed that the SA biosynthesis-associated genes (PAL, ICS, and SABP2) were significantly upregulated in Cs/Cm plants relative to the Cs/Cs plants under chilling stress. The data presented here also provide evidence that the Cm rootstock increases SA biosynthesis in roots and leaves when the roots or shoots are exposed to chilling stress. The increased SA accumulation in Cs/Cm plants under chilling stress promoted the expression of COR genes at the mRNA and protein levels and enhanced the photosynthetic assimilation and subsequent chilling tolerance. These results suggest that SA-induced changes in the expression of COR genes play a critical role in rootstock–scion communication in response to aerial or root-zone chilling stress in grafted plants.


Rootstock Altered the Chilling Tolerance and Expression of COR Genes in Grafted Plants

It is well known that grafting with stress-tolerant rootstocks can improve tolerance to abiotic stresses (Li et al., 2014a; Shibuya et al., 2015; Xing et al., 2015; Sabatino et al., 2018). On the other hand, there are fewer studies about the effects of shoot and root relationships on stress tolerance. Previous studies found that rootstocks influence the growth and development of scion in several ways, such as vegetative vigor, stress tolerance, yield, and quality, and affect the agricultural traits crops (Lee et al., 2010; Gregory et al., 2013). The effect of rootstock on scions may be attributed to the variation of the chemical signaling of root-to-shoot and/or shoot-to-root (Gregory et al., 2013). Several studies on long-distance signaling about graft union provide evidence for multiple types of mobile signals, such as hormones, proteins, ribonucleoproteins, RNAs, small RNAs, and minerals (Kumari et al., 2015). In this study, we found that using pumpkins with higher chilling tolerance as rootstock can enhance the tolerance of cucumber shoots to chilling stress, as evidenced by the lower levels of EL and MDA accumulation as well as the decrease in Pn, RCA relative mRNA expression, ΦPSII, and Fv/Fm in Cs/Cm plants, compared with the Cs/Cs plants under chilling stress (Figure 1). In contrast, Cm/Cs plants showed much higher EL and MDA contents and significantly lower Pn, RCA relative mRNA expression, ΦPSII, and Fv/Fm than Cm/Cm plants after chilling stress (p < 0.05), indicating that using cold-sensitive cucumber as rootstock can decrease the cold tolerance of pumpkin. This result suggests that there is an interaction between rootstock and scion and that rootstock–scion communication directly affects the chilling tolerance of grafted plants.

The known major cold signaling pathway in higher plants is the CBF-mediated transcriptional regulatory cascade (Shi et al., 2015). A growing number of evidence suggests that various hormones are involved in responses to chilling stress and regulate chilling tolerance by either CBF-dependent or CBF-independent pathways in plants (Shi et al., 2015). For example, Hu et al. (2013) found that repressors of jasmonate acid (JA) signaling, the basic helix–loop–helix (bHLH) interacting proteins JAZ1/4, can regulate CBF expression and chilling tolerance by interacting with ICE1/2 and repressing ICE1 transcriptional activity. We also found that Cm-induced chilling tolerance in Cs/Cm was accompanied by remarkable increases in the mRNA abundances of ICE1, CBF1, and COR47, and the protein level of CBF1 in leaves and roots (Figure 2). In contrast, Cs-induced chilling sensitivity in Cm/Cs plants coupled with the decreases in the relative expression of COR genes in mRNA and protein levels in leaves and roots (Supplementary Figure 1) implies that the use of Cm as a rootstock may improve chilling tolerance by increasing the expression of ICE1, CBF1, and COR47 in hetero-grafted cucumber plants, while the use of Cs as a rootstock can reduce chilling tolerance by decreasing the COR genes in hetero-grafted pumpkin plants.



Salicylic Acid Is Involved in Cm-Induced Upregulation of COR Genes and Chilling Tolerance

Salicylic acid has been demonstrated to be an important signaling molecule for the adaptation of plants to abiotic stresses, such as salt, chilling, and heat (Pál et al., 2013; Miura and Tada, 2014; Janda and Ruelland, 2015). Application of SA significantly improved freezing or chilling tolerance as evidenced by decreased ion leakage and alleviated oxidative stress (Shin et al., 2018; Pan et al., 2020). The present data showed that Cs/Cm plants had higher SA accumulation than Cs/Cs plants during chilling stress (Figure 3). To further provide the evidence for the relationship between Cm-induced chilling tolerance and SA, we determined the change in transcriptome level in Cs/Cm and Cs/Cs leaves under chilling stress. As expected, the Cs/Cm plants upregulated 1,418 genes and downregulated 1,906 genes, which were mainly enriched in the SA-associated pathways, such as hormone signaling pathways, phenylalanine metabolism, and phenylpropanoid biosynthesis (p < 0.05), through KEGG analysis (Figure 4). The relative mRNA expression of PAL, ICS, and SABP2 involved in SA biosynthesis was significantly upregulated while that of SA metabolism-associated gene, SAMT, was markedly downregulated in Cs/Cm leaves under chilling stress, which was the main reason for increased SA accumulation in leaves of Cs/Cm plants (Figure 5). These data indicate that SA signaling is involved in chilling tolerance in both cucumber and pumpkin and agrees with results from previous studies (Shin et al., 2018; Pan et al., 2020). In accordance with these observations, foliar applications of SA also improved the chilling tolerance of Cs/Cm and Cs/Cs plants (Figure 8).

Salicylic acid could upregulate the expression of chilling response genes (ICE, CBF1, and COR) under chilling stress (Pan et al., 2020). Dong et al. (2014) found that chilling-induced expression of CBF and COR47 in cucumber was blocked by the SA synthetic inhibitor, PAC, but rescued by the exogenous application of SA. In the current study, we also found that 1 mM of exogenous SA increased the mRNA expression of ICE1, CBF1, and COR47 (Figures 8A–C) and the protein level of CBF1 (Figure 8D) under chilling stress, compared with H2O treatment. Primarily, chilling stress caused a further increase in SA-induced expression of ICE1, CBF1, and COR47 in Cs/Cm and Cm/Cm plants relative to the Cs/Cs and Cm/Cs plants, respectively, suggesting that the upregulation of COR genes by SA may be a mechanism of Cm-induced chilling tolerance.

Salicylic acid exists universally in plants and accumulates, for example, in Arabidopsis root tips, wheat seeds, and grapefruits under chilling stress (Scott et al., 2004; Wan et al., 2009; Kosová et al., 2012). Liu et al. (2003) studied this phenomenon using radioactivity technology and observed that when some leaves of a grape plant were subjected to heat stress, SA in the untreated part was quickly transported to the heat-treated part and induced heat tolerance together with SA in the heat-treated part. In this study, we discovered that the cold-sensitive Cs/Cs plants showed lower SA biosynthesis in leaves when exposed to aerial chilling stress in comparison with the Cs/Cm plants (Figure 6). Notably, SA accumulation in leaves was also caused by root-zone chilling stress, which was mainly due to the increased SA biosynthesis in roots. Compared with the Cs/Cs plants, the Cs/Cm plants showed higher amounts of SA following aerial, root-zone, and combined chilling stress. In contrast, the Cm/Cs plants revealed lower SA accumulation after exposure to chilling stress relative to the Cm/Cm plants (Supplementary Figure 3). Interestingly, the increase in SA accumulation in Cs/Cm leaves was accompanied by a significant increase in SA in roots and xylem sap but with a small change in PAL activity in leaves under 25/5°C treatment. However, the accumulation of SA in Cs/Cm leaves at 5/25°C was accompanied by an increase in PAL activity in leaves, with no significant difference in SA content in roots or xylem sap between Cs/Cs and Cs/Cm plants. These results indicate that SA acts as a long-distance signal to improve chilling tolerance in Cs/Cm plants. The Cm rootstock increased the chilling tolerance of the hetero-grafted cucumber plants by increasing SA biosynthesis in leaves under aerial chilling stress through unknown signal(s) from the roots and by increasing SA biosynthesis in roots under root-zone chilling stress.




CONCLUSION

In conclusion, the data presented here demonstrated that grafting with cold-tolerant Cm as rootstock enhances the chilling tolerance of hetero-grafted cucumber, while grafting with the cold-sensitive Cs as rootstock decreases the chilling tolerance of hetero-grafted pumpkin. Chilling tolerance is positively correlated with the accumulation of SA and the relative expression of COR genes in plants. The increase in SA accumulation in Cs/Cm leaves is attributed to an increase in SA biosynthesis in leaves and an increase in transportation from roots under aerial or root-zone chilling stress, respectively (Figure 9). The upregulation of the expression of COR genes with SA may be a mechanism of Cm-induced chilling tolerance. These findings have presented strong evidence that SA is involved in rootstock–scion communication under chilling stress and plays an important role in improving chilling tolerance in grafted cucumber. Further studies using advanced molecular techniques analyses are required to better explore the detailed mechanisms of rootstock–scion communication and the interactive role of SA and other signals in grafting-induced stress tolerance in plants.
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FIGURE 9. Simplified schematic model for SA-induced expression of COR genes and chilling tolerance in grafted cucumber plants responding to chilling stress. The original contributions presented in the study are publicly available. These data can be found here: Gene Expression Omnibus of NCBI, Sequence Read Archive (SRA) accession no: PRJNA701131 (http://www.ncbi.nlm.nih.gov/bioproject/701131).




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: Gene Expression Omnibus of NCBI, SRA accession: PRJNA701131 (http://www.ncbi.nlm.nih.gov/bioproject/701131).



AUTHOR CONTRIBUTIONS

XF performed most of the experiments, analyzed the data, and completed the first draft. X-ZA and H-GB designed the research and edited the study. Y-QF, X-WZ, and Y-YZ worked together with XF to accomplish the experiment. All authors contributed to the article and approved the submitted version.



FUNDING

This work is supported by the National Key Research and Development Program of China (2019YFD1000300), the National Science Foundation of China (31872155), the Major Science and Technology Innovation of Shandong Province in China (2019JZZY010715), and the funds of Shandong “Double Tops” Program (SYL2017YSTD06).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.693344/full#supplementary-material



FOOTNOTES

1https://dataview.ncbi.nlm.nih.gov/object/PRJNA701131?reviewer=49vedjjg5erb2c7g2beru1ucb1



REFERENCES

 Campos, P. S., Quartin, V., Ramalho, J. C., and Nunes, M. A. (2003). Electrolyte leakage and lipid degradation account for cold sensitivity in leaves of Coffea sp. plants. J. Plant Physiol. 160, 283–292. doi: 10.1078/0176-1617-00833 

 Dat, J., Foyer, C., and Scott, I. (1998). Changes in salicylic acid and antioxidants during induced thermotolerance in mustard seedlings. Plant Physiol. 118, 1455–1461. doi: 10.1104/pp.118.4.1455 

 Davies, P. J. (2004). “The plant hormones: their nature, occurrence and function,” in Plant Hormones, Biosynthesis, Signal Transduction, Action (Dordrecht: Kluwer), 1–15.

 Dempsey, D. A., Vlot, A. C., Wildermuth, M. C., and Klessig, D. F. (2011). Salicylic Acid biosynthesis and metabolism. Arabidopsis Book 9:e0156. doi: 10.1199/tab.0156 

 Dong, C. J., Li, L., Shang, Q. M., Liu, X. Y., and Zhang, Z. G. (2014). Endogenous salicylic acid accumulation is required for chilling tolerance in cucumber (Cucumis sativus L.) seedlings. Planta 240, 687–700. doi: 10.1007/s00425-014-2115-1 

 Gregory, P. J., Atkinson, C. J., Bengough, A. G., Else, M. A., Fernandez-Fernandez, F., Harrison, R. J., et al. (2013). Contributions of roots and rootstocks to sustainable, intensified crop production. J. Exp. Bot. 64, 1209–1222. doi: 10.1093/jxb/ers385 

 Han, Y., Wang, Y. H., Jiang, H., Wang, M. L., Korpelainen, H., and Li, C. Y. (2013). Reciprocal grafting separates the roles of the root and shoot in sex-related drought responses in Populus cathayana males and females. Plant Cell Environ. 36, 356–364. doi: 10.1111/j.1365-3040.2012.02578.x 

 Hannah, M. A., Wiese, D., Freund, S., Fiehn, O., Heyer, A. G., and Hincha, D. K. (2006). Natural genetic variation of freezing tolerance in Arabidopsis. Plant Physiol. 142, 98–112. doi: 10.1104/pp.106.081141 

 Hu, Y., Jiang, L., Wang, F., and Yu, D. (2013). Jasmonate regulates the inducer of CBF expression-C-repeat binding factor/DRE binding factor1 cascade and freezing tolerance in Arabidopsis. Plant Cell 25, 2907–2924. doi: 10.1105/tpc.113.112631 

 Janas, K. M. (1993). The control of L-phenylalanine ammonia-lyase activity by phosphonate and aminooxy analogues of phenylalanine. Acta Biochim. Pol. 40, 451–454. doi: 10.18388/abp.1993_4783

 Janda, M., and Ruelland, E. (2015). Magical mystery tour: salicylic acid signaling. Environ. Exp. Bot. 114, 117–128. doi: 10.1016/j.envexpbot.2014.07.003

 Kang, J., Zhang, H., Sun, T., Shi, Y., Wang, J., Zhang, B., et al. (2013). Natural variation of C-repeat-binding factor (CBFs) genes is a major cause of divergence in freezing tolerance among a group of Arabidopsis thaliana populations along the Yangtze River in China. New Phytol. 199, 1069–1080. doi: 10.1111/nph.12335 

 Kaya, C., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020). The role of endogenous nitric oxide in salicylic acid-induced up-regulation of ascorbate-glutathione cycle involved in salinity tolerance of pepper (Capsicum annuum L.) plants. Plant Physiol. Biochem. 147, 10–20. doi: 10.1016/j.plaphy.2019.11.040 

 Khan, M. I. R., Fatma, M., Per, T. S., Anjum, N. A., and Khan, N. A. (2015). Salicylic acid-induced abiotic stress tolerance and underlying mechanisms in plants. Front. Plant Sci. 6:462. doi: 10.3389/fpls.2015.00462 

 Kosova, K., Prasil, I. T., Vitamvas, P., Dobrev, P., Motyka, V., Flokova, K., et al. (2012). Complex phytohormone responses during the cold acclimation of two wheat cultivars differing in cold tolerance, winter Samanta and spring Sandra. J. Plant Physiol. 169, 567–576. doi: 10.1016/j.jplph.2011.12.013 

 Kumari, A., Kumar, J., Kumar, A., Chaudhury, A., and Singh, S. P. (2015). Grafting triggers differential responses between scion and rootstock. PLoS One 10:e0124438. doi: 10.1371/journal.pone.0124438 

 Lee, J. M., Kubota, C., Tsao, S. J., Bie, Z., Echevarria, P. H., Morra, L., et al. (2010). Current status of vegetable grafting: diffusion, grafting techniques, automation. Sci. Hortic. 127, 93–105. doi: 10.1016/j.scienta.2010.08.003

 Li, H., Liu, S. S., Yi, C. Y., Wang, F., Zhou, J., Xia, X. J., et al. (2014a). Hydrogen peroxide mediates abscisic acid-induced HSP70 accumulation and heat tolerance in grafted cucumber plants. Plant Cell Environ. 37, 2768–2780. doi: 10.1111/pce.12360 

 Li, Y., Xu, J., Zheng, L., Li, M., and Luo, Q. (2014b). Simultaneous determination of ten phytohormones in five parts of Sargasum fusiforme (Hary.) Seichell by high performance liquid chromatography-triple quadrupole mass spectrometry. Se Pu 32, 861–866. doi: 10.3724/sp.j.1123.2014.03049 

 Liu, Y. P., Huang, W. D., and Wang, L. J. (2003). Response of 14C-salicylic acid to heat stress after being fed to leaves of grape seedlings. Sci. Agric. Sin. 36, 685–690. doi: 10.3321/j.issn:0578-1752.2003.06.015.

 Marguerit, E., Brendel, O., Lebon, E., Van Leeuwen, C., and Ollat, N. (2012). Rootstock control of scion transpiration and its acclimation to water deficit are controlled by different genes. New Phytol. 194, 416–429. doi: 10.1111/j.1469-8137.2012.04059.x 

 Metraux, J. P., Signer, H., Ryals, J., Ward, E., Wyss-Benz, M., Gaudin, J., et al. (1990). Increase in salicylic acid at the onset of systemic acquired resistance in cucumber. Science 250, 1004–1006. doi: 10.1126/science.250.4983.1004 

 Miura, K., and Tada, Y. (2014). Regulation of water, salinity, and cold stress responses by salicylic acid. Front. Plant Sci. 5:4. doi: 10.3389/fpls.2014.00004 

 Novillo, F., Medina, J., and Salinas, J. (2008). Arabidopsis CBF1 and CBF3 have a different function than CBF2 in cold acclimation and define different gene classes in the CBF regulon. Proc. Natl. Acad. Sci. U. S. A. 104, 21002–21007. doi: 10.1073/pnas.0705639105 

 Pál, M., Szalai, G., Kovács, V., Gondor, O. K., and Janda, T. (2013). “Salicylic acid mediated abiotic stress tolerance,” in Salicylic Acid. eds. S. Hayat, A. Ahmad, and M. Alyemeni (Dordrecht: Springer).

 Pan, D. Y., Fu, X., Zhang, X. W., Liu, F. J., Bi, H. G., and Ai, X. Z. (2020). Hydrogen sulfide is required for salicylic acid-induced chilling tolerance of cucumber seedlings. Protoplasma 257, 1543–1557. doi: 10.1007/s00709-020-01531-y 

 Rizk-Alla, M. S., Sabry, G. H., and El-Wahab, M. A. (2011). Influence of some rootstocks on the performance of red globe grape cultivar. J. Am. Sci. 7, 71–81. doi: 10.7537/marsjas070411.13

 Sabatino, L., Iapichino, G., D’Anna, F., Palazzolo, E., Mennella, G., and Rotino, G. (2018). Hybrids and allied species as potential rootstocks for eggplant: effect of grafting on vigour, yield and overall fruit quality traits. Sci. Hortic. 228, 81–90. doi: 10.1016/j.scienta.2017.10.020

 Scott, I. M., Clarke, S. M., Wood, J. E., and Mur, L. A. (2004). Salicylate accumulation inhibits growth at chilling temperature in Arabidopsis. Plant Physiol. 135, 1040–1049. doi: 10.1104/pp.104.041293 

 Semeniuk, P., Moline, H. E., and Abbott, J. A. (1986). A comparison of the effects of ABA and an antitranspirant on chilling injury of coleus, cucumbers, and dieffenbachia. J. Am. Soc. Hortic. Sci. 111, 866–868. doi: 10.1002/9781118609576.ch7

 Sendon, P. M., Seo, H. S., and Song, J. T. (2011). Salicylic acid signaling: biosynthesis, metabolism, and crosstalk with jasmonic acid. J. Korean Soc. Appl. Biol. Chem. 54, 501–506. doi: 10.3839/jksabc.2011.077

 Shang, Q. M., Li, L., and Dong, C. J. (2012). Multiple tandem duplication of the phenylalanine ammonia-lyase genes in Cucumis sativus L. Planta 236, 1093–1105. doi: 10.1007/s00425-012-1659-1 

 Shi, Y. T., Ding, Y. L., and Yang, S. H. (2015). Cold signal transduction and its interplay with phytohormones during cold acclimation. Plant Cell Physiol. 56, 7–15. doi: 10.1093/pcp/pcu115 

 Shi, Y. T., Tian, S. W., Hou, L. Y., Huang, X. Z., Zhang, X. Y., Guo, H. W., et al. (2012). Ethylene signaling negatively regulates freezing tolerance by repressing expression of CBF and type-A ARR genes in Arabidopsis. Plant Cell 24, 2578–2595. doi: 10.1105/tpc.112.098640 

 Shibuya, T., Itagaki, K., Wang, Y., and Endo, R. (2015). Grafting transiently suppresses development of powdery mildew colonies, probably through a quantitative change in water relations of the host cucumber scions during graft healing. Sci. Hortic. 192, 197–199. doi: 10.1016/j.scienta.2015.06.010

 Shin, H., Min, K., and Arora, R. (2018). Exogenous salicylic acid improves freezing tolerance of spinach (Spinacia oleracea L.) leaves. Cryobiology 81, 192–200. doi: 10.1016/j.cryobiol.2017.10.006 

 Solecka, D., and Kacperska, A. (2003). Phenylpropanoid deficiency affects the course of plant acclimation to cold. Physiol. Plant. 119, 253–262. doi: 10.1034/j.1399-3054.2003.00181.x

 Theocharis, A., Clement, C., and Barka, E. A. (2012). Physiological and molecular changes in plants grown at low temperatures. Planta 235, 1091–1105. doi: 10.1007/s00425-012-1641-y 

 Thomashow, M. F. (1999). Plant cold acclimation: freezing tolerance genes and regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 571–599. doi: 10.1146/annurev.arplant.50.1.571 

 Thomashow, M. (2001). So what’s new in the field of plant cold acclimation? Lots! Plant Physiol. 125, 89–93. doi: 10.1104/pp.125.1.89 

 Tian, Y. L., Ungerer, P., Zhang, H. Y., and Ruban, A. V. (2017). Direct impact of the sustained decline in the photosystem II efficiency upon plant productivity at different developmental stages. J. Plant Physiol. 212, 45–53. doi: 10.1016/j.jplph.2016.10.017 

 Wan, S. B., Tian, L., Tian, R. R., Pan, Q. H., Zhan, J. C., Wen, P. F., et al. (2009). Involvement of phospholipase D in the low temperature acclimation-induced thermotolerance in grape berry. Plant Physiol. Biochem. 47, 504–510. doi: 10.1016/j.plaphy.2008.12.010 

 Wu, G. X., Cai, B. B., Zhou, C. F., Li, D. D., Bi, H. G., and Ai, X. Z. (2016). Hydrogen sulfide-induced chilling tolerance of cucumber and involvement of nitric oxide. J. Plant Res. 5, 58–69.

 Xing, W. W., Li, L., Gao, P., Li, H., Shao, Q. S., Shu, S., et al. (2015). Effects of grafting with pumpkin rootstock on carbohydrate metabolism in cucumber seedlings under Ca(NO3)2 stress. Plant Physiol. Biochem. 87, 124–132. doi: 10.1016/j.plaphy.2014.12.011 

 Zhao, S. J., and Cang, J. (2015). Plant Physiology Experiment Instruction. Beijing: China Agricultural Press, 234.

 Zhou, Y., Huang, L., Zhang, Y., Shi, K., Yu, J., and Nogués, S. (2007). Chill-induced decrease in capacity of RuBP carboxylation and associated H2O2 accumulation in cucumber leaves are alleviated by grafting onto Figleaf gourd. Ann. Bot. 100, 839–848. doi: 10.1093/aob/mcm181 

 Zhou, L., Li, J., He, Y., Liu, Y., and Chen, H. (2018). Functional characterization of SmCBF genes involved in abiotic stress response in eggplant (Solanum melongena). Sci. Hortic. 233, 14–21. doi: 10.1016/j.scienta.2018.01.043


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Fu, Feng, Zhang, Zhang, Bi and Ai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 28 October 2021
doi: 10.3389/fpls.2021.691069





[image: image]

Comparative Transcriptome Analysis in Homo- and Hetero-Grafted Cucurbit Seedlings

Filippos Bantis1, George Tsiolas2, Evangelia Mouchtaropoulou2, Ioanna Tsompanoglou1, Alexios N. Polidoros1, Anagnostis Argiriou2,3 and Athanasios Koukounaras1*

1School of Agriculture, Aristotle University of Thessaloniki, Thessaloniki, Greece

2Centre for Research and Technology Hellas, Institute of Applied Biosciences, Thessaloniki, Greece

3Department of Food Science and Nutrition, University of the Aegean, Myrina, Greece

Edited by:
Francisco Perez-Alfocea, Center for Edaphology and Applied Biology of Segura, Spanish National Research Council (CSIC), Spain

Reviewed by:
Nebahat Sari, Çukurova University, Turkey
Alfonso Albacete, Instituto Murciano de Investigación y Desarrollo Agrario y Alimentario (IMIDA), Spain

*Correspondence: Athanasios Koukounaras, thankou@agro.auth.gr

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 05 April 2021
Accepted: 27 September 2021
Published: 28 October 2021

Citation: Bantis F, Tsiolas G, Mouchtaropoulou E, Tsompanoglou I, Polidoros AN, Argiriou A and Koukounaras A (2021) Comparative Transcriptome Analysis in Homo- and Hetero-Grafted Cucurbit Seedlings. Front. Plant Sci. 12:691069. doi: 10.3389/fpls.2021.691069

Watermelon (Citrullus lanatus) is a valuable horticultural crop with nutritional benefits grown worldwide. It is almost exclusively cultivated as grafted scions onto interspecific squash rootstock (Cucurbita maxima × Cucurbita moschata) to improve the growth and yield and to address the problems of soilborne diseases and abiotic stress factors. This study aimed to examine the effect of grafting (homo- and hetero-grafting) on the transcriptome level of the seedlings. Therefore, we compared homo-grafted watermelon (WW) with non-grafted watermelon control (W), homo-grafted squash (SS) with non-grafted squash control (S), hetero-grafted watermelon onto squash (WS) with SS, and WS with WW. Different numbers of differentially expressed genes (DEGs) were identified in each comparison. In total, 318 significant DEGs were detected between the transcriptomes of hetero-grafts and homo-grafts at 16 h after grafting. Overall, a significantly higher number of downregulated transcripts was detected among the DEGs. Only one gene showing increased expression related to the cytokinin synthesis was common in three out of four comparisons involving WS, SS, and S. The highest number of differentially expressed (DE) transcripts (433) was detected in the comparison between SS and S, followed by the 127 transcripts between WW and W. The study provides a description of the transcriptomic nature of homo- and hetero-grafted early responses, while the results provide a start point for the elucidation of the molecular mechanisms and candidate genes for the functional analyses of hetero-graft and homo-graft systems in Cucurbitaceae and generally in the plants.

Keywords: Citrullus lanatus, scion, rootstock, healing, RNA-seq


INTRODUCTION

Watermelon [Citrullus lanatus (Thunb.) Matsum. and Nakai] is a plant species cultivated for its highly nutritious fruits which contain about 92% water and 6% sugars, and are rich in vitamin C, lycopene, and citrulline (Erhirhie and Ekene, 2013). It is a valuable crop cultivated worldwide with over 100 million tons of annual production (Food and Agriculture Organization of the United Nations, 2012). Nevertheless, watermelon cultivation can be limited because of its sensitivity to soil-borne diseases, low and high temperatures, organic pollutants, heavy metals, high salinity, drought, and insect pests (Garcia-Lozano et al., 2020). In Western European countries and Greece, vegetable grafting has become of interest in the last decade, especially due to the ban of methyl bromide as a soil disinfectant in 2005 and the high demand for environmentally friendly products (Davis et al., 2008). Grafting is the main propagation technique in many leading countries for watermelon production, such as South Korea, Japan, Spain, Italy, and Greece. In 2005, over 90% of the grafted watermelon seedlings were used in Japan and Korea and the production exceeded 300 million grafted seedlings. In 2009, Spain and Italy jointly produced 60 million grafted watermelon seedlings (Lee et al., 2010), while in Greece about 19 million grafted watermelon seedlings are produced annually (Bantis et al., 2019). High compatibility can be achieved between the watermelon scions and watermelon rootstocks (Fallik et al., 2019) or interspecific squash hybrid rootstocks, such as TZ-148 (Cucurbita moschata × C. maxima) which is the most common rootstock for the grafted watermelon seedlings throughout the world (Lee et al., 2010).

Vegetable grafting is a propagation technique that offers several benefits during crop production. The technique involves two segments, the scion and the rootstock, which conjoin and form a grafted seedling with desired features. Briefly, grafting increases the plant resistance against biotic (i.e., soil-borne pathogens) (Lee et al., 2010; Louws et al., 2010) and abiotic (i.e., heavy metals, salinity, and low temperatures) (Savvas et al., 2010; Schwarz et al., 2010) stress factors, improves the fruit quality and ripening behavior (Soteriou et al., 2014), and enhances plant vigor due to the higher rootstock activity (Savvas et al., 2010). Grafting is characterized as “homo-grafting” when the scion and rootstock are seedlings from the same species, or as “hetero-grafting” when the scion and rootstock are seedlings from different species (Yeoman and Brown, 1976). Biological molecules, such as nutrients, hormones, proteins, and genetic material are transported through graft fusion due to the interaction between the two graft segments. Several types of research have been conducted, revealing the molecular responses at the grafting site and there is significant evidence that the movement of genetic material (organelle and nuclear DNA) at the grafting site and the grafting induced changes are stably inherited in the subsequent generations (Taller et al., 1999; Stegemann and Bock, 2009; Stegemann et al., 2012; Tsaballa et al., 2013; Fuentes et al., 2014). Stegemann and Bock (2009) were the first who proposed that grafting provides a path for horizontal gene transfer (HGT), based on their experimental studies in which after grafting of genetically modified tobacco plants, plastid genes were able to travel over the grafting point, noting that the gene transfer is confined to the graft site and no long-distance transfer may occur and “graft hybridization” would not be analogous to the sexual hybridization. On the contrary, Fuentes et al. (2014) detected nuclear genome transfer between the scion and rootstock resulting in new fertile and stable allopolyploid species, thus proposing that grafting should be used as an alternative way of polyploidization, while interspecies grafting could allow a method to produce new allopolyploid crop species, offering a remarkable potential in breeding (Fuentes et al., 2014). Beyond the DNA movement across the graft union, there is numerous research associated with epigenetic modification in the grafted plants regulated by the transmittable small RNA, miRNA, mRNA, and proteins (Sharma and Zheng, 2019).

The process of successful grafting depends on wound healing, following this order: wound response, cell regeneration, cell proliferation, cell-cell adhesion, and cell differentiation (Goldschmidt, 2014; Gaut et al., 2019). The plants use the vascular tissue (xylem and phloem) to transport water, nutrients, photosynthetic products, and signaling molecules, such as plant hormones, and to provide mechanical support (Nanda and Melnyk, 2018). The vascular adhesion process has been well-studied, but the molecular mechanisms underlying this process remain not fully understood. It has been established, however, that the plant hormones, such as auxins, cytokinins (CKs), ethylene (ET), gibberellins (GAs), and jasmonic acid (JA) play a crucial role in the regulation of physiological processes taking place at the graft junction (Melnyk et al., 2015; Ikeuchi et al., 2017; Nanda and Melnyk, 2018). Specifically, the plant hormones are the signaling molecules, responding to either artificial or natural plant wounds. Regarding the wound response promoted by CK and by the WOUND INDUCED DEDIFFERENTIATION 1 (WIND1) pathway, which is upregulated upon wounding, and the overexpression of this gene results in excess callus formation (Iwase et al., 2011). A plethora of research has proved the vital role of auxin in the process of graft union (Sharma and Zheng, 2019), and the results from the work of Melnyk et al. (2015) enhance the significance of auxin in vascular formation, such as a new role for ALF4.

To determine the gene expression and related transcriptional networks and the metabolic activities pertinent to successful grafting, we examined the transcription in different grafting combinations between the interspecific squash rootstock and watermelon scion. In this study, we used controls of the non-grafted seedlings and homo-grafted squash and watermelon to examine the alteration of gene expression in watermelon-squash hetero-grafts. The transcriptomic data were analyzed using bioinformatic tools to detect the differentially expressed genes (DEGs) during the early stages of the healing process. A significant hormone regulating gene (LOG5) detected in the grafting combinations involving squash as rootstock was further validated using a quantitative real-time PCR (qPCR) analysis. This study provides a description of potential groundwork for the elucidation of critical steps in the healing process of the commercially important watermelon scion and interspecific squash rootstock grafting combinations.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The experiment was conducted in Kleidi, Imathia, Greece, in the facilities of Agris S.A.1 A transcriptome analysis was performed at the Institute of Applied Biosciences of the Centre for Research and Technology Hellas, Thessaloniki, Greece.

The grafted seedlings were composed of watermelon [C. lanatus (Thumb.) Matsum. and Nakai] “Celine F1” (regularly used as scions) and interspecific squash (Cucurbita maxima × Cucurbita moschata, hereafter referred to as squash) “TZ-148” (regularly used as rootstocks) combinations. The watermelon and squash seeds (HM.Clause SA, Portes-Les-Valence, France) were sown in 171-cell plug trays and 128-cell plug trays (67 cm × 33 cm, G.K. Rizakos S.A., Lamia, Greece), respectively. The trays were filled with peat, perlite, and vermiculite (5:1:2).

Upon sowing, the trays remained in a chamber with controlled conditions (temperature 25°C, relative humidity 95–98%, and darkness) for 72 h (watermelon) or 48 h (squash) to assist germination. After germination, the watermelon trays were moved for 10 days in a greenhouse with 21.5°C minimum night temperature and supplemental artificial lighting emitted by the high-pressure sodium lamps (MASTER GreenPower 600 W 400 V E40, Philips Lighting, Eindhoven, The Netherlands) at photosynthetic photon flux density (PPFD) of 100 ± 10 μmol m–2 s–1 and 18 h photoperiod. In parallel, the squash trays were moved in a greenhouse under 20°C minimum night temperature for 7 days, and afterward 14°C for 3 days to reduce the growth rate and increase the stem thickness. According to the previous experiments of our group, no supplemental artificial lighting was needed for the production of squash seedlings.



Grafting Combinations

The “splice grafting” technique was employed when the watermelon and squash had developed one true leaf. Table 1 depicts the plant material used in this study. Briefly, the material included non-grafted controls: watermelon (W) and squash (S), homo-grafted watermelon scion grafted onto watermelon rootstock (WW), and squash scion grafted onto squash rootstock (SS); and the hetero-grafted watermelon scion grafted onto squash rootstock (WS). The segments of the grafted seedlings were held together with a silicon clip and planted in 72–cell plug trays (50 cm × 30 cm) filled with peat, perlite, and vermiculite (3:1:1). Grafting was performed by an experienced person for the avoidance of critical errors. Immediately after grafting, the seedlings from all the combinations were moved in a healing chamber under 25°C temperature, 98% relative humidity, recirculating air, and sole artificial lighting emitted by the fluorescent lamps (Fluora 58 W, Osram, GmbH, Munich, Germany) at PPFD of 45 ± 5 μmol m–2 s–1 and 16 h photoperiod.


TABLE 1. Watermelon and interspecific squash grafting combinations tested after 16 h in a healing chamber.
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Sampling

The sampling was conducted after 8 h of light and 8 h of darkness (in total 16 h) in the healing chamber in almost complete darkness. Specifically, the segments from 15 seedlings per combination were cross-cut with the sterilized blades 0.5 cm above and below the grafting junction. The segments from the non-grafted seedlings were cut precisely below the cotyledons. After cutting, each segment from all the combinations was immediately wrapped with aluminum foil, submersed into liquid nitrogen, and placed in deep freezing temperature (−80°C) until molecular analysis.

In the previous (unpublished) experiments of our group, such as microscopy and phytohormonal analysis on the third day after grafting, we concluded that vascular reconnection starts earlier than the third day after grafting. Since phytohormonal activity begins earlier than the third day, molecular activity, such as gene expression and signaling initiates earlier. Moreover, in the first few hours after grafting, the wounding effect takes place, thus we opted to avoid the sampling until 8 h after grafting. Therefore, we selected the 16-h time point which lies between 8 h and 3 days after grafting to avoid the wounding effect and not miss the gene expression during the first crucial day.



RNA Isolation, Library Preparation, and Sequencing

Total RNA was extracted from the grafting junctions with NucleoSpin RNA Plant, Mini kit for RNA from the plant (Macherey-Nagel GmbH & Co. KG, Germany) from the three biological replicates of each treatment according to the instructions from the manufacturer. The total yield was quantified by a fluorometric method with QubitTM RNA BR Assay kit (Cat. No. Q10211, Thermo Fischer Scientific, MA, United States), and the integrity of the isolated genetic material was accessed with agarose gel electrophoresis. For the library construction, the mRNA was purified with oligo-dT(25) magnetic beads (Cat. No. S1419S, New England Biolabs, MA, United States). The libraries were prepared with the NEBNext® UltraTM II RNA Library Prep Kit for Illumina® (Cat. No. E7770S, New England Biolabs) according to the instructions from the manufacturer, with an average insert size of 300 base pair (bp). The size of libraries was estimated by capillary electrophoresis with the 5400 Fragment Analyzer system (Agilent, CA, United States) and the final quantification performed by qPCR using the KAPA Library Quantification kit for Illumina® sequencing platforms (Cat. No. KK4824, Roche, Switzerland) on a Rotor−Gene Q thermocycler (Qiagen, Germany). The libraries were sequenced with Illumina® Nexteq500® platform using the NextSeq® 500/550 v2.5 High Output Kit (300 cycles) (Cat. No. 20024908, Illumina, CA, United States).



Bioinformatic Analysis

The differential expression analysis was performed according to the “New Tuxedo” pipeline (Kim et al., 2016). The raw reads filtered with Trim Galore!2 for quality (q 28), length (min-length 100), and the sequencing adaptors. The filtered reads of the samples SS and S were aligned to the C. maxima genome (GCA_002738345.1) and then of the samples WW and W to the C. lanatus genome (GCA_004801215.2) using Hisat2.3 Stringtie4 was used for the assembly and quantification of transcripts. Differential expression analysis was performed with Ballgown5 in R studio. In parallel, a de novo transcriptome of the total reads acquired from the different samples was assembled with Trinity6 to be used as a reference for the mapping of the reads of different organisms. The assembly completeness was evaluated with BUSCO7 (Figure 1). A genome-like reference file was created with Supetranscripts, a module of Trinity assembler, which was used for the downstream analysis following the same protocol described above. The de novo transcriptome was annotated with Diamond.8 The analysis pipeline is depicted in Figure 2. The raw Illumina reads are available under the Bioproject PRJNA721571.9
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FIGURE 1. Results of transcriptome assembly completeness calculated with BUSCO.
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FIGURE 2. Differential expression analysis workflow. The same workflow was followed for all the three comparisons, which differ only at the reference used for the mapping of the reads.




Quantitative Real-Time PCR Analysis

The total RNA from the segments of homo-grafted WW, SS, hetero-grafted WS, and non-grafted W and S, which have been harvested at 0 (control), 16, and 24 h after grafting in the growth chamber with the three biological replicates was extracted using a total RNA isolation kit (Monarch® Total RNA Miniprep Kit, NEB) following the instructions from the manufacturer. All the samples were treated by DNase I for enzymatic removal of residual gDNA. To determine the RNA quality and concentration, 5 μl of each RNA sample was analyzed by agarose gel electrophoresis (1.4%, agarose, 1 × TBE) and quantified using a NanoPhotometer IMPLEN Version 7122 V2.3. The reverse transcription and PCR reactions were performed using a Luna® Universal One-Step reverse transcription-quantitative PCR (RT-qPCR) Kit (E3005) following the instructions from the manufacturer with the following steps: total volume for each reaction was 20 μl, including 10 μl Luna Universal One-Step Reaction Mix (2×), 1 μl Luna WarmStart® RT Enzyme Mix (20×), 0.8 μl forward and reverse primers of LOG5, while 0.2 μl forward and reverse primers for actin, 20 ng of RNA and nuclease-free water up to 20 μl. The Roche LightCycler® 96 System was used with the following thermal cycling conditions: stage 1 for RT, 1 cycle at 55°C for 10 min; stage 2, 1 cycle at 95°C for 1 min; stage 3, 40 cycles at 95°C for 10 s and 60°C for 30 s. After amplification, a melting curve analysis was performed to verify the product. At least three biological replicates were performed. The measured Ct values were converted to relative copy numbers using the ΔΔCt method. The primer pairs were for Log5 forward 5′CATCCACGACAAACCAGTTG3′ and reverse 5′AGGCACGTACTCCTCTAGTTTCTG3′ amplifying a 172 bp product and for actin forward 5′CCATGTATGTTGCCATCCAG3′ and reverse 5′GGATAGCATGGGGTAGAGCA3′ amplifying a 140 bp product. The primers for the reference gene CIACT (gene ID Cla007792) were based on the published data (Kong et al., 2014), and the primers for LOG5 (gene ID LOC111776908) were designed to amplify a specific sequence region common in the watermelon and squash (based on the published consensus sequences in the Cucurbit Genome Database).10 The results were analyzed using the Roche LightCycler® 96 software program, version 1.1.




RESULTS


RNA-Seq Data Analysis

In total 510 million sequence reads were obtained, corresponding to approximately 17 million raw reads for each sample. After quality filtering, about 42 million of them were excluded from the following analysis due to low quality. The filtered reads of the samples SS and S were aligned to the C. maxima genome and those of the samples WW and W to the C. lanatus genome as described in the section “Materials and Methods.” The overall alignment rate was ranging from 69 to 97% and the total number of genes identified was 29,374 for the grafted squash samples and 21,775 for the watermelon samples (Table 2).


TABLE 2. Discovered genes and transcripts with “New Tuxedo” protocols of the three comparisons.
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Differentially Expressed Genes

To assess the effect of grafting in homo-grafted squash and watermelon, differential expression analysis was performed. Among the homo-grafted squash (SS), the biological replicates and the non-grafted plants (S) that were used as controls (comparison SS/S), 238 genes, and 433 transcripts were found to be differentially expressed (DE). Similarly, among the homo-grafted watermelon replicates (WW) and their control (W) replicates (comparison WW/W), 31 genes and 127 transcripts were found to be DE. The comparison among the grafted plants, homo- and hetero-grafted, and their controls (comparison WS + SS + WW/W + S) revealed 318 DEGs (Table 2). A Venn diagram depicting the number of DEGs among the three comparisons is shown in Figure 3. The detection of DE transcripts was not feasible since, due to the adopted methodology, a de novo transcriptome, was built and used as a reference. This transcriptome consists of transcripts that are highly conserved among the two species and unique transcripts that are expressed only in one of the two species. Although the de novo transcriptome method offers a way to investigate the genes that were affected at the hetero-grafted plants during the process of healing, we cannot be confident about their levels of expression. The two additional comparisons were performed for the hetero-grafted plants (WS) against the two homo-grafted (WW and SS). The comparison WS/WW identified 36 and the comparison WS/SS identified 214 DE transcripts. The multidimensional scaling (MDS) plots for grafted plants (WW, SS, and WS) vs. non-grafted controls (W and S) in Figure 4 and a heatmap of DEGs in Figure 5 support this finding. The expression levels of WS samples do not show the fluctuation that is found in WW and SS samples, which is caused by the bioinformatic analysis method where the de novo transcriptome was used as reference.
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FIGURE 3. Venn diagram depicting the gene ontologies found to be differentially expressed (DE) among the three comparisons.
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FIGURE 4. Multidimensional Scaling (MDS) plots for grafted plants (WW, SS, an WS) vs. non-grafted controls (W, S). Worth mentioning are the results of WS samples which are positioned between squash and watermelon samples.
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FIGURE 5. Heatmap of differentially expressed genes (DEGs) of grafted plants (WW, SS, an WS) vs. non-grafted controls (W, S). The heatmaps depict genes with p < 0.05 and fold change > 4. The color scale (blue to red) represents the expression levels in FPKM.




Functional Analysis of Differentially Expressed Genes

The assessment of the possible functions of the DEGs was feasible only for the homo-graft comparisons. The analysis revealed that the most common DEGs among WW, SS, and their controls are related to the specific biological processes, mainly associated with the stress responses (Table 3). Similarly, DEGs were found to be commonly over- and under-expressed among the three comparisons of homo- and hetero-grafted plants vs. their control seedlings. Again, the most commonly overexpressed genes (Table 4) are related to known biological mechanisms involved in the stress response.


TABLE 3. The gene ontologies of mutually differentially expressed genes (DEGs) of homo-grafted watermelon (WW) and homo-grafted squash (SS).
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TABLE 4. Genes were found to be differentially expressed (DE) among the comparisons. No common DEGs were found among the comparisons of WW, hetero-grafted watermelon onto squash (WS), and their controls.
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Validation of LOG5 Expression by RT-qPCR Analysis

To validate the RNA-Seq expression data for LOG5 that showed relatively high abundance in three out of the four comparisons, we performed RT-qPCR analysis. Total RNA from the stem of seedlings and the graft region including tissue from the rootstock and the scion of homo- and hetero-graft combinations was used as the templates. The RT-qPCR results were consistent with an upregulation of LOG5 found in the RNA-seq analysis. Relative LOG5 expression was stable in the stem of watermelon seedlings after transfer to the growth chamber while showed a decrease in squash (Figure 6). An increase of LOG5 transcript level was detected at 16 h in all the grafting combinations, which was higher in homo-grafted SS followed by the hetero-grafted WS and homo-grafted WW. Later, at 24 h, the increase was at a lower level in WS and SS while in WW LOG5, the expression was similar to the non-grafted control.
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FIGURE 6. Quantitative real time RT-PCR gene expression analysis of LOG5 in stems (including the grafting junction). (A) W (watermelon seedling stem), WW (homo-grafted watermelon), and WS (hetero-grafted watermelon scion on squash rootstock) and (B) S (squash seedling stem), SS (homo-grafted watermelon), and WS (hetero-grafted watermelon scion on squash rootstock) at three different time points after grafting.





DISCUSSION

Watermelon is considered an economically important crop, especially in eastern Asia and the Mediterranean region. As soil-borne pathogens are virtually impossible to control, grafting has already provided an efficient, among the other benefits, solution for the successful watermelon establishment and cultivation in the field (Kyriacou and Soteriou, 2015). The unpublished observations of our group clearly showed that the process of healing for the grafted watermelon seedlings is characterized by rapid vascular reconnection only 3 days after grafting which is significantly faster than tomato (c.f. Wang et al., 2019) in which the scion and rootstock reconnection was observed after 9 days (Cui et al., 2021). Upon its formation, callus rapidly differentiates in the vascular tissues (i.e., phloem and xylem), while plasmodesmata, the intracellular channels, form between the scion and rootstock cells.

During the healing and tissue reconnection in grafted plants, there are critical molecular events characterized by differential gene expression. These events include the activation of wounding stress responses, such as biosynthesis of the stress-related phytohormones jasmonic acid and ethylene (Yin et al., 2012), and increased expression of ROS scavenging enzymes. The early responses also elicit auxin and brassinosteroid biosynthesis and sugar transport above the cut, increased stress response gene expression below the cut (Xie et al., 2019), and the activation of auxin and CK responses in the vascular cambium and pericycle (Melnyk et al., 2015). Accordingly, our data show differential regulation of genes involved in the wound and stress responses, hormonal signaling, and metabolite transport.

The stress responses are among the major biological processes identified by the DEGs among the homo-grafted WW and SS plants and their respective non-grafted controls. Mutually DEGs of WW and SS are involved in the response to stress (GO:0006950), response to oxidative stress (GO: 0006979), hydrogen peroxide catabolic process (GO:0042744), with molecular functions, such as oxidoreductase activity (GO:0016491) and peroxidase activity (GO:0004601). Similarly, in tomato genes involved in response to the oxidative stress (GO: 0006979), hydrogen peroxide catabolic process (GO: 0042744), and cellular oxidative detoxification (GO: 0098869) were enriched in the grafted plants (Xie et al., 2019). Additionally, in tomatoes, the oxidative detoxification enzymes accumulate to high levels near the graft region (Fernandez-Garcia et al., 2004) indicating that the differential gene expression is linked to function. The plant peroxidases are involved in the important developmental stages, such as lignification, auxin metabolism, reactive oxygen species (ROS) metabolism, and cell wall metabolism (Pandey et al., 2017). Fernandez-Garcia et al. (2004) reported that the peroxidases might be involved in the development of graft union in tomato plants. Similarly, in our study, the peroxidases were found to be over-expressed in all the graft combinations (WW, SS, and WS) compared with the non-grafted watermelon seedlings. Ascorbic acid (AsA) is the most abundant water-soluble antioxidant in the plants, with a significant role in the detoxification of ROS and regulating the cellular redox potential (Mittler, 2002; Suza et al., 2010; Fotopoulos and Kanellis, 2013). AsA is a critical cofactor of many dioxygenases that are related to the key steps in cell metabolism, affecting cell division and expansion (Fiorani et al., 2013). Therefore, the plants need AsA during the healing process after grafting. Wadano et al. (1999) reported that AsA increased sharply up to 8 h after grafting compared with control (non-grafted seedlings), while 30 h after grafting the content of the compound decreased to the level of control. Smirnoff (1996) showed that the AsA is required in the plants recovering from wounding. The plant signaling during grafting and wounding may share similar mechanisms, thus, a reasonable assumption is that the signal to increase AsA content may originate from the cell wall metabolism and cell expansion. In our study, two genes related to AsA transport, a nucleobase-AsA transporter 12-like, and an AsA transporter, were DE between the WS and SS grafted seedlings. AsA transporter is reported to facilitate the AsA transport from the cytosol to the chloroplast (Miyaji et al., 2015), a necessary activity for the AsA intracellular distribution (Maurino et al., 2006).

The plant signal transduction pathways are interconnected and form a network that is finely regulated by the plant hormones (Liu et al., 2016). The auxins, gibberellins, CKs, abscisic acid, ethylene, and other plant hormones participate in the plant stress defense mechanisms (Han and Kahmann, 2019). In our study, several differentially regulated hormone-related genes were identified. These responses signify the role of different hormone pathways, such as auxin, gibberellic acid, ethylene, and CKs in the process of graft vascular connection. An auxin-regulated gene expression modulates plant growth and development. Similarly, the CK signaling promotes callus formation by manipulating the cell cycle proteins (Ikeuchi et al., 2017). The auxin and CK response are strongly enhanced in the pericycle and vascular cambium of the grafted Arabidopsis plants (Melnyk et al., 2015). The transcripts related to auxin transport (auxin efflux carrier component 5) and signaling (auxin-binding protein ABP19a-like) were upregulated in the SS/S comparison while an auxin transporter-like protein 1 was upregulated in WS compared with the WW grafted plants. The CKs regulate the vascular tissue adhesion-dependent upon the working of signaling receptors, such as AHK2, AHK3, and CKI1 His kinase (CYTOKININ INDEPENDENT 1) (Sharma and Zheng, 2019). Our results showed upregulation of the CK biosynthetic gene LOG5 possibly triggered in the plants during the process of wound healing, proposing the involvement of CK signaling in the graft development. The CKs are known as key regulators of plant growth and development, controlling proceedings, such as cell division, growth of shoot apical meristem, development of the vascular system, root growth, tissue patterning, and shoot organogenesis (Sharma and Zheng, 2019). Historically, the CKs are regarded as root synthesized (Ghanem et al., 2011), although it has been revealed that the direct activation pathway via LOGs genes plays a pivotal role in regulating the CK activity during normal growth and development in Arabidopsis and rice (Kurakawa et al., 2007; Kuroha et al., 2009). Accordingly, our results demonstrated an increase of LOG5 transcript level in all the grafting combinations, which was higher in the homo-grafted SS followed by the hetero-grafted WS and homo-grafted WW.

A gibberellin-regulated protein (GRP) gene was overexpressed in the WW and SS grafted seedlings compared with the control treatments. The expression of this gene is shown to be upregulated by the gibberellins which are important for plant growth and development (Muhammad et al., 2019), but the function of the GRP is not clear.

Ethylene is an important hormone that participates in various activities related to plant growth and development (Ju and Chang, 2015). In our study, the ethylene-responsive transcription factors (ERFs) ERF115, ERF114-like, ERF113-like, and ERF110-like were over-expressed in WS and SS where the root system was removed, but not in WW where the root system was intact. The ERF family proteins are known for their ability to induce abiotic stress resistance in plants (Debbarma et al., 2019). Specifically, an ERF115 is demonstrated as a repressor of adventitious root initiation through the activation of CK and jasmonic acid signaling, the latter in NINJA-dependent and independent manners (Lakehal et al., 2020). An ERF114 is involved in the control of axillary bud outgrowth and cell proliferation, and activates the genes of the cell cycle and dormancy breaking, while it downregulates genes related to the cell wall-remodeling (Mehrnia et al., 2013). An ERF113 is a transcriptional activator participating in tolerance to the abiotic stress factors and plant development (Krishnaswamy et al., 2011). An ERF110 is assumed to act as a transcriptional activator through binding to the GCC-box pathogenesis-related promoter and is considered to participate in the stress-related gene expression patterns (Tao et al., 2018). Moreover, APETALA2/ERF (AP2/ERF) and xyloglucan endotransglucosylase/hydrolase were also upregulated in WS and SS compared with the non-grafted seedlings. AP2/ERF is the second largest family of TFs in the plants (Nakano et al., 2006). Quite similar to our findings, Spano et al. (2020) reported upregulated AP2/ERF and xyloglucan hydrolase in the self-grafted tomato plants. The abovementioned results of the transcriptional analysis of the grafted watermelon seedlings might provide an understanding of the interactions between the ERF genes and ethylene-dependent mechanisms during the healing process of watermelon grafted on interspecific squash.

Two genes, stem-specific TSJT1-like and BURB domain-containing protein were under-expressed in SS and WS compared with the non-grafted seedlings. TSJT1 is suggested to act as a negative regulator of internode development in the castor plants, but the specific function of protein is not clear (Hu et al., 2016). Quite similarly with our findings, Zhang et al. (2018) reported that a stem-specific protein TSJT1-like (IpSR9) showed decreased expression patterns under salt and osmotic stress. The BURP domain-containing proteins impose variable effects related to the plant development and responses to abiotic stress factors, but knowledge about this protein family is rather scarce (Wang et al., 2015). However, it is known that they are responsive to the application of abscisic acid (Matus et al., 2014). Gautier et al. (2020) found that a BURP domain-containing protein was DE as a response to grapevine hetero-grafting in the two different rootstocks.

Recently, the SWEETs (Sugars Will Eventually be Exported Transporters) are identified as the cellular sugar transporters which enable sucrose efflux through the cell membranes, from the phloem parenchyma to the phloem apoplasm (Chen, 2014). Phloem and xylem, the two major vascular tissue types, are probably the most important tissues that quickly differentiate during the healing of grafted seedlings (Melnyk and Meyerowitz, 2015). Only recently, a total of 17 CsSWEET genes were identified in another cucurbit, cucumber (Hu et al., 2017). The same authors reported that most of the CsSWEET genes were related to tissue development, while 18 ClaSWEET genes from watermelon and 18 CmSWEET genes from melon were similar to the CsSWEET genes from cucumber. In our study, a SWEET16-like gene was overexpressed in WW and SS, compared with the non-grafted seedlings. SWEET16 is found to facilitate sugar efflux from the vacuoles while its regulation is critical for development under unfavorable conditions (Klemens et al., 2013). These results provide additional information about the regulation and activity of SWEET genes in response to grafting, a very stressful procedure for the plants.

In summary, our results suggest that at the 16 h time-point, the majority of the DEGs are implicated in wound healing, stress response, hormone biosynthesis, transport and signaling, and metabolite transport. The common genes that were found to be DE among the hetero- and homo-grafted seedlings suggest the presence of “core genes” that are responsible for healing in the grafting procedure per se, species independently. Furthermore, the common DEGs found among SS and WS give an insight into the genes that are probably regulated only in the rootstock. These findings broaden our understanding of the molecular events that pertain to the successful grafting in Cucurbitaceae and deliver new questions that necessitate further investigation—including a new experimental approach—to obtain a distinct profile of genes that regulate the connection of scion and rootstock in grafting.



CONCLUSION

In the present study, we performed a comprehensive transcriptomic analysis to examine the effect of grafting in the watermelon-squash scion-rootstock combinations. The control comparisons were performed to examine the effects of homo-grafting. The comparison between SS and S exhibited the highest number of DE transcripts, while WW and W comparison followed. Squash had a more abrupt response to grafting compared with watermelon as shown by the differential gene expression. To examine the effects of grafting in the hetero-grafted seedlings a de novo transcriptome, such as the genes from watermelon and squash, was assembled and used as a reference. Although the de novo transcriptome method offers a way to investigate the genes that were affected at the hetero-grafted plants during the process of healing, the results should be used with caution regarding the levels of expression. Among the overexpressed genes, only one gene (LOG5) was common in three out of four comparisons involving WS, SS, and S and is related to the CK synthesis. Its expression levels were precisely quantified and the results concur with the transcriptomic data. The study is a description of the transcriptomic nature of homo- and hetero-grafted early responses, while it provides a starting point for the elucidation of the molecular mechanisms and candidate genes for the functional analyses of hetero- and homo-graft systems in watermelon and generally in Cucurbitaceae.
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Phenotypic traits Phenotypic vector SSR matrix Relatedness matrix

randomization randomization randomization
h?  p-value r h?2  p-value r h?2  p-value r
Morphological traits  Tree height (cm) 0.25 0.30 0.48 0.25 0.14 0.48 0.26 0.44 0.49
(2016) Trunk height (cm) 036 <0.01 0.64 035 <0.01 0.64 0.37 0.04 0.64
Rootstock height (cm) 0.26 0.44 0.52 0.27 0.26 0.52 0.27 0.64 0.52
Scion height (cm) 0.26 0.14 0.49 0.25 0.06 0.49 0.26  0.52 0.49
Rootstock perimeter (cm) 0.28 0.28 0.52 0.28 0.06 0.52 0.27  0.68 0.52
Scion perimeter (cm) 0.26 0.34 0.49 0.26 0.20 0.49 0.26  0.68 0.50
Trunk perimeter at the grafting scar (cm) 0.28 0.18 0.54 0.28 0.02 0.54 0.29 0.48 0.54
Rootstock compatibility (Webber, 1948) 0.25 0.70 0.47 025 0.38 0.48 0:25 0.92 0.47
Biomass/ Number of leaves 0.27 0.68 0.50 0.27 0.34 0.50 0.26 0.88 0.50
reproductive traits Number of flowers 0.29 0.38 0.53 0.28 0.18 0.53 0.27  0.62 0.53
(average 2015-2017)  \ \yper of fruits (NF) 044 <001 073 045 000 074 045 002 0.73
Harvest traits NF with exportation quality 0.37 <0.01 0.65 0.33 <0.01 0.58 0.38 0.04 0.58
(average 2015-2017)  NF with mechanical damage 0.28 0.60 0.54 0.23 0.38 0.43 0.23  0.80 0.43
NF with sun damage 0.28 0.80 0.51 0.24 0.36 0.44 024 0.76 0.45
NF with damage caused by scarab beetles 0.29 0.18 0.56 0.26 0.22 0.50 0.27 D52 0.50
NF with damage caused by thrips 0.34 0.02 0.62 035 <0.01 0.60 0.34 0.02 0.60
NF with damage caused by Monalonion 0.34 0.30 0.65 0.27 0.06 0.52 0.27 0.34 0.52
NF discarded because of low weight 0.33 <0.01 0.62 0.35 <0.01 0.64 0.41 0.06 0.64
NF with early ripening 0.37 0.06 0.66 0.34 0.02 0.59 0.33  0.10 0.59
NF with the stalk cut below the pedicel 0.45 0.20 0.74 0.26 0.06 0.49 0.26 0.50 0.49

Heritability (h?) and model fits (r) estimates were gathered using Lynch and Ritland (1999)’s relatecness matrix inputted in a “genetic prediction” additive mixed linear
model, according to de los Campos et al. (2009). One-sided p-values of the observed heritability were estimated using independent permutations of the phenotypic
vector, the matrix of molecular markers, and the matrix of genetic relatedness among rootstocks (Figure 5). Consistently significant values are in bold (Figure 4).
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5-AGAAGATCTGGCATCACA-3'
5-TCCAATCCAGACACTGTACT-3'
-CACGAAACTACCTACAACTCC-3'

5-TACAGAGGAGTCAGGAGGA-3'
-AGAATCGGCGAAATTGA-3'
ACTTTGAGAGGACATTTGATG-3'
GAAGCTCCAATTTTGACTTG-3'
CTCCTCCTCCTCCTGGTTCTTCG-3'
5-GATTCGGCAGCATCGGTATCGG-3'
-TTCGAGGTCGCTCTGCTTGTC-3'
5-CCGCCGCCTTCTGAATATCC-3!
TGTTCAAGAGGGTGGTGTCG
GGATCGGGTGAGTTTCTCCA-
'-AAAGTGGGCTGTAGGCGTTG:
TTTTCTATTGTCATCTTCGGTTGG-3'
5-TCTTGGTGGCACTACTCAATAC-3'
CATACCAGGAGCTGAACATT-3'
ACTACTCATCCAGACCCACTCA-3'
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TGTGCCATACCCATAGTGATCC-3'
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TGGCCCTAGTCGAGACCATT-3'
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GCGTCGGAGGAAGTCAAGAA-3'
5-GGATTGGAACTTGGAGCCGA-3'
-GGGAAACACCAGTTATGOCA-3'
CTTTGGTGAAGCTTTTGGCGA-3'
5-TTTTTCAACGGAGTCGCTGG-3'
-CAACCATTCGTCCACCCGTTA-3'
5-CTCTTTAATGGGGTGCCTGGT-3'
CCACCACACTCTTTGGGCTT-3'
CATCGGGTGACAGOGTTAGA-
5-GCATAGCGGCAACCACAAAA-3'
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Factor Sensory attributes and scores

Fruit appearance Odor of the cut fruit Mouthfeel/texture Taste and after-taste Overall score

shape firm frcol flcol tom green fruity thick  firm mea juic tom sour sweet bitter
Scion (S)
Clarabella 7.26b 7.36a 7.50 5.95 7.58a 3.69 1.14b 7.28 6.36a 289a 7.08 7.46a 3.63b 224a 1.02 7.79a
Estatio 8.09a 6.16b 7.35 6.38 6.98b 3.55 1.48a 7.00 5.72b 243b 7.26 6.96 b 4.13a 1.70b 0.93 7.16b
F-value 17.62  76.07 2.06 123 35.08 4.42 6.43 0.91 1848 38.68 0.12  21.86 10.50 35.47 0.03 25.82
P 0.003 <0.0001 0.191 0.299 0.000 0.069 0.035 0.369 0.003 0.000 0.734 0.002 0.012 0.0003 0.872 0.001
Rootstock (R)
Clarabella 6.48b 7.40 719 547 7.40 3.53 0.99 8.00a 7.10a 3.01a 6.40 7.26 429ab 1.74b 1.14 7.20bc
Arnold 7.76a 6.87 7.38 6.02 7.29 3.59 1.31 7.21b 589bc 2.79ab 7.12 714 3.98abc 2.03b 0.93 7.42bc
Buffon 7.73a 7.07 7.44 577 7.67 3.72 1.18 6.83b 6.03bc 2.69bc 7.48 7.66 3.35d 2.60a 1.42 8.39a
Emperador 7.73a 7.01 789 6.51 7.24 3.63 1.26 711b 622b 2.62bc 7.20 7.16 3.74bcd 2.00b 0.86 7.50b
Maxifort 7.67a 6.51 7.42 6.36 7.27 3.46 1.33 6.98b 5.72¢c 247c 7.24 7.25 3.59cd 1.94b 0.80 1.68b
Estatio 8.01a 6.17 727 6.24 7.09 3.81 1.58 6.93b 5.84bc 2.65bc 7.43 707 4.39a 1.69b 1.07 7.06¢
F-value 3.51 2.21 0.89 1.74 0.66 2.40 0.47 3.78 8.36 3.17 3.24 1.13 3.93 5.58 0.84 7.25
1] 0.050 0.1563 0.528 0.231 0.661 0.130 0.787 0.047 0.005 0.049 0.068 0.420 0.043 0.017 0,559 0.008
S xR
F-value 0.42 1.86 2.89 0.36 3.01 1.64 0.55 3.43 16.00 3.23 0.61 2.89 0.04 4.80 0.36 5.32
p 0.671 0.217 0.114 0.711 0.106 0.254 0596 0.084 0.002 0.094 0.057 0.114 0.957 0.043 0.706 0.034

The means marked with different lowercase letters in row (for each factor) are significantly different (Tukey’s test, p < 0.05).

Identification of sensory attributes and scores: fruit appearance, external and internal appearance: shape, fruit shape; firm, fruit firmness by touch; fr col, color of the fruit;
fl col, flesh color intensity; odor of the cut fruit: tom, tomato-like odor; green, green/grass odor; mouthfeel/texture attributes: thick, skin thickness; firm, flesh firmness;
mea, flesh mealiness; juic, flesh juiciness; taste and after-taste: tom, tomato flavor; overall score, overall quality score.





OPS/images/fpls-11-616431/fpls-11-616431-g004.jpg
)
o] s 8 =
] «l y
: 2 i
) ) .m 4 @ <
5] 2 .
5 P ) )
% P _E
L y -
3
B =
. . ; P
2 A 3
- P F s - .
£ £ " g » 8
"3 i 3 <
£ g 5
< © < S < . o
“ oS
2 9]
9] 2
: : g 2 8 § 8 8 °
8 g ° - R - s 8 & 8
§ s & % S5 8 g © wsqu MN o auaspuvpoyd-n(-)-() spunoduiod ajyvjoa (10}
- - O] e
ouapap-pz-(4°1) 1 L
8 =
o o s 2 s 3
B = = 3 i .
g g
“ 7 £ g . ) . §
2 3 g a m E Z
o =l 3 a =
o} m E 2 b " .
. 3 < - <« 2
3 < 2 )
<
w
b} [ B ] 2
] k . .
3 s ° = 2 = ca .
- = 2 o
3 “ a = =8 . B 3
) 3 z - m B 2 E
2 m & 2 a g 8 .m i 8
) m ] 2 3 < 2
g ®
2 < 3 ‘ ) . c
= : . ®w o % 49 wo T A o 2 g 8 8 2 °
2 °© 2938 88
E g g g g g g8 & 87 UdIDI-T-(+) ouo-g-uapuad-1 + uourd-n (+)
2 © ” 4 ! 104021 1up-u
wundoy-z-()
C =
o s 2
8 3 | =1 N m
o) s w . P
B m B g ° . . 3
] o . o o £ g
=2 o m 8 B
3 M E B @ £ .
A b.m » = 2 < ] <
ol
) ) 8 E ko) W
B m s = -
) s © = 3 =
o - ©
- 2 s “ -
3 = ° g = H 3 8 & .m
g $ 3 a2 E] 3 g
3 - =} m j - 5 .
)
<
© < d
_ | 9] 3 %)
1®)
© 9]
©c 2 o9 9 9 2 9 9 o o @z W e w § oo
s 8 R 8 8 8 8 8 2 ° $¥EaSsAaR83 =7 aading 1o
m m S i i b - 0- é&w&.~z sjoloyv 30}
uaXY-Z-(-) + [PUIXY-£-(Z) 10-¢
& =
= 2 = © = :
2
= o 2 o 3 2 .
_ ) £ E ] m E
2 ] m E 2 @ & 2 £
8 m g 3 £ i
: 8 < ® < 2 <
3
< < )
o W 3 L
o C
a
2 = = = 2 = 2 =
2
° & 3 ® a3 s < Z =
“ 2 3 z ) 3
E " g s g g
E a E N g £ ) .
[ k-] < P
2 P g
c 2 o 3 %) 2 9]
k - 8 8888¢g¢gzg - w o w o w o T o 9 ® © % a o
g & 8 § 8§ ] &4 8 =2 =2 T 4 =2
8§ R & = 8 % Sl W apixo auapydodivo-(-)
7 8 S : a - sapryapiv [vjo1 Jouniauaif
ouvyuad





OPS/images/fpls-11-616431/fpls-11-616431-g003.jpg
B = ° s B s 2 = o =
2 g s - Z e - 3 e 2 Z e 2 3 e
g g £ | £
< < @ 4 < 4 © P . < - < B
© [ 2 [ w 8 [ ) w
© s 2 = ] = ] = © =1
9 o
5. 2 3 . c 2. 2 Bl |- 2 .
= o .m 3 o m ] m m 2 ) W m m
9] [ o ) o
ol < o < o < © < o <
k] 5] 9] 2 8] 2 3] © 3]
£=3 o (=3 =3 =3 =3 = [= m = w (=3 (=3 =3 = o < ol o 0 ° -t (] =3 (=3 m =] <] =3 (=3 =3 (=3 (=3 (=3 £=3 o
g8 £ 8 % & = = i 3;. o - - - = e ® X W S 8§ 8 8 8 8 8§
sapuyapiv 10} w 1ouvmqayau-¢ uaav>-7-(+) suadua) jvjoy spunoduios apyvjoa 110}
2 = ° = © = ] 2 =
8 5 o
- <« 4 - < 4 B <« @ < A s < &
w 5 w < w w 2 [
L = 2 = L ] = 8 s
8 -1
| & - a & = a = a = a L]
2 ) M « ) .m 3 a m m m 2 o .m
3] o - ] 3] o
< < < g < < <
3 9] 2 %) © o [3) 2 o
$8388888°7
uvyday-z-(o7) w 10-g-uajad-[ sjoyoyv 1o} apixo auapifydoLino-(-) 2u0-g-ustuad- + usurd-n (+)
&l = ° = 2 = ©
2 2 8 g g # 7 g S
£ g & g
o < @ < @ " < @ . 4
2 W ® W 2 w o
2 = B = k] = o
2 a = & g 5 . a = ° =
2 i 2 2
m ° m 2 m m o
g 8 g 8
o < o < ) < o
« 9] © 9] 3 [3) B
28888 28%=®° sezag e oo FEEETITER 8 4 8 2 2 » 5 8 = o= = °
wuaxay-z-(;) + wuaxay-c-(z) 10unIng-z-1dy1aru-¢ Jouvyafusyd auapmuniy-n amwadng 14y

(=]





OPS/images/fpls-11-616431/fpls-11-616431-g002.jpg
_
=)

Skin thickeness
© = 10 W Ak WO N W O

10 10
4 9 4 9 4
4 8 A 8 A
1l a 1 2 7
ab abe R 7 g
Il ™ o o bed ¢ bedf B ] g s
4 g s § 54
S a

g 2 44 a @ ab ab 3 4
4 3 i 3 4
i 2 2
. 14

0 -

CcC A B EM M E A B EM M Cc A B EM M E A B EM M e A B EM M E A B EM M
Clarabella Estatio Clarabella Estatio Clarabella Estatio






OPS/images/fpls-11-616431/fpls-11-616431-g001.jpg
S & ®w v wnm T @M~ O

2400s Qaonb [padaQ
o

abe

ab

abed

o
S
E)

© & ®w VT Mo~ O

SSUI2IMS JINA]
[11]

be

be

Estatio

be

Clarabella

—T
S @ ® v wm T @A

< ssauuatf ysagg





OPS/images/fpls-11-616431/cross.jpg
3,

i





OPS/images/fpls-11-608813/fpls-11-608813-t003.jpg
Rootstock-Nitrogen Treatment Nitrate (mg.g~'DW)
Leaves

1103P-LN 13.53 £ 0.66
1103P-HN 9.14 £ 0.57
Mean? 11.33
RG-LN 15.21 £0.91
RG-HN 787 £031
Mean? 11.54
Roots

1103P-LN 8.39 +0.38
1103P-HN 717 £0.44
Mean? 7.78
RG-LN 7.23+0.35
RG-HN 7.26 £0.18
Mean? 7.24
Significance?°

Leaves

Rootstock ns
Treatment ek

Rootstock x Treatment
Roots

Rootstock

Treatment

Rootstock x Treatment

ns
ns
ns

FAA (rg.mg~'DW)

1.48 £0.07
4.57 +0.45
3.02
1.99 £0.16
5.71 £0.97
3.85

2.59 + 0.24
6.77 &£ 0.87
4.68
2.86 + 0.24
4.50 4+ 0.53
3.68

TSC (mg.g~'DW)

826
1035 +1.4
90.75
90.8 £2.2
1126 = 1.8
101.7

401 £29
449+£25
42.5
51.1£32
47.8+£1.9
49.9

ns
ns

Starch (mg.g~1DW)

339.2+224
240.4 £12.9
289.9
2791+ 126
217.3+14.9
248.2

111.1 £ 841
1089+ 11.4
110
137.6 £12.0
102.0+7.8
119.8

ns

ns
ns
ns

a8Mean Across the treatment per rootstock.

bSignificance of rootstock and treatment effects, and interactions (o > F; ns, not significant).

CSignificance code: *<0.05, *<0.01, **<0.001.
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Gene Identification Gene Annotation Name in the Sequence of forward primer (5 Sequence of reverse primer
manuscript ->3) 5'->3)
Vitvi04g01613 Actin 7 VitviACT7 GTGTGGAGGGATTTATCTGTAATG CAATCACTCTCCTGCTACAAAC
Vitvi02g00529 Nitrate transporter NRT1.1 VitviNRT1.1 CAGTTCTTATTGGTGGGTGC CCCTAATGAAAGTGTGCTCAAA
Vitvi02g00683 Proton-dependent oligopeptide VitviNRT1.5 AGACACCTGATGGGCTAAAGAG TGCTGTCAAGGTGGCTAGGA
transport (POT) family protein
Vitvi06g01301 High-affinity nitrate transporter 2.4A VitviNRT2.4A CCTCCCACCTTCAAAGGA CATGGGATGGTGTAGAGTTGG
Vitvi08g01004 High-affinity nitrate transporter 2.4B VitviNRT2.4B AGGTGGGAACTTCGGATC TCTTTGGAGGGCGGTAGC
Vitvi17g00936 Nitrate transporter 3.1 VitviNRT3 TGGGTGGAGAAGAGAAAGAG CAAGTAAACCACAGATACATCCTC
VitviD6g00354 Nitrate excretion transporter1 VitviNAXT TTCCGGGACAAGTTTCGCTC ACCGCAGTGCTCAGATAGAATG
/Vitvi06g01667
Vitvi18g00326 Nitrate reductase VitviNR TCTTTGCTGGTGTTCTGAATG ACGCTAGGAGAGAAGAAGAAC
Vitvi05g00403 Glutamine synthetase VitviGS2 AGGGACTCAGAGAACAATCACC CCAGGAAGACACAACCACCAC
Vitvi17g00975 BT1 (BTB and TAZ domain protein 1) VitviBTB CATGTCTTCCTTGTCCTTGC AAACAACCAGTAACCCAACG
Vitvi10g01887 CBL- interacting protein kinase 23 VitviCIPK23 GGCCCCTTCGCTATACATGG GATGCCACACCAGACCCATT
Vitvi04g00464 BZIP protein HY5 (HY5) VitviHY5 GAGGAGATCAGAAGAGTGCCAGAG TTTGTCAGCCGGGCTTCTTC
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Nutrients 05N ON Root harvest LN HN
Solution Solution solution

Ca(NO3), 0.25 - - - -

CaS04 = 0.3 0.6

CaClp = = - 1.39 127
KNO3 - - = 0.8 2.45
KH2PO4 0.5 - 0.57
KoHPO4 - - - 0.61 -

KoSO4 0.7 0.4 -

KClI 0.1 - -

MgSO4 0.5 0.69 0.69
Micronutrients X X X X X

MES (pH 5.8) 1

Micronutrients

NaFe-EDTA
HzBO3
MnSOq4
ZnS0Oy4
CuSO4s
NazxMoO4

Final concentration (M)

100
10
0.5
0.5
0.2

0.07

pH of 0.5 N and O N solutions were adjusted to 5.8.





OPS/images/fpls-11-616431/fpls-11-616431-t002.jpg
Sensory attributes and scores

Fruit appearance

Odor of the cut fruit

Taste and after-taste

firm

0.56

fr col

7.25a 698a
6.62b 6.37b
16.85 25.72

fl col

tom

719a
5.47b

110.18

0.472 0.003 0.0007 < 0.0001

7.32
7.22

Factor

shape
Scion (S)
Clarabella  7.10a 7.12
Estatio 6.54b 7.18
F-value 5.85
P 0.039
Rootstock (R)
Clarabella  7.23
Arnold 6.79
Buffon 6.82

Emperador  6.81
Maxifort 6.86

Estatio 6.42
F-value 0.10
p 0.990
S xR

F-value 0.79
P 0.527

6.96
7.29
6.94
7.33
2.71
0.092

2.05
0.178

7.26
6.80
7.07
6.89
6.96
6.66
0.36
0.861

0.46
0.718

6.79
6.56
6.89
6.59
6.63
6.61
1.27
0.356

1.38
0.310

7.08
6.11
6.33
6.40
6.45
5.68
0.60
0.700

0.92
0.470

green fruity  thick

3.19b 1.20a 581

3.59a 047b 5091
1617 71.54 7.74

0.004 < 0.0001 0.213

3.71ab 117 6.50a
3.46abc 0.80 591c¢c
3.12¢c  0.87 5.61de
3.32bc  0.79 5.83cd
3.23¢c 087 5.58e
3.87a 050 6.24b
4.15 016 19.61
0.031 0.971 < 0.0001

1.90 1.65 6.97
0.199 0.245 0.010

Mouthfeel/texture
firm mea
5.07 3.86a
6.13 3.21b
2.51 7.15
0.148 0.025
516 4.51
524 3.39
515 3.54
534 3.65
7.01 3.28
532 311
0.85 2.36
0.549 0.125
149 211
0.283 0.169

juic

6.89
6.78
3.77

0.084 < 0.0001

6.29
6.78
7.03
6.87
6.94
6.84
2.74
0.090

0.27
0.844

tom

6.59a
517b
62.72

6.41
5.79
5.95
5.91
6.02
5.07
0.34
0.877

0.37
0.777

sour sweet Dbitter

3.27 1.66 a
3.13 0.71b
0.78 313.13
0.401 < 0.0001
3.18 143 a
3.05 143 a
3.08 1.23ab
3.31 1.09 b
3.49 1.13b
2.98 0.69¢
1.90 6.48
0.191 0.008
5.40 4.51
0.021 0.034

0.10
0.11
0.05
0.821

0.10
0.09
0.10
0.08
0.11
0.19
0.25
0.930

0.45
0.724

Overall score

797 a

6.34b
74.62
< 0.0001

7.56
7.05
7.33
7.29
7.28
6.13
0.99
0.477

1.82
0.213

The means marked with different lowercase letters in row (for each factor) are significantly different (Tukey’s test, p < 0.05).
Identification of sensory attributes and scores: fruit appearance, external and internal appearance: shape, fruit shape; firm, fruit firmness by touch; fr col, color of the fruit;
fl col, flesh color intensity; odor of the cut fruit: tom, tomato-like odor; green, green/grass odor; mouthfeel/texture attributes: thick, skin thickness; firm, flesh firmness;
mea, flesh mealiness; juic, flesh juiciness; taste and after-taste: tom, tomato flavor; overall score, overall quality score.
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WW and SS vs. controls

Over-expressed

Bidirectional sugar transporter SWEET
Gibberellin-regulated family protein
Lipid transfer protein
Pathogenesis-related protein 1

Under-expressed

SS and WS vs. controls

Cinnamy! alcohol dehydrogenase 1-like
Ethylene-responsive transcription factor
GDSL esterase/lipase
Glutamate decarboxylase
Lactoylglutathione lyase
Non-specific lipid-transfer protein
Pectate lyase
Pectinesterase
Sugar transporter, putative

Xyloglucan endotransglucosylase/hydrolase

BURP domain-containing protein
Stem-specific protein TSJT1-like

WW, SS, and WS vs. controls

Dehydrin
Disease resistance-responsive (Dirigent-like protein) family protein
Peroxidase
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GO0:0055085
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GO:0042744
G0:0006355
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GO0:0009607
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Biological Process

Response to stress
Negative regulation of peptidase activity

Negative regulation of Endopeptidase activity
Carbohydrate metabolic process

Metabolic process

Cell wall organization

Obsolete oxidation-reduction process
Drug transmembrane transport
Transmembrane transport

Response to oxidative stress
Hydrogen peroxide catabolic process
Regulation of transcription, DNA-templated
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Pyruvate metabolic process
Phosphorylation

Defense response

Response to biotic stimulus

Lipid transport

Gene ontologies of DEGs

GO:0016787
GO:0016798

GO:0016491
G0:0050660

GO0:00156238

GO0:0015297
GO:0004601
GO:0020037
GO:0046872
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GO:0003824
GO:0005524
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GO:0016740

Molecular Function

Motor activity

Hydrolase activity, acting on
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Oxidoreductase activity
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binding

Xenobiotic transmembrane
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Antiporter activity
Peroxidase activity

Heme binding
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C. maxima C. lanatus De novo
reference reference transcriptome
Total genes 29,374 21,775 192,133
Total transcripts 59,924 41,119 -
DE genes 238 31 318
DE transcripts 433 127 =
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Abbreviation

Scion

Watermelon
Int. squash
Watermelon
Watermelon
Int. squash

Rootstock

Int. squash
Watermelon
Int. squash

Grafting combination

Non-grafted
Non-grafted
Hetero-grafted
Homo-grafted
Homo-grafted
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NDVI (DAP)

22

29

44

Phenotype

8
BHN-589 0.610 & 0.005a
Estamino 0.586 + 0.003b
Maxifort 0.604 + 0.006a
RST-04-106T 0.595 + 0.008ab
Supernatural 0.579 + 0.005b

0.667 £ 0.008c
0.675 + 0.008c
0.682 £ 0.007¢
0.680 + 0.005¢
0.671 £ 0.003c

0.710 + 0.003f
0.717 £ 0.011ef
0.729 + 0.004de
0.722 + 0.003def
0.720 % 0.005ef

0.736 £ 0.008d
0.764 + 0.006g
0.765 + 0.005g
0.769 + 0.004g
0.761 £ 0.008g

Data is mean =+ standard error (n = 7-8). Legend information followed by different letters are means statistically different at P < 0.01. Phenotype P = 0.002.
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Phenotype Soil temperature 813C Shoot carbon (%) Shoot nitrogen (%) Biomass (g plant-1)
Shoot Root
BHN-589 Suboptimal —28.6 + 0.5ab 40.2 +£0.1a 4.6 +£0.3c 1.8+ 0.1cb 0.47 £+ 0.02fe
Optimal —30.7 £ 0.6¢ 38.7 &+ 0.3dc 5.9 £ 0.3ab 29+0.1a 0.64 =+ 0.03cd
Estamino Suboptimal —28.9 + 0.4ab 39.4 & 0.3abc 5.4 £ 0.3ab 1.9+0.1b 0.60 =+ 0.03cd
Optimal —31.0 £ 0.5¢ 38.3+0.3d 6.2 £ 0.2ab 3.3+0.1a 0.84 £+ 0.03a
Maxifort Suboptimal —29.2 +0.4b 38.9 + 0.3bcd 5.4 +0.3ab 1.8+ 0.1cb 0.59 £ 0.03d
Optimal —31.3 £ 0.4c 38.2 + 0.3d 6.3 +0.3a 3.1 +£0.1a 0.82 & 0.03ab
RST-04-106T Suboptimal —28.7 £ 0.3ab 39.3 & 0.3abc 5.3 £ 0.3bc 1.8+ 0.1cb 0.54 + 0.03de
Optimal —31.2 £ 0.5¢ 38.2 + 0.4d 6.0 £ 0.2ab 3.1 +£0.1a 0.80 =+ 0.04ab
Supernatural Suboptimal —28.2 +0.5a 39.7 £ 0.3ab 4.6 +0.3c 1.6+ 0.1c 0.44 + 0.03f
Optimal —30.9 +0.4c 38.2 + 0.3d 5.9 £ 0.3ab 29+0.1a 0.70 £ 0.03bc
Phenotype P =0.021 P =0.011 P =0.006 P =0.005 P < 0.001
Treatment P < 0.001 P < 0.001 P =0.001 P < 0.001 P < 0.001
Phenotype x Temperature P=0.572 P=0.582 P=0.325 P=0.724 P =0.479

Values are means + standard error and letters that follow indicate statistical differences, within the column, at P < 0.01. Phenotype, temperature, and interaction effect
P-values for each parameter are shown at bottom of table.
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Tip distance Soil temperature

Percent presence

Casparian band Suberized exodermis Lignified xylem
1icm Suboptimal 52% 76% 33%
Optimal 35% 75% 35%
3cm Suboptimal 100% 100% 100%
Optimal 100% 100% 100%

Phenotypes were grouped together to better explore the influence of suboptimal soil temperatures on root anatomy.
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Phenotype Soil temperature Cortex area (mm?2) Stele area (mm?2)
Layers Cell area (n m?)
BHN-589 Suboptimal 0.63 +0.07a 0.069 + 0.007a 7.38 &+ 0.3ab 2.85 + 0.1abc
Optimal 0.26 + 0.03cd 0.031 + 0.004cde 5.75 + 0.5d 2.07 £ 0.2d
Estamino Suboptimal 0.51 £0.04ab 0.042 £+ 0.002bc 7.20 £ 0.2ab 2.47 £ 0.2abcd
Optimal 0.28 + 0.04cd 0.026 + 0.003e 5.88 + 0.4cd 2.07 £0.3d
Maxifort Suboptimal 0.69 + 0.06a 0.061 + 0.004a 7.63 +0.3a 2.92 +0.1ab
Optimal 0.41 £ 0.04bc 0.041 + 0.003bcd 6.50 + 0.4bcd 2.44 £ 0.2abcd
RST-04-106T Suboptimal 0.50 + 0.05ab 0.052 + 0.006ab 7.25 + 0.3ab 2.44 £ 0.3abcd
Optimal 0.24 +0.02d 0.024 + 0.003e 5.50 + 0.3d 2.04 +0.2d
Supernatural Suboptimal 0.60 + 0.08ab 0.064 + 0.008a 6.88 + 0.4abc 3.10 £ 0.2a
Optimal 0.31 +0.03cd 0.028 + 0.004ed 5.88 &+ 0.1cd 2.25 + 0.2cd
Phenotype P =0.003 P < 0.001 P =0.079 P =0.099
Treatment P < 0.001 P < 0.001 P < 0.001 P < 0.001
Phenotype x Temperature P=0.628 P=0.106 P ='0.586 P =0.708

Values are means + standard error and letters that follow indicate statistical differences, within the column, at P < 0.01. Phenotype, temperature, and interaction effect
P-values for each parameter are shown at bottom of table.
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Factor Volatile compound (ng/kg)
3MBal Pal Z3H + E2H E2Hal HEX EE24Dal TAI 3M2Bol  1P3ol 3MBol nAol 1Hol Z3Hol
Scion (S)
Clarabella 75.65a 179.2a 57.71b 5257a 22.67 63.80a 924.7 a 10.38b 37.78 27.10b 1109b 34.46 43.56
Estatio 59.36b 114.1Db 61.70a 270.2Db 21.92 41.90b 569.2 b 19.71a 31.89 3827a 121.0a 32.25 44.01
F-value 6.55 142.6 27.88 100.1 0.24 16.80 102.2 19.64 0.45 37.57 8.3 0.08 1.08
P 0.021  <0.0001 <0.0001 <0.0001 0.632 0.0008 < 0.0001 0.0004 0.510 < 0.0001 0.011 0.791 0.315
Rootstock (R)
Clarabella 64.08 156.4Db 103.8 a 491.7 a 26.57 69.08a 911.6a 587b 4485a 26.48c 126.6a 50.39a 54.19
Arnold 73.10 1279c 649b 301.5¢ 25.31 40.81c 6336¢C 18.58a 26.67cd 46.29a 100.3b 14.47d 29.04
Buffon 75.10 184.2a 470c¢ 436.9ab  20.61 59.58ab 823.5ab 14.68a 37.64b 2344c 126.2a 27.16 ¢ 39.38
Emperador 68.14  110.4cd 57.0bc  459.5a 19.88 59.51ab 7746 ¢ 18.10a 39.82ab 36.72b 141.4a 33.79c 2643
Maxifort 62.32 164.9Db 494 ¢ 3781 b 22.64 4591bc 7234bc 16.81a 3352bc 35.32Db 99.9b 46.88b 62.17
Estatio 50.31 94.7d 58.3bc 2389c 19.43 38.70c 500.5d 13.50a 25.11d 2641c 104.1Db 31.66c 49.11
F-value 0.97 21.4 274 3.3 0.57 2.34 3.54 3.57 9.13 10.35 11.5 37.84 2.44
P 0.462 < 0.0001 < 0.0001 0.029 0.721 0.089 0.020 0.023 0.0003  0.0001 <0.0001 <0.0001  0.080
R xS
F-value 2.83 89.67 15.08 23.44 0.80 7.20 43.51 3.21 19.85 1.16 27.28 118.63 877
P 0.071  <0.0001 <0.0001 <0.0001 0511 0.002 <0.0001 0.051 <0.0001 0.356 <0.0001 <0.0001 0.055
PHEol TAol CAR PHE CPhy HUM CaRox TTer Blon EtBut P + 1P3on TVC
Scion (S)
Clarabella 19.19a 2834 7.76b 1144 a 9.57 21.56 a 5.10 55.44 a 1.22 507a 1257 1395.6 a
Estatio 576b 292.9 10.58 a 7.18b 9.12 11.94b 5.09 43.94 b 1.03 222b 118.1 1027.5b
F-value 264.25 0.3 8.64 134.19 0.68 8.37 0.56 7.72 0.25 54.59 0.7 94.6
p <0.0001 0.324 0.010 <0.0001  0.422 0.011 0.466 0.013 0.624 < 0.0001 0.392 <0.0001
Rootstock (R)
Clarabella 16.68a 335.1a 7.06b 10.42ab 7.44bc 24.58 5.68ab 55.20 0.86 474 a 73.4d 1381.0a
Arnold 7.82¢c 243.2c 10.36 a 11.26 a 551d 11.96 6.68a 45.80 1.11 2.04cd 139.4ab 1065.3 ¢
Buffon 15.44b 2839abc  10.57 a 721e 941b 16.71 416ab 48.07 1.14 4.08ab 170.6a 13314 a
Emperador 11.80¢c 308.0ab 5.07b 9.86bc 1811a 19.77 5.35ab 58.19 1.71 3.40bc 108.1bcd 1254.1 bc
Maxifort 12.21bc 306.9 ab 10.78 a 8.33de 7.27bc 16.38 354b 46.32 1.12 484a 1125Dbc 1195.2b
Estatio 724c 2571Db 11.10a 8.78cd 6.86bc  9.53 6.34a 42.63 0.39 1.46d 83.2 cd 885.4 d
F-value 5.79 8.8 8.59 15.20 9.72 0.94 2.90 0.74 2.04 3.69 8.1 7.2
P 0.003 0.0007 0.0004 <0.0001 0.0002  0.482 0.047 0.606 0.127 0.021 0.0005 0.0001
R xS
F-value 7.46 31.54 6.77 3.70 3.03 0.88 3.78 0.47 1.90 46.67 4.98 79.07
p 0.002 < 0.0001 0.004 0.033 0.060 0.471 0.032 0.707 0.171 < 0.0001 0.013 <0.0001

The means marked with different lowercase letters in row (for each factor) are significantly different (Tukey’s test, p < 0.05).

Identification of volatile compounds, 3MBal, 3-methylbutanal; Pal, pentanal;, Z3H + E2H, (Z2)-3-hexenal + (E)-2-hexenal; E2Hal, (E)-2-heptanal;, HEX, hexanal; EE24Dal,
(E E)-2,4-decadienal; TAI, total aldehydes; 3M2Bol, 3-methyl-2-butanol; 1P3ol, 1-peten-3-ol; SMBol, 3-methylbutanol; nAol, n-amyl alcohol; 1Hol, 1-hexanol;, Z3Hol,
(2)-3-hexen-1-ol; PHEoI, phenylethanol; TAol, total alcohols; CAR, (+)-2-carene; PHE, (R)-(—)a-phellandrene; CPhy, (—)-(E)-caryophyllene; HUM, a-humulene; CaRox,
(—)-caryophyllene oxide: TTer, total terpenes; plon, p-ionon; EtBut, ethyl butyrate: P + 1P3on, (+) a-pinen + 1-penten-3-one; TVC, total volatile compounds.
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Factor Volatile compounds (ng/kg)

3MBal Pal Z3H + E2H E2Hal HEX EE24Dal TAI 3M2Bol 1P3ol 3MBol nAol 1Hol Z3Hol
Scion (S)
Clarabella 82.32a 161.5a 1291 a 216.9 4.39 23.39 617.6 a 8.27 16.13 2437b 106.4a 1341 417
Estatio 49.25b 111.6Db 91.5b 206.9 4.81 17.02 4811 b 10.53 12.29 36.29 a 65.3b 97.1 15.41
F-value 44.09 54.94 4.23 0.58 0.89 1.39 11.56 0.90 0.06 4.44 49.08 2.89 0.33
I3} < 0.0001 < 0.0001 0.045 0.449 0.328 0.244 0.001 0.348 0.986 0.040 < 0.0001 0.096 0.568
F-value 1.29 14.52 9.32 492 4.95 3.7 5.11 2.65 2/54 4.81 28.84 4.27 12.66
P 0.285 < 0.0001 < 0.0001 0.001 0.001 0.007 0.001 0.035 0.044 0.001 < 0.0001 0,003 < 0.0001
R xS
F-value 1.00 1.04 4.77 15.82 0.53 1.98 4.26 5.48 3.34 16.18 0.72 0.51 0.41
P 0.376 0.362 0.013 <0.0001  0.594 0.151 0.020 0.007 0.045 < 0.0001 0.493 0.604 0.663
PHEol TAol CAR PHE CPhy HUM CaRox TTer Blon EtBut P+ 1P3on TVC
Scion (S)
Clarabella 23.19b 316.6a 6.09b 35.66 5.94 7.87b 0.88b  56.40 1:15 147b 1276a 1120.8 a
Estatio 27.49a 264.5Db 9.64a 31.95 5.35 12.61a 207a 61.62 0.93 464 a 80.0b 892.8 b
F-value 38.62 5.34 32.70 0.29 0.03 20.16 23.51 9.35 0.07 19.36 6.55 20.06
p <0.0001  0.002 < 0.0001 0.594 0.859 < 0.0001 <0.0001  0.054 0.789 < 0.0001 0.014 <0.0001
Rootstock (R)
Clarabella 18.78c 358.4a 451¢c 43.85a 6.15 8.35ab 0.00c 62.85 1.49 1.35b 139.7a 1189.8 a
Arnold 2587b 256.5¢C 7.76b 28.76bc  6.13 1317 a 331a 59.15 1.08 542 a 7450 845.7 ¢
Buffon 24.23b 269.1 bc 522¢ 37.65ab 5.49 9.09ab 1.06b 58.53 1.03 094b 1356a 1137.3 ab
Emperador 36.11a 337.2ab 9.71a 28.38 ¢ 6.59 11.08a 0.78b  56.49 1.32 1.09b 133.7a 1111.6 ab
Maxifort 22.01b 291.9abc 8.43ab  37.31abc 5.19 9.25ab 1.24b 61.43 0.78 487 a 91.5b 1055.5b
Estatio 14.93d 242.3c¢ 7.49b 35.73abc  3.61 5.44 b 0.73b  53.01 0.61 0.82b 83.1b 822.8 ¢
F-value 52.68 3.87 6.02 3.42 1.80 3.59 16.59 2.10 1.33 7.45 3.81 7.97
P <0.0001  0.028 0.0003 0.011 0.132 0.008 < 0.0001  0.090 0.271 < 0.0001 0.006 <0.0001
R xS
F-value 67.13 3.22 34.77 1.94 2.52 12.00 37.36 16.22 1.64 10.85 6.01 8.05
P < 0.0001  0.006 < 0.0001 0.156 0.095 < 0.0001 < 0.0001 < 0.0001 0.206 0.0002 0.005 0.001

The means marked with different lowercase letters in row (for each factor) are significantly different (Tukey’s test, p < 0.05).

Identification of volatile compounds, 3MBal, 3-methylbutanal; Pal, pentanal; Z3H + E2H, (Z)-3-hexenal + (E)-2-hexenal; E2Hal, (E)-2-heptanal;, HEX, hexanal; EE24Dal,
(E,E)-2,4-decadlienal; TAI, total aldehydes; 3M2Bol, 3-methyl-2-butanol; 1P3ol, 1-peten-3-ol; SMBol, 3-methylbutanol; nAol, n-amyl alcohol; 1Hol, 1-hexanol; Z3Hol,
(2)-3-hexen-1-ol; PHEoI, phenylethanol; TAol, total alcohols; CAR, (+)-2-carene; PHE, (R)-(-)a-phellandrene; CPhy, (—)-(E)-caryophyllene; HUM, a-humulene; CaRox —
(—)-caryophyllene oxide: TTer, total terpenes; plon, p-ionon; EtBut, ethyl butyrate: P+1P3on, (+) a-pinen + 1-penten-3-one; TVC, total volatile compounds.
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DQE = [(Fv/Fm CP — (Fv/Fm IP)/(Fv/Fm CP)] x 100  (4)
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RTI = (Pn inoculated genotype/ Pn non — inoculated genotype)
x 100 (5)
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TPC (ng GAE/g DW) Flavonoids (ng CE/g of DW) RAC (ng TEAC/g DW) Anthocyanins (ng C3GE/g DW)

October June October June October June October June

“SG/Adara”

Scion stem 1149+ 1.42b 18.056+221b 10.19+1.86a 17.26+3.71¢c 184.7+21.56b 183.8+7.6bc 0.29 £+ 0.07 ab 0.24 £0.18a
Rootstock stem 1243 £0.80b 18.32+0.75b 12.81 +£1.84ab 1579+1.78bc 174.8+9.8b 1822+ 128bc 055+ 0.14c 023+0.14a
“SG/Damas GF 1869”

Scion stem 1572+ 191¢c 19.29+0.93b 13.60+1.04b 1517 £0.36bc 2383+ 11.6¢c 2109+9.1c 0.24+0.03ab 0.11+0.09a
Rootstock stem 11.30+1.156b 1006 +1.57a 1156 +1.19ab 8.61+1.52a 1744 +172b 107.5+124a 035+005b 0.62 +£0.17a
Ungrafted rootstocks

“Adara” 8.85+091a 1249+221a 11.25+1.34ab 10.35+2.84ab 126.1 £16.4a 1323 +284ab 0.29+0.05ab 0.32+0.16a
“Damas GF 1869” 828+ 169a 11.783+291a 1033+363a 913+252a 105.1+274a 1343+37.5ab 0.18+0.14a 0.33+0.082a

X £ s = mean concentration + SD of n = 3 replicates.

abepfean values in the same column with different letters are significantly different at the P < 0.05 level according to Duncan’s Multiple Range Test.

GAE, Gallic Acid Equivalents; CE, Catechin Equivalents; TEAC, Trolox equivalents of antioxidant capacity; C3GE, Cyanidin-3-Glucoside Equivalents; DW, Dry Weight; SD,
Standard Deviation.
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Soluble sugar (mg/g DW)

Stachyose

“SG/Adara”

Scion stem 111 £112a
Rootstock stem 422 +1.66ab
“SG/Damas GF 1869”

Scion stem 0.95+082a
Rootstock stem 3.24 +£3.04 ab
Ungrafted rootstocks

“Adara” 7.27 +£1.99 be
“Damas GF 1869” 8.52+1.02¢c

Raffinose

342+ 3.26a
3.70+2.02a

1.79+127a
194+ 054 a

229+198a
451+1.16a

X & s = mean concentration + SD of n = 3 replicates.

DW, Dry Weight; SD, Standard Deviation.

Sucrose

16.54 £ 1.61ab
14.02 £ 4.09 ab

19.79 £ 2.03 bc
11.61+224a

33.18+7.33¢c
21.78 + 4.85 bc

Glucose Xylose

10.61 £ 247b 214+£049a

6.97 £0.66ab 1.48+0.27a
504+ 057a 1.56+0.50a
8.86+338b 3.15+393a
509+194a 144+0.13a
5256+ 042a 325+042a

Fructose

2021+ 35e
8.48 + 0.27 bc

1419 +£1.65d
9.69+4.07 ¢

457 +£1.32ab
4.02+043a

Sorbitol

25648 +£4.12b
17.49 £ 4.04 ab

26.27 £6.13b
14.59 £+ 3.59 a

39.68 +3.34 ¢
36.28 £ 6.47 c

abe\ean values in the same column with different letters are significantly different at the P < 0.05 level according to Duncan’s Multiple Range Test.

Total sugars

79.42 £+ 5.64 bc
56.36 + 10.59 a

69.59 + 8.58 ab
53.08 + 18.54 a

93.563+8.46¢
83.6 + 10.57 bc
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Class Name Detection method References

mRNA 347 tomato mRNAs cDNA libraries Kim et al., 2014
3546 Cucurbita maxima mRNAs RNA-Seq SNPs Zhang Z. et al., 2016
CmPP16 RT-PCR Xoconostle-Céazares et al., 1999
CmNACP RT-PCR Ruiz-Medrano et al., 1999
SIPFP-LeT6 in situ RT-PCR Kim et al., 2001
CmGAIP RT-PCR Haywood et al., 2005
StBELS RT-PCR Banerjee et al., 2006
SIPS RT-PCR Zhang et al., 2018

Protein CmPP1/PP2 Western Blot Tiedemann and Carstens-Behrens, 1994
CmPP16 Western Blot Xoconostle-Cazares et al., 1999
CmFT Mass Spectrum Linetal., 2007
CmRBP50 Gel mobility-shift assays Ham et al., 2009
SICyp1 Western Blot Spiegelman et al., 2015

CmFT, Cucurbita moschata FLOWERING LOCUS T; CmPP16, Cucurbita maxima PHLOEM PROTEIN 1; CmNACP1, Cucurbita maxima NAC DOMAIN PHLOEM PROTEIN
1, SIPS, Solanum lycopersicum systemic protein precursor (prosystemin, PS); StBELS, Solanum tuberosum BEL1-LIKE PROTEIN 5; CmGAIF, GIBBERELLIC ACID
INSENSITIVE; SIPFP-LeT6, Solanum lycopersicum PYROPHOSPHATE-DEPENDENT PHOSPHOFRUCTOKINASE (PFP), and LeT6, a tomato KNOTTED- 1-like homeobox
(KNOX) gene, PFP-LeT6 fusion mRNA; CmRBP50, RNA Binding Protein 50; SICyp1, Solanum lycopersicum Cyclophilin 1.
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Crop

Solanum tuberosum L.

Brassica napus L.
Brassica napus L.
Brassica napus L.
Cucurbita maxima

non-coding RNA

miR172
miR395
miR398
miR399
tRNA

Transport direction

shoot to root
shoot to root
shoot to root
shoot to root
shoot to root

Function description

Promote flowering, accelerates tuberization
Sulfate starvation

Copper starvation

Phosphate starvation

The source of cytokinins

References

Martin et al., 2009
Jones-Rhoades and Bartel, 2004
Sunkar et al., 2006

Pant et al., 2008

Mok and Mok, 2001
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“SG/Adara”

Scion stem

Rootstock stem
“SG/Damas GF 1869”
Scion stem

Rootstock stem
Ungrafted rootstocks
“Adara”

“Damas GF 1869”

Soluble sugar (mg/g DW)

Stachyose

1.76 £ 044 a
256 +1.48a

274+114a
3.78+1.7/8a

220+0.37a
2.07 £3.58 a

Raffinose

225+031a
203+025a

217 +£1.03a
341+129a

0.98 £0.16a
7.65+322b

X £ s = mean concentration + SD of n = 3 replicates.

DW, Dry Weight; SD, Standard Deviation.

Sucrose

22.32+4.04a
18.63 £ 2.78 a

20.46 £ 1.63 a
17.30£0.70a

1697 £ 041 a
2452+ 11.7a

Glucose

530+ 1.64b
323+0.75a

538+ 1.69b
7.37£020c¢c

299+ 0.28a
307 £0.78a

Xylose

1.29+0.38a
0.97 £0.08 a

1.71+112a
8.00£2.59Db

0.74+012a
7.27 £4.34Db

Fructose

7.63 £1.74 cd
3.87 £ 0.97 ab

9.27 £2.38d
6.29+1.76 bc

1.76+0.11a
222+046a

Sorbitol

2413+ 4.71ab
2173+ 2.09a

34.32 + 7.47 be
2093+ 1.16a

29.98 + 3.32 ab
42.47 £12.51¢

abe \lean values in the same column with different letters are significantly different at the P < 0.05 level according to Duncan’s Multiple Range Test.

Total sugars

64.68 + 11.18 ab
52,92 +4.85a

76.07 + 14.05 ab
67.09 + 5.90 ab

5462+ 4.15a
89.26 +29.01b
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SPAD values
“SG/Adara” 34.0+0.49b
“SG/Damas GF 1869” 20.9+2.04a
"Adara” (ungrafted) 34.9+331b
"Damas GF 1869” (ungrafted) 374 +£1.32b

X &+ s = mean value £ SD of n = 3 replicates; SD, Standard Deviation.

Height (cm)

180.7 £ 11.01Db
727 +£2.08a
165.7 £ 31.56 b
163.7 £ 16.50 b

Scion TCSA (cm?2) Rootstock TCSA (cm?2)

144 +£3.70b 16.6 £1.52b
22+097a 19+0.95a

abeptean values in the same column with different letters are significantly different at the P < 0.05 level according to Duncan’s Multiple Range Test.
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Target sequence “Elita” “Startovaya”  Elita RNAi1  Elita RNA2 St RNAi1#1 St RNAi1#2 St RNAi2#1 St_RNAi2#2
PPV-D RNA 53 18.2 132735 15509.6 12 10.1 13.4 1125
hpRNAI 106 293 20,380 30547.6 212 16.9 266 2108

“Eight samples of SRNA pools were extracted from two non-transgenic plants of cultivars *Startovaya” and *Elita,” two transgenic “Elita” lnes (Elta_RNAI1 and Elta_RNAIZ), and four
‘samples of non-transgenic “Startovaya” scions grafted on transgenic rootstocks Elta_RNAI1 (two samples St_RNAI1#1 and St_RNAI1#2) or Elita_RNAI2 (two samples St_RNA2#1

and St_RNAi2#2).
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Year QTL LG Confactor Confidence interval Physical position LOD Phenotypic Kruskal-Wallis test
Marker Start (cM) End (cM) Start (bp) End (bp) variance (%) K Significance

2014  gNL5-2014 5 pa71770 449 60.8 9,141,408 12,368,644 1.91 9.7 9,515
qWD5-2014 5 pa71770 - - - - 1.03 (ns*) — 5,344 >
qWD8-2014 8 pa113022 33.2 39.2 15,360,275 17,468,552 3.28 16.1 16,179
qGlI5-2014 5 pa71806 449 60.8 9,141,408 12,368,644 212 10.7 9,402
qGl8-2014 8 pal113022 - = ~ = 1.31 (ns*) = 4,936 >

2015  gNL8-2015 8 pa113022 33.2 39.2 15,360,275 17,468,552 3.01 14.7 4,880 >
qWD8-2015 8 pa113022 33.2 39.2 15,360,275 17,468,552 223 1.4 6,874
qGl5-2015 5 pa71806 - - - - 1.41 (ns*) - 6,089 *
qGlI8-2015 8 pa113022 33.2 39.2 15,360,275 17,468,552 1.99 101 6,549 *

*Not significant at chromosome-wide LOD threshold. The Kruskal-Wallis test significance: **0.01, **0.001, ***0.0001, and *****0.0000001. Bold values provide QTLs
significant at chromosome wide level
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Linkage group Markers in Markers in
configurations configurations

<abxcd>, <ImxIll>,<nnxnp>
<ef x e.g., >,

<mx 1l >,

<nn x np >,

<hk x hk >
G1 1,835 544
G2 939 424
G3 764 268
G4 768 187
G5 825 396
G6 1,100 551
G7 622 222
G8 765 308
Total 7,618 2,900

Markers

segregating in segregating in

female parent

<Im x Il >

293
315
219
66
180
207
101
170
1,561

Markers

male parent

<nn x np >

251
109
49
121
216
344
121
138
1,349

Mo map Pa map
SNPs Length (cM) Density SNPs Length Density
(cM per (cM) (cM per
SNP) SNP)
91 124.5 0.229 80 160.7 2.01
66 149.9 0.354 81 55.7 0.69
74 61.9 0.231 23 52.0 2.26
31 109.4 0.585 45 104.3 2.32
111 53.6 0.135 49 93.3 1.90
59 57.0 0.103 104 51.2 0.49
39 103.4 0.466 36 118.1 3.28
86 120.6 0.392 83 55.1 0.66
557 780.3 0.269 501 690.4 1.38

Im x I, SNPs segregating only in “Moniqui”; nnxnp, SNPs segregating only in “Paviot”; hkxhk, SNPs segregating in both parents.
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Parameter GT T USDA* Coyago-Cruz et al., 2017
Spring Summer Spring Summer

Infested Non-infested Infested Non-infested Infested Non-infested Infested Non-infested
L& 38.2-42.6 38-44.7 40.3-44.6 43-46.3 37.5-40.5 37.8-41.2 38 -47.1 40.4-411 n.a 33.4-439
AE 31-41.7 30.2-41.8 39.4-44.4 41.1-47 30-439 32.1-42.7 39.9-47.8 41.3-43.7 n.a n.a
Chroma 26.6-38.2 19.3-415 36 -41.5 358-39.8 21.8—-396 21.5-41 34.6 -44.6 38 -40.3 n.a 31.6-46.7
Hue 37.4-528 877 -68.3 37.5-456 38.8 -49 38.2-481 3r2—-581.8 37.3-49.5 38.1 -39 n.a 40-63.7
TSS (°Brix) 85—-58 356-5838 4.3-5.4 46-54 4-6.6 3.9-58 4.1-541 45-47 n.a 47-79
dm (%) 598-748 6-85 5.1 ~B.1 67 58-85 6.4-71 5B-68 5.9-6 5.6 n.a
Lycopene (mg lycopene 251 — 885 37 - 1275 332 - 457 371 -485 90 ~976 118~1185 261 -704 261 -390 396 252-1510
kg dw=1)
TA (g citric acid kg 6.6-7 47-7 6.1-8.9 7-75 02-7.4 02-869 0.4-0.9 0.4-08 n.a n.a
aw=1)
TPC (g GAE kg dw—1) 41-7 1.8-5.3 42-6 43-7 3.6-6.1 3.8-438 3.1-6.2 35-74 n.a 22-43
Vitamin C (g ascorbic 1.5-41 1.8 =87 2.8=27 24-36 1.8-886 1831 1.8-34 3-36 2. n.a
acid kg aw™1)
Antioxidant activity 8.2-57 8.4-63.8 28 -81.2 26.8-66.3 8.7-79.6 10.7-74.2 20.3-70.4 41.4-575 n.a n.a
(mmol Trolox kg dw~")
pH 4-45 3.9-45 3.9-4.4 4-44 3.9-45 4-45 3.9-44 42-43 n.a n.a
mm (%) 79-122 6.8-9 8-8.9 78-94 7.7—98 7T6~92 7-9 8.3-91 n.a n.a
Fe (mg kg dw™") 43.6-75.3 34.7-73.2 46.5 - 66 50.1 -68 11-99.2 31.4-85.3 48.6 - 66.1 53.83-69.7 41.5 n.a
Ca (g kg dw™") 1.2-28 1.7-35 0.9-28 1.6-33 0.8-2.3 14-24 0.9-31 1.6-25 166 n.a
Mg (g kg dw=1) 1.1-1.6 1-17 1.2-15 1.3-15 1.1-17 12-17 1-1.6 1.4-1.6 Tl n.a
K (g kg dw™") 15.3-26.5 13.2-27 221-29 21.6-28.5 11.2-26.5 12.3-29.1 19.9-29.2 23.56-27.8 36.5 n.a
Na (g kg dw™") 1.7-5 1.8-3.9 2-5 1.9-29 2-6.8 1.6-4 23-37 2.3-31 0.77 n.a

The original values reported by U.S. Department of Agriculture [USDA] (2020a), and Coyago-Cruz et al. (2017) were adapted to the units used in this study n.a: Data not available.
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Parameter GM USDA* Colla et al., 2006 Lester, 2008
Spring Summer Spring Summer

Infested Non-infested Infested Non-infested Infested Non-infested Infested Non-infested
1 50.5-84.7 45.8 - 80 495-72.4 845665 39.9-71.8 49.3-69.6 57.5—725 549 -66.5 n.a 53.1 —B8.3 n.a
AE 51.6-68.9 80.6-59.7 49.2 -58.4 50.5-54.6 B3-59.7 50.6 ~55:8 50.56~56.2 58.4-61.4 n.a n.a n.a
Chroma 18.2-47.2 21.2-452 195-41.2 33-47.3 19.6-45.2 28.4-42.3 229-416 38.1-452 n.a n.a n.a
Hue 39.4-79.6 44.6 - 841 66.6 -81.8 64.8-751 79.6-839 80.4-859 60.4-81.3 67.7-741 n.a n.a n.a
TSS (°Brix) 10.4-15.7 8.5-14.8 10-17 12.2-16 6.4 -14.7 10.1 -14.8 9-14.9 111-17.2 n.a 1001 —~12.6 8.6-188
dm (%) 12.8-24.3 9.4-154 96— 158 12.8-15.4 85-14.7 82-14 691564 11.5~16.8 9.85 10.4-13.2 9121
B-carotene (mg 18167 12-136 20-102 38.3-561.7 14 -151 18~423 19-564.3 31-40 206 n.a 214~ 215
pB-carotene kg
aw™")
TA (g citric acid kg 52209 6.8 =~159 6.7-24.9 5.1=221 5.1 =176 9.6—38.2 7.2=224 15=18 n.a n.a n.a
aw=1)
TPC (g GAE kg 1-38 235 1.8-4.1 26-33 Qe—89 1.6 =& 1-4 1.8« 8.2 n.a n.a n.a
dw")
Vitamin C (g 0.8-24 0.8-1.9 1.4-22 1.4-1.9 1.1-238 0.4-1.6 11-25 1.3-1.7 3.7 n.a 1.3-14
ascorbic acid kg
dw1)
Antioxidant activity 20.3-42.3 21 -4341 3.3-80.2 7.3-30 10.7 -38.7 8.7-3b62 7—285 17.4-22.6 n.a n.a n.a
(mmol Trolox kg
dw™")
pH 49-69 56~7 B -86.7 6.1 —~86.5 56-76 669 51 —62 87-658 n.a 667 n.a
mm (%) 6-14.2 7.8-12.3 rB~122 6.6-11.6 6.4-11.6 7-14 6.2-86 65~-8.8 n.a n.a n.a
Fe (mg kg dw™1) 27 - 70 419-70 49 -60.6 54.7 - 61 3285 43.5-81.7 45.2-63 43.1-563.7 21.4 n.a 20
Ca(gkgadw™) 1.4-25 18=2 0.8 <8.2 0.8~26 1.6=22 1.7=24 1.4-34 1.6 = 2.6 09 n.a 0.1
Mg (g kg dw=T) 0.7-1.3 0912 0.8 =2.1 gg-2.1 Qe—"1.7 1—=1.7 0923 118 1.2 n.a 0.6-09
K (g kgdw") 17.4-241 19.56-25.9 15.3 -23.9 17.8-=21.1 23.6-24.8 21.9 =27 19.4-21.9 18.1-20 27.2 31.3-34.9 216282
Na (g kg dw™") 2-34 21-383 23-4.6 23-46 2.7-134 3-42 3-62 3.9-47 1.6 0.9-14 16~286

The original values reported by U.S. Department of Agriculture [USDA] (2020b), Colla et al. (2006) and Lester (2008) were adapted to the units used in this study n.a: Data not available.
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Year Season Pi range (J2 250cm3) SSC (°Brix) Dm (%) Na (g kg~ dw)

GM M GM M GM M
2015 Spring 0 1224084 122+0.2a 123+02a 125+ 01a 3.7+02a 49+ 0.1 b*
72-349 128 4+08a 10.0 £ 0.3 b* 124+0.1a 9.9 £0.2b* 44+02a 85+06a
502-709 122 4044 10.5+0.7 ab 123+04a 10.0 £ 0.3b* 41+1a 8.3+0.8a*
Summer 0 1824+024a 16.4 + 0.4* 14+04a 15.6 £ 04° 45+04a 61+083"
96-427 134 +£0.5Db n.a 123+ 0.3b n.a 65+08a n.a
2016 Spring 0 13.8+04a 126+ 0.3a* 140+04a 123+03a* 25+01a 3.6+02a*
15-48 129401 a 128+0.1a 126+04a 1244+ 02a 25+01a 39+02a"
Summer of 133+ 05a 126 +£0.7 141+05a 13.4+0.8 31+01b 4.3 4 04"
1681-3772 10.8+0.3b n.a 105+ 09b n.a 38+02a n.a
2017 Spring of 14.0+02a 147 +0.2a 1864+074a 13.7+06a 27+02a 4.1 £ 0.4 ab*
203-951 131+06a 142+02a 125+ 13a 136+0.5a 1.8+0.3a 3.8 +0.2b*
1156-3476 11.9+09a 11.7+£05b 128+ 03a 123+ 0.5a 23+04a 51+03a*

Data are mean + standard error of 5 replicates. Data in the same column and cropping season followed by the same letter did not differ (P < 0.05) according to the
non-parametric Mann-Whitney or Kruskal-Wallis test. Data within the same row per quality parameter followed by * indicate differences between germplasm according
to the non-parametric Mann-Whitney test (P < 0.05). n.a: Range of Pi not represented in the treatment; T: Pi = 0 included nematode densities below the plant tolerance
according to the Seinhorst damage function model.
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Host plant (host status) GCV (um? 10°) GCV fs~1 (um3 105) N GC-!

C. metuliferus (R) 0.45 + 0.1* 3.41 +£0.8* 1.2+£0.7*
Melon cv. Paloma (S) 797 +£1.5 33.19+9.9 171 +£18
Tomato cv. Monika (R) 3.14 £ 0.4* 26.84 £ 3.7 09+ 0.4
Tomato cv. Durinta (S) 1142 +1.9 4594 £ 7.3 18.7+£1.0

N fs—1

9.2+ 55"
2.04+7.8
7.0+ 3.0"
56.2+ 7.3

NC fs—1

8.0 £1.1"
45+1.0
8.7 £1.2"
41 +04

Data are the mean =+ standard error of 4 replications. Data in the same column followed by * indicates differences (P < 0.05) between Cucumis species or tomato cultivars

according to the non-parametric Wilcoxon test or Student’s t-test.
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Alcohols (ng g~ 1)

Aldehydes (ng g~ )

Esters (hgg™ ")

Apocarotenoids (ng g~ )

(2)-3-Hexen-1-ol

(2)-3-Nonen-1-ol

Benzyl alcohol

2-Phenylethanol

(E)-2-Heptenal

(E,E)-2,4-Heptadienal

(E)-2-Octenal

(2)-6-Nonenal

(E)-2-Nonenal

(E,E)-2,4-Nonadienal

(E,2)-2,6-Nonadienal

(E,B)-2,4-Decadienal

Benzaldehyde

Phenylacetaldehyde

2-Methyl propyl acetate

(E,E)-2,4-Hexadienoic acid, ethyl ester

Butyl butyrate

Ethyl butanoate

6-Methyl-5-Hepten-2-one

Geranylacetone

Beta-ionone

Beta-cyclocitral

Treatment

NG* Shintoza FiPat81
Carrizales  n.d. 2.46 £ 0.54 */* 0.94 +£0.54 -/
La Punta n.d. n.d. -/* 2.26 £ 0.25*/*
Carrizales  0.14 £ 0.14 -/* 4.03 £ 0.36 */* 245+ 0.4%/-
La Punta 0.82 +£0.08 -/* 1.62 £ 0.21 */* 2.89 + 0.46 */-
Carrizales  1.76 £ 0.08 -/* 2.99 +£ 0.4 */* 2.61+0.14 /-
La Punta 1.53 +£ 0.05 -/* 2+0.17 -/* 2.72 £ 0.16 */-
Carrizales n.d. n.d. n.d.
La Punta 0.08 £0.08 n.d. n.d.
Carrizales  0.29 £ 0.17 3.06 £ 0.71 */* 2.94 + 0.58 */-
La Punta 0.73+0.15 1.54 £ 0.15 -/* 3.64 £ 0.91 */-
Carrizales  0.45 £+ 0.02 0.7 £0.12 /- 0.77 £ 0.08 */-
La Punta 0.35 £ 0.07 0.36 £0.12 0.71 £ 0.05 */-
Carrizales  16.25+0.73 35.73 £ 4.29*/* 35.61 +0.49*/-
La Punta 17.07 £ 0.62 19.68 + 1.39 -/ 39.3 £ 3.38 */-
Carrizales  0.06 £+ 0.06 -/* 0.96 + 0.2 */* 0.7 +£0.24
La Punta 0.3 +0.02 -/* 0.48 £0.07 -/* 1.04 £ 0.09 */-
Carrizales  59.26 + 7.24 143.36 £ 2.71 -/* 307.7 &+ 49.37 */*
La Punta 48.8 +£ 3.19 64.24 + 713 -/* 144.41 + 15.55 */*
Carrizales n.d. n.d. n.d.
La Punta n.d. 0:25'+0:25 0.39 £0.39
Carrizales  4.08 + 0.23 5.45 + 0.68 4.53 +£0.48
La Punta 4.25+0.32 4.9+ 0.28 7.19 £ 0.99 */-
Carrizales  5.14 +£0.24 -/* 8.77 £1.57 7.01 £0.78
La Punta 7.64 £0.75 -/* 10.97 £ 0.63 10.37 & 1.95
Carrizales  2.06 + 0.25 3.04 +£0.08 218 +£0.73
La Punta 1.92 +0.39 1.156+£0.67 32+04
Carrizales  13.41 4+ 2.01 -/* 20.69 + 2.1 29.46 4+ 8.33
La Punta 9.18 £ 0.74 -/* 16.83 £ 4.44 34.33+7.29%/-
Carrizales  1.32 +£0.76 -/* 7.86 + 0.56 8.41 £2.09 */*
La Punta 419 4+ 0.22 -/* 7.41+£1.97 19.583 + 3.25 */*
Carrizales  161.04 £ 18.39 280.49 + 33.7 */- 256.82 + 23.26 */-
La Punta 118.61 £ 11.85 161.24 + 26.36 378.47 £ 49.02 */-
Carrizales 0.64 + 0.04 1.42 +£0.22 */- 0.35+0.2
La Punta 0.78 £ 0.04 1.05+0.13 0.94 +£0.19
Carrizales  449.04 +29.3 587.54 + 85.99 638.66 + 60.88 */-
La Punta 356.12 + 40.47 495 + 95.57 1053.79 + 110.05 */-
Carrizales 0.5+ 0.17 0.73+0.12 -/* 0.22 £0.22
La Punta 1.07 £ 0.28 212+ 024 -/* 1.39 + 0.63
Carrizales  24.95 4+ 1.88 77.57 £ 7.59 */- 67.14 +14.86 */-
La Punta 48.07 + 10.45 46.69 + 12.01 54.78 + 8.29
Carrizales  0.74 £ 0.47 15.95 £ 417 */* 3.83+0.29
La Punta 2.23+0.45 474 +£0.73-/* 7 +1.54%/-
Carrizales n.d. 0.58 £ 0.58 1.25 £0.08
La Punta n.d. n.d. 1.02 £ 0.21 %~
Carrizales  1.34 £ 0.15 2.03 £+ 0.45 */- 1.76 £ 0.13 -/*
La Punta 1.22 £ 0.1 1.66 + 0.36 3.58+0.32%*
Carrizales  0.38 £ 0.22 1.28 & 0147 % 1.03 £ 0.09 */-
La Punta n.d. n.d. -/* 1.08 £ 0.09 */-
Carrizales  4.11 £0.23 7.24 +£1.09 */* 8.18 +£ 0.36 */-
La Punta 3.67 +£0.09 421 +£0.27 -/* 8.29 + 0.61 */-
Carrizales n.d. n.d. 0.19+0.19
La Punta n.d. n.d. n.d.
Carrizales n.d. n.d. n.d.
La Punta 0.14 £0.14 n.d. n.d.
Carrizales 1.59 +£0.12 2.06+0.29 0.85+ 0.5
La Punta 1.66 + 0.11 214 £0.19 1+0.64
Carrizales n.d. n.d. n.d.
La Punta n.d. n.d. n.d.

Fian

n.d.

0.98 +£0.98
2.28 £ 0.04 */-
1.69 + 0.41 */-
3.23 £ 0.09 */-
3.22 £0.11%/-

n.d.
n.d.
3.74 £ 0.45 */-
1.55 +£0.37 */-
0.72 £ 0.02 */-
0.66 + 0.09
40.19 &+ 0.05 */-
32.82 + 3.96 */-
0.79+0
0.77 £ 0.06 */-
181.88 £ 11.95 */*
86.62 + 11.01 */*
n.d.
n.d.
9.72 £ 0.19 */-
7.93 +1.48%/-
12.41 £1.6%/-

1412 £2.73

4.18 +£0.08

3.79+0.77

33.25 £ 5.79 */-
34.45 +10.93 */-
8.35 +1.88
10.39 + 3.46
378.16 + 31.09 */-
347.3 + 34.55 */-
115+ 017
1.46 + 0.37
1049.28 + 7.64 */-
1059.9 + 73.41 */-
1.24 + 0.66
2.74 £1.08
167.26 £+ 6.95 */-

59.07 £ 2.37
11.76 £ 0.58 */*
4.34 +£1.89 -/*

0.93 £ 0.08
111 +£0.24 %/-
2.98 £ 0.15%/-
3.06 £+ 0.22 */-

1.07 £ 0.02
0.92 £ 0.05 */-
8.05 + 0.44 */-
7.07 £1.08 */-

n.d.
n.d.
0.8 £0.58
n.d.
3.26 £ 0.46
2.38 £ 0.55
0.76 £ 0.76
n.d.

Values followed by a (*/-) show significant differences compared to the non-grafted control (Dunnett’s test; P < 0.05). Values followed by a (-/*) show significant differences
compared between the two sites for the same treatment (P < 0.05). Values followed by (*/*) indicate a significant difference compared to the non-grafted control and
between the two sites (Dunnett’s test; P < 0.05). Averages were calculated from the biological replicates used in the sensory evaluations*. *From those treatments
included in the five sensory evaluations of 2019, NG, and F1Pat81, averages were calculated from six and four biological replicates, respectively, from the three sensory
evaluations of La Punta and the two sensory evaluations of Carrizales. Four and three biological replicates were averaged, respectively, for the Shintoza treatment, included
in two sensory evaluations from La Punta and one sensory evaluation from Carrizales. Two biological replicates were averaged for the Fian treatment from each of the two
sensory evaluations in which this treatment was included (one from La Punta and one from Carrizales).
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Treatment

NG Cobalt Shintoza FyPat81 Fian Fimy
Plant mortality (%) Carrizales 25 31 44 0 0 0
La Punta 0 0 0 0 0 0
Fruit weight (g) Carrizales 241.4 £27.0 289.8 + 46.2 232642026 264.1 + 141 2034+ 274 247.2  95.5
La Punta 260.4 +£15.8 2786 +256 26344209 B800.7 & 25.2 234.8+21.0 258.04 17.8
Fruit length (cm) Carrizales 435+1.6 47.0+ 35 398+20 457 £ 2.6 39.7 £ 21 39.6+1.9
La Punta 456 £2.0 447 +£1.8 447 +£2.3 48.7 £ 2.8 424425 43.3+1.7
Fruit diameter (cm) Carrizales 3.2+0.1 3.3+02 3.1+0.2 3.4 +01 32401 3.3+0.1
La Punta 3.3+0.1 3.2+02 3+0.1 3.3 +0.1 2.9+01 3.0 £ 0.1
Flesh firmness (kg cm~—2) Carrizales 40+03-/* 3474022 432+01-/* 4.02+015-/ 3.83+0.19 418+ 0.22 -/
La Punta 3.6+0.1 -/ 3.6 +£0.1 37+02-/ 3.7+02-/ 3.68+0.2 34+£03-/
Rind firmness (kg cm™2) Carrizales 10.1 £0.2 9.6+04-/ 10.56+£0.2 10.7 £ 0.4 10.5 £ 0.3 10.8 £ 0.4
La Punta 9.4 +0.3 111 +£04 -/ 9.7+0.2 10.0+0.3 10.7+£0.3 9.8+ 0.5
pH Carrizales 411 £0.11 417 £0.17 4.44 +0.18 456 +£0.18 4.33+0.17 42240415
La Punta 4.89 +£0.11 478 +£0.15 478+ 0.15 411 £0.11 4.67 £0.17 457402
Soluble solids content (°Brix)  Carrizales 48+02-/ 4.0+0.2 3.8 +0.2%- 44+02-/ 45+03-/ 44+£03-/
La Punta 3.9+02-/ 4.2+ 041 38+0.2 3.3+03-/ 38+02-/ 40+02-/
Hunter L (F) Carrizales 57.58 + 0.8 59.65 + 1.3 59.78 +£1.19-/* 58.36 £1.19-/* 56.12 + 1.53 57.76 £ 0.7
La Punta 54.35 +1.67 58.97 + 1.09 55.18 + 1.44 -/* 5518+ 1.4 -/* 59.88 + 1.23 57.64 +1.95
Hunter a (F) Carrizales -11.92+ 04 —11.77 £ 0.45 —11.83 £ 0.42 —12.1540.28 —11.55 £ 0.39 —11.81 £0.38
La Punta —-12.11 £ 0.35 —11.87 £ 0.38 —12.41 £0.25 —11.24+0.43 —-12.17 £0.28 —11.88+0.24
Hunter b (F) Carrizales 21 +0.22 20.05 + 0.54 20.96 + 0.38 21.07 £ 0.31 19.78 £ 0.4 -/* 20.82 + 0.47
La Punta 20.44 £ 0.5 21.56 +0.51 21.04 £ 0.3 19.79 + 0.61 21.71 £0.42 -/* 21.95 4+ 0.85
Hunter L (R) Carrizales 51.12+ 0.6 49.81 +1.48 50.44 £+ 0.51 52.13+ 0.6 52.02+1.13 50.04 &+ 1.42
La Punta 53.75 £ 0.8 53.02 + 0.46 51.23+0.95 53.67 + 1.11 52.72 £ 0.79 50.88 + 0.93
Hunter a (R) Carrizales —12.58 +£ 0.46 —12.88 + 0.26 —13.36 £ 0.21 —13.36 £ 0.4 —13.73 £ 0.41 —1219+0.41 -/*
La Punta —-13.08 £ 0.3 —183.18+£0.25 —13.74 £ 0.23 —12.91 £ 0.29 —-12.82 £ 0.31 —13.56 £ 0.2 -/*
Hunter b (R) Carrizales  19.33+0.64 -/ 19.67 £0.27 -/* 20.48 +0.27 20.28 + 0.49 20.81 053 19.27 £ 0.74 -/*
La Punta 21.34+042-/ 2151 +£0.35-/* 21 .67 £ 037 21.03+0.5 21.19+0.36 20.77 £ 0.56 -/*

Hunter’s L, a, b color coordinates measured in the flesh (F) and rind (R). Values followed by a (*/-) show significant differences compared to the non-grafted control
(Dunnett’s test; P < 0.05). Values followed by a (-/*) show significant differences compared between the two sites for the same treatment (P < 0.05). Two fruits per plant
(from those plants of the 16 cultivated that remained alive at the time of harvest) were characterized.
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Treatment

Field NG Cobalt F1Pat81
Plant mortality (%) Carrizales 0 0 0

La Punta 12 12 0
Fruit weight (g) Carrizales 2511 £ 37.6 204.9 +£26.3 200.3 +£20.8

La Punta 276.4 £25.5 242.8 + 291 259.9 +44.5
Fruit length (cm) Carrizales 40.7 £1.7 384 +£0.8 36.4+£0.8

La Punta 43.7+£20 38.8 +£0.7 401 +£0.7
Fruit diameter (cm) Carrizales 3.0 £ 01 29+02 2.7 £0.1

La Punta 3.3+0.2 3.1 +£01 32+02
Flesh firmness (kg cm*z) Carrizales 3.1+02 3.7 £0.7 32+04

La Punta 26+04 274+04 24+02
Rind firmness (kg cm~2) Carrizales 84 +05 984+09 8.3+09

La Punta 9.8+ 1.1 9.8+1.0 8.8+ 0.5
pH Carrizales 5+0 510 5+0

La Punta 5+0 4.88 £0.13 4.75+0.16
Soluble solids content (°Brix) Carrizales 41+02-/ 40+02-/* 3.8+0.1-/*

La Punta 36+02-/* 35+02_/* 32+02-/
Hunter L (F) Carrizales 65.81 +1.79 -/ 58.85 + 2.1 7011 £2.58 -/*

La Punta 55.66 + 1.35 -/* 56.86 + 1.83 62.03 + 1.09 */*
Hunter a (F) Carrizales —10.22 £ 0.26 —11.66 £0.32 */- —10.38 £ 0.24

La Punta —11.43+£0.38 —-11.70 £ 0.4 —9.76 + 0.64 */-
Hunter b (F) Carrizales 20.89 + 1.48 20.29 + 0.43 21.62+1.77

La Punta 18.81 £0.73 20.07 + 0.51 18.76 £ 0.73
Hunter L (R) Carrizales 52.69 + 1.56 48.6 £0.64 49.87 +1.88

La Punta 51.98 + 1.56 50.57 + 1.03 521 +£1.05
Hunter a (R) Carrizales —12.97 £ 0.62 —13.39 £ 0.17 -/* —13.68 £ 0.44 -/*

La Punta —12.13+£0.53 —12.16 £0.34 -/* —11.07 £0.24 -/*
Hunter b (R) Carrizales 20.29 + 0.71 20.06 + 0.38 19.72 £ 0.58

La Punta 19.45 £ 0.82 19.8 £ 0.5 18.96 £ 0.35

Hunter’s L, a, b color coordinates measured in the flesh (F) and rind (R). Values followed by a (*/-) show significant differences compared to the non-grafted control
(Dunnett’s test; P < 0.05). Values followed by a (-/*) show significant differences compared between the two fields for the same treatment (P < 0.05). Values followed by
(*/*) indicate a significant difference compared to the non-grafted control and between the two fields (Dunnett’s test; P < 0.05). Two fruits per plant (from those plants of
the 16 cultivated that remained alive at the time of harvest) were characterized.
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Field

Moncada La Punta Carrizales
Plant mortality (%) 0 12 0
Fruit weight (g) 243.2 £ 18.2 276.4 +25.5 251.1+37.6
Fruit length (cm) 489420 43.7+20 427 £1.7
Fruit diameter (cm) 3.0+ 0.1 3.3+02 3.0+ 0.1
Flesh firmness (kg cm~2) 42+03 2.6+04" 3.1+£02"
Rind firmness (kg cm~2) 10.0+ 0.6 9.8+ 1.1 8.4+05
pH 5+0 5+0 540
Soluble solids content (°Brix) 3.3+02 36+02 4.0+02*
Hunter L (F) 60.22 + 1.34 55.56 + 1.35 65.81 +1.79
Hunter a (F) —11.64 +£0.27 —11.43 £0.39 —-10.2 £ 0.27*
Hunter b (F) 20.56 + 0.52 19.81 £0.73 20.89 + 1.48
Hunter L (R) 48.02+ 1.4 51.98 + 1.56 52.69 + 1.56
Hunter a (R) —13.04 +£0.37 —12.13 £0.53 —12.97 £ 0.62
Hunter b (R) 20.49 + 0.51 19.45 £0.82 20.29 £ 0.72

Hunter’s L, a, b color coordinates measured in the flesh (F) and rind (R). Values followed by a (¥) are significantly different from that of the unstressed field (Moncada) using
Dunnett’s test (P < 0.05). Two fruits per plant (from those plants of the 16 cultivated that remained alive at the time of harvest) were characterized.
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Tissue

Hypocotyl
(Tumnbull et al., 2002;

Marsch-Martinez et al.,

2013; Melnyk, 2017b)

Stem
(Huang and Yu, 2015)

Inflorescence
(Nisar et al., 2012)

Cotyledon
(Bartusch et al., 2020)

Root (Wang et al., 2011)

Age of plants

5-7 days old

10 days to
6 weeks old

1-2 months old

4-7 days old

6 days old

Advantages

Fast (40-80 per hour).

Y-grafts and three segment grafts
possible.

Grafted seedlings take up little
space.

Widely used.

Grafts form before the
inflorescence emerges.

Fast.

Easy to perform.

Little specialist equipment
required.

Fast (40 per hour).

Grafted seedlings take up little
space.

Root junction potentially easier to
visualize than hypocotyl junction.

Disadvantages

Technically challenging to learn.
Specialized equipment facilitates
grafting.

Technically challenging to learn.
Modest amount of growth space
required.

Modest amount of growth space
required.

Grafts form late in development.

Technically challenging to learn.
Cotyledons are soon replaced by
true leaves.

High lateral root production
above the junction is likely.
Success rates unknown.

Most appropriate to study

Graft junction formation.
Shoot to root movement.
Y-grafts for shoot to shoot
movement.

Shoot to shoot movement.

Shoot to root movement.

Shoot to inflorescence movement.
Shoot to inflorescence movement.
Graft junction formation.

Leaf to shoot movement.
Leaf to root movement.

Root to root movement.
Shoot to root movement.
Graft junction formation.

Tissues, plant ages, and relevance are indicated.
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Compounds Species studied In vitro experimentation Time after grafting References
4-Hydroxyphenylacetic acid Olive No 1 years Azimi et al., 2016
Arbutin Pear No 4years Hudina et al., 2014
Catechin Sugar plum No 3years Mng'omba et al., 2008
Catechin Apricot No 1 years Usenik et al., 2006
Catechin Pear/quince No 2 years Musacchi et al., 2000
Catechin Pear No 4years Hudina et al,, 2014
Catechin Grapevine No 1 month Canas et al., 2015
Catechin Grapevine No End of rooting stage Assungéo etal., 2019
Ellagic acid Eucalyptus Yes 5years De Cooman et al., 1996
Epicatechin Pear/quince No 2 years Musacchi et al., 2000
Epicatechin Grapevine No 3month Assungéo et al., 2016
Ferulic acid Olive No 1 year Azimi et al., 2016
Ferulic acid Grapevine No 3months Assungéo et al., 2016
Flavonoids dimers Pear/quince No 2 years Musacchi et al., 2000
Flavonoids dimers Pear No 4years Hudina et al,, 2014
Galic acid Grapevine No 1 month Canas et al., 2015
Gallic acid Grapevine No End of rooting stage Assungéo etal., 2019
Gallic acid Eucalyptus Yes 5 years De Cooman et al., 1996
Gentisic acid Eucalyptus Yes 5 years De Cooman et al., 1996
p-coumaric acid Sugar plum No 3years Mng'omba et al., 2008
p-coumaric acid Apricot No 1 year Usenik et al., 2006
Prunasin Pear/quince No 5 years Guretal., 1968

Sinapic acid Grapevine No 1 month Canas et al., 2015
Sinapic acid Grapevine No End of rooting stage Assungéo et al., 2019
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Rootstocks “Ligol” “Auksis”
September  November  September  November

Stige4  Stage Stage Staged Stage Stage

5 5 5 s
M26 & 157 7 2 100
Mo 85 s 75 7 P ")
B.3% 8 57 7 2 100
P67 8 1575 75 25 100
P22 & w0 7 50 0 75

Bud dovelopment established according 1o F (2003. n = 90 buds

PO ivsicey
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Linkage residue

3,4-Gal(p)
3-Ara(f)
4,6-Gal(p)
3-Gal(p)
2-Rha(p)
2,3,4-Rha(p)
2,3,4-Fuc(p)
4-Xyl(p)
t-Fuc(p)
2,3-Man(p)
2,4-Man(p)
4,6-Man(p)
t-Xyl(p)
2-Gal(p)
2,3,4-Xyl(p)
2,4-Gal(p)
6-Glc(p)
3,4,6-Glc(p)
3-Glc(p)
2-Glc(p)
2,3-Glc(p)
4-Glc(p)
4-Gal(p)
6-Gal(p)
t-Gle(p)
2-Ara(f)
5-Ara(f)
t-Ara(f)
t-Gal(p)
3,4-Fuc(p)
2,3,4-Ara(p)
2,5-Ara(f)
3,4,6-Gal(p)
2,4,6-Glc(p)

Uronic acid linkage residues

t-GlcA(p)
t-GalA(p)
4-GalA(
4-GIcA(|
3,4-GalA(p)
4,6-GalA(p)

P)
P)

Average concentration (ug-mg~! + SE AIR)

3.74 £0.43
0.63 £ 0.07
1.21+£0.11
1.02+0.16
0.32 £ 0.04
0.16 +£ 0.05
0.06 &+ 0.02
0.39 +£ 0.07
0.33 £ 0.05
0.256 £0.10
0.46 £ 0.04
0.13£0.19
2.08 £0.29
0.16 + 0.03
0.20 £ 0.01
0.22 £ 0.05
5.35 4 0.49
0.99 £0.14
0.19 £ 0.02
0.17 £ 0.01
0.06 &+ 0.01
37.91 + 3.45
156.97 £ 1.65
0.22 £ 0.04
1.04 +0.08
0.12 £0.03
4.72 £0.43
2.59 £+ 0.21
0.78 + 0.08
0.32 £ 0.04
0.08 &+ 0.01
0.55 4+ 0.08
1.46+0.13
0.18 +£0.03

0.08 &+ 0.01
0.07 £ 0.01
1.29 £0.43
2.19+019
0.25 4+ 0.03
0.06 &+ 0.01

Tentative polysaccharide class

AG I

AGI
RG 1
RG I

HX

HM

XG

HG
Mixed linked B-glycans

Cellulose, XG, and mixed linked B-glycans
AG I &lland RG I &I

AG &I, HX, and RG I

AG [ &I, HM, and XG
XG, AG Il, and RG | &I
RG Il and XG

AG and AG protein
Arabinan

Unknown

RG I
HG, RG |, and Il

RG land I
AG llinked to HG

Values represent LS-means of partially methylated alditol acetates + SE. AG, arabinogalactan; RG, rhamnogalacturonan; HX, heteroxylan; HM, heteromannan,; XG,

xylogalacturonan.
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Treatment Promoters Inhibitors

Zeatin n - asa oA oA o,
M2s (75) s04c 278208 126.1 ode 8500 10870 1880 1280
M28 (113) 10940 3510 19816 102b ug1c 026 2c
M26 (150) 12832 2802 2701a 18452 187.4a a5 2163
M (75) 383n 15731 5431 33814 6791 8s9n 859n
M (113) 820ca 33620 10551 501h 12924 269¢ 13906
M (150) 6oiel 21661 813 2821 7720 10260 o710
.3% (15) e8¢l 3007 be 104919 80160 a2t 1880 1584
.39 (113) 551 26150 1108 69 7120t 1230 2160 166c
B.3%6 (150) 877c 35180 1358cd 978C 16445 10 25a
P67 (75) 5089 17921 84 sa90n 809 1511 1196fg
P67 (113) 372n 16181 58] 3204 360] 4961 895n
P67 (150) 7010 026 1199 det 3504 8520 180 104101
P22 (75) 738do 066 1378¢ 62215 81l 262¢ 1950
P22 (119) 720d0 270 11996 434y 331 11200 240
P 22 (150) 719d0 2124 10159 a7k 33t 169 1186l
Effct of rootstock.

M2 10948 ss3ta 19810 noa 1g1a 02a 26
Mo 622¢ 267c slac s749 sac T5ac 1074
8306 8955 317 11726 8300 2370 1980 183a
Pe7 5284 21450 680 4060 6010 1284 1044
P22 7286 2852¢ 1776 a91c es6c 163¢ 146c
Effect of crop oad

75 638c 2852¢ 0a3c 63ia s02¢ 176c 1876
13 7116 26700 11286 61ia 10280 1910 1380
150 8492 0832 14232 6742 12052 201a 152a

“Thoaforontlotors o th sama comnincica snfcant foronces bowoon ealmenss,roistock and rop ad Soparatey. Thoanalyss was condcod wih ol Gataesuting fom
voes of ‘Ligo ppo 0 gttt on .26 .9, B.396, P67, and P 22 il crop-ot adustedto 7, 113 anc 150 s pr e T ca e ocessect usng andys o sarance
ANOVA) tho Turkey (HSD) muti range o at tho confdenco ke = 0.05.

T4 Bacsonts ackt A Idobi® acet ackt ABA. sbachi ackt ik Ohs. G abibersline.
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Monosaccharide Concentration (ug-mg~! + SE AIR)

Glucose 78.22 +£3.26
Galactose 48.94 +1.89
Xylose 2765 +1.14
Arabinose 19.72 £ 1.11
Rhamnose 3.26 £0.12
Fucose 2.21 £0.10
Mannose 2.03+0.10
Ribose 1.16:4+£0.05
Allose 0.48 £0.08
2-deoxy-d-Glucose 0.38 £ 0.06
Meso-Erythritol 0.015 +£0.01
2-deoxy-d-Ribose —

Galacturonic acid 26.28 £2.14
Glucuronic acid 10.15 £ 0.84
Degree of methylation %

%Methylation 12,11 6,87

— = no 2-deoxy-d-ribose detected in watermelon cell wall samples. Values
represent LS-means =+ standard error, N = 24.
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Variable WSF CSF ASF

Total neutral sugars (nmole-mg~1)

Graft 18.36 =+ 1.0 8.91+0.2 12.31 £ 0.7
Non-graft 1917 £1.0 8.61+0.2 1211 +0.9
No HH 19.41 +£1.0 8.54 +0.2 12.02+0.9
Severe HH 18.12 £ 1.1 8.98 + 0.2 1240 +0.9
Total uronic acids (nmole-mg~")

Graft 8.86 + 0.5 5.08 £ 0.1 6.10+ 0.3
Non-graft 9.35 + 0.5 518+ 0.2 6.24 £ 0.3
No HH 9.39 + 0.5 4,98 + 0.1 6.12 £ 0.3
Severe HH 8.82 +0.5 528 + 0.1 6.22 £ 0.3

Values represent LS-means =+ standard errors. Means are separated within column
and variable using Students T-test WSF, water soluble fraction; CSF, carbonate
soluble fraction; ASF, alcohol insoluble fraction.
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% sequential fraction

Variable TCWM WSF CSF ASF UNX
Graft 0.39 £0.02 12.56 + 0.8 2577 £1.0 34.02 +£1.0 27.29+1.2
Non-graft 0.36 £0.02 13.09 £ 0.9 26.21 £1.2 3513+ 1.0 2549 +1.3
Hollow heart

No HH 0.37 £ 0.02 12.60 + 0.9 2711 +£1.8* 3391 +£1.0 2578 +1.2
Severe HH 0.36 £ 0.02 1806+ 0.8 2479 +1.5 35.24 +£1.0 26.98 +1.2

Values represent LS-means =+ standard errors. Means are separated within column and variable using Students T-test and significance (p = 0.05) is indicated by *. TCWM,

total cell wall material; WSF, water soluble fraction; CSF, carbonate soluble fraction; ASF, alcohol insoluble fraction; UNX, unextractable fraction.
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Treatment “Ligol” “Auksis” Average

M26 (75) 18308 1223bc urza
M26 (113) art 173 cde 7601
M.26 (150) 1639 109306 628h
M9 (75) 10130 1760a 1387 ab
M9 (113) 12530 1207 cdo 1230cd
M (150) 271 1087 de 6200
8.396 (75) 927 %76 970
8.396 (113) 620 %17e 8031
8.396 (150) 870 %76 7621
P67 (75) 1300 181.0bc 130560
P67 (113) 804 12434 1032 de
P67 (150) 600e 116300 8820
P22 (75) 863cd 15108 1187 co
P22 (113) 5576 1163 cde 8506l
P22 (150) 2171 1027 0 622h
Effect of rootstock

m.26 680 12306 %50
Mo &a4a 1®1a 1093a
8396 7110 970c 8i1c
P67 07a 12396 1073a
P22 546 12335 83900
Effect of crop load

7 11272 13982 12622
13 7190 1550 370
150 ®1c 1061¢ e

“The aiferent letters on the same column indicate signifcant diferonces betwoen
weatments, rootstock and crop boad sepaately. The anayss was conducted wil af
data resuling rom 9trees of ‘Lol and "Auks's” aopl rees rafed n .26, M., .39,
P67, and P 22, with crop-bad acfusted 1o 75, 113, and 150 s pr roe. Tho data wero
processed using anaysis ofvariance (ANOVA),the Turkey HSD) mutple range testa he
Conlibinos el B T 08
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Genotypes Origin Common names
Physalis peruviana Colombia South American Andes, mainly of Goldenberry, aguaymanto, groselha
Sudafrica Accession 62 Peru Colombia, Peru, and Ecuador do Peru, Kapstachelbeere, tomate
Medina, 1991 silvestre, Lampion and cape
gooseberry
Physalis floridana Southeastern United States, North Husk tomato
America
Physalis ixocarpa (Syn Physalis ~ Central America Ramirez-Godina Tomato, Mexican husk tomato,
philadelphica) etal, 2013 Mexican green tomato, Miltomate,
tomatillo

Response to Foph?

1.33 (R) t0 6.91 (§)

0.64 (R)

ND

Number of chromosomes

24, 32 and 48 with variation
among genotypes
Enciso-Rodriguez et al., 2013;
Fischer et al., 2014

24 and 48 Liberato et al., 2014

24 Ramirez-Godina et al.,
2013

aScale of reaction to F. oxysporum: average scale per Accession expressed in% of damage compared to the isolate Map5 under greenhouse conditions where a value
of 0-1 = % of damage 0- < 5 (R = Resistant), 2-3 = > 6 — < 20 (PS = Slightly Susceptible), 4-5 = > 21 — < 60 (MS = Moderately Susceptible), 6-7 = > 61 — < 80
(S = Susceptible), and 8-9 = > 81 — < 100 (AS = Highly Susceptible); information presented for Physalis peruviana related to reports in Colombia (Pulido et al., 2011).

ND = Not determined.
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DQE (%)* Classification Studied genotypes

DQE < 25 Good tolerance Ixocarpa, Floridana, Peru
26 > DQE < 41 Moderate tolerance Sudafrica, Accession 62
42 > DQE < 55 Low tolerance Colombia

DQE > 56 Sensitive =

ZDQE - decrease in the maximum quantum efficiency of photosystem Il (Fv/Fm
ratio) with FOph inoculated genotypes compared non-inoculated genotypes.
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Variable Lycopene (mg-kg~ ) Arginine (g-kg~ ) Citrulline (g-kg™ 1) Total sugars (g-kg~ ') Sucrose (g-kg™ 1) Glucose (g-kg™ 1) Fructose (g-kg~ ") Sucrose (%)

Graft 63.0+05 1.1+£02 3.4+06 946 +23 424+ 3.3 187 £ 24 33.4+6.6 448+ 7.6
Non-graft 59:7 £ 41 1.3+0.2 3.4 +0.7 95.8 +£ 3.6 445+25 185£22 324+1.7 46.2+ 25
Hollow heart

No HH 58.9+0.8 11 £ 0.2 54 +0.7 95.2 £ 3.1 435+7.3 16.4 £2.3 29.7 £ 3.1 44.8 £ 3.3
HH 631 £08 18402 385+06 986+ 2.7 51.8+9.2 18.6 £ 0.9 329+23 52:2£1.2%

Phytonutrients are reported as LS-means + SE and means separated within the main effects of graft or HH using Students T-test (p = 0.05). Significant differences within column and variable are indicated by *.
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Variable Soluble solids (°Brix) Fruit pH

Graft 123+1.0 5.4+0.2
Non-graft 1214158 554+03
Hollow heart

Graft -HH 121+ 1.6a 5.4 +0.2a
Graft +HH 123+ 1.4a 5.5+ 0.2a
Non-graft -HH 11.8 £ 1.0a 54+0.2a
Non-graft +HH 121+ 1.8a 554022

Quality measures are reported as LS-means + standard errors are within the main
effects of graft were separated using Students T-test (p = 0.05). Dissimilar means
are reported with different letters. Tukey’s honest significance test done for mean
separation in the interaction of graft x hollow heart (o = 0.05). Dissimilar means are
reported with different letters. HH, without hollow heart; +HH, with hollow heart.
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ns, not significant; **P < 0.01;

DAP
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26
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SG flesh

55.23 + 2.60
230.79 + 13.28
1.24 £0.05
8.51 £ 0.56
1.39 £ 0.07
68.58 + 3.81
4.556 4+ 0.28
0.49 £0.03
34.97 £2.13
19.98 £+ 0.89

PG flesh

17.87 £0.84
143.76 £ 7.58
0.16 4+ 0.02
312 049
3.2+0.16
12.47 £0.70
2.16 £ 0.11
0.28 +0.03
16.38 £ 0.85
2.08+0.03

Significance

SG root

89.79 + 4.85
714.35 + 37.36
1.69 £0.09
26.99 + 1.47
4.334+0.25
11.91 £0.69
8.04 + 0.45
7.47 £ 0.40
245.47 £13.30
1,148.97 £+ 68.90

PG root

7.71 £0.40
16.71 £0.69
6.72 +£0.33
5.36 +£0.28
3.1 +£0.14
2.84 £0.12
16.68 £0.82
8.68 &+ 0.52
75.69 + 4.27
4117 £2.35

Significance

P < 0.001. ABA, abscisic acid; ABA-GE, abscisic acid glucose ester, IAA, indole-3-acetic acid; JA, jasmonic acid; SA, salicylic acid.
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Variable Phosphorus (g-kg—1) Calcium (g-kg—1) Copper (mg-kg—1) Boron (mg-kg~1) Zinc (mg-kg—1) Manganese (mg-kg—1)

Graft 46+01 6.4 +0.3 7.1 £0.9" 129+1.2 20.7 £ 0.7* 8.6 £2.4*
Non-graft 414+0.6 6.6 £0.2 56+1.1 13.2+1.3 18.2+0.9 6.8+ 1.0
Hollow heart

No HH 28+0.2 6.7 £0.2 6.2+ 0.1 128+ 0.3 18.1 £ 3.8 71+04
HH 3.1 +0.2* 6.5 +0.2 6.8 +0.3* 13.5 £ 0.3* 2064 1.5* 8.1+ 0.7*

Minerals are reported as LS-means =+ standard errors. Significant differences within column and variable are indicated by *, Students T-test (p = 0.05).
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