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Synthetic polyploids have been extensively studied for breeding in the last decade. However, the use of such genotypes at the agronomical level is still limited. Polyploidization is known to modify certain plant phenotypes, while leaving most of the fundamental characteristics apparently untouched. For this reason, polyploid breeding can be very useful for improving specific traits of crop varieties, such as quality, yield, or environmental adaptation. Nevertheless, the mechanisms that underlie polyploidy-induced novelty remain poorly understood. Ploidy-induced phenotypes might also include some undesired effects that need to be considered. In the case of grafted or composite crops, benefits can be provided both by the rootstock’s adaptation to the soil conditions and by the scion’s excellent yield and quality. Thus, grafted crops provide an extraordinary opportunity to exploit artificial polyploidy, as the effects can be independently applied and explored at the root and/or scion level, increasing the chances of finding successful combinations. The use of synthetic tetraploid (4x) rootstocks may enhance adaptation to biotic and abiotic stresses in perennial crops such as apple or citrus. However, their use in commercial production is still very limited. Here, we will review the current and prospective use of artificial polyploidy for rootstock and scion improvement and the implications of their combination. The aim is to provide insight into the methods used to generate and select artificial polyploids and their limitations, the effects of polyploidy on crop phenotype (anatomy, function, quality, yield, and adaptation to stresses) and their potential agronomic relevance as scions or rootstocks in the context of climate change.
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HIGHLIGHTS

•Grafting improves agronomic traits by combining well adapted rootstocks and improved scions.

•Polyploidy induces large changes in anatomical traits in the rootstock as well as in the scion.

•Polyploidy of the rootstocks and scions may contribute to stress adaptation.

•Phenotypic traits in polyploids are often associated with large physiological, biochemical, transcriptomic, and gene expression changes.



INTRODUCTION

Polyploidy is one of the main factors driving evolution in higher plants (Grant, 1981; Soltis and Soltis, 1995, 2009; Wendel and Doyle, 2005; Cui et al., 2006; Chen, 2007, 2010; Husband et al., 2008; Hollister et al., 2012), conferring genotypic plasticity by increasing the number of copies of the genome (autopolyploidy) or adding different genomes (allopolyploidy), thus increasing their potential for adaptation (Leitch and Leitch, 2008) and promoting their selection (Feldman and Levy, 2012). It has been proposed that polyploidy favors adaptive evolution to changing environmental conditions (Ramsey, 2011) through differential expression of duplicate genes (Dong and Adams, 2011; Tan et al., 2015).

Better adaptive plasticity was found in natural polyploid plants allowing successful domestication events for many species under natural growing conditions (Salman-Minkov et al., 2016) such as autotetraploid wheatgrass [Agropyron desertorum (Fisch. ex Link) Schult.], potato (Solanum spp.), and allopolyploid wheat (Triticum spp.; DeWet, 1980; Asay et al., 1986; Liu et al., 2001). However, when considering human-made polyploidy, only a few events have achieved commercial success, like autotriploid watermelon (Citrullus vulgaris Schard.), autotriploid sugar beet (Beta vulgaris L.), autotetraploid kiwi (Actinidia chinensis Planch), auto-allopolyploid apple (Malus spp. Mill), banana (Musa spp.), and grape (Vitis spp.; Yamane and Kurihara, 1980; Crow, 1994; Janick et al., 1996; Motosugi et al., 2002; Wu et al., 2012).

In agriculture, the genomic modifications that take place during polyploidization confer many interesting advantages over the diploid (2x). The most important for crop production are dwarfing effect on trees, increase in organ biomass (leaves, fruit, seeds, roots, etc.), alteration of flowering time, intensification of color (leaves and fruit), such as illustrated in Figure 1 and detailed in Table 1, increased primary and secondary metabolite content and enhanced tolerance or resistance to abiotic and biotic stresses (see Polyploidy Improves Stress Tolerance section). In addition, triploidization can limit gametic fertility due to unbalanced meiosis. Associated with parthenocarpy, this reduced fertility allows the production of seedless fruit, which is a desirable trait for consumers. Polyploidization can also restore fertility in newly created hybrids (Sattler et al., 2016). Thus, the success of polyploidization as a tool is highly dependent on the crop species and is shaped by commercial interests such as biomass production, ornamental crops, or the pharmaceutical industry.
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FIGURE 1. Illustration of the phenotypic differentiation between diploid (2x) and polyploid (triploid, 3x and tetraploid, 4x) citrus at the plant, organ and cellular level. (A) Diploid and 4x seeds of Citrumelo (bar = 0.5 cm). (B) Diploid and 4x Citrumelo trees planted at the same age at the INRAe – Cirad germplasm of San Giuliano, France (bar = 0.5 m). (C) Diploid and 4x Carrizo citrange fibrous roots (bar = 1 cm). (D) Scanning electron microscopy pictures of the leaf palisade parenchyma of 2x and 4x Volkamer lemon (bar = 10 μm). (E) Light micrographs of cross-sections of internodes and roots of Rangpur lime plants (bar = 25 μm) from Allario et al. (2011). (F) Light micrographs of leaf epidermis showing stomata from 2x and 4x Citrumelo (bar = 10 μm). (G) Leaf and fruit of Mexican lime (2x), Tahiti lime (3x), and Giant Mexican lime (Autotetraploid; bar = 0.5 cm).




TABLE 1. Selection of polyploid crops that have been reported for their agronomic interest.
[image: Table1]

Grafting has been used for centuries to propagate fruit trees. In vegetable crops, the technique has been used mainly since the beginning of the 20th century. Grafting of a scion or crop variety onto a rootstock is effective at providing faster and more regular growth in commercial orchards, facilitating earlier development by shortening juvenility, improving yield and fruit quality, modulating the harvest season (Koepke and Dhingra, 2013), and providing abiotic stress tolerance and resistance to specific biotic stress (Mudge et al., 2009). In some perennial plants, grafting helps to maintain uniformity through clonal propagation of both scion and rootstock and in some cases, it limits the impact of the juvenile phase. Thus, combining grafting impacts with the use of a polyploid rootstock and scion might bring great advantages in cultivated crop.

Climate change is already challenging agriculture (Intergovernmental Panel on Climate Change, IPCC – Fifth Assessment Report 2014; IPCC, 2014; Thornton et al., 2018). It will result in higher temperatures, drought, and increased soil salinity (Korres et al., 2016). As a major force for plant evolution (Chen, 2010), polyploidy promotes better adaptation traits in crops, since polyploid plants are thought to have been selected during evolution because of their phenotypic and genomic plasticity (Leitch and Leitch, 2008). Much larger proportions of polyploid plants have been found in the Arctic (Brochmann et al., 2004) and at mountainous elevations (Schinkel et al., 2016), suggesting that these genotypes are better adapted to severe cold climatic constraints. However, these populations such as paleopolyploids may have experienced large genome changes leading to a loss of their polyploid status.

The information presented in this review regarding the adaptation traits in synthetic polyploids is consistent with that observed in natural polyploid plant populations and underlines the importance of pursuing investigations in synthetic polyploidy for grafted crops. The use of polyploid rootstocks and scions brings up numerous questions on the genetic, transcriptomic, physiological, and agronomic level. Thus, we addressed (i) the methods to create artificial polyploids; (ii) the reproductive biology implications that using polyploid rootstocks and scions may have on crops; (iii) the importance of grafting in agriculture and the implications of using polyploid crops; (iv) the phenotypic variation induced by polyploidy and its effect biomass production and fruit; (v) the implications that polyploidy has in the regulation of genome expression with a focus on fruit quality and stress tolerance; and (vi) the role of polyploidy for enhancing stress tolerance.



METHODS TO GENERATE POLYPLOIDS AND REPRODUCTIVE BIOLOGY IMPLICATIONS

Associated to breeding programs, different methods have been developed to generate polyploids that require having a good knowledge of the reproductive biology of the investigated species. Several advantages and disadvantages have been associated with each one of the approaches.

The oldest method used to generate polyploids is sexual polyploidization. It is based on controlled pollination that involves at least one of the parents providing non-reduced gametes (usually 2n) as a consequence of meiotic aberrations. First-division restitution (FDR) and second division restitution (SDR) are the predominant mechanisms of 2n gamete formation in plants (De Storme and Geelen, 2013). These occur because the first or second meiotic divisions fail, respectively, leading to the formation of restituted nuclei with a somatic chromosome number (Mendiburu and Peloquin, 1976; Park et al., 2007). As a result, FDR and SDR 2n gamete formation mechanisms have different genetic implications that are worth considering for polyploid breeding because it has a direct influence on the genetic constitution of the progeny. FDR 2n gametes contain non-sister chromatids, which in the absence of crossover, maintain the parental heterozygosity. When crossover occurs, the parental heterozygosity restitution (PHR) rates vary from 100% for loci close to the centromere to 60–70% for loci far from the centromere, depending on the level of chromosome interference (Cuenca et al., 2011). For SDR, the 2n gametes contain two sister chromatids, which reduces the parental heterozygosity level (Bastiaanssen et al., 1998; Cuenca et al., 2011; De Storme and Geelen, 2013). In this case, when crossover occurs, the PHR rate varies from 0% for loci close to the centromere to 60–75% for loci far from the centromere, depending on the level of chromosome interference (Cuenca et al., 2011). In the genus Annona, which includes edible fruits like cherimoya (A. cherimola Mill.) and sugar apple (A. squamosa L.), the production of non-reduced gametes has been identified after unusual polyploid progenies were observed (Martin et al., 2019). Also, analyses based on molecular markers can be used to estimate the PHR rates for 2n gametes in polyploid progenies and, therefore, to identify the mechanisms underlying unreduced gamete formation (Cuenca et al., 2011, 2015). The main limitation of sexual polyploidization is that non-reduced gametes are usually produced by plants at a very low rate, when abnormal meiosis is induced by genetic or environmental factors, such as temperature, herbivory, wounding, water deficit, or nutrient shortage (Ramsey and Schemske, 1998). However, unlike somatic methods, sexual polyploidization is effective at preventing somaclonal variation on the progenies.

Another method to generate polyploid plants is interploid sexual hybridization, which involves crossing plants that have different ploidy levels. This is a very common approach to recover triploid (3x) plants by 2x × 4x, 4x × 2x, or 2x × 3x crosses. However, it has the disadvantage of frequent endosperm development failure and hence seed abortion (Birchler, 2014). For this reason, embryo rescue is an indispensable technique for breeding programs based on interploid crosses (Wang et al., 2016); it has been applied extensively in many fruit crops, such as apple (Dantas et al., 2006), citrus (Aleza et al., 2012), or grape (Sun et al., 2011). Li et al. (2015) provided an overview of the factors that may affect its efficiency.

Polyploidization can also be induced by somatic doubling, which involves chromosome duplication in non-germ cells to generate autopolyploidy or allopolyploidy, according to the phylogenomic structure of the initial 2x accession. In this case, duplication arises because of a mitotic failure and can be chemically induced by antimitotic agents, such as colchicine, trifluralin, and oryzalin. However, in crops that have nucellar embryony, such as several citrus and mango (Mangifera spp.) species, the spontaneous somatic duplication events occurring in the nucella may result in the natural development of tetraploid (4x) embryos that can be selected from seedlings (Galan-Sauco et al., 2001; Aleza et al., 2011). When somatic duplication is induced chemically, success depends largely on the development of an effective protocol that sets the proper explant type, antimitotic agent dose, exposure time, and in vitro regeneration conditions. Ploidy chimeras are often a secondary effect induced by chemical treatments. Therefore, this method requires further verification of the ploidy of different organs on each regenerant explant that usually involves morphological examination, karyotyping, or flow cytometry analytical approaches. Somatic doubling has been extensively used for polyploid crop breeding, as reviewed by Sattler et al. (2016).

Lastly, somatic hybridization by protoplast fusion, which was initially developed to overcome crossing barriers between species, allows the whole genomes of two different parents to be combined in a single cell that can be regenerated into a hybrid plant that is usually polyploid. This method allows polyploids that have not been through meiotic recombination events to be generated. Thus, progenies combine the whole genomes of the two parents and, potentially, all the dominant parental traits, irrespective of their heterozygosity and surpassing limitations imposed by reproductive biology. Meanwhile, the probability of combining all the desired traits in a sexual recombinant hybrid is much lower and slower on crops with long juvenile stage (Dambier et al., 2011; Ollitrault and Navarro, 2012). Difficulties in protoplast isolation, culture, and plant regeneration hinder the use of this approach in many crops. However, it is an integrated component of several citrus breeding programs over the world, both for scion and rootstock breeding (Grosser et al., 2000; Dambier et al., 2011; Grosser and Gmitter, 2011).

Once obtained, artificial polyploids can be classified either as breeding material or considered as potential new varieties. Hence, their potential benefits and disadvantages need to be examined relative to their prospective use, in order to maximize the potential of each new developed genotype. Triploids are mainly valuable for having bigger seedless fruit, while their limited fertility usually acts as a dead end for further improvement. The way to add required traits such as disease resistance a posteriori into a 3x variety is to resynthesize it using improved parents (de Carvalho-Santos et al., 2019). More importantly, 3x crops need to be able to activate a parthenocarpic fruit set, which can be stimulated by pollination, induced by hormonal treatments or through epigenetic manipulation (Joldersma and Liu, 2018). Fortunately, natural parthenocarpy is very common among cultivated species, especially on trees, plants of hybrid origin, and polyploids (Picarella and Mazzucato, 2019).

Tetraploids (4x) are widely used as progenitors and are often included in germplasm collections to assist in breeding programs. As a genetic resource, 4x can be used to generate 3x varieties through interploidy crosses or to serve as a bridge for genetic transfer between two species when direct crossing is not possible (Liu et al., 2017). According to Sattler et al. (2016), genome duplication can also be induced to restore the fertility of sterile hybrids as can restore meiosis and can buffer the effect of deleterious alleles. In addition to this, 4x genotypes are a valuable resource when used as crops that are cultivated for their vegetative organs because biomass generally increases with genome duplication. Also, 4x can be very useful as rootstocks because genome duplication can enhance some desired traits like stress resistance or canopy size control. However, delayed flowering and poor fruit quality are recurrent phenotypes observed in autotetraploid and allotetraploid species that hamper their use for fruit production.

Vegetative propagation is usually a requirement for both 3x and 4x varieties, as 4x usually have lower rates of seed production, thus clonal multiplication is needed to maintain the genotype. The enhancement of asexual reproduction is a common consequence of polyploidy in many species (Comai, 2005) and is required for crops that are cultivated grafted. Thus, suitability for clonal propagation might be facilitated at higher ploidies. Another essential point is that polyploidization can be a way to overcome incompatibility and self-incompatibility (Entani et al., 1999), which are barriers for breeding and fruit set, respectively. However, the molecular basis for this response is still unclear.



PHENOTYPIC VARIATION INDUCED BY POLYPLOIDY

Morphological changes after genome duplication can be explained as a series of downstream effects triggered by the increased cell size and shape, which is directly influenced by bulk DNA amount irrespective of genic content. At the cellular level, novel traits can be as simple as a change in surface-to-volume ratio, cell size, nuclear volume, or cell cycle duration (Doyle and Coate, 2019), whereas gene expression of heterozygous loci could also be affected by dose (Finigan et al., 2012). Nevertheless, whether these cellular changes are mechanistically connected to variations affecting the whole organism’s phenotype and function remains unknown. Additionally, it is sometimes difficult to distinguish between ploidy driven changes and those induced by other factors affecting artificial polyploids. To obtain, either autopolyploids or allopolyploids, it is necessary to go through processes, like chemical induction for genome duplication, protoplast fusion, in vitro regeneration, or the occurrence of genomic shock (Song et al., 1995) that contribute to doubt about ploidy effects and genomic identity between them and its 2x counterparts (Comai, 2005; Münzbergová, 2017).

In general terms, bigger polyploid cells can differ from 2x in their organelle number, size, and distribution, can have a higher water content or can have altered metabolic and development rates. All these modifications may have functional consequences on the plant architecture organ size and composition, physiology of essential processes, like gas exchange, photosynthesis, and water relations, probably driven by alterations of organelles such as chloroplasts and vacuoles (Doyle and Coate, 2019).


Cell and Organ Size Modifications

A wide range of phenotypic changes at the organ level have been reported in plants due to polyploidy (Beest et al., 2012). Thicker and greener leaves, higher leaf water content, thicker and smaller roots as well as a dwarf phenotype are some of the most recurrent novel traits (Cameron and Frost, 1968; Romero-Aranda et al., 1997; Motosugi et al., 2002; Padoan et al., 2013; Ruiz et al., 2016a,b,c; Wang et al., 2016). Figure 1 illustrates some phenotypic traits induced by polyploidy in citrus and Table 1 summarizes some traits mentioned in the literature in different polyploid species. Polyploidy may also alter cell wall composition. However, this does not always change the size of the whole plant (Corneillie et al., 2019). Stomatal and epidermal cell frequency per unit leaf is usually decreased with increased ploidy level, while cell area is increased (Jellings and Leech, 1984; Beck et al., 2003; Mouhaya et al., 2010; Zhang X. Y. et al., 2010; Allario et al., 2011; Oustric et al., 2019b). Larger flowers and seeds are usually observed in polyploids such as citrus (Yahmed et al., 2016). Phenotypic changes in polyploids such as specific features of the roots or leaves may be at the origin of better tolerance traits. However, the basis for DNA amount-driven functional differentiation and the potential effects of genomic shock are poorly described, forcing those who use polyploid breeding for abiotic stress tolerance to rely on empirical methods (see Polyploidy Improves Stress Tolerance section).



Quantitative and Qualitative Modifications on Biomass

Regarding biomass production, there is no consensus about ploidy effects on plant growth, since some species may present similar (Niu et al., 2016) or lower (Hennig et al., 2015; Denaeghel et al., 2018) organ size or biomass associated to polyploidy. Independently of plant height, polyploid plants often develop higher biomass that results in thicker tissues and organs and alter plant architecture when compared to the 2x. Several examples can be found in Table 1. There is an open discussion on whether genome duplication causes divergent changes between primary and secondary growth of woody species. While these two parameters are generally correlated in 2x species, the regulatory mechanisms coordinating plant organ growth differ between many 2x and autotetraploid trees, where dwarfism but higher biomass has been found on autotetraploid versions when compared to their corresponding 2x (Table 1). For this reason, some authors suggest genome duplication as a useful breeding tool to tailor crops for biomass production, as it has been described on the model plant Arabidopsis (Arabidopsis thaliana L. Heynh; Corneillie et al., 2019). In this species, polyploid biomass has an altered composition that is easier to saccharify. This property, which has largely remained unexplored for feed and food production, might pave the way for improving the efficiency and sustainability of biomass production. As an example, 3x and 4x Willow (Salix spp.) were found to have lower lignin content compared to the 2x parental lines (Serapiglia et al., 2015). Due to the increasing interest in using plants as a source of energy and chemical building blocks, researchers may find it useful to explore polyploidy for biomass quality improvement. Nevertheless, the mechanisms that lead genome duplication to influence plant growth, development, yield, and quality remain unanswered.



Fruit Quality

Triploidy induces the production of seedless fruit and favors vigor (Wang et al., 2016). While triploid breeding for seedlessness in some ligneous plants such as grapevine or citrus has led to the development of outstanding varieties, some triploid apple or citrus lime have seedy fruits with more limited interest. In grape and kiwi, polyploidy increased fruit size (Shengjian et al., 2005; Wu et al., 2012).

Polyploidization can be used as a breeding tool to modify crop quality. The main effects reported are absence of seeds and modifications in fruit size, shape, and organoleptic quality. Bigger fruit size is very important commercially and is often boosted by cultural practices or chemical treatments. Polyploidization offers a natural and environmentally friendly alternative for increasing fruit size. This is a well-known effect, although the mechanisms behind it continue to be debated today. Final fruit size is determined by coordinated progression of cell production and cell expansion and is correlated with cell size, which is bigger in polyploids (Doyle and Coate, 2019). Alternatively, altered transport or signaling of auxins and cytokinins may reduce apical dominance, thereby facilitating fruit proliferation (Malladi and Hirst, 2010). Independent of the mechanism, bigger fruit size is a recurrent effect, at least for lower polyploidy levels (3x, 4x, or 6x). Recently reported examples of ploidy-driven increase in fruit size on species that are cultivated grafted are summarized in Table 1. Although, several of these recently induced polyploid forms have not yet attained the required market qualities, they comprise valuable germplasm sources for application in prospective breeding experiments.

Triploid plants are usually both male and female sterile and seeds are not viable or not present. Seedlessness is a highly desirable characteristic for consumers (Ollitrault and Navarro, 2012). Besides, triploidy increases fruit profitability in 2x species with big seeds, because seedlessness provides extra capacity for flesh (Jiang et al., 2016). Tetraploid apple varieties have no commercial value because of their low-quality fruit and low resistance to cold, being mostly used to develop the 3x cultivars (Sedov et al., 2014). The situation is similar for grapes (Yamada and Sato, 2016) and citrus (Ollitrault and Navarro, 2012). Yet, 4x germplasm is a necessary resource to obtain and maintain 3x varieties by interploid crosses. To produce 3x plants, crops like citrus or fig that are vegetatively propagated have an advantage over the ones propagated by seed, such as watermelon, that needs de novo interploid crosses to produce each generation.

Polyploid fruits usually have similar organoleptic and nutritional quality than their 2x counterparts. However, some studies report sporadic differences that can be relevant for commercial purposes. For example, 2x “Kinnow” mandarin has 9.5% higher total soluble solids content and 46.1% higher juice content than 4x (Jaskani et al., 2002). Similarly, 4x “Ponkan” mandarin has altered accumulation of primary and secondary metabolites in the fruit. Total acid and ascorbic acid, which are the main components of fruit flavor, are higher in the 4x fruit (Tan et al., 2019). Downregulation of gene expression involved in its transport and uptake in mitochondria like NAD-IDH, GABA-T, and GABP has been observed. Meanwhile, sucrose, fructose, and glucose content are very similar between 2x and 4x fruit, and ripening season does not differ between them, while secondary metabolites such as flavonoids and carotenoids are decreased (Tan et al., 2019). Similar results have been observed in the fruit and seeds of natural allohexaploid pitaya (Hylocereus spp.) and natural autotetraploid pear fruit (Pyrus communis L.) depending on age and growing conditions (Cohen et al., 2013; Tsukaya et al., 2015). Tetraploid kiwi has reduced flesh firmness and flesh color intensity compared with parental 2x plants (Wu et al., 2013). However, the quality of extra virgin olive (Olea europaea L.) oil is similar when extracted from 2x or 4x olives (Rugini et al., 2016). Not surprisingly, 3x fruits have been proven to have excellent organoleptic and nutritional quality, like is the case of mandarins (Sdiri et al., 2020). Thus, 3x is the most common ploidy in polyploid fruit breeding since it combines bigger fruit size, higher yield, and organoleptic quality with seedlessness. Additionally, some variations in specific compounds have been associated with genome duplication. This is the case for 4x watermelon, which has higher β-carotene, lycopene, fructose, and glucose content than 2x fruit (Jaskani et al., 2004). At higher ploidy levels (8x, 10x), wild kiwiberry (Actinidia spp.) has high concentrations of certain compounds, like ascorbic acid and some amino acids (Zhang Y. et al., 2017). So far, only a few studies have investigated the occurrence and extent of metabolic alterations following polyploidization. Thus, the effect of ploidy on plant metabolism is still unclear.




POLYPLOID EFFECTS IN COMPOSITE PLANTS


Impact at the Rootstock Level and in Grafted Plants

When used as rootstocks, polyploid plants can provide desirable attributes like vigor reduction or enhanced biotic and abiotic stress tolerance. Vigor reduction or dwarfism is one of the most sought-after phenotypes in rootstocks and is a very common effect of genome duplication on trees (Table 1). The decrease in tree volume, height, canopy diameter, and/or circumference reduces the need for pruning in commercial orchards and facilitates phytosanitary interventions. Interestingly, greater vigor was also found in sweet cherry (P. avium L.) grafted on 3x “Colt” rootstock (Webster et al., 1996). Tree vigor is known to be affected by numerous factors, including root hydraulic pressure, water uptake efficiency, hormone profile, nutrient uptake, and stomatal conductance (Warschefsky et al., 2016). The ploidy-driven changes in vascular anatomy may be the main factor underpinning the dwarfing effect. Increased cell size, reduced number of cells, changes in cell cycle duration, altered water transport capacity, or higher photosynthesis rates led by changes in leaf function and size have been suggested to trigger this differential growth pattern. These processes are regulated by phytohormones, whose levels have been proven to be altered by genome duplication (Dudits et al., 2016). Some 2x rootstocks can promote dwarfism in apple trees (Pilcher et al., 2008; Fazio et al., 2014). Polyploid rootstocks have been used commercially to reduce tree size, like citrus 4x somatic hybrid (allotetraploids) and 3x cherry rootstocks (4x P. cerasus L. cv. Schattenmorelle × 2x P. canescens Bois; Grosser and Chandler, 2000; Grosser et al., 2003; Prassinos et al., 2009). This can also be the case when using 4x rootstocks in citrus (Hussain et al., 2012) or tetraploid varieties in apple (Ma et al., 2016). This phenotype is most of the time associated with the translocation of some compounds such as hormones from the root to the grafted scion (Atkinson and Else, 2001), leading to gas exchanges regulation and anatomical changes (Allario et al., 2013) such as in leaf size and thickness or fruit size (Figure 2; see also Table 1). In 4x apple, decreased brassinosteroid and indole-acetic acid, which play a role in plant elongation, may also impact size reduction (Ma et al., 2016). In citrus, polyploid breeding over the last decades has successfully provided opportunities to select highly marketable dwarfing rootstocks (Grosser and Gmitter, 2011; Ollitrault and Navarro, 2012). Both autotetraploid and allotetraploid citrus often grow slower than their 2x counterparts and can induce dwarfism to the scion (Grosser et al., 2012; Ruiz et al., 2016a, 2018; Figure 2). In the end, the induced dwarfism allows high-density plantation and, in turn, facilitates orchard management (Figure 2). When used as rootstocks, 4x citrus do not reduce the scion’s yield efficiency nor do they have an impact on scion fruit quality parameters such as fruit size, yield, acids, or sugars. However, 4x rootstocks may have an impact on specific fruit compounds like phenolics or flavonoids (Hussain et al., 2012; Ruiz et al., 2016c). The use of 4x rootstock in association with clementine (C. × clementina) did not impact fruit quality (Hussain et al., 2012). Thus, citrus cultivated on 4x rootstocks produce fruits with excellent organoleptic qualities and can increase the profitability of plantations (Grosser et al., 2015). Sugars, organic acids, fatty acids, carotenoids, and flavonoids are the main drivers of fruit organoleptic quality (Ulrich and Olbricht, 2011), which is also highly influenced by the rootstock (Castle, 1995). Grafting allows us to take advantage of the rootstock’s better adaptation to abiotic and biotic stresses, which may improve plant development and yield production. For example, the 4x watermelon rootstock USVL-360 is an alternative to Cucurbita spp. rootstocks and provides vigor and resistance to the root knot nematode, while having similar yields to commercially available rootstocks (Levi et al., 2014).

[image: Figure 2]

FIGURE 2. Physiological implication of the polyploidization when associating 2x and 3x scion with 2x or 4x rootstock. On one hand, 4x rootstock confers a more limited vigor than its respective 2x. On the other hand, a 3x scion will induce a greater vigor and larger leaves than in the 2x scion. At root level, tetraploidy will limit the tree vigor but will favor an increase of the size of the secondary roots. At the root and scion level, polyploidy may induce large phenotypical changes.


From a breeding perspective, using polyploid genotypes on grafted crops to achieve even better tolerance to biotic stress is questioned. Breeding of grafted crops focuses on finding complementary traits for scions and rootstocks so they can be matched. Furthermore, an important part of the adaptation to variable abiotic and biotic environments is devoted to the rootstock.

It is very difficult to find a rootstock that provides all the desired characteristics required by a crop production system. However, a good combination is important for the cultivation of a crop in a given available area. In some cases, the existence of a suitable rootstock is the decisive factor for cultivating in areas that are severely affected by environmental constraints (Figure 3), plant diseases, and pests (Reig et al., 2019). Moreover, the rootstock choice has long-term implications in tree crop cultivation, as it will strongly determine the profitability of the plantation. It is usually recommended that different suitable rootstocks are combined within each cultivation area to interfere with the spread of diseases and promote resilience (Koepke and Dhingra, 2013). Thus, generating variability and having a collection of rootstocks that is adequately phenotyped for disease resistance and stress tolerance is key for the long-term success of a crop cultivation in a given area.

[image: Figure 3]

FIGURE 3. Physiological and molecular implications for stress tolerance when associating a 2x or 3x scion with a 2x or 4x rootstock. Arrows indicate the influence of the different factors at root and scion level depending on the ploidy that may change the physiology or the adaptation of the scion/rootstock association.




Grafting Compatibility and Impact of Polyploidy

Several reviews have been devoted to the grafting process and mechanisms (Mudge et al., 2009; Goldschmidt, 2014) and to the impact of the rootstock on the scion (Jensen et al., 2010; Koepke and Dhingra, 2013; Gautier et al., 2019). The grafting behavior of polyploid rootstocks or scions in association with classical 2x plant materials remains unexplored. In citrus, the use of 4x rootstocks with 2x or 3x scions that are compatible with the respective 2x rootstock does not seem to alter graft compatibility (Hussain et al., 2012; Allario et al., 2013). This can be explained by the genetic status of the 4x being identical to the 2x. However, due to the anatomical changes induced by polyploidy, such as increased cell size, an altered cell adhesion process could be expected. Interestingly, studies in tobacco (Nicotiana spp.) have shown that the entire nuclear genomes of both the scion and the rootstock can be transferred across the graft junctions to generate a novel 4x species (Fuentes et al., 2014). The plants regenerated by tissue culture from cells taken from the junction are true allotetraploid hybrids, underlying the possible interactions between different ploidy levels at the rootstock/scion intersection.




GENE EXPRESSION CHANGES IN POLYPLOID CROPS AND FUNCTIONAL IMPLICATIONS

Genome doubling driven by polyploidization modifies organization at the genetic and epigenetic levels. In comparison to artificial polyploids, natural polyploids of the same species have acquired novel characteristics thanks to polyploid lineage evolution (Semenuik and Arisumi, 1968; Lignowski and Scott, 1972; Lumaret, 1988; Levin, 2002). Meanwhile, the artificial ones may show superior performances relative to the natural ones, probably due in part to the strong selective pressure that the antimitotics, or other substances used to create the artificial autopolyploids, may impose. For example, the consequences of colchicine treatment may appear in the second generation of artificial polyploid plants (Münzbergová, 2017). Whether natural or artificially induced, genomic shock occurs mainly by the association of distant relatives by allopolyploidization and causes many genetic and/or epigenetic changes on gene expression. These include chromosome rearrangement, sub-functionalization and transposon activation, duplicate gene loss or gain, and gene activation or repression. Epigenetic changes induce variations at the gene expression level without altering the DNA sequence by modifying the DNA compaction or by interfering with RNA function (Comai, 2005; Madlung, 2013; Sattler et al., 2016). Nevertheless, the effect of genome fusion and gene duplication on gene expression at the transcriptome level differs according to whether the genome doubling comes from allopolyploidization or autopolyploidization (Renny-Byfield and Wendel, 2014). It has long been recognized that allopolyploids are more frequently observed in the wild than autopolyploids and that allopolyploids played a more important role in plant evolution. However, some studies have shown a higher incidence of autopolyploids than was previously thought (Soltis and Soltis, 1999; Soltis et al., 2007). The phenomenon of allopolyploidization alters transcription at the genome scale. Changes in gene expression are primarily affected by divergent genome hybridization and possible variation in genetic components rather than by a change in the ploidy level (Osborn et al., 2003; Auger et al., 2005; Wang et al., 2006). Conversely, in autopolyploids, the effect of genome doubling on gene expression is quite limited and does not show a linear relationship between the ploidy level and the transcriptional output. For example, citrus fruit of interspecific somatic allotetraploid showed around 4% transcriptome divergence between its two progenitors (Bassene et al., 2010). The difference reached up to 25% in allotetraploid cotton plants (Adams et al., 2003). Meanwhile, in mature leaves of “Yuzu” lime (C. junos Siebold ex Tanaka), “Rangpur” lime (C. × limonia Osb.), and mulberry (Morus alba L.), the differences observed in gene expression between 2x and autotetraploid genotypes are only 0.8, 1.08 and 2.87%, respectively (Allario et al., 2011; Dai et al., 2015; Tan et al., 2015).

Whether the genome doubling comes from allopolyploidization or autopolyploidization, the changes in gene expression affect a variety of biological processes in response to internal and external signals, such as, growth, development, and tolerance/resistance to both abiotic and biotic stresses. In addition, this differential gene expression depends on the organ, development stage, and environmental conditions (Chen and Ni, 2006; Doyle et al., 2008; Zhao et al., 2009).

Modifications of growth, development, and adaptation to abiotic and biotic stress in polyploid plants have been associated with modifications in gene expression, upregulation or downregulation of biosynthesis, transport, reception of primary and secondary metabolites (hormones, carbohydrates, organic acids, amino acids, and proteins, etc.), and enzymes. Polyploidy also changes the amount of signal molecules like small noncoding RNAs (sRNAs). These molecules regulate the expression of transcription and signaling factors related to cellular growth, development, and adaptation by regulating gene expression (Dhawan and Lavania, 1996; Ni et al., 2009; Jackson and Chen, 2010; Kim and Chen, 2011; Ng et al., 2012; Zhou et al., 2015; Javadian et al., 2017; Van Hieu, 2019). All the above mentioned molecules and metabolites circulate between the rootstock and scion through the vascular system, and have an impact either directly as a metabolite or indirectly as a signal to modulate the composite plant’s function (Notaguchi et al., 2008, 2015; Martínez-Ballesta et al., 2010; Goldschmidt, 2014; Albacete et al., 2015).

The regulation of phytohormones, such as cytokinin, ethylene, gibberellin (GA), brassinosteroids (BRs), and auxins plays a central role in genetic networks involved in altering plant growth (Table 1; Boss and Thomas, 2002; Wang et al., 2013b; Ayano et al., 2014). In polyploid plants, the variation of gene expression in comparison to 2x has been related to differential phytohormone concentrations. For example, the artificial autotetraploid mulberry (Morus alba L.) showed that compared to its 2x about 30 of these differentially expressed genes were associated with biosynthesis and transduction of phytohormones, such as cytokinin, GA, ethylene, and auxin involved in phenotypic changes (Dai et al., 2015). The changes in expression of key genes that affect the regulation of phytohormone pathways may lead to plant dwarfism. For instance, in 3- and 5-year-old plants of the artificial autotetraploid apple (M. × domestica), the altered gene expression modified the content of indoleacetic acid (IAA) and BRs leading to a decrease in tree growth resulting in a dwarfing effect. In addition, the accumulation of miR390 after genome duplication results in upregulation of short-acting apple RNA3 (MdTAS3), which in turn downregulates the expression of MdARF3, an auxin response factor (Ma et al., 2016). The dwarfing effect is also observed in other artificial autotetraploid apple trees prior to flowering; however, growth is restored after the juvenile phase (Xue et al., 2017). Rootstocks play a key role in controlling scion growth and development by the modulation of hormone signaling pathways (Cookson et al., 2013; Gregory et al., 2013; Berdeja et al., 2015; Corso et al., 2016; Adams et al., 2018). Indeed, in grafted plants, cytokines are synthesized in the rootstock and then transported into the apical meristem through the phloem, while ethylene is synthesized in the rootstock xylem. Conversely, auxin is synthesized in the scion’s leaves and is then transmitted to the roots via phloem (Zhao, 2018). The use of polyploid rootstocks or scions may alter the concentration and balance of phytohormones (ABA, IAA, BRs, auxin, and cytokinin) and impact the tree’s phenotype. In “Rough” lemon (C. jambhiri Lush.) grafted with autotetraploid “Commune” clementine, Apetala 2 (AP2)/ethylene element binding protein (EREBP) genes that play a role in regulating various developmental processes are repressed (Riechmann and Meyerowitz, 1998; Ninoles et al., 2015). When 2x “Delta Valencia” sweet orange [C. × sinensis (L.) Osb.] is grafted into 4x “Rangpur” lime, the root-to-shoot signaling, which is mediated by the constitutive expression of many genes, shows a differential pattern when compared to plants grafted into the corresponding 2x rootstock. Overexpression of the CsNCED1 gene, which is involved in regulating abscisic acid (ABA) biosynthesis, increases ABA transfer from the roots to the aerial part and modifies gas exchange at the scion level (Allario et al., 2013). Studies based on autopolyploid Paulownia [P. fortunei (Seem) Hemsl.] transcriptome found that many miRNAs are also predicted to participate in ABA signaling (Zhao, 2018; Figure 3). However, it is interesting to note that the phytohormone contents fluctuate throughout development, independently of ploidy, but a different pattern may predominate. In autotriploid and autotetraploid watermelon fruit, IAA is higher than in 2x during developmental stages. Meanwhile, no differences in ABA expression have been observed on the 3x watermelons. On the other hand, GA, the main cytokine zeatin riboside (ZR) and BR contents are lower than IAA and ABA and are gradually reduced during fruit development independently of the ploidy. The low concentrations of ZR and BR are thought to be due to a small impact of ploidy on the expression of related genes (Dou et al., 2017).

Organic acids acting as intermediates in the tricarboxylic acid (TCA) cycle (citric acid, malic acid, fumaric acid, and succinic acid), a central pathway of energy metabolites and anabolic precursors for plant proliferation and survival, are also affected by modifying the gene dosage. The main difference between 2x and autotetraploid Col-0 Arabidopsis metabolite accumulation is found in the TCA cycle and γ-amino butyric acid (GABA) shunt. TCA and GABA concentrations respond to a differential expression of their related genes (Vergara et al., 2016). Studies performed on mature leaves of mandarin (C. reticulata L.) grafted on 2x and 4x trifoliate orange (Poncirus trifoliata L. Raf.) rootstock, show an increase in few TCA compounds including citric acid, but a decrease in other secondary metabolites such as phenylpropanoids and terpenoids. The accumulation of primary metabolites appears to be related to epigenetic modifications rather than genetic variation. Thus, Tan et al. (2017) hypothesized that the decrease in secondary metabolites could indicate that primary metabolism takes priority to relieve the genomic stress encountered in the early stages of genome doubling, probably to allow better vitality and growth. Overall, the impact of polyploidization on metabolites differs depending on the species and specially on their roles as scions, rootstocks, or non-grafted plants (Figure 3). This behavior indicates that metabolic changes induced by polyploidization is associated to roostock-scion interactions (Fasano et al., 2016) and further research is needed to decipher stable patterns.



POLYPLOIDY IMPROVES STRESS TOLERANCE

Polyploidy, whether auto or allo is associated with enhanced tolerance to a wide range of stresses, including drought, salinity, cold, heat, nutrient deprivation, or excess light both in wild and cultivated plant species (Doyle and Coate, 2019). According to the abundant research on synthetic autopolyploids, genome doubling can generate variation per se in the absence of hybridity. There are widespread recurring patterns associated with genome duplication that lead to enhanced stress tolerance (Doyle and Coate, 2019). Most of the mechanisms described involve substantial changes in morphology but subtle changes in gene expression (Allario et al., 2013). However, altered hormone signaling (del Pozo and Ramirez-Parra, 2014), differential metabolic responses or altered DNA methylation patterns (Yu et al., 2009; Aversano et al., 2013) have also been identified on autopolyploids. These effects can be highly variable between species or even among individuals within the same species. For instance, Denaeghel et al. (2018) reported increased cold tolerance in autotetraploid Escallonia rubra (Ruiz and Pav.) Pers. when compared to the 2x. In contrast, autotetraploid E. rosea Griseb. does not differ from 2x in its cold tolerance. In artificial allopolyploids, that combine increased ploidy and hybridization effects, differential gene (Zhao et al., 2017) and protein (Yan et al., 2017) expression has been described more often. In this case, research has shown that it is possible to efficiently combine the desired parental phenotypes on the progenies (Grosser and Gmitter, 2011), although genome instability and allelic losses have also been described (Pensabene-Bellavia et al., 2015; Ruiz et al., 2018). Overall, polyploid breeding is progressively carving out its place as a method to improve crops for abiotic stress tolerance, as it opens the possibility of adding functional novelty, while combining genomes that are associated with a well-known and highly valued agronomic behavior. The outcome minimizes the risk that undesired behavior causes economic loss when compared to traditional breeding methods. In the following section, we review the effect of genome duplication on abiotic stress tolerance. Specifically, we will focus on the biochemical, morphological, and physiological modifications underpinning the enhanced tolerance of polyploid crops to a wide range of environmental stresses that have been described lately.


Alterations in ROS Metabolism

Most abiotic stresses have a common impact on plants: they induce the accumulation of reactive oxygen species (ROS), which are by-products of the physiological metabolism. According to the abundant available literature, altered ROS metabolism is a common effect of polyploidization that helps to improve stress tolerance. In 4x Arabidopsis subjected to drought stress, ROS homeostasis is altered when compared to 2x, resulting in more efficient adaptation (del Pozo and Ramirez-Parra, 2014). Similarly, several polyploid crops have enhanced stress tolerance responses that are correlated with oxidative metabolism alterations. The increase in ROS is an immediate consequence of salt stress in plants, as they are involved in transcriptional regulation and ion flux alteration to improve the plant’s general performance. High levels of salinity generate damaging ROS as a part of the programmed cell death response (Isayenkov and Maathuis, 2019) and are balanced by ROS scavengers. In this sense, faster ROS production response in earlier stress phases and a more efficient ROS scavenging capacity in later stages have been described in Black locust (Robinia pseudoacacia L.; Meng et al., 2016; Luo et al., 2017) and different citrus species (Podda et al., 2013; Khalid et al., 2020) as a way to cope with salt stress. This effect has been widely documented in 4x citrus for a variety of stresses. For instance, 4x P. trifoliata subjected to drought has a transcriptome enriched in genes coding for enzymes related to antioxidant process, higher peroxidase (POD) and superoxide dismutase (SOD) activity, lower level of ROS, and less tissue damage. This mechanism in combination with osmotic adjustment has been described to enhance tolerance to drought when compared to the 2x (Wei et al., 2019). Furthermore, allotetraploidization might have a stronger effect on stress protection, combining two different genetic pools and the genome duplication effect. The allotetraploid hybrid FlhorAG1 (C. deliciosa Tan. + P. trifoliata) when compared to its parents and respective autotetraploids, had lower photoinhibition (Fv/Fm) and less accumulation of the oxidative markers malondialdehyde (MDA) and H2O2. This was correlated with a greater increase in some antioxidant activities during cold stress (SOD, ascorbate peroxidase or APX and glutathione reductase or GR) and light stress (SOD, APX, and monodehydroascorbate reductase or MDHAR; Oustric et al., 2018). Later studies on nutrient deprivation showed that the allotetraploid FlhorAG1 and several autotetraploid citrus genotypes are more tolerant to nutrient deficiency than their 2x counterparts. This behavior is related to enhanced photosynthetic capacity and a more favorable balance in their oxidative metabolism (Oustric et al., 2019a). The stress-protective effect driven by polyploidy was found to be graft-transmissible by different studies on citrus varieties grafted on 4x rootstocks. For instance, “Commune” clementine is more tolerant to cold stress when grafted on 4x “Carrizo” citrange (P. trifoliata × C. sinensis) than in 2x, as photosynthetic machinery stays more active and thus ROS production and damage are limited (Oustric et al., 2017). Lower levels of MDA, less electrolyte leakage and higher specific activities of catalase (CAT), APX, and dehydroascorbate reductase or DHAR were detected on plants grafted on 4x rootstocks, suggesting that a more efficient antioxidant activity promoted by the rootstock plays a role in their enhanced cold tolerance. Another example is the behavior of “Kinnow” mandarin plants grafted on three different rootstocks and subjected to chromium toxicity. In this study, plants grafted on 4x rootstocks were more tolerant than plants grafted on 2x rootstocks (Balal et al., 2017). This was attributed to more efficient accumulation of the metal on the 4x roots, and in turn, decreased transfer to leaves that prevented damage by accumulation. A more active antioxidant system was also identified in 4x roots.

Changes in primary and secondary metabolite expression, such as upregulation of sugars, amino acids, organic acids, and fatty acids driven by genome duplication have been reported to underpin the ROS metabolism alterations (Tan et al., 2015). The reason behind may be that large cells are disproportionately more productive than small cells. This might be driven by surface-to-volume ratio effects or increase in organelle number and size as described by Doyle and Coate (2019). These authors have also highlighted the potential contribution of ploidy-driven changes at the nucleolus, mitochondria, chloroplast, and endoplasmic reticulum on enhanced tolerance to abiotic stress. However, there is still a lack of knowledge in this area.



Enhanced Tolerance to Drought and Salinity

One of the main mechanisms involved in plant drought tolerance is the ability to deal with cavitation is one of the mechanisms favoring plant drought tolerance (Brodersen and McElrone, 2013). In polyploid species, xylem vessels are usually bigger in diameter than in 2x counterparts due to bigger cell size (Soltis et al., 2014), suggesting that polyploidy may increase sensitivity to drought due to an increased vulnerability to water flow instability under tension (Tyree and Ewers, 1991; Maherali et al., 2009). However, there are reports of decreased sensitivity to low soil moisture among polyploids (Maherali et al., 2009; Hao et al., 2013; Zhang W. W. J. et al., 2017). This paradox may be explained going deeper into the complexity of the occurrence and reversion of embolism in plants. Cavitation is not a straightforward process; it is influenced by several other traits that are not commonly evaluated. Pit anatomy (Zhang W. W. J. et al., 2017), vessel wall surface properties, and associated fibers or the whole xylem architecture may play a fundamental role in cavitation propension (Rockwell et al., 2014; Guet et al., 2015). To our knowledge, these traits have not yet been explored on polyploid crops.

Equally important for drought tolerance are the changes in the transpiration rate. Stomata in polyploids are typically bigger and their distribution is less dense than in 2x (Hennig et al., 2015; Hïas et al., 2017; Corneillie et al., 2019), which may force lower stomatal conductance than 2x counterparts (Singh and Sethi, 1995; Syvertsen et al., 2000; Zhang et al., 2007; Allario et al., 2011) and improve photosynthetic efficiency (Warner and Edwards, 1993). In 4x “Hanfu” apple the enhanced photosynthetic capacity has a positive impact on fruit yield and quality (Xue et al., 2017). However, this effect seems to be dependent on scion polyploidy, as 4x rootstocks do not enhance the photosynthetic capacity of 2x scions (Oustric et al., 2017). It has been showed that stomata closure can depend on leaf ABA, even though rootstock may contribute to the production of ABA (McAdam et al., 2016). Polyploidy can lower the gas exchange capacity as seen in 4x strawberries (Fragaria moupinensis Cardot; Gao et al., 2017). In this sense, the stomata closure regulatory mechanism, led by root-to-shoot signaling that is triggered by drought and mediated by the plant hormone ABA (Schachtman and Goodger, 2008) is said to be altered by polyploidy. Autotetraploid “Rangpur” lime has higher constitutive production of ABA than the 2x counterpart, associated with increased drought tolerance (Allario et al., 2013). Likewise, stomatal closure in 4x Arabidopsis is more responsive to drought and ABA than in 2x (del Pozo and Ramirez-Parra, 2014), but there is also evidence of increased gas exchange capacity in 4x Arabidopsis (Monda et al., 2016). These findings suggest that additional ploidy-driven modifications at the root level may have a strong influence on the gas exchange process such as the root’s hydraulic conductivity (see next section). Overall, these stomata-related findings suggest that polyploids might provide better functional adaptation to drought stress, either when used as rootstocks or scions.

Furthermore, root hydraulic conductivity (Lp; m·s−1·MPa−1), which determines the root’s system water uptake capacity and plays an important role in water use, might be modified by ploidy. The main traits contributing to decrease Lp, both in woody and herbaceous species, are cortex width and the presence of suberin barriers, which manage the radial flow of water and solutes to the stele (Rieger and Litvin, 1999). Polyploids may have thicker root cortex and suberin depositions, determined by their bigger cell size and more active metabolism (Doyle and Coate, 2019), as it is the case of citrus (Syvertsen et al., 2000; Ruiz et al., 2016a,c) or Willow (Dudits et al., 2016), which would result in lower Lp than in 2x roots (Ruiz et al., 2016c). Decreased water uptake conserves the resource in the soil for longer periods and prevents root leakiness or backflow under dry conditions, thus delaying plant mortality. As an example, suberin barrier reinforcement contributes to reducing the transpiration rate, while increasing water-use efficiency in Arabidopsis (Baxter et al., 2009); this is a well-known adaptation mechanism that helps many annual and woody species overcome water stress (Barrios-Masias et al., 2015). Shorter, thicker and less branched roots that develop earlier and thicker suberin barriers have been identified on different 4x citrus rootstocks (Syvertsen et al., 2000; Ruiz et al., 2016a,c) and have been associated with lower hydraulic conductivity (Huang and Eissenstat, 2000). These modifications operate in “Carrizo” citrange to maintain unaltered leaf hydric status under osmotic stress, allowing gas exchange parameters to be sustained and limiting water consumption, while the 2x is drastically affected (Ruiz et al., 2015, 2016b; Oliveira et al., 2017). Similarly, 4x Acacia (Acacia senegal L. Willd) grew faster than 2x only under drought stress (Diallo et al., 2016). However, these anatomical root modifications have yet to be described in other polyploid crops.

The mechanisms described above are operative in the early stages of drought stress when water resources are in short supply to plant organs. Meanwhile, alternative local mechanisms may act in later stages to prevent dehydration and tissue damage. Hydraulic capacitance involves the use of tissue water storage to buffer local desiccation, maintain function (Huang et al., 2017; Vogel et al., 2017), or reverse cavitation (Brodersen et al., 2018). In that sense, polyploid plants may have an advantage over the 2x at preserving tissue water content as shown by the autotetraploid Arabidopsis detached rosette leaves (del Pozo and Ramirez-Parra, 2014). Similarly, autotetraploid “Gala” apple has the ability to delay drought-induced misperformance by trading hydraulic safety for increased release of capacitively stored water from living tissues (De Baerdemaeker et al., 2018). However, it is unknown whether bigger polyploid cells can accommodate bigger vacuoles increasing their water storage capacity.

Plant responses to salinity are induced by two different components of saline solutions. Initial adjustments are attributed to the water-stress effects triggered by the osmotic component of soil water potential. Ion-specific toxicity occurs later when saline ions accumulate causing tissue damage and abscission. Both effects reduce the plant’s photosynthetic capacity, first by dramatically decreasing stomatal and root hydraulic conductance to limit water use and second, by reducing the leaf area. Consequently, the plant must reduce its growth rate (Munns and Tester, 2008). At the later stage, plant mortality appears when toxic damage, poor water status, and starvation overcome tolerance capacity. Several polyploid crops respond more efficiently to soil water depletion aided by the different mechanisms mentioned above. These would also be operative to deal with both toxic and osmotic components of salt stress. In citrus, higher salt tolerance has been described in different 4x rootstocks in association with low water use (Saleh et al., 2008; Ruiz et al., 2016b,c) or low water availability (Mouhaya et al., 2010). The efficient regulation of water use in response to osmotic stress greatly prevents ion intoxication by excessive accumulation when uptake is proportional to water use (Moya et al., 2003). Conversely, this tolerant response could require a trade-off between fruit production and ion avoidance.

Also, important when dealing with salinity is the more balanced potassium-sodium (K+/Na+) homeostasis shown by polyploid plants. Maintaining high K+ uptake and tissue concentration is essential for salt tolerance (Wu et al., 2018), as K+ competes for similar ion channels, transporters, and active sites as Na+, preventing its accumulation and resulting functional disruption (Nieves-Cordones et al., 2010; Isayenkov and Maathuis, 2019). For example, polyploid Arabidopsis has greater tolerance to salinity, associated with higher K+ uptake and lower Na+ accumulation in leaves. Surprisingly, this effect has been shown to rely on rootstock polyploidy rather than on shoot cytotype (Chao et al., 2013). Hence, it is a root-dependent phenotype that could be provided to grafted crops using polyploid rootstocks. Higher K+ retention when faced with salt stress has been also observed in hexaploid bread wheat (T. aestivum L.; Yang et al., 2014), in “Carrizo” citrange (Ruiz et al., 2016b) and in the allohexaploid sweet potato wild relative Ipomoea trifida (Kunth) G. Don (Liu et al., 2019). However, the reasons behind this ploidy-driven differential cation regulation are unknown.

Most crops suffer from the effects of salt toxicity, mainly associated with Na+ leaf accumulation (Munns and Tester, 2008). However, some tree crop species are mostly affected by leaf chloride (Cl−) accumulation instead, such as avocado (Persea americana Mill.; Acosta-Rangel et al., 2019), grape (Henderson et al., 2014), or citrus (Moya et al., 2003). Moreover, independent of which ion is the most damaging, the key for salt tolerance is the exclusion ability that some species have to limit ion uptake and translocation.

On the root apoplastic pathway, barriers to toxic ions are mainly based on suberin depositions at the exodermis and endodermis layers, whose presence/absence patterns are a determining factor for water and ion flow. In 4x citrus, enhanced Cl− and boron exclusion ability has been related to a less branched and thicker root that develops earlier and thicker suberin barriers that are more restrictive to ion flux than in 2x counterparts (Ruiz et al., 2016a,c). Another essential mechanism used to deal with salinity is excess ion partition. Although this is not well understood, the three main compartments for Na+ and Cl− allocation are under discussion. Most data suggest that plants prevent excessive Na+ and Cl− accumulation in the cytosol and apoplast, to stop them from reaching concentrations beyond 50–80 mM to avoid hydric, biochemical, and nutritional imbalance (Isayenkov and Maathuis, 2019). In contrast, vacuoles can endure 10-fold higher ion concentrations than the later compartments. In this sense, polyploids would theoretically be at an advantage because of the ability to allocate, exchange, and dilute ions in their bigger vacuoles (Doyle and Coate, 2019). However, whether this mechanism plays a role in enhancing salinity tolerance has not been described on polyploid plants yet.



Does Polyploidy Induce Better Tolerance to Biotic Stress?

In earlier sections of this review, some polyploids were shown to be more tolerant to abiotic stress induced by genome expression regulation leading to changes in physiological traits, hormonal production, or better antioxidant systems. QTL analysis revealed quantitative resistance for Phytophthora infestans and Tecia solanivora in 4x potato (Santa et al., 2018). Tetraploid and 3x banana cultivars had little damage due to nematodes and did not significantly reduce their plant height (Dochez et al., 2009). All the cultivated citrus are sensitive to Huanglongbing (HLB), a disease caused by the bacterium Candidatus Liberibacter sp. In citrus, HLB leads to an increase of callose synthesis at the sieve plate of the phloem cells, which will cause plugging of the pores (Koh et al., 2012), and thus will stop the symplastic transport between phloem cells. In the short term, the tree’s physiology will be greatly affected which will rapidly lead to the tree’s death. “Persian” lime (Citrus × latifolia Tan. ex Jimenez), which is 3x, is the most tolerant variety to HLB. It is thus possible that the better tolerance in “Persian” lime is related to the larger phloem vessels induced by polyploidy, which in turn will contribute to maintaining the flux of the phloem sieve for a longer time.




CONCLUDING REMARKS

We believe that the research into synthetic polyploids in agriculture is still too limited. Overall, the mechanisms that contribute to stress tolerance may also play a role in keeping plant productivity and fruit quality during environmental constraints or intentional water shortage. For this reason, polyploid scions and rootstocks might be a convenient choice for promoting efficient and sustainable agriculture. As an example, grape, olive, and citrus are very relevant for evaluating the impact of polyploidy on plant stress adaptation since they are clonally propagated crops (De Ollas et al., 2019). Extensive studies are still required to decipher the impact of polyploidy at the rootstock or scion level on agronomical phenotypic traits. Additionally, better understanding of the associated genome expression regulatory mechanisms induced by polyploidy is required as well. Overall, the production of 3x and 4x genotypes is quite straightforward nowadays and numerous grafted plants of agronomic interest could benefit from the ploidy-induced novel phenotypes.
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NAD-IDH, Isocitrate dehydrogenase; GABA-T, ɣ-aminobutyric acid transaminase; GABP, ɣ-aminobutyric acid permease; ABA, Abscisic acid; ACO2, Assimilation rate; APX, Ascorbate peroxidase; BRs, Brassinosteroids; CAT, Catalase; DHAR, Dehydroascorbate reductase; E, Transpiration rate; GA, Giberellic acid; GPX, Glutathione peroxidase; GR, Glutathione reductase; GS, Stomatal conductance; GSH, Glutathione; GST, Glutathione S-transferase; IAA, Indole acetic acid; Lp, Root hydraulic conductivity; MDHAR, Monodehydroascorbate reductase; POD, Peroxidase; PRX, Peroxiredoxin; QTL, Quantitative trait loci; ROS, Reactive oxygen species; SOD, Superoxide dismutase.


REFERENCES

 Acosta-Rangel, A., Li, R., Celis, N., Suarez, D., Santiago, L., Arpaia, M., et al. (2019). The physiological response of ‘Hass’ avocado to salinity as influenced by rootstock. Sci. Hortic. 256:108629. doi: 10.1016/j.scienta.2019.108629

 Adams, K. L., Cronn, R., Percifield, R., and Wendel, J. F. (2003). Genes duplicated by polyploidy show unequal contributions to the transcriptome and organ-specific reciprocal silencing. Proc. Natl. Acad. Sci. 100, 4649–4654. doi: 10.1073/pnas.0630618100

 Adams, S., Lordan, J., Fazio, G., Bugbee, B., Francescatto, P., Robinson, T. L., et al. (2018). Effect of scion and graft type on transpiration, hydraulic resistance and xylem hormone profile of apples grafted on Geneva® 41 and M. 9-NIC™ 29 rootstocks. Sci. Hortic. 227, 213–222. doi: 10.1016/j.scienta.2017.09.052

 Albacete, A., Martínez-Andújar, C., Martínez-Pérez, A., Thompson, A. J., Dodd, I. C., and Pérez-Alfocea, F. (2015). Unravelling rootstock × scion interactions to improve food security. J. Exp. Bot. 66, 2211–2226. doi: 10.1093/jxb/erv027 

 Aleza, P., Froelicher, Y., Schwarz, S., Agusti, M., Hrnandez, M., Huarez, J., et al. (2011). Tetraploidization events by chromosome doubling of nucellar cells are frequent in apomictic citrus and are dependent on genotype and environment. Ann. Bot. 108, 37–50. doi: 10.1093/aob/mcr099 

 Aleza, P., Juarez, J., Hernandez, M., Ollitrault, P., and Navarro, L. (2012). Implementation of extensive citrus triploid breeding programs based on 4x × 2x sexual hybridisations. Tree Genet. Genomes 8, 1293–1306. doi: 10.1007/s11295-012-0515-6

 Allario, T., Brumos, J., Colmenero-Flores, J. M., Iglesias, D. J., Pina, J. A., Navarro, L., et al. (2013). Tetraploid Rangpur lime rootstock increases drought tolerance via enhanced constitutive root abscisic acid production. Plant Cell Environ. 36, 856–868. doi: 10.1111/pce.12021 

 Allario, T., Brumos, J., Colmenero-Flores, J. M., Tadeo, F., Froelicher, Y., Talon, M., et al. (2011). Large changes in anatomy and physiology between diploid Rangpur lime (Citrus limonia) and its autotetraploid are not associated with large changes in leaf gene expression. J. Exp. Bot. 62, 2507–2519. doi: 10.1093/jxb/erq467 

 Asay, K. H., Dewey, D. R., Gomm, F. B., Horton, W. H., and Jensen, K. B. (1986). Genetic progress through hybridization of induced and natural tetraploids in crested wheatgrass. Rangel. Ecol. Manag. 39, 261–263.

 Atkinson, C. J., and Else, M. A. (2001). Understanding how rootstocks dwarf fruit trees. Compact Fruit Tree 34, 46–49.

 Auger, D. L., Gray, A. D., Ream, T. S., Kato, A., Coe, E. H., and Birchler, J. A. (2005). Nonadditive gene expression in diploid and triploid hybrids of maize. Genetics 169, 389–397. doi: 10.1534/genetics.104.032987 

 Aversano, R., Caruso, I., Aronne, G., De Micco, V., Scognamiglio, N., and Carputo, D. (2013). Stochastic changes affect solanum wild species following autopolyploidization. J. Exp. Bot. 64, 625–635. doi: 10.1093/jxb/ers357 

 Ayano, M., Kani, T., Kojima, M., Sakakibara, H., Kitaoka, T., Kuroha, T., et al. (2014). Gibberellin biosynthesis and signal transduction is essential for internode elongation in deepwater rice. Plant Cell Environ. 37, 2313–2324. doi: 10.1111/pce.12377 

 Balal, R. M., Shahid, M. A., Vincent, C., Zotarelli, L., Liu, G., Mattson, N. S., et al. (2017). Kinnow mandarin plants grafted on tetraploid rootstocks are more tolerant to Cr-toxicity than those grafted on its diploids one. Environ. Exp. Bot. 140, 8–18. doi: 10.1016/j.envexpbot.2017.05.011

 Barrios-Masias, F. H., Knipfer, T., and McElrone, A. J. (2015). Differential responses of grapevine rootstocks to water stress are associated with adjustments in fine root hydraulic physiology and suberization. J. Exp. Bot. 66, 6069–6078. doi: 10.1093/jxb/erv324

 Bassene, J. B., Froelicher, Y., Dubois, C., Ferrer, R. M., Navarro, L., Ollitrault, P., et al. (2010). Non-additive gene regulation in a citrus allotetraploid somatic hybrid between C. reticulata Blanco and C. limon (L.) Burm. Heredity 105, 299–308. doi: 10.1038/hdy.2009.162

 Bastiaanssen, H., Van Den Berg, P., Lindhout, P., Jacobsen, E., and Ramanna, M. S. (1998). Postmeiotic restitution in 2n-egg formation of diploid potato. Heredity 81, 20–27. doi: 10.1046/j.1365-2540.1998.00370.x

 Baxter, I., Hosmani, P. S., Rus, A., Lahner, B., Borevitz, J. O., Muthukumar, B., et al. (2009). Root suberin forms an extracellular barrier that affects water relations and mineral nutrition in Arabidopsis. PLoS Genet. 5, 1–12. doi: 10.1371/journal.pgen.1000492

 Beck, S. L., Dunlop, R. W., and Fossey, A. (2003). Evaluation of induced polyploidy in Acacia mearnsii through stomatal counts and guard cell measurements. South Afr. J. Bot. 69, 563–567. doi: 10.1016/S0254-6299(15)30295-7

 Beest, M., Le Roux, J., Richardson, D., Brysting, A., Suda, J., Kubesova, M., et al. (2012). The more the better? The role of polyploidy in facilitating plant invasions. Ann. Bot. 109, 19–45. doi: 10.1093/aob/mcr277 

 Berdeja, M., Nicolas, P., Kappel, C., Dai, Z. W., Hilbert, G., Peccoux, A., et al. (2015). Water limitation and rootstock genotype interact to alter grape berry metabolism through transcriptome reprogramming. Hort. Res. 2, 1–13. doi: 10.1038/hortres.2015.12 

 Birchler, J. A. (2014). Interploidy hybridization barrier of endosperm as a dosage interaction. Front. Plant Sci. 5:281. doi: 10.3389/fpls.2014.00281 

 Boss, P. K., and Thomas, M. R. (2002). Association of dwarfism and floral induction with a grape ‘green revolution’ mutation. Nature 416, 847–850. doi: 10.1038/416847a

 Brochmann, C., Brysting, A. K., Alsos, I. G., Borgen, I., Grundt, H. H., Scheen, A. -C., et al. (2004). Polyploidy in arctic plants. Biol. J. Linn. Soc. Lond. 82, 521–536. doi: 10.1111/j.1095-8312.2004.00337.x

 Brodersen, C. R., Knipfer, T., and McElrone, A. J. (2018). In vivo visualization of the final stages of xylem vessel refilling in grapevine (Vitis vinifera) stems. New Phytol. 217, 117–126. doi: 10.1111/nph.14811 

 Brodersen, C. R., and McElrone, A. J. (2013). Maintenance of xylem network transport capacity: a review of embolism repair in vascular plants. Front. Plant Sci. 4:108. doi: 10.3389/fpls.2013.00108

 Cameron, J., and Frost, H. (1968). “Genetics, breeding and nucellar embryony” in The citrus industry. Vol. 2. eds. L. B. Reuther and H. Webber (Berkeley: University of California Press), 325–370.

 Castle, W. S. (1995). Rootstock as a fruit quality factor in citrus and deciduous tree crops. New Zeal. J. Crop Hort. Sci. 23, 383–394. doi: 10.1080/01140671.1995.9513914

 Chao, D. -Y., Dilkes, B., Luo, H., Douglas, A., Yakubova, E., Lahner, B., et al. (2013). Polyploids exhibit higher potassium uptake and salinity tolerance in Arabidopsis. Science 341, 658–659. doi: 10.1126/science.1240561 

 Chen, Z. J. (2007). Genetic and epigenetic mechanisms for gene expression and phenotypic variation in plant polyploids. Annu. Rev. Plant Biol. 58, 377–406. doi: 10.1146/annurev.arplant.58.032806.103835 

 Chen, Z. J. (2010). Molecular mechanisms of polyploidy and hybrid vigor. Trends Plant Sci. 15, 57–71. doi: 10.1016/j.tplants.2009.12.003 

 Chen, Z. J., and Ni, Z. (2006). Mechanisms of genomic rearrangements and gene expression changes in plant polyploids. BioEssays 28, 240–252. doi: 10.1002/bies.20374 

 Cohen, H., Fait, A., and Tel-Zur, N. (2013). Morphological, cytological and metabolic consequences of autopolyploidization in Hylocereus (Cactaceae) species. BMC Plant Biol. 13:173. doi: 10.1186/1471-2229-13-173

 Comai, L. (2005). The advantages and disadvantages of being polyploid. Nat. Rev. Genet. 6, 836–846. doi: 10.1038/nrg1711 

 Cookson, S. J., Clemente Moreno, M. J., Hevin, C., Nyamba Mendome, L. Z., Delrot, S., Trossat-Magnin, C., et al. (2013). Graft union formation in grapevine induces transcriptional changes related to cell wall modification, wounding, hormone signalling, and secondary metabolism. J. Exp. Bot. 64, 2997–3008. doi: 10.1093/jxb/ert144 

 Corneillie, S., De Storme, N., Van Acker, R., Fangel, J. U., De Bruyne, M., De Rycke, R., et al. (2019). Polyploidy affects plant growth and alters cell wall composition. Plant Physiol. 179:74. doi: 10.1104/pp.18.00967 

 Corso, M., Vannozzi, A., Ziliotto, F., Zouine, M., Maza, E., Nicolato, T., et al. (2016). Grapevine rootstocks differentially affect the rate of ripening and modulate auxin-related genes in cabernet sauvignon berries. Front. Plant Sci. 7:69. doi: 10.3389/fpls.2016.00069 

 Crow, J. F. (1994). Hitoshi Kihara, Japan’s pioneer geneticist. Genetics 137, 891–894.

 Cuenca, J., Aleza, P., Juarez, J., Garcia-Lor, A., Froelicher, Y., Navarro, L., et al. (2015). Maximum-likelihood method identifies meiotic restitution mechanism from heterozygosity transmission of centromeric loci: application in citrus. Sci. Rep. 5:9897. doi: 10.1038/srep09897

 Cuenca, J., Froelicher, Y., Aleza, P., Juarez, J., Navarro, L., and Ollitrault, P. (2011). Multilocus half-tetrad analysis and centromere mapping in citrus: evidence of SDR mechanism for 2n megagametophyte production and partial chiasma interference in mandarin cv ‘Fortune’. Heredity 107, 462–470. doi: 10.1038/hdy.2011.33 

 Cui, L., Wall, P. K., Leebens-Mack, J. H., Lindsay, B. G., Soltis, D. E., Doyle, J. J., et al. (2006). Widespread genome duplications throughout the history of flowering plants. Genome Res. 16, 738–749. doi: 10.1101/gr.4825606 

 Dai, F., Wang, Z., Luo, G., and Tang, C. (2015). Phenotypic and transcriptomic analyses of autotetraploid and diploid mulberry (Morus alba L.). Int. J. Mol. Sci. 16, 22938–22956. doi: 10.3390/ijms160922938 

 Dambier, D., Benyahia, H., Pensabene-Bellavia, G., Kaçar, Y. A., Froelicher, Y., Belfalah, Z., et al. (2011). Somatic hybridization for citrus rootstock breeding: an effective tool to solve some important issues of the Mediterranean citrus industry. Plant Cell Rep. 30, 883–900. doi: 10.1007/s00299-010-1000-z 

 Dantas, A. C. M., Boneti, J. I., Nodari, R. O., and Guerra, M. P. (2006). Embryo rescue from interspecific crosses in apple rootstocks. Pesqui. Agropecu. Bras. 41, 969–973. doi: 10.1590/S0100-204X2006000600011

 De Baerdemaeker, N. J. F., Hïas, N., Van den Bulcke, J., Keulemans, W., and Steppe, K. (2018). The effect of polyploidization on tree hydraulic functioning. Am. J. Bot. 105, 163–173. doi: 10.1002/ajb2.1032 

 de Carvalho-Santos, T. T., de Oliveira, A. V. B., dos Santos-Serejo, J. A., da Silva Ledo, C. A., Haddad, F., Ferreira, C. F., et al. (2019). Genetic variability among autotetraploid populations of banana plants derived from wild diploids through chromosome doubling using SSR and molecular markers based on retrotransposons. Mol. Breed. 39:95. doi: 10.1007/s11032-019-0996-1

 De Ollas, C., Morillon, R., Fotopoulos, V., Puértolas, J., Ollitrault, P., Gómez-Cadenas, A., et al. (2019). Facing climate change: biotechnology of iconic Mediterranean woody crops. Front. Plant Sci. 10:427. doi: 10.3389/fpls.2019.00427 

 De Storme, N., and Geelen, D. (2013). Sexual polyploidization in plants-cytological mechanisms and molecular regulation. New Phytol. 198, 670–684. doi: 10.1111/nph.12184 

 del Pozo, J. C., and Ramirez-Parra, E. (2014). Deciphering the molecular bases for drought tolerance in Arabidopsis autotetraploids. Plant Cell Environ. 37, 2722–2737. doi: 10.1111/pce.12344 

 Denaeghel, H., Van Laere, K., Leus, L., Lootens, P., Van Huylenbroeck, J., and Van Labeke, M. C. (2018). The variable effect of Polyploidization on the phenotype in Escallonia. Front. Plant Sci. 9:354. doi: 10.3389/fpls.2018.00354 

 DeWet, J. M. J. (1980). “Origins of polyploids” in Polyploidy. ed. W. H. Lewis (New York: Plenum Press), 3–15.

 Dhawan, O. P., and Lavania, U. C. (1996). Enhancing the productivity of secondary metabolites via induced polyploidy: a review. Euphytica 87, 81–89. doi: 10.1007/BF00021879

 Diallo, A. M., Nielsen, L. R., Kjær, E. D., Petersen, K. K., and Ræbild, A. (2016). Polyploidy can confer superiority to west African Acacia senegal (L.) Willd. Trees. Front. Plant Sci. 7:821. doi: 10.3389/fpls.2016.00821 

 Dochez, C., Tenkouano, A., Ortiz, R., Whyte, J., and de Waele, D. (2009). Host plant resistance to Radopholus similis in a diploid banana hybrid population. Nematology 11, 329–335. doi: 10.1163/156854109X446926

 Dong, S., and Adams, K. L. (2011). Differential contributions to the transcriptome of duplicated genes in response to abiotic stresses in natural and synthetic polyploids. New Phytol. 190, 1045–1057. doi: 10.1111/j.1469-8137.2011.03650.x 

 Dou, J. L., Yuan, P. L., Zhao, S. J., Nan, H. E., Zhu, H. J., Lei, G., et al. (2017). Effect of ploidy level on expression of lycopene biosynthesis genes and accumulation of phytohormones during watermelon (Citrullus lanatus) fruit development and ripening. J. Integr. Agric. 16, 1956–1967. doi: 10.1016/S2095-3119(16)61618-0

 Doyle, J. J., and Coate, J. E. (2019). Polyploidy, the nucleotype and novelty: the impact of genome doubling on the biology of the cell. Int. J. Plant Sci. 180, 1–52. doi: 10.1086/700636

 Doyle, J. J., Flagel, L. E., Paterson, A. H., Rapp, R. A., Soltis, D. E., Soltis, P. S., et al. (2008). Evolutionary genetics of genome merger and doubling in plants. Annu. Rev. Genet. 42, 443–461. doi: 10.1146/annurev.genet.42.110807.091524

 Dudits, D., Török, K., Cseri, A., Paul, K., Nagy, A. V., Nagy, B., et al. (2016). Response of organ structure and physiology to Autotetraploidization in early development of energy willow Salix viminalis. Plant Physiol. 170, 1504–1523. doi: 10.1104/pp.15.01679 

 Entani, T., Takayama, S., Iwano, M., Shiba, H., Che, F. S., and Isogai, A. (1999). Relationship between polyploidy and pollen self-incompatibility phenotype in Petunia hybrida Vilm. Biosci. Biotechnol. Biochem. 63, 1882–1888. doi: 10.1271/bbb.63.1882

 Falistocco, E. (2016). Recurrent events of polyploidy in Ficus carica L. (Moraceae). Int. J. Mol. Sci. 177, 319–325. doi: 10.1086/684275

 Fasano, C., Diretto, G., Aversano, R., D’Agostino, N., Di Matteo, A., Frusciante, L., et al. (2016). Transcriptome and metabolome of synthetic Solanum autotetraploids reveal key genomic stress events following polyploidization. New Phytol. 210, 1382–1394. doi: 10.1111/nph.13878

 Fazio, G., Wan, Y., Kviklys, D., Romero, L., Adams, R., Strickland, D., et al. (2014). Dw2, a new dwarfing locus in apple rootstocks and its relationship to induction of early bearing in apple scions. J. Am. Soc. Hortic. Sci. 139, 87–98. doi: 10.21273/JASHS.139.2.87

 Feldman, M., and Levy, A. A. (2012). Genome evolution due to allopolyploidization in wheat. Genetics 192, 763–774. doi: 10.1534/genetics.112.146316 

 Finigan, P., Tanurdzic, M., and Martienssen, R. A. (2012). “Origins of novel phenotypic variation in polyploids” in Polyploidy and genome evolution. eds. P. S. Soltis and D. E. Soltis (Heidelberg: Springer Press), 57–76.

 Fuentes, I., Stegemann, S., Golczyk, H., Karcher, D., and Bock, R. (2014). Horizontal genome transfer as an asexual path to the formation of new species. Nature 511, 232–235. doi: 10.1038/nature13291 

 Galan-Sauco, V., Coello Torres, A., Grajal-Martín, M. J., Juárez, J., Navarro, L., and Fernández Galván, D. (2001). Occurrence of spontaneous tetraploid nucellar mango plants. Hortic. Sci. 36, 755–757. doi: 10.21273/HORTSCI.36.4.755

 Gao, S., Yan, Q., Chen, L., Song, Y., Li, J., Fu, C., et al. (2017). Effects of ploidy level and haplotype on variation of photosynthetic traits: novel evidence from two Fragaria species. PLoS One 12:e0179899. doi: 10.1371/journal.pone.0179899 

 García-García, A., Grajal-Martín, M., and González-Rodríguez, Á. (2020). Polyploidization enhances photoprotection in the first stages of Mangifera indica. Sci. Hortic. 264:109198. doi: 10.1016/j.scienta.2020.109198

 Gautier, A., Chambaud, C., Brocard, L., Ollat, N., Gambetta, G. A., Delrot, S., et al. (2019). Merging genotypes: graft union formation and scion/rootstock interactions. J. Exp. Bot. 70, 747–755. doi: 10.1093/jxb/ery422 

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

 Grant, V. (1981). Plant speciation. New York, USA: Columbia University Press.

 Griffin, A. R., Chi, N. Q., Harbard, J. L., Son, D. H., Harwood, C. E., Price, A., et al. (2015). Breeding polyploid varieties of tropical acacias: progress and prospects. J. For. Sci. 77, 41–50. doi: 10.2989/20702620.2014.999303

 Gregory, P. J., Atkinson, C. J., Bengough, A. G., Else, M. A., Fernández-Fernández, 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 

 Grosser, J. W., Barthe, G. A., Castle, B., Gmitter, F. G. Jr., and Lee, O. (2015). The development of improved tetraploid citrus rootstocks to facilitate advanced production systems and sustainable Citriculture in Florida. Acta Hortic. 1065, 319–327. doi: 10.17660/ActaHortic.2015.1065.38

 Grosser, J. W., and Chandler, J. L. (2000). Somatic hybridization of high yield, cold-hardy and disease resistant parents for citrus rootstock improvement. J. Hortic. Sci. Biotechnol. 75, 641–644. doi: 10.1080/14620316.2000.11511300

 Grosser, J. W., Chandler, J. L., and Gmitter, F. G. Jr. (2003). Development of improved sweet oranges via somaclonal variation. Proc. Intl. Soc. Citricul. 1, 42–45.

 Grosser, J. W., and Gmitter, F. G. (2011). Protoplast fusion for production of tetraploids and triploids: applications for scion and rootstock breeding in citrus. Plant Cell. Tiss. Organ Culture 104, 343–357. doi: 10.1007/s11240-010-9823-4

 Grosser, J. W., Ollitrault, P., and Olivares-Fuster, O. (2000). Somatic hybridization in citrus: an effective tool to facilitate variety improvement. In Vitro Cell Dev. Biol. Plant 36, 434–449. doi: 10.1007/s11627-000-0080-9

 Grosser, J. W., Omar, A. A., Gmitter, J. A., and Syvertsen, J. P. (2012). Salinity tolerance of valencia orange trees on allotetraploid rootstocks. Proc. Florida State Hort. Soc. 125, 50–55.

 Guet, J., Fichot, R., Lédée, C., Laurans, F., Cochard, H., Delzon, S., et al. (2015). Stem xylem resistance to cavitation is related to xylem structure but not to growth and water-use efficiency at the within-population level in Populus nigra L. J. Exp. Bot. 66, 4643–4652. doi: 10.1093/jxb/erv232

 Harbard, J. L., Griffin, A. R., Foster, S., Brooker, C., Kha, L. D., and Koutoulis, A. (2012). Production of colchicine-induced autotetraploids as a basis for sterility breeding in Acacia mangium Willd. Forestry 85, 427–436. doi: 10.1093/forestry/cps041

 Hao, G. -Y., Lucero, M. E., Sanderson, S. C., Zacharias, E. H., and Holbrook, N. M. (2013). Polyploidy enhances the occupation of heterogeneous environments through hydraulic related trade-offs in Atriplex canescens (Chenopodiaceae). New Phytol. 197, 970–978. doi: 10.1111/nph.12051

 Henderson, S. W., Baumann, U., Blackmore, D. H., Walker, A. W., Walker, R. R., and Gilliham, M. (2014). Shoot chloride exclusion and salt tolerance in grapevine is associated with differential ion transporter expression in roots. BMC Plant Biol. 14:273. doi: 10.1186/s12870-014-0273-8 

 Hennig, A., Kleinschmit, J. R. G., Schoneberg, S., Löffler, S., Janßen, A., and Polle, A. (2015). Water consumption and biomass production of protoplast fusion lines of poplar hybrids under drought stress. Front. Plant Sci. 6:330. doi: 10.3389/fpls.2015.00330 

 Hïas, N., Leus, L., Davey, M. W., Vanderzande, S., van Huylenbroeck, J., and Keulemans, J. (2017). Effect of polyploidization on morphology in two apple (Malus × domestica) genotypes. Hortic. Sci. 44, 55–63. doi: 10.17221/7/2016-HORTSCI

 Hollister, J. D., Arnold, B. J., Svedin, E., Xue, K. S., Dilkes, B. P., and Bomblies, K. (2012). Genetic adaptation associated with genome-doubling in autotetraploid Arabidopsis arenosa. PLoS Genet. 8:e1003093. doi: 10.1371/journal.pgen.1003093

 Huang, C., Domec, J., Ward, E. J., Duman, T., Manoli, G., Parolari, A. J., et al. (2017). The effect of plant water storage on water fluxes within the coupled soil–plant system. New Phytol. 213, 1093–1106. doi: 10.1111/nph.14273 

 Huang, B. R., and Eissenstat, D. M. (2000). Linking hydraulic conductivity to anatomy in plants that vary in specific root length. J. Am. Soc. Hortic. Sci. 125, 260–264. doi: 10.21273/JASHS.125.2.260

 Husband, B. C., Ozimec, B., Martin, S. L., and Pollock, L. (2008). Mating consequences of polyploid evolution in flowering plants: current trends and insights from synthetic polyploids. Int. J. Plant Sci. 169, 195–206. doi: 10.1086/523367

 Hussain, S., Curk, F., Dhuique-Mayer, C., Urban, L., Ollitrault, P., Luro, F., et al. (2012). Autotetraploid trifoliate orange (Poncirus trifoliata) rootstocks do not impact clementine quality but reduce fruit yields and highly modify rootstock/scion physiology. Sci. Hortic. 134, 100–107. doi: 10.1016/j.scienta.2011.11.008

 IPCC (2014). Climate change 2014: synthesis report. Contribution of working groups I, II and III to the fifth assessment report of the intergovernmental panel on climate change. eds. Core Writing Team R. K. Pachauri and L. A. Meyer (Geneva: IPCC), 151.

 Isayenkov, S. V., and Maathuis, F. J. M. (2019). Plant salinity stress: many unanswered questions remain. Front. Plant Sci. 10:80. doi: 10.3389/fpls.2019.00080 

 Jackson, S., and Chen, Z. J. (2010). Genomic and expression plasticity of polyploidy. Curr. Opin. Plant Biol. 13, 153–159. doi: 10.1016/j.pbi.2009.11.004 

 Janick, J., Cummins, J. N., Brown, S. K., Hemmat, M., Breed, F., Tree, V. I., et al. (1996). Growth, morphology and fruit comparison of diploid and tetraploid kinnow mandarin. Pak. J. Agric. Sci. 39, 126–128.

 Jaskani, M. J., Khan, M. M., and Khan, I. A. (2002). Growth, morphology and fruit comparison of diploid and tetraploid kinnow mandarin. Pak. J. Agric. Sci. 39, 126–128.

 Jaskani, M. J., Kwon, S. W., Koh, G. C., Kim, E. U., and Ko, B. R. (2004). Polyploidy affects fruit characteristics, seed morphology, and germination in watermelon (Citrullus lanatus). J. Kor. Soc. Hort. J. Plant Physiol. Sci. 45, 233–237.

 Javadian, N., Karimzadeh, G., Sharifi, M., Moieni, A., and Behmanesh, M. (2017). In vitro polyploidy induction: changes in morphology, podophyllotoxin biosynthesis, and expression of the related genes in Linum album (Linaceae). Planta 245, 1165–1178. doi: 10.1007/s00425-017-2671-2 

 Jellings, A. J., and Leech, R. M. (1984). Anatomical variation in first leaves of nine Tritucum genotypes, and its relationship to photosynthetic capacity. New Phytol. 96, 371–382. doi: 10.1111/j.1469-8137.1984.tb03573.x

 Jensen, P. J., Makalowska, I., Altman, N., Fazio, G., Praul, C., Maximova, S. N., et al. (2010). Rootstock-regulated gene expression patterns in apple tree scions. Tree Genet. Genomes 6, 57–72. doi: 10.1007/s11295-009-0228-7

 Jiang, S., Luo, J., Xu, F., and Zhang, X. (2016). Transcriptome analysis reveals candidate genes involved in gibberellin-induced fruit setting in triploid loquat (Eriobotrya japonica). Front. Plant Sci. 7:1924. doi: 10.3389/fpls.2016.01924 

 Joldersma, D., and Liu, Z. (2018). The making of virgin fruit: the molecular and genetic basis of parthenocarpy. J. Exp. Bot. 69, 955–962. doi: 10.1093/jxb/erx446 

 Khalid, M. F., Hussain, S., Anjum, M. A., Ahmad, S., Ali, M. A., Ejaz, S., et al. (2020). Better salinity tolerance in tetraploid vs. diploid volkamer lemon seedlings is associated with robust antioxidant and osmotic adjustment mechanisms. J. Plant Physiol. 244:153071. doi: 10.1016/j.jplph.2019.153071 

 Kim, E. D., and Chen, Z. J. (2011). Unstable transcripts in Arabidopsis allotetraploids are associated with nonadditive gene expression in response to abiotic and biotic stresses. PLoS One 6:e24251. doi: 10.1371/journal.pone.0024251 

 Koepke, T., and Dhingra, A. (2013). Rootstock scion somatogenetic interactions in perennial composite plants. Plant Cell Rep. 32, 1321–1337. doi: 10.1007/s00299-013-1471-9

 Koh, E. J., Zhou, L., Williams, D. S., Park, J., Ding, N., Duan, Y. P., et al. (2012). Callose deposition in the phloem plasmodesmata and inhibition of phloem transport in citrus leaves infected with “Candidatus Liberibacter asiaticus”. Protoplasma 249, 687–697. doi: 10.1007/s00709-011-0312-3 

 Korres, N. E., Norsworthy, J. K., Tehranchian, P., Gitsopoulos, T. K., Loka, D. A., Oosterhuis, D. M., et al. (2016). Cultivars to face climate change effects on crops and weeds: a review. Agron. Sustain. Dev. 36, 1–22. doi: 10.1007/s13593-016-0350-5

 Leitch, A. R., and Leitch, I. J. (2008). Genomic plasticity and the diversity of polyploid plants. Science 320, 481–483. doi: 10.1126/science.1153585

 Levi, A., Thies, J. A., Wechter, P. W., Farnham, M., Weng, Y., and Hassell, R. (2014). USVL-360, a novel watermelon tetraploid germplasm line. HortScience 49, 354–357. doi: 10.21273/HORTSCI.49.3.354

 Levin, D. A. (2002). The role of chromosomal change in plant evolution. New York: Oxford University Press.

 Li, J., Wang, X., Wang, X., and Wang, Y. (2015). Embryo rescue technique and its applications for seedless breeding in grape. Plant Cell Tissue Organ Cult. 120, 861–880. doi: 10.1007/s11240-014-0656-4

 Lignowski, E. M., and Scott, E. G. (1972). Effect of trifluralin on mitosis. Weed Sci. 20, 267–270. doi: 10.1017/S0043174500035578

 Liu, B., Brubaker, C. L., Mergeai, G., Cronn, R. C., and Wendel, J. F. (2001). Polyploid formation in cotton is not accompanied by rapid genomic changes. Genome 44, 321–330.

 Liu, Z., Seiler, G. J., Gulya, T. J., Feng, J., Rashid, K. Y., Cai, X., et al. (2017). Triploid production from interspecific crosses of two diploid perennial helianthus with diploid cultivated sunflower (Helianthus annuus L.). G3: Genes Genom. Genet. 7, 1097–1108. doi: 10.1534/g3.116.036327

 Liu, Y., Yu, Y., Sun, J., Cao, O., Tang, Z., Liu, M., et al. (2019). Root-zone-specific sensitivity of K+-and Ca2+−permeable channels to H2O2 determines ion homeostasis in salinized diploid and hexaploid. Ipomoea trifida. J. Exp. Bot. 70, 1389–1405. doi: 10.1093/jxb/ery461

 Lumaret, R. (1988). Adaptive strategies and ploidy levels. Acta Oecol. 9, 83–93.

 Luo, Q., Peng, M., Zhang, X., Lei, P., Ji, X., Chow, W., et al. (2017). Comparative mitochondrial proteomic, physiological, biochemical and ultrastructural profiling reveal factors underpinning salt tolerance in tetraploid black locust (Robinia pseudoacacia L.). BMC Genomics 18:648. doi: 10.1186/s12864-017-4038-2

 Ma, Y., Xue, H., Zhang, L., Zhang, F., Ou, C., Wang, F., et al. (2016). Involvement of auxin and brassinosteroid in dwarfism of autotetraploid apple (Malus×Domestica). Sci. Rep. 6:26719. doi: 10.1038/srep26719 

 Madlung, A. (2013). Polyploidy and its effect on evolutionary success: old questions revisited with new tools. Heredity 110, 99–104. doi: 10.1038/hdy.2012.79 

 Maherali, H., Walden, A. E., and Husband, B. C. (2009). Genome duplication and the evolution of physiological responses to water stress. New Phytol. 184, 721–731. doi: 10.1111/j.1469-8137.2009.02997.x

 Malladi, A., and Hirst, P. M. (2010). Increase in fruit size of a spontaneous mutant of ‘Gala’ apple (Malus x domestica Borkh.) is facilitated by altered cell production and enhanced cell size. J. Exp. Bot. 61, 3003–3013. doi: 10.1093/jxb/erq134 

 Martin, C., Viruel, M. A., Lora, J., and Hormaza, J. I. (2019). Polyploidy in fruit tree crops of the genus annona (Annonaceae). Front. Plant Sci. 10:99. doi: 10.3389/fpls.2019.00099 

 Martínez-Ballesta, M. C., Alcaraz-López, C., Muries, B., Mota-Cadenas, C., and Carvajal, M. (2010). Physiological aspects of rootstock–scion interactions. Sci. Hortic. 127, 112–118. doi: 10.1016/j.scienta.2010.08.002

 McAdam, S. A. M., Manzi, M., Ross, J. J., Brodribb, T. J., and Gómez-Cadenas, A. (2016). Uprooting an abscisic acid paradigm: shoots are the primary source. Plant Signal. Behav. 11:e1169359. doi: 10.1080/15592324.2016.1169359 

 Mendiburu, A. O., and Peloquin, S. J. (1976). Sexual polyploidization and depolyploidization: some terminology and definitions. Theoret. Appl. Genet. 48, 137–143. doi: 10.1007/BF00281656

 Meng, F., Luo, Q., Wang, Q., Zhang, X., Qi, Z., Xu, F., et al. (2016). Physiological and proteomic responses to salt stress in chloroplasts of diploid and tetraploid black locust (Robinia pseudoacacia L.). Sci. Rep. 6:23098. doi: 10.1038/srep23098 

 Monda, K., Araki, H., Kuhara, S., Ishigaki, G., Akashi, R., Negi, J., et al. (2016). Enhanced stomatal conductance by a spontaneous Arabidopsis tetraploid, Me-0, results from increased stomatal size and greater stomatal aperture. Plant Physiol. 170, 1435–1444. doi: 10.1104/pp.15.01450 

 Motosugi, H., Okudo, K., Kataoka, D., and Naruo, T. (2002). Comparison of growth characteristics between diploid and colchicine-induced tetraploid grape rootstocks. J. Jap. Soc. Hort. Sci. 71, 335–341. doi: 10.2503/jjshs.71.335

 Mouhaya, W., Allario, T., Brumos, J., Andrés, F., Froelicher, Y., Luro, F., et al. (2010). Sensitivity to high salinity in tetraploid citrus seedlings increases with water availability and correlates with expression of candidate genes. Funct. Plant Biol. 37, 647–685. doi: 10.1071/FP10035

 Moya, J. L., Gómez-Cadenas, A., Primo-Millo, E., and Talon, M. (2003). Chloride absorption in salt-sensitive carrizo citrange and salt-tolerant cleopatra mandarin citrus rootstocks is linked to water use. J. Exp. Bot. 54, 825–833. doi: 10.1093/jxb/erg064 

 Mu, H. Z., Liu, Z. J., Lin, L., Li, H. Y., Jiang, J., and Liu, G. F. (2012). Transcriptomic analysis of phenotypic changes in birch (Betula platyphylla) autotetraploids. Int. J. Mol. Sci. 13, 13012–13029. doi: 10.3390/ijms131013012

 Mudge, K., Janick, J., Scofield, S., and Goldschmidt, E. E. (2009). A history of grafting. Hortic. Rev. 35, 437–493. doi: 10.1002/9780470593776.ch9

 Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911 

 Münzbergová, Z. (2017). Colchicine application significantly affects plant performance in the second generation of synthetic polyploids and its effects vary between populations. Ann. Bot. 120, 329–339. doi: 10.1093/aob/mcx070 

 Ng, D. W., Lu, J., and Chen, Z. J. (2012). Big roles for small RNAs in polyploidy, hybrid vigor, and hybrid incompatibility. Curr. Opin. Plant Biol. 15, 154–161. doi: 10.1016/j.pbi.2012.01.007 

 Ni, Z., Kim, E. D., Ha, M., Lackey, E., Liu, J., Zhang, Y., et al. (2009). Altered circadian rhythms regulate growth vigour in hybrids and allopolyploids. Nature 457, 327–331. doi: 10.1038/nature07523 

 Nieves-Cordones, M., Alemán, F., Martínez, V., and Rubio, F. (2010). The Arabidopsis thaliana HAK5 K+ transporter is required for plant growth and K+ acquisition from low K+ solutions under saline conditions. Mol. Plant 3, 326–333. doi: 10.1093/mp/ssp102

 Ninoles, R., Aleza, P., Castillo, M. C., Navarro, L., and Ancillo, G. (2015). Ploidy and gene expression in clementine. Acta Hortic. 1065, 605–611. doi: 10.17660/ActaHortic.2015.1065.76

 Niu, L., Tao, Y., Chen, M., Fu, Q., Dong, Y., He, H., et al. (2016). Identification and characterization of tetraploid and octoploid Jatropha curcas induced by colchicine. Caryologia 69, 58–66. doi: 10.1080/00087114.2015.1110308

 Notaguchi, M., Abe, M., Kimura, T., Daimon, Y., Kobayashi, T., Yamaguchi, A., et al. (2008). Long-distance, graft-transmissible action of Arabidopsis FLOWERING LOCUS T protein to promote flowering. Plant Cell Physiol. 49, 1645–1658. doi: 10.1093/pcp/pcn154

 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

 Oliveira, T. M., Yahmed, J. B., Dutra, J., Maserti, B. E., Talon, M., Navarro, L., et al. (2017). Better tolerance to water deficit in doubled diploid ‘Carrizo citrange’ compared to diploid seedlings is associated with more limited water consumption and better H2O2 scavenging. Acta Physiol. Plant. 39:9. doi: 10.1007/s11738-017-2497-3

 Ollitrault, P., and Navarro, L. (2012). “Citrus” in Fruit breeding. eds. M. L. Badenes and D. H. Byrne (New York, NY: Springer), 623–662.

 Osborn, T. C., Pires, J. C., Birchler, J. A., Auger, D. L., Chen, Z. J., Lee, H. S., et al. (2003). Understanding mechanisms of novel gene expression in polyploids. Trends Genet. 19, 141–147. doi: 10.1016/s0168-9525(03)00015-5 

 Oustric, J., Morillon, R., Luro, F., Herbette, S., Lourkisti, R., Giannettini, J., et al. (2017). Tetraploid Carrizo citrange rootstock (Citrus sinensis Osb x Poncirus trifoliata L. Raf.) enhances natural chilling stress tolerance of common clementine (Citrus Clementina Hort. Ex Tan). J. Plant Physiol. 214, 108–115. doi: 10.1016/j.jplph.2017.04.014 

 Oustric, J., Morillon, R., Luro, F., Herbette, S., Martin, P., Giannettini, J., et al. (2019a). Nutrient deficiency tolerance in citrus is dependent on genotype or ploidy level. Front. Plant Sci. 10:127. doi: 10.3389/fpls.2019.00127 

 Oustric, J., Morillon, R., Ollitrault, P., Herbette, S., Luro, F., Froelicher, Y., et al. (2018). Somatic hybridization between diploid Poncirus and Citrus improves natural chilling and light stress tolerances compared with equivalent doubled-diploid genotypes. Trees 32, 883–895. doi: 10.1007/s00468-018-1682-3

 Oustric, J., Quilichini, Y., Morillon, R., Herbette, S., Luro, F., Giannettini, J., et al. (2019b). Tetraploid citrus seedlings subjected to long-term nutrient deficiency are less affected at the ultrastructural, physiological and biochemical levels than diploid ones. Plant Physiol. Biochem. 135, 372–384. doi: 10.1016/j.plaphy.2018.12.020

 Padoan, D., Mossad, A., Chiancone, B., Germana, M. A., and Khan, P. S. S. V. (2013). Ploidy levels in citrus clementine affects leaf morphology, stomatal density and water content. Theor. Exp. Plant Physiol. 9, 283–290. doi: 10.1590/S2197-00252013000400006

 Park, T. H., Kim, J. B., Hutten, R. C., van Eck, H. J., Jacobsen, E., and Visser, R. G. (2007). Genetic positioning of centromeres using half-tetrad analysis in a 4x-2x cross population of potato. Genetics 176, 85–94. doi: 10.1534/genetics.107.070870 

 Pensabene-Bellavia, G., Ruiz, M., Aleza, P., Olivares-Fuster, O., Ollitrault, P., and Navarro, L. (2015). Chromosome instability in Carrizo citrange + Citrus macrophylla somatic hybrids. Sci. Hortic. 1065, 677–685. doi: 10.17660/ActaHortic.2015.1065.85

 Picarella, M. E., and Mazzucato, A. (2019). The occurrence of seedlessness in higher plants; insights on roles and mechanisms of parthenocarpy. Front. Plant Sci. 9:1997. doi: 10.3389/fpls.2018.01997 

 Pilcher, R. L. R., Celton, J. M., Gardiner, S. E., and Tustin, D. S. (2008). Genetic markers linked to the dwarfing trait of apple rootstock ‘Malling 9’. J. Am. Soc. Hortic. Sci. 133, 100–106. doi: 10.21273/JASHS.133.1.100

 Podda, A., Checcucci, G., Mouhaya, W., Centeno, D., Rofidal, V., Del Carratore, R., et al. (2013). Salt-stress induced changes in the leaf proteome of diploid and tetraploid mandarins with contrasting Na+ and Cl− accumulation behaviour. J. Plant Physiol. 170, 1101–1112. doi: 10.1016/j.jplph.2013.03.006

 Podwyszyńska, M., and Pluta, S. (2019). In vitro tetraploid induction of the blackcurrant (Ribes nigrum L.) and preliminary phenotypic observations. Zemdirbyste-Agriculture 106, 151–158. doi: 10.13080/z-a.2019.106.020

 Prassinos, C., Ko, J. H., Lang, G., Iezzoni, A. F., and Han, K. H. (2009). Rootstock-induced dwarfing in cherries is caused by differential cessation of terminal meristem growth and is triggered by rootstock-specific gene regulation. Tree Physiol. 29, 927–936. doi: 10.1093/treephys/tpp027 

 Ramsey, J. (2011). Polyploidy and ecological adaptation in wild yarrow. Proc. Natl. Acad. Sci. U. S. A. 108, 7096–7101. doi: 10.1073/pnas.1016631108

 Ramsey, J., and Schemske, D. W. (1998). Pathways, mechanisms, and rates of polyploid formation in flowering plants. Annu. Rev. Ecol. Syst. 29, 467–501. doi: 10.1146/annurev.ecolsys.29.1.467

 Reig, G., Lordan, J., Sazo, M. M., Hoying, S. A., Fargione, M. J., Reginato, G. H., et al. (2019). Effect of tree type and rootstock on the long-term performance of ‘Gala’, ‘Fuji’ and ‘Honeycrisp’ apple trees trained to tall spindle under New York state climatic conditions. Sci. Hortic. 246, 506–517. doi: 10.1016/j.scienta.2018.11.029

 Renny-Byfield, S., and Wendel, J. F. (2014). Doubling down on genomes: polyploidy and crop plants. Am. J. Bot. 101, 1711–1725. doi: 10.3732/ajb.1400119 

 Riechmann, J. L., and Meyerowitz, E. M. (1998). The AP2/EREBP family of plant transcription factors. Biol. Chem. 379, 633–646. doi: 10.1515/bchm.1998.379.6.633 

 Rieger, M., and Litvin, P. (1999). Root system hydraulic conductivity in species with contrasting root anatomy. J. Exp. Bot. 50, 201–209. doi: 10.1093/jxb/50.331.201

 Rockwell, F. E., Wheeler, J. K., and Holbrook, N. M. (2014). Cavitation and its discontents: opportunities for resolving current controversies. Plant Physiol. 164, 1649–1660. doi: 10.1104/pp.113.233817

 Romero-Aranda, R., Bondada, B. R., Syvertsen, J. P., and Grosser, J. W. (1997). Leaf characteristics and net gas exchange of diploid and autotetraploid citrus. Ann. Bot. 79, 153–160. doi: 10.1006/anbo.1996.0326

 Rugini, E., Cristofori, V., and Silvestri, C. (2016). Genetic improvement of olive (Olea europaea L.) by conventional and in vitro biotechnology methods. Biotechnol. Adv. 34, 687–696. doi: 10.1016/j.biotechadv.2016.03.004

 Ruiz, M., Pensabene-Bellavia, G., Quiñones, A., García-Lor, A., Morillon, R., Ollitrault, P., et al. (2018). Molecular characterization and stress tolerance of new allotetraploid somatic hybrids between Carrizo Citrange and Citrus macrophylla W. rootstocks. Front. Plant Sci. 9:901. doi: 10.3389/fpls.2018.00901 

 Ruiz, M., Pina, J. A., Alcayde, E., Morillon, R., Navarro, L., and Primo-Millo, E. (2015). Behavior of diploid and tetraploid genotypes of ‘Carrizo’ citrange under abiotic stress. Acta Hortic. 1065, 1283–1292. doi: 10.17660/ActaHortic.2015.1065.163

 Ruiz, M., Quiñones, A., Martínez-Alcántara, B., Aleza, P., Morillon, R., Navarro, L., et al. (2016a). Tetraploidy enhances boron-excess tolerance in Carrizo citrange (Citrus sinensis L. Osb. × Poncirus trifoliata L. Raf). Front. Plant Sci. 7:701. doi: 10.3389/fpls.2016.00701

 Ruiz, M., Quiñones, A., Martínez-Alcántara, B., Aleza, P., Morillon, R., Navarro, L., et al. (2016b). Effect of salinity on diploid (2x) and doubled diploid (4x) Citrus macrophylla genotypes. Sci. Hortic. 207, 33–40. doi: 10.1016/j.scienta.2016.05.007

 Ruiz, M., Quiñones, A., Martínez-Cuenca, M. R., Aleza, P., Morillon, R., Navarro, L., et al. (2016c). Tetraploidy enhances the ability to exclude chloride from leaves in Carrizo citrange seedlings. J. Plant Physiol. 205, 1–10. doi: 10.1016/j.jplph.2016.08.002 

 Saleh, B., Allario, T., Dambier, D., Ollitrault, P., and Morillon, R. (2008). Tetraploid citrus rootstocks are more tolerant to salt stress than diploid. C. R. Biol. 331, 703–710. doi: 10.1016/j.crvi.2008.06.007

 Salman-Minkov, A., Sabath, N., and Mayrose, I. (2016). Whole-genome duplication as a key factor in crop domestication. Nat. Plants 2, 1–4. doi: 10.1038/nplants.2016.115

 Santa, J., Berdugo, J., Cely-Pardo, L., Soto-Suarez, M., Mosquera, T., and Galeano, C. (2018). QTL analysis reveals quantitative resistant loci for Phytophthora infestans and Tecia solanivora in tetraploid potato (Solanum tuberosum L.). PLoS One 13:e0199716. doi: 10.1371/journal.pone.0199716

 Sattler, M. C., Carvalho, C. R., and Clarindo, W. R. (2016). The polyploidy and its key role in plant breeding. Planta 243, 281–296. doi: 10.1007/s00425-015-2450-x 

 Schachtman, D. P., and Goodger, J. Q. (2008). Chemical root to shoot signaling under drought. Trends Plant Sci. 13, 281–287. doi: 10.1016/j.tplants.2008.04.003 

 Schinkel, C. C., Kirchheimer, B., Dellinger, A. S., Klatt, S., Winkler, M., Dullinger, S., et al. (2016). Correlations of polyploidy and apomixis with elevation and associated environmental gradients in an alpine plant. AoB Plants 8:plw064. doi: 10.1093/aobpla/plw064

 Sdiri, S., Cuenca, J., Navarro, P., Salvador, A., and Bermejo, A. (2020). New triploids late-maturing mandarins as a rich source of antioxidant compounds. Eur. Food Res. Technol. 246, 225–237. doi: 10.1007/s00217-019-03407-9

 Sedov, E. N. (2014). Apple breeding programs and methods, their development and improvement. Russ. J. Genet. 4, 43–51. doi: 10.1134/S2079059714010092

 Semeniuk, P., and Arisumi, T. (1968). Colchicine-induced tetraploid and cytochimeral roses. Bot. Gaz. 129, 190–193.

 Serapiglia, M. J., Gouker, F. E., Hart, J. F., Unda, F., Mansfield, S. D., Stipanovic, A. J., et al. (2015). Ploidy level affects important biomass traits of novel shrub willow (Salix) hybrids. Bioenergy Res. 8, 259–269. doi: 10.1007/s12155-014-9521-x

 Shafiei, D. (2018). Cytogenetic characterization of a triploid mulberry (Morus spp.) cultivar Suvarna-2. Ann. Plant Sci. 7:2156. doi: 10.21746/aps.2018.7.4.14

 Shao, J., Chen, C., and Deng, X. (2003). In vitro induction of tetraploid in pomegranate (Punica granatum). Plant Cell Tiss. Org. Cult. 75, 241–246. doi: 10.1023/A:1025871810813

 Shengjian, Z., Zijuan, G., Shuyun, Z., Xinzhong, Z., and Licun, Z. (2005). The breeding of the new triploid grape cultivar ‘Hongbiao seedless’ with large berries and high quality. Chinese Agri. Sci. bull. 21, 230–232.

 Singh, S., and Sethi, G. S. (1995). Stomatal size, frequency and distribution in Triticum aestivum, secale cereale and their amphiploids. Cereal Res. Commun. 23, 103–108.

 Soltis, P. S., Liu, X., Marchant, D. B., Visger, C. J., and Soltis, D. E. (2014). Polyploidy and novelty: Gottlieb’s legacy. Philos. Trans. R. Soc. B 369:20130351. doi: 10.1098/rstb.2013.0351

 Soltis, D. E., and Soltis, P. S. (1995). The dynamic nature of polyploid genomes. Proc. Natl. Acad. Sci. U. S. A. 92, 8089–8091. doi: 10.1073/pnas.92.18.8089

 Soltis, D. E., and Soltis, P. S. (1999). Polyploidy: recurrent formation and genome evolution. Trends Ecol. Evol. 14, 348–352. doi: 10.1016/s0169-5347(99)01638-9 

 Soltis, P. S., and Soltis, D. E. (2009). The role of hybridization in plant speciation. Annu. Rev. Plant Biol. 60, 561–588. doi: 10.1146/annurev.arplant.043008.092039 

 Soltis, D. E., Soltis, P. S., Schemske, D. W., Hancock, J. F., Thompson, J. N., Husband, B. C., et al. (2007). Autopolyploidy in angiosperms: have we grossly underestimated the number of species? Taxon 56, 13–30. doi: 10.2307/25065732

 Song, K., Lu, P., Tang, K., and Osborn, T. C. (1995). Rapid genome changes in synthetic polyploids of brassica and its implications for polyploid evolution. Proc. Natl. Acad. Sci. U. S. A. 92, 7719–7723. doi: 10.1073/pnas.92.17.7719 

 Sun, L., Zhang, G., Yan, A., and Xu, H. (2011). The study of triploid progenies crossed between different ploidy grapes. Afr. J. Biotechnol. 10, 5967–5971. doi: 10.5897/AJB10.1850

 Syvertsen, J. P., Lee, L. S., and Grosser, J. W. (2000). Limitations on growth and net gas exchange of diploid and tetraploid citrus rootstock cultivars grown at elevated CO2. J. Am. Soc. Hortic. Sci. 125, 228–234. doi: 10.21273/JASHS.125.2.228

 Tan, F., Tu, H., Liang, W., Long, J., Wu, X., Zhang, H., et al. (2015). Comparative metabolic and transcriptional analysis of a doubled diploid and its diploid citrus rootstock (C. junos cv. Ziyang Xiangcheng) suggests its potential value for stress resistance improvement. BMC Plant Biol. 15:89. doi: 10.1186/s12870-015-0450-4 

 Tan, F. Q., Tu, H., Wang, R., Wu, X. M., Xie, K. D., Chen, J. J., et al. (2017). Metabolic adaptation following genome doubling in citrus doubled diploids revealed by non-targeted metabolomics. Metabolomics 13:143. doi: 10.1007/s11306-017-1276-x

 Tan, F. Q., Zhang, M., Xie, K. D., Fan, Y. J., Song, X., Wang, R., et al. (2019). Polyploidy remodels fruit metabolism by modifying carbon source utilization and metabolic flux in Ponkan mandarin. Plant Sci. 289:110276. doi: 10.1016/j.plantsci.2019.110276

 Tang, Z. Q., Chen, D. L., Song, Z. J., He, Y. C., and Cai, D. T. (2010). In vitro induction and identification of tetraploid plants of Paulownia tomentosa. Plant Cell Tiss. Org. Cult. 102, 213–220. doi: 10.1007/s11240-010-9724-6

 Thornton, P., Dinesh, D., Cramer, L., Loboguerrero, L. A., and Campbell, B. (2018). Agriculture in a changing climate: keeping our cool in the face of the hothouse. Outlook Agri. 47, 283–290. doi: 10.1177/0030727018815332

 Tsukaya, H., Sawada, Y., Oikawa, A., Shiratake, K., Isuzugawa, K., Saito, K., et al. (2015). Intraspecific comparative analyses of metabolites between diploid and tetraploid Arabidopsis thaliana and Pyrus communis. New Negat. Plant Sci. 1, 53–61. doi: 10.1016/j.neps.2015.06.001

 Tyree, M. T., and Ewers, F. W. (1991). The hydraulic architecture of trees and other woody plants. New Phytol. 119, 345–360. doi: 10.1111/j.1469-8137.1991.tb00035.x

 Ulrich, D., and Olbricht, K. (2011). “Fruit organoleptic properties and potential for their genetic improvement” in Breeding for fruit quality. eds. M. A. Jenks and P. J. Bebeli (United Kindom: John Wiley & Sons).

 Van Hieu, P. (2019). Polyploid gene expression and regulation in polysomic polyploids. Am. J. Plant Sci. 10, 1409–1443. doi: 10.4236/ajps.2019.108101

 Vergara, F., Kikuchi, J., and Breuer, C. (2016). Artificial autopolyploidization modifies the tricarboxylic acid cycle and GABA shunt in Arabidopsis thaliana Col-0. Sci. Rep. 6, 1–8. doi: 10.1038/srep26515

 Vogel, T., Votrubova, J., Dohnal, M., and Dusek, J. (2017). A simple representation of plant water storage effects in coupled soil water flow and transpiration stream modeling. Vadose Zone J. 16, 1–10. doi: 10.2136/vzj2016.12.0128

 Wang, X., Cheng, Z., Zhi, S., and Xu, F. (2016). Breeding triploid plants: a review. Czech J. Genet. Plant Breed. 52, 41–54. doi: 10.17221/151/2015-CJGPB

 Wang, J., Tian, L., Lee, H. S., Wei, N. E., Jiang, H., Watson, B., et al. (2006). Genomewide nonadditive gene regulation in Arabidopsis allotetraploids. Genetics 172, 507–517. doi: 10.1534/genetics.105.047894 

 Wang, Z., Wang, M., Liu, L., and Meng, F. (2013a). Physiological and proteomic responses of diploid and tetraploid black locust (Robinia pseudoacacia L.) subjected to salt stress. Int. J. Mol. Sci. 14, 20299–20325. doi: 10.3390/ijms141020299

 Wang, Q., Zhu, Z., Ozkardesh, K., and Lin, C. (2013b). Phytochromes and phytohormones: the shrinking degree of separation. Mol. Plant 6, 5–7. doi: 10.1093/mp/sss102 

 Warner, D. A., and Edwards, G. E. (1993). Effects of polyploidy on photosynthesis (doctoral dissertation, thesis). Photosynth. Res. 35:135147.

 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

 Webster, A. D., and Tobutt, K. R.James, D. J.Evans, K. M., and Alston, F. A. (1996). Rootstock breeding and orchard testing at Horticulture Research International, East Malling. Acta Hortic. 451, 83–88.

 Wei, T., Wang, Y., Xie, Z., Guo, D., Chen, C., Fan, Q., et al. (2019). Enhanced ROS scavenging and sugar accumulation contribute to drought tolerance of naturally occurring autotetraploids in Poncirus trifoliata. Plant Biotechnol. J. 17, 1394–1407. doi: 10.1111/pbi.13064

 Wendel, J., and Doyle, J. (2005). “Poliploidy and evolution in plants” in Plant diversity and evolution. Genotypic and phenotypic variation in higher plants. ed. R. J. Henry (Wallingford, U. K.: CAB International), 97–117.

 Wu, J. H., Ferguson, A. R., Murray, B. G., Duffy, A. M., Jia, Y., Cheng, C., et al. (2013). Fruit quality in induced polyploids of Actinidia chinensis. Hortic. Sci. 48, 701–707. doi: 10.21273/HORTSCI.48.6.701

 Wu, J. H., Ferguson, A. R., Murray, B. G., Jia, Y., Datson, P. M., and Zhang, J. (2012). Induced polyploidy dramatically increases the size and alters the shape of fruit in Actinidia chinensis. Ann. Bot. 109, 169–179. doi: 10.1093/aob/mcr256 

 Wu, H., Zhang, X., Giraldo, J. P., and Shabala, S. (2018). It is not all about sodium: revealing tissue specificity and signalling roles of potassium in plant responses to salt stress. Plant Soil 431, 1–17. doi: 10.1007/s11104-018-3770-y

 Xue, H., Zhang, B., Tian, J. R., Chen, M. M., Zhang, Y. Y., Zhang, Z. H., et al. (2017). Comparison of the morphology, growth and development of diploid and autotetraploid ‘Hanfu’apple trees. Sci. Hortic. 225, 277–285. doi: 10.1016/j.scienta.2017.06.059

 Yahmed, J. B., Costantino, G., Amiel, P., Talon, M., Ollitrault, P., Morillon, R., et al. (2016). Diversity in the trifoliate orange taxon reveals two main genetic groups marked by specific morphological traits and water deficit tolerance properties. J. Agric. Sci. 154, 495–514. doi: 10.1017/S0021859615000234

 Yamada, M., and Sato, A. (2016). Advances in table grape breeding in Japan. Breed. Sci. 66, 34–45. doi: 10.1270/jsbbs.66.34

 Yamane, H., and Kurihara, A. (1980). Studies on polyploidy breeding in grapes. II. Polyploid induction by colchicine application. Bull. Fruit Tree Res. Stn. E 3, 1–13.

 Yan, L., Fan, G., Deng, M., Zhao, Z., Dong, Y., and Li, Y. (2017). Comparative proteomic analysis of autotetraploid and diploid Paulownia tomentosa reveals proteins associated with superior photosynthetic characteristics and stress adaptability in autotetraploid paulownia. Physiol. Mol. Biol. Plants 23, 605–617. doi: 10.1007/s12298-017-0447-6 

 Yang, C., Zhao, L., Zhang, H., Yang, Z., Wang, H., Wen, S., et al. (2014). Evolution of physiological responses to salt stress in hexaploid wheat. Proc. Natl. Acad. Sci. U. S. A. 111, 11882–11887. doi: 10.1073/pnas.1412839111

 Yesiloglu, T., Cimen, B., Incesu, M., and Yilmaz, B. (2018). “Genetic diversity and breeding of persimmon” in Breeding and health benefits of fruit and nut crops. Vol. 21. eds. J. Soneji and M. Nageswara-Rao (IntechOpen).

 Yu, Z., Haage, K., Streit, V. E., Gierl, A., and Ruiz, R. A. T. (2009). A large number of tetraploid Arabidopsis thaliana lines, generated by a rapid strategy, reveal high stability of neo-tetraploids during consecutive generations. Theor. Appl. Genet. 118, 1107–1119. doi: 10.1007/s00122-009-0966-9

 Zhang, N., Bao, Y., Xie, Z., Huang, X., Sun, Y., Feng, G., et al. (2019). Efficient characterization of tetraploid watermelon. Plants 8:419. doi: 10.3390/plants8100419

 Zhang, X. Y., Hu, C. G., and Yao, J. L. (2010). Tetraploidization of diploid Dioscorea results in activation of the antioxidant defense system and increased heat tolerance. J. Plant Physiol. 167, 88–94. doi: 10.1016/j.jplph.2009.07.006

 Zhang, Z. B., Shao, H. B., Xu, P., Chu, L. Y., Lu, Z. H., and Tian, J. Y. (2007). On evolution and perspectives of bio-watersaving. Colloids Surf. B Biointerfaces 55, 1–9. doi: 10.1016/j.colsurfb.2006.10.036

 Zhang, W. W. J., Song, M., Wang, Y. -Y., Liu, N., Li, Y. -J., Zhang, N. M., et al. (2017). Divergences in hydraulic architecture form an important basis for niche differentiation between diploid and polyploid Betula species in NE China. Tree Physiol. 37, 604–616. doi: 10.1093/treephys/tpx004

 Zhang, Y., Zhong, C., Liu, Y., Zhang, Q., Sun, X., and Li, D. (2017). Agronomic trait variations and ploidy differentiation of kiwiberries in Northwest China: implication for breeding. Front. Plant Sci. 8:711. doi: 10.3389/fpls.2017.00711 

 Zhao, Y. (2018). Essential roles of local auxin biosynthesis in plant development and in adaptation to environmental changes. Annu. Rev. Plant Biol. 69, 417–435. doi: 10.1146/annurev-arplant-042817-040226

 Zhao, W., Fang, R., Pan, Y., Yang, Y., Chung, J., Chung, I., et al. (2009). Analysis of genetic relationships of mulberry (Morus L.) germplasm using sequence-related amplified polymorphism (SRAP) markers. Afr. J. Biotechnol. 8, 2604–2610. doi: 10.5897/AJB09.095

 Zhao, Z., Li, Y., Liu, H., Zhai, X., Deng, M., Dong, Y., et al. (2017). Genome-wide expression analysis of salt-stressed diploid and autotetraploid Paulownia tomentosa. PLoS One 12:e0185455. doi: 10.1371/journal.pone.0185455

 Zhong, C., Wang, S., Jiang, Z., and Huang, H. (2012). ‘Jinyan’, an interspecific hybrid kiwifruit with brilliant yellow flesh and good storage quality. HortScienc 47, 1187–1190. doi: 10.21273/HORTSCI.47.8.1187

 Zhou, Y., Kang, L., Liao, S., Pan, Q., Ge, X., and Li, Z. (2015). Transcriptomic analysis reveals differential gene expressions for cell growth and functional secondary metabolites in induced autotetraploid of Chinese woad (Isatis indigotica fort.). PLoS One 10:e0116392. doi: 10.1371/journal.pone.0116392


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 Ruiz, Oustric, Santini and Morillon. 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.

OPS/images/fpls-11-540894-g003.jpg
Scion 2x

Rootstock 2x

* Biotic stress tolerance ++
‘Tissue damage from biotic stress  +

+ Abiotic stress tolerance  +++
4+ Tissue damage from biotic stress  +

Photosynthetic activity +

Gas exchange 3
+ Antioxidant activity crey
4++  Oxidant metabolites &
+  Absorption and transport rates  ++
i Scion vigor s
++ Rootstock vigor +

- Gene overexpression e
e Ton absorption i
+  Metabolites accumulation  ++
+ Antioxidant activity b
+++  Oxidant metabolites +

+  Signaling: hormones, miRNA's +++

Stress stimulation: trees of the same age

Scion 3x

Rootstock 4x





OPS/images/fpls-11-540894-t001.jpg
Crop Ploidy  Agronomic traits References

Apple 3, 4x  Increased fit size and dwarfism'? Janick et al., 1996; Sedov, 2014; Ma et al,, 2016
ax Drought tolerance De Baerdemaeker et al., 2018

Birch ax Increased biomass and dwarfism Mu etal, 2012

Black locust ax Salinity tolerance’ Wang et al., 2013a; Meng et al., 2016; Luo et al., 2017

Blackourrant ax Increased frut size Podwyszyriska and Pluta, 2019

Gitrus i Drought, salinity, and boron excess tolerance?; cold, nutrient Allario et al., 2013; Podda et al, 2013; Ruiz et al., 2016a; Balal

deprivation and chromium toxicity tolerance etal., 2017; Oustric et al, 2017, 2018, 2019a; Khalid et al., 2020

ax Dwarfism'2* Hussain et al,, 2012; Grosser et al., 2015; Ruiz et al,, 2016a
3 Increased frut quality, size and seedlessness' Olitrault and Navarro, 2012; Tan et al., 2019; Sciri et al., 2020

Cherimoya 3 Increased frut size Martin et al,, 2019

Fig tree 3 Increased frut size Falistocco, 2016

Forestmangrove  3x, 4 Increased biomass yield and quality Harbard et al., 2012; Griffin et al., 2015

Grape B, 4x  Increased fruit size and seedlessness'® Yamada and Sato, 2016

Kii ax Increased frut size' W et al,, 2012; Zhong et al, 2012

Loquat O, 4x  Increased fru size Jiang etal, 2016

Mango ax Increased frut size; enhanced photoprotection Galan-Sauco et al., 2001; Garcia-Garcia et al,, 2020

Mulberry 3, 4x  Increased fruit size and leaf biomass yield Dai et al., 2015; Shafiei, 2018

Oive 4x Increased frut size Rugini et al,, 2016

Pawlonia ax Increased biomass yield and qualty; salinty and drought tolerance Tang et al., 2010; Zhao et al,, 2017

Persimmon 6x Increased frut size' Yesioglu et al., 2018

Pomegranate ax Increased frut size Shao et al,, 2003

Sweet cherry 3 Dwarfism'? Prassinos et al,, 2009

Watermelon ax Higher vigor and resistance to the RKN!23 Levietal, 2014
O, 4x  Increased fruit size and qualty Jaskani et al., 2004; Zhang et al,, 2019

Wilow 3, 4x  Increased biomass yield and quality; dwarfism Serapigla et al., 2015; Dudis et al., 2016

'Commercial success.

“Tested grafted.

“Tetraploid tested as a rootstock.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Synthetic Polyploidy in Grafted Crops



		Highlights



		Introduction



		Methods to Generate Polyploids and Reproductive Biology Implications



		Phenotypic Variation Induced by Polyploidy



		Cell and Organ Size Modifications



		Quantitative and Qualitative Modifications on Biomass



		Fruit Quality









		Polyploid Effects in Composite Plants



		Impact at the Rootstock Level and in Grafted Plants



		Grafting Compatibility and Impact of Polyploidy









		Gene Expression Changes in Polyploid Crops and Functional Implications



		Polyploidy Improves Stress Tolerance



		Alterations in ROS Metabolism



		Enhanced Tolerance to Drought and Salinity



		Does Polyploidy Induce Better Tolerance to Biotic Stress?









		Concluding Remarks



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References



















OPS/images/fpls-11-540894-g001.jpg





OPS/images/fpls-11-540894-g002.jpg
Rootstock 2x

- Fruit size S
“++  Crop productivity / canopy volume +
++ Yield +
++ Quality ++
Seedlessness
4+ Leafsize & thickness ++ or +++
+++  Photosynthetic activity 2
e Gas exchange 2
e Scion vigor ?
e Rootstock vigor +
4 Secondary root diameter s
+++  Number of secondary roots +
+ Frui +or ++
+ Crop productivity / canopy volume  ++
R Yield +
+ Quality ++
Seeds can be present
+ Leaf size For ++
++ Leaf thickness 4
w+ Photosynthetic activity +
++ Gas exchange +
++ Scion vigor +
. Rootstock vigor +
+ Secondary root diameter  +++
44+ Number of secondary roots  +

Rootstock 4x





OPS/images/cover.jpg
, frontiers
in Plant Science

Synthetic Polyploidy in Grafted Crops









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





