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Eggplant (Solanum melongena) is related to a large number of wild species that are a source of variation for breeding programmes, in particular for traits related to adaptation to climate change. However, wild species remain largely unexploited for eggplant breeding. Detailed phenotypic characterization of wild species and their hybrids with eggplant may allow identifying promising wild species and information on the genetic control and heterosis of relevant traits. We characterizated six eggplant accessions, 21 accessions of 12 wild species (the only primary genepool species S. insanum and 11 secondary genepool species) and 45 interspecific hybrids of eggplant with wild species (18 with S. insanum and 27 with secondary genepool species) using 27 conventional morphological descriptors and 20 fruit morphometric descriptors obtained with the phenomics tool Tomato Analyzer. Significant differences were observed among cultivated, wild and interspecific hybrid groups for 18 conventional and 18 Tomato Analyzer descriptors, with hybrids generally having intermediate values. Wild species were generally more variable than cultivated accessions and interspecific hybrids displayed intermediate ranges of variation and coefficient of variation (CV) values, except for fruit shape traits in which the latter were the most variable. The multivariate principal components analysis (PCA) reveals a clear separation of wild species and cultivated accessions. Interspecific hybrids with S. insanum plotted closer to cultivated eggplant, while hybrids with secondary genepool species generally clustered together with wild species. Many differences were observed among wild species for traits of agronomic interest, which allowed identifying species of greatest potential interest for eggplant breeding. Heterosis values were positive for most vigor-related traits, while for fruit size values were close to zero for hybrids with S. incanum and highly negative for hybrids with secondary genepool species. Our results allowed the identification of potentially interesting wild species and interspecific hybrids for introgression breeding in eggplant. This is an important step for broadening the genetic base of eggplant and for breeding for adaptation to climate change in this crop.
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INTRODUCTION

Eggplant (Solanum melongena L.) is an important vegetable in tropical and subtropical regions across the world, where it is a source of dietary fiber, micronutrients and bioactive compounds (Mennella et al., 2010; Niño-Medina et al., 2014; San José et al., 2014). At present eggplant is the sixth most important vegetable after tomato, watermelon, onion, cabbage, and cucumber and the most important Solanum crop native to the Old World (FAO, 2016). At the global level, it has been one of the crops with the greatest increase in production in the last years, with total production rising by 59% in a decade, from 31.0·106 t in 2004 to 49.3·106 t in 2013 (FAO, 2016).

The narrow genetic base of eggplant, probably a consequence of a genetic bottleneck during its domestication in Southeast Asia (Meyer et al., 2012), is a limitation to obtain major breeding advances. This limited genetic diversity contrasts with the large morphological and genetic variation present in the eggplant wild relatives (Meyer et al., 2012; Vorontsova et al., 2013; Vorontsova and Knapp, in press). Phylogenetically, eggplant is a member of the so-called “spiny solanums” group (Solanum subgenus Leptostemonum), which contains many wild species from the Old World, most of them from Africa (Vorontsova et al., 2013; Vorontsova and Knapp, in press). These wild species could represent a source of variation for developing a new generation of eggplant cultivars with dramatically improved yield and quality, as well as for addressing the challenges posed by adaptation to the climate change. In this respect, resistance and tolerance to several major diseases and pests is found among wild eggplant relatives (Daunay and Hazra, 2012; Rotino et al., 2014) and they can also be found in a wide range of environmental conditions, including desertic and semi-desertic areas, environments with extreme temperatures (Knapp et al., 2013; Vorontsova and Knapp, in press). Some eggplant wild relatives are known to possess high levels of chlorogenic acid and other bioactive compounds of interest for human health (Mennella et al., 2010; Meyer et al., 2015). However, with a few exceptions (Rotino et al., 2014; Liu et al., 2015), eggplant breeders have largely neglected the potential of wild species for eggplant breeding, and contrarily to other crops like tomato (Díez and Nuez, 2008), wild relatives have not made a relevant contribution to the development of new eggplant cultivars.

Eggplant can be crossed with a large number of wild relatives (Daunay and Hazra, 2012; Rotino et al., 2014; Plazas et al., 2016). The closest wild relative of eggplant is S. insanum (Knapp et al., 2013; Vorontsova et al., 2013), which is naturally distributed in Southeast Asia, Madagascar and Mauritius (Knapp et al., 2013; Vorontsova and Knapp, in press), where it is frequently found as a weed (Mutegi et al., 2015). Solanum insanum is considered as the wild ancestor of eggplant and is the only species in the primary genepool of cultivated eggplant (Syfert et al., 2016). Hybrids of eggplant with S. insanum are easily obtained; fruits from interspecific hybridization have many seeds, which have high germination rates, and the hybrid plants are fully fertile (Davidar et al., 2015; Plazas et al., 2016). Interspecific hybrids have also been obtained with many wild species from the secondary genepool (Daunay and Hazra, 2012; Rotino et al., 2014; Plazas et al., 2016), which includes some 50 African and Southeast Asian species (Vorontsova et al., 2013; Syfert et al., 2016). The degree of success of interspecific sexual hybridization between eggplant and secondary genepool species, as well as the hybrid fertility is variable depending on the species involved and the direction of the cross (Plazas et al., 2016).

The characterization of wild species and interspecific hybrids for traits of interest for breeders is a fundamental step for the efficient utilization of crop wild relatives in breeding. Combined data on the cultivated and wild species and their interspecific hybrids, not only allows identifying sources of variation and materials of potential interest, but also provides information on the inheritance of some traits present in the wild species, as has been demonstrated in crosses between S. incanum and eggplant (Prohens et al., 2013). Also, characterization of these materials for vigor traits may allow identification of materials potentially useful as rootstocks. In this respect, highly vigorous eggplant of wild relatives and interspecific hybrids are increasingly used for eggplant grafting, as they induce precocity and higher yield and many of them are tolerant to biotic and abiotic stresses (Gisbert et al., 2011; Daunay and Hazra, 2012). In the case of eggplant wild relatives there are a number of studies on their taxonomic and phylogenetic relationships (Vorontsova et al., 2013; Vorontsova and Knapp, in press), of resistance or tolerance to diseases and pests (Bubici and Cirulli, 2008; Daunay and Hazra, 2012; Naegele et al., 2014). However, to our knowledge there are no comprehensive studies on the morphological and agronomic traits of interest in a set of wild species of the primary and secondary genepools of eggplant and their interspecific hybrids with cultivated eggplant.

Several characterization studies in eggplant with standardized morphological and agronomic descriptors developed by the European Eggplant Genetic Resources Network (EGGNET; van der Weerden and Barendse, 2007) and the International Board for Plant Genetic Resources (IBPGR, 1990) have revealed that are suited for providing a useful morphological and agronomic characterization for eggplant breeders (Prohens et al., 2005; Muñoz-Falcón et al., 2009; Boyaci et al., 2015). EGGNET and IBPGR descriptors have been successfully used for evaluating segregating generations of interspecific crosses between eggplant and related species (Prohens et al., 2012, 2013). In addition to conventional morphological descriptors fruit phenomics data provide eggplant breeders with relevant information for evaluating the variation of the fruit morphology. In this respect, the phenomics tool Tomato Analyzer (Rodríguez et al., 2010) has revealed as useful for the detailed morphometric analysis of fruit size and shape of eggplant and related materials (Prohens et al., 2012; Hurtado et al., 2013).

Here we characterize cultivated eggplant, wild relatives from the primary and secondary genepools and interspecific hybrids between cultivated eggplant and wild relatives using conventional and Tomato Analyzer descriptors. Apart from providing a characterization of the three types of materials studied and their differences, we aim to evaluate the interest for breeding of different wild relatives using characterization data of the wild relatives and of their interspecific hybrids with eggplant. The information obtained may also provide clues on the interest of wild species and hybrids as potential rootstocks for eggplant.

MATERIALS AND METHODS

Plant Material

The plant material included six accessions of cultivated eggplant (S. melongena), 21 accessions of a total of 12 wild species, and 45 interspecific hybrids between the eggplant accessions and seven of the wild species (Table 1). The eggplant accessions include materials from both the Occidental (Ivory Coast) and Oriental (Sri Lanka) cultivated genepools (Vilanova et al., 2012; Cericola et al., 2013). Among the wild relatives, three accessions belong to the primary genepool (GP1) S. insanum, and 18 accessions to secondary genepool (GP2) species, namely S. anguivi (n = 2), S. campylacanthum (n = 3), S. dasyphyllum (n = 1), S. incanum (n = 1), S. lichtensteinii (n = 2), S. lidii (n = 2), S. linnaeanum (n = 2), S. pyracanthos (n = 1), S. tomentosum (n = 1), S. vespertilio (n = 2), and S. violaceum (n = 1). All the accessions are deposited at the germplasm bank of the Universitat Politècnica de València (València, Spain). The 45 interspecific hybrids were obtained after reciprocal crossings between cultivated eggplant and wild relatives (Plazas et al., 2016) resulting in 18 hybrids between eggplant and primary genepool species and 27 hybrids between eggplant and secondary genepool species (Table 1). Five plants per accession or interspecific hybrid were grown under open field conditions during the summer season of 2015 at the Universitat Politècnica de València (Valencia, Spain; GPS coordinates of the plot: 39° 28′ 55″ N, 0° 22′ 11″ W; altitude 7 m a.s.l.). Plants were spaced 1.2 m between rows and 1.0 m within the row and distributed according to a completely randomized design. Drip irrigation was applied and 80 g plant−1 of a 10N–2.2P–24.9K plus micronutrients fertilizer (Hakaphos Naranja; Compo Agricultura, Barcelona, Spain) was applied during the whole cultivation period through the irrigation system. Plants were trained with bamboo canes and pruned when needed. Weeds were removed manually and no phytosanitary treatments were needed.

Table 1. Accessions of cultivated eggplant (Solanum melongena) and wild relatives of the primary and secondary genepools, and interspecific hybrids between cultivated eggplant and wild relatives used for the morphological and phenomics characterization.
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Characterization

All plants were characterized using 27 conventional morphological descriptors based on EGGNET (van der Weerden and Barendse, 2007) and IBPGR (IBPGR, 1990) descriptors (Table 2). These morphological descriptors describe different traits of the whole plant (4), leaf (7), inflorescence and flower (7) and fruit (9) and in general display limited GxE interaction (IBPGR, 1990). Except for descriptors concerning the whole plant (e.g., plant growth habit), for which one measurement was taken per plant (i.e., one measurement per replicate), five measurements were taken from each individual plant in order to obtain individual plant averages for the conventional morphological descriptors (i.e., five measurements per replicate). Using a similar approach, five fruits per plant (replicate), collected at the commercially ripe stage (i.e., physiologically immature) for cultivated eggplant and at a similar physiological stage (when they had attained full size but was not physiologically mature) in the case of wild species and interspecific hybrids, were cut opened longitudinally and scanned using an HP Scanjet G4010 photo scanner (Hewlett Packard, Palo Alto, CA, USA) at a resolution of 300 dpi. Scanned images were subjected to fruit morphometric analysis with the fruit shape phenomics tool Tomato Analyzer version 4 software (Rodríguez et al., 2010). A total of 20 fruit morphometric descriptors were recorded using this tool (Table 2).

Table 2. Descriptors used for phenotyping.
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Data Analyses

For each trait, the mean, range and coefficient of variation (CV, %) were calculated using average accession or hybrid values of cultivated eggplant (n = 6), wild relatives (n = 21) and interspecific hybrids (n = 45). Means of each accession or hybrid were subjected to analyses of variance (ANOVA) to detect differences among the three groups considered. Significance of differences among group means was evaluated using the Student-Newman-Keuls multiple range test at P = 0.05. Heterosis over mid parent (H; %) for the traits of greater agronomic importance was studied in the interspecific hybrids using formula H = 100 × ((F1 − MP)/MP), where F1 = hybrid mean, and MP = mean of the parents. Values of H above 100% indicate that the hybrid is superior to the highest parent, and therefore present positive heterosis over the highest parent. Principal components analyses (PCA) were performed using pairwise Euclidean distances among accession or hybrid means for standardized characterization data. All the statistical analyses were performed using the Statgraphics Centurion XVI software (StatPoint Technologies, Warrenton, VA, USA).

RESULTS

Differences between Eggplant, Wild Relatives and Interspecific Hybrids

Significant differences (P < 0.05) were found among average values for the groups constituted by cultivated eggplant, wild relatives and interspecific hybrids for 18 out of the 27 conventional descriptors (Table 3). Generally, wild species and interspecific hybrids had larger plant size, greater leaf prickliness, more flowers per inflorescence, and less elongated fruits than the cultivated species. The cultivated species and interspecific hybrids had more anthocyanin pigmentation, larger leaf size, and greater number of flower parts than the wild species. Flower, fruit pedicel and fruit size had the greater average values in the cultivated species, while the smaller ones were for the wild species, with the interspecific hybrids having intermediate values. The three groups overlap for all conventional descriptors except for Leaf Pedicel Length, Corolla Diameter, Fruit Pedicel Length, Fruit Pedicel Diameter, and Fruit Weight, in which all the accessions of the cultivated species presented higher values than any of the wild species.

Table 3. Variation parameters for conventional morphological descriptors.
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All Tomato Analyzer descriptors evaluated, except two (Rectangular and Shoulder Height) displayed significant (P < 0.05) differences among average values for the three groups (Table 4). For the eight Tomato Analyzer descriptors related to fruit size the cultivated eggplant presented significantly higher values than wild species, while for Ovoid it had lower values; interspecific hybrids presented intermediate values, in most cases being significantly different from both cultivated eggplant and wild species (Table 4). Cultivated eggplant had greater Distal Fruit Blockiness and Ellipsoid values than either wild species or interspecific hybrids, while wild species had higher values for Triangular than either cultivated species or interspecific hybrids. Similarly to conventional descriptors, the three groups overlap in the ranges of variation for all Tomato Analyzer descriptors except for Perimeter, Area, Height Mid-width, Maximum Height, Curved Height and Circular, in which there is no overlap between the range of variation of cultivated and wild species, with the values of the former being larger than those of the latter (Table 4).

Table 4. Variation parameters for Tomato Analyzer phenomics fruit descriptors.
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Variation in Eggplant, Wild Relatives, and Interspecific Hybrids

Variation for the conventional and Tomato Analyzer descriptors was found in the materials studied (Tables 3, 4; Figure 1). For most traits, more variation both in terms of range and CV was found in the wild species, compared to the cultivated eggplant accessions. For all conventional descriptors there was more variation in the wild species than in the cultivated eggplant, except for Shoot Tip Anthocyanin Intensity, the number of flower parts. Conversely, in the case of Tomato Analyzer descriptors, the range of variation was greater in wild species than in the cultivated eggplant for only six out of the 20 descriptors evaluated (Perimeter, Width Mid-height, Maximum Width, Rectangular, and Ovoid), while for the CV the wild species had a greater value than cultivated eggplant for nine of the descriptors, of which seven are related to fruit size (Table 4).
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FIGURE 1. Fruit samples of the materials used. This include: Cultivated eggplant (S. melongena) accessions MEL1 (m1) to MEL6 (m6); wild species of primary genepool S. insanum (p1); wild species of secondary genepool S. anguivi (s1), S. campylacanthum (s2), S. dasyphyllum (s3), S. incanum (s4), S. lichtensteinii (s5), S. lidii (s6), S. linnaeanum (s7), S. pyracanthos (s8), S. tomentosum (s9), S. vespertilio (s10), and S. violaceum (s11); interspecific hybrids between eggplant and primary genepool species S. insanum (hp1); and, interspecific hybrids between eggplant and secondary genepool species S. anguivi (hs1), S. dasyphyllum (hs2), S. incanum (hs3), S. lichtensteinii (hs4), S. linnaeanum (hs5), and S. tomentosum (hs6). Fruits are not depicted at the same scale; the size of the grid cells is 1 × 1cm.



For interspecific hybrids a large range of variation was observed for many conventional descriptors, with variation parameters generally larger than those of the cultivated species and smaller than those of the wild species. In this respect, the range of variation was larger than that of the cultivated eggplant for all but nine conventional descriptors, while compared to wild species it was larger for 11 descriptors (Table 3). The coefficient of variation for conventional descriptors was also larger than in the cultivated species for all traits except nine (Plant Growth Habit, Stem Diameter, Leaf Blade Lobing, Leaf Prickles, Number of Flower Prickles, Number of Sepals, Number of Petals, Number of Stamens, and Fruit Apex Shape) and larger than that of the wild species for eight descriptors (Plant Height, Leaf Blade Tip Angle, Fruit Pedicel Length, Fruit Pedicel Diameter, Fruit Length/Breadth Ratio, Fruit Cross Section, Fruit Apex Shape, and Fruit Calyx Prickles; Table 3).

Regarding the variation for Tomato Analyzer traits, the range of variation in the interspecific hybrids was greater than those of cultivated eggplant and wild species for all traits except five in the case of cultivated eggplant, which correspond to fruit shape indexes and Circular, and only one (Ovoid) in the case of wild species (Table 4). Also, larger values were obtained in the CV for Tomato Analyzer descriptors in the interspecific hybrids compared to the cultivated species for all traits but seven. When compared to wild species the interspecific hybrids also presented higher CV for all traits, except four (Table 4).

Multivariate Analysis

The three first components of the principal components analysis made with all conventional and Tomato Analyzer descriptors accounted for 58.8% accounted of the total variation among accession means, with the first, second and third component accounting, respectively for 37.2, 12.0, and 9.5% of the total variation (Table 5). The first principal component was positively correlated to Corolla diameter, fruit size and to elongated fruit shape (Table 5). The second principal component was positively correlated to Plant Height and to obovoid fruit shape. The third principal component was positively correlated to Plant Growth Habit (i.e., prostrate habit), to multiple plant, leaf and corolla size traits, to a higher number of flower parts (sepals, petals and stamens) and to an increased prickliness in leaves, and flower and fruit calyces (Table 5).

Table 5. Correlation coefficients between morphological conventional and phenomics descriptors.
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The projection of eggplant, wild species and interspecific hybrids in the PCA plot reveals that although considerable diversity exists in both eggplant (black squares) and wild species (white symbols), the interspecific hybrids (gray symbols) present a more scattered distribution in the PCA plot (Figures 2, 3). Interspecific hybrids with the primary genepool species S. insanum plot closer to the cultivated eggplant and are intermingled with it the PCA graphs. On the contrary, interspecific hybrids with secondary genepool species plot closer to the wild species and are also intermingled with them (Figures 2, 3). The first component separates the group formed by eggplant and the interspecific hybrids with the primary genepool species S. insanum, which present positive values for this component, from the group formed by all the wild species and interspecific hybrids with secondary genepool species. Among the interspecific hybrids with secondary genepool species, those with S. incanum and S. lichtensteinii are the closest to eggplant in this first component (Figures 2, 3). When considering the second component all eggplant accessions but one have positive values, while interspecific hybrids with S. insanum are equally distributed in the positive and negative values of this second component (Figure 2). Primary genepool wild species S. insanum and all secondary genepool species, except S. campylacanthum, S. pyracanthos, S. tomentosum and one accession of each of S. anguivi and S. lidii have negative values for this second component. When considering interspecific hybrids with secondary genepool species, although they are intermingled with the wild species for this second component most of the hybrids present positive values for this second component, with the exceptions being the hybrids with S. lichtensteinii (four out of five), S. linnaeanum and one of each of the interspecific hybrids with each of the species S. anguivi and S. incanum (this latter with a value very close to 0). Amazingly, the highest values for this second component correspond to interspecific hybrids with S. anguivi (Figure 2). For the third component both eggplant and the interspecific hybrids with S. insanum are scattered and display positive or negative values (Figure 3). Most wild species accessions have negative values for this third component, except the accessions of S. dasyphyllum, S. linnaeanum, S. pyracanthos, and S. violaceum, as well as one accession of S. incanum (with values close to 0). The lowest values for this component are those of S. lidii, S. vespertilio and S. tomentosum (Figure 3). On the other hand all interspecific hybrids with secondary genepool species, with the exception of two interspecific hybrids with S. anguivi, present positive values for this third component. In this case, the highest values for the third component correspond to interspecific hybrids with S. dasyphyllum, S. lichtensteinii, and S. incanum (Figure 3).
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FIGURE 2. First (X-axis) and second (Y-axis) principal components (37.2 and 12.0% of the total variation explained, respectively) scatterplot of cultivated eggplant, wild relatives and interspecific hybrids based on 27 conventional and 20 Tomato Analyzer morphological descriptors. Cultivated eggplant (S. melongena) is represented by black squares and the “MEL” accession code, primary genepool species S. insanum by white squares, interspecific hybrids between eggplant and S. insanum by gray squares, secondary genepool species by white circles (with species codes in underlined italics), and interspecific hybrids between eggplant and secondary genepool species by gray circles (with wild species codes in normal font). For secondary genepool species and their hybrids with eggplant, the following codes are used: ang (S. anguivi), cam (S. campylacanthum), das (S. dasyphyllum), inc (S. incanum), lic (S. lichtensteinii), lid (S. lidii), lin (S. linnaeanum), pyr (S. pyracanthos), tom (S. tomentosum), ves (S. vespertilio), vio (S. violaceum).
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FIGURE 3. First (X-axis) and thrid (Y-axis) principal components (37.2 and 9.5% of the total variation explained, respectively) scatterplot of cultivated eggplant, wild relatives and interspecific hybrids based on 27 conventional and 20 Tomato Analyzer morphological descriptors. Cultivated eggplant (S. melongena) is represented by black squares and the “MEL” accession code, primary genepool species S. insanum by white squares, interspecific hybrids between eggplant and S. insanum by gray squares, secondary genepool species by white circles (with species codes in underlined italics), and interspecific hybrids between eggplant and secondary genepool species by gray circles (with wild species codes in normal font). For secondary genepool species and their hybrids with eggplant, the following codes are used: ang (S. anguivi), cam (S. campylacanthum), das (S. dasyphyllum), inc (S. incanum), lic (S. lichtensteinii), lid (S. lidii), lin (S. linnaeanum), pyr (S. pyracanthos), tom (S. tomentosum), ves (S. vespertilio), vio (S. violaceum).



Traits of Agronomic Interest in Wild Species

The 12 wild species evaluated presented considerable differences for traits of agronomic interest (Table 6). For example, important differences were found for vegetative traits. For example, the tallest plants were those of S. anguivi, which also presented thick stems (Table 6). Important differences were also found for Leaf Blade Lobing. The greatest leaf prickliness was observed S. dasyphyllum, S. pyracanthos, and S. violaceum, while S. anguivi and S. tomentosusm did not present prickles in the leaves. The largest leaf blades were those of S. dasyphyllum and S. campylacanthum, while the smallest were those of S. tomentosum, with a Leaf Blade Length of 5.2 cm (Table 6). When considering flower and fruit traits, the two species with a larger number of flowers per inflorescence were S. lidii and S. vespertilio, with more than 13 flowers/inflorescence, while the smaller number was S. insanum (Table 6). Important differences were also observed for Corolla Color. All wild species had five petals (and sepals and stamens), except S. lidii and S. vespertilio, which had only four. The largest fruits were those of S. incanum and S. lichtensteinii, with average values above 25 g, more than 10-fold heavier than those of S. anguivi, S. lidii, S. pyracanthos, S. tomentosum, S. vespertilio, and S. violaceum. The highest calyx prickliness was observed in S. linnaeanum, S. pyracanthos, and S. violaceum, while S. anguivi, S. lidii, and S. vespertilio did not present calyx prickles (Table 6). The most elongated fruit were those of S. incanum, while the most flattened ones were those of S. dasyphyllum and S. lidii (Table 6).

Table 6. Average (±SE) values based on accession means for selected traits in the 12 wild species (one from the primary genepool GP1, S. insanum; and 11 from the secondary genepool GP2) evaluated.
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Heterosis in Interspecific Hybrids

Interspecific hybrids between eggplant and its wild relatives generally displayed positive heterosis for plant size traits, with average heterosis values of up to 90.5% for Plant height and 46.2% for Stem diameter in the hybrids of eggplant with S. dasyphyllum (Table 7). The only negative value observed for these traits was for Stem Diameter in the interspecific hybrid with S. linnaeanum. Most interspecific hybrids presented higher prickliness than their parent species, and in consequence, very high average values for heterosis for Leaf Prickles are observed, with values between 91.0% for S. dasyphyllum and 800.0% for S. tomentosum. Leaf size traits were also, in general, heterotic in the interspecific hybrids, with the exception of Leaf Pedicel Length in S. dasyphyllum and S. linnaeanum. The same phenomenon was observed for the Number of Flowers per Inflorescence, with values of up to 87.7% in the hybrids with S. tomentosum (Table 7). The pigmentation of the corolla (Corolla Color) also presented average positive heterosis values in the hybrids of eggplant with five out of the seven wild species, the exception being interspecific hybrids with S. anguivi and S. tomentosum. The number of flower parts, represented by the Number of Petals, displayed low absolute values for heterosis in all cases (Table 7).

Table 7. Heterosis over mid parent values (%; ±SE) based on accession and interspecific hybrid means.
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Regarding Fruit Weight, considerable differences were observed between the hybrids with the primary genepool species (S. insanum) on one hand, and the hybrids with secondary genepool species on the other. In this respect, while the hybrids with S. insanum displayed small negative average heterosis (−5.5%), not significantly different from 0, in the case of secondary genepool species, the heterosis for Fruit Weight is highly negative, with values between −60.4% for hybrids with S. dasyphyllum to −98.6% in hybrids with S. tomentosum (Table 7). As occurred for Leaf Prickles, positive heterosis values, although of smaller magnitude, were observed for Fruit Calyx Prickles, with the exception of the hybrids with S. anguivi, which did not present prickles in the calyx, and in consequence had a heterosis value of −100%. Finally, for fruit shape, the hybrids with primary genepool species S. insanum presented positive heterosis, while those with secondary genepool species had negative heterosis values (Table 7).

DISCUSSION

Crop wild relatives are widely recognized as an invaluable genetic resource for breeding, in particular for broadening the genetic base of crops with narrow genetic diversity, and as sources of variation for traits of interest in breeding crops, including adapting them to the challenges posed by climate change (Dempewolf et al., 2014). Modern varieties of many important crops carry introgressions from wild species resulting from breeding programmes performed in the last 100 years (Hajjar and Hodgkin, 2007). One of the most outstanding examples is tomato, where modern commercial hybrids carry different combinations of 15 different introgressions from different wild species (Díez and Nuez, 2008; Sabatini et al., 2013). However, in the case of eggplant, despite being one of the most important vegetables and being intercrossable with many wild relatives, there are few reports on the use of the variation available in the wild species for eggplant breeding (Daunay and Hazra, 2012; Rotino et al., 2014; Liu et al., 2015) and no modern commercial varieties of eggplant carrying introgressions from wild species are known to us.

In our study we have evaluated six accessions of cultivated eggplant, 21 accessions of 12 wild species, and 45 interspecific hybrids of cultivated eggplant with seven wild species. This represents the largest study up to now on morphological and agronomic traits for breeding of this type of materials. As expected, many differences were found within and among cultivated eggplant, wild relatives and the interspecific hybrids for the conventional descriptors used, confirming the utility of the EGGNET (van der Weerden and Barendse, 2007) and IBPGR (1990) conventional morphological descriptors and Tomato Analyzer traits (Rodríguez et al., 2010) used for evaluating eggplant wild relatives and interspecific hybrids (Prohens et al., 2013).

Also, many differences were found for the traits studied among cultivated eggplant, wild species and interspecific hybrids. Although many of the wild species of eggplant thrive in arid and semi-arid conditions (Knapp et al., 2013; Vorontsova and Knapp, in press), when grown under the favorable conditions of cultivated environments, the wild species and their interspecific hybrids generally display a high vigor, expressed as average values for plant height and stem diameter above those of cultivated eggplant. This is of interest for developing new rootstocks, which generally require having high vigor (Gisbert et al., 2011), and opens the way to exploiting several to the wild species evaluated and interspecific hybrids as potential new rootstocks for eggplant. Another important trait of agronomic interest for which there were considerable differences among groups was prickliness, which was much greater in wild species and interspecific hybrids, confirming that alleles from the cultivated eggplant are recessive (Doganlar et al., 2002; Gramazio et al., 2014; Portis et al., 2015). The number of flowers per inflorescence was also much greater in wild species and interspecific hybrids. This trait is very important in eggplant breeding, as a reduced value of this trait results in increased fruit size uniformity (Sękara and Bieniasz, 2008). Also, fruit size and shape, which are of great relevance for breeding (Daunay and Hazra, 2012; Portis et al., 2015), also differed considerably among the three groups, with the interspecific hybrids presenting intermediate values, although on most cases they were closer to those of the wild species, indicating dominance of the genes of the latter (Doganlar et al., 2002).

The much higher variation observed in wild species and interspecific hybrids for vegetative, flower and inflorescence traits compared to cultivated eggplant was expected, as we were comparing a single species with an admixture of different wild species or hybrids, which present a much higher genetic diversity (Meyer et al., 2012; Särkinen et al., 2013; Vorontsova et al., 2013). However, for traits related to the fruit size and shape much higher variation was observed in the cultivated eggplant than in the wild species, confirming the general observation that the morphological variation in the organ for which a crop is domesticated (in this case the fruit) increases during domestication (Meyer and Purugganan, 2014). Amazingly, in the case of interspecific hybrids a larger variation was found for most fruit size and shape traits than in the cultivated eggplant. Although most interspecific hybrids were more similar to the wild species, in some cases they were intermediate, revealing that different genic control mechanisms must exist for fruit size and shape among the wild relatives of eggplant. In this respect, the multivariate analysis clearly shows that interspecific hybrids with the primary genepool species S. insanum are morphologically closer to the cultivated eggplant, while the hybrids with secondary genepool species present a general morphology closer to that of the wild species. These results may support the hypothesis that S. insanum is the wild ancestor of cultivated eggplant (Knapp et al., 2013), as domestication should be easier when genes for domestication traits from the wild species display intermediate dominance rather than full dominance.

The study of individual wild species suggests that S. anguivi, S. campylacanthum, S. pyracanthos, and S. violaceum may be of interest for increasing the vigor of cultivated eggplant or for being used as rootstocks. Also, wild eggplant species use to have undesirable traits (e.g., prickliness, small fruit size, etc.) that have to be removed during the breeding (Rotino et al., 2014). In this case, the most desirable wild species are those that are most similar to the crop for these traits. For example, the lack of prickles or very low prickliness of S. anguivi, S. campylacanthum, and S. tomentosum is a very favorable trait for breeders (Daunay and Hazra, 2012). Regarding fruit weight, the wild species with greater fruit weight should be the most interesting for breeders in order to recover fruit size in few backcross generations. In this case, S. insanum, S. dasyphyllum, and S. lichtensteinii should be the most interesting candidates if a rapid recovery of fruit size is desired. In any case, Prohens et al. (2013) showed that fruit size recovers quickly even in first backcrosses with the wild species S. incanum, which has an intermediate fruit size among wild species.

Although differences were observed among interspecific hybrids from different wild species, hybrids were in general vigorous, displaying heterosis for vigor traits. This phenomenon had already been described in interspecific hybrids with S. incanum (Gisbert et al., 2011; Prohens et al., 2013), and our results suggest that this is a common phenomenon in the hybrids between eggplant and wild relatives. Amazingly, most interspecific hybrids were highly heterotic for prickliness, with heterosis values over 100%. Prickles even appeared in interspecific hybrids with wild species that were not prickly, like S. tomentosum. In previous works, heterosis for prickliness had already been described in interspecific crosses in eggplant (Prohens et al., 2012; Devi et al., 2015; Plazas et al., 2016). Several studies with segregating populations of S. linnaeanum and S. insanum show that differences in prickliness between cultivated eggplant and wild relatives is under the control of a few QTL (Doganlar et al., 2002; Gramazio et al., 2014) and therefore prickliness should be easily removed in backcross generations. Although for fruit size traits negative heterosis was generally observed in the interspecific hybrids, indicating a greater similarity to the wild species, interspecific hybrids with primary genepool species S. insanum presented values close to zero, similarly to intraspecific hybrids of eggplant (Rodríguez-Burruezo et al., 2008), indicating intermediate dominance and values intermediate between both parental species. However, hybrids with wild species from the secondary genepool displayed highly negative heterosis, in some cases close to 100% like in interspecific hybrids with S. anguivi and S. tomentosum, suggesting that in these materials it may be more difficult to recover fruit size in the backcross generations.

In conclusion, the characterization with conventional descriptors and the Tomato Analyzer phenomics tool has allowed a detailed characterization of eggplant, close wild relatives and their interspecific hybrids. The high variation among wild species identified sources of variation and most promising species for traits of interest for eggplant breeding. The fact that interspecific hybrids with primary genepool species S. insanum are intermediate or close to eggplant for many traits, may facilitate the use of this species in introgression breeding and supports previous evidence that this species is the ancestor of cultivated eggplant. Also, the high vigor of most interspecific hybrids may be directly exploited by using them as rootstocks. The information obtained here on phenotypic characteristics and heterosis of wild species and interspecific hybrids is of interest for eggplant breeding. Given the adaptation of many wild species to stressful conditions, their utilization in eggplant breeding may result in the development of a new generation of cultivars adapted to climate change challenges.
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Descriptors Cultivated eggplant Wild relatives (1 = 21) Interspecific hybrids (1 =45;42  F-ratio  Probability

(n=6) for fruit traits)
Mean? oV (%) Mean oV (%) Mean oV (%)
(range) (range) (range)
Piant growth habit 533a 153 4712 243 500a 00 251 00883
(5.00-7.00) (8.00-7.00) (5.00-5.00)
Piant height AR 165 1248b 175 1419b 195 981 00002
(©9.7- (91.0-160.5) (91.0-199.0)
11.7)
Stem diameter (mm) 262 203 243ab 259 278b 16.8 500 00087
(16.3-28.0) (12.0-34.7) (18.3-38.3)
Shoot tip anthocyanin intensity 333b 83 057a 2112 208ab 127 5.43 00084
(0.00-7.00) (0.00-3.00) (1.00-7.00)
Leaf blade lobing 433a 238 481ab 504 6026 195 5.42 <0.0085
(3.00-5.00) (1.00-9.00) (3.00-9.00)
Leaf prickles (upper surface) oita 2449 338b %6 4.45b 667 603 00039
(0.00-0.67) (0.00-9.00) (0.00-9.00)
Leaf surface shape 5672 288 5202 452 633a 30.1 196 01489
(6.00-9.00) (1.00-0.00) (6.00-9.00)
Leaf blade tip angle 5002 253 4482 %28 458a 33.1 029 07484
(8.00-7.00) (8.00-7.00) 2.00-7.00)
Leaf pecicel length (em) 691c 14.1 2742 a1 570b 25 4227 <0.0001
(6.80-8.28) 0.63-4.61) (2.67-9.05)
Leaf biade length (cm) 220b 79 138a 337 210b 19.3 23,65 <0.0001
(19.7-24.9) (6:2-20.9) (16.0-31.9)
Leaf blade width (cm) 158 183 87a 381 159b 213 3441 <0.0001
(125-195) 83-187) (10.8-25.7)
Number of flowers per 3492 422 833b 579 677b 433 458 <0.0135
inflorescence (1.07-5.00) (1.00-16.10) (2.00-14.449)
Corolla color 5672 182 557a 379 602a 244 058 05620
(5.00-7.00) (1.00-9.00) (8.00-7.00)
Corolla diameter (mm) 43¢ 129 22a 304 358b 223 3044 <0.0001
(67.2-49.9) (7.7-30.4) (20.4-49.9)
Number of flower prickles (calyx) 183a 1004 3622 1025 364a 852 086 04269
(0.00-5.00) (0.00-9.00) (0.00-9.00)
Number of sepals 557b 14.1 481a 84 525b 72 10.69 <0.0001
(5.00-7.00) {4.00-5.00) (5.00-6.00)
Nurmber of petals. 5650 13.1 481a 84 524b 65 18.24 <0.0001
(6.00-7.00) {4.00-5.00) (6.00-6.00)
Nurmber of stamens. 561b 137 480a 84 5260 79 10.70 <0.0001
(6.00-7.00) (4.00-5.00) (6.00-6.22)
Fruit pedicel length (mm) 438c 152 17.5a 30.1 2826 409 16.18 <0.0001
(83.0-52.2) ©5-27.5) 6.6-503)
Fruit pedicel diameter (mm) 102¢ 207 2842 428 5.4b 513 23.92 <0.0001
(7.0-12.2) (1.0-6.1) (1.0-103)
Fruit length/breadth ratio 650b 424 271a 352 390a aa1 12.81 <0.0001
(1.00-8.00) (1.00-5.00) (1.00-7.00)
Fruit cross section 567a 182 6052 475 5452 a7 043 06537
(6.00-7.00) (1.00-0.00) (2.00-9.00)
Fruit apex shape 533a 369 5.19a 32 533a 309 005 09485
(8.00-7.00) {8.00-7.00) (8.00-7.00)
Frit weight (g) 2447 ¢ 360 1052 116 58.4b 1112 39.43 <0.0001
(©4.4- (0.4-35.7) 06-224.2)
354.5)
Fruit flesh density 633b 163 395a 632 5.38ab 444 360 00328
(5.00-7.00) (1.00-9.00) (1.00-9.00)
Frit calyx length (relative) 2672 306 4622 575 4052 515 185 01647
(1.00-3.00) (1.00-9.00) (1.00-9.00)
Fruit calyx prickles 2002 548 3482 913 3192 9.0 058 05646
(1.00-3.00) (0.00-9.00) (0.00-9.00)

Values represent the mean, range (between brackets), and cosfficient of variation (CV: %) for the conventional morphological descriptors studied in accessions of cultivated eggolant
(S. melongena; n = 6), wi relatives (n = 21) and interspecific hybrids between cultivated eggplant and wid relatives (n = 45 except for it traits in which n = 42) and significance of
mean diferences among the three groups.

AMeans within rows separated by different letters are significantly different according to the Student-Newman-Keuls test.
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Interspecific hybrids with cultivated eggplant accessions

Species Accession Germplasm  Country of
collection  origin
ecde MEL1 MEL2 MEL3

MEL4

MELS MEL6

S. melongena MELT BBS-118/8  Ivory Coast
MEL2 BBS-146 Iory Coast
MEL3 BBS-175 Ivory Coast
MEL4 o7145 Sii Lanka
MELS Sri Lanka
MEL6 Sii Lanka
. insanum INS1 SLKINS-1  Siilanka  MELTx INST MEL2x INST MELS x INST
INS2 SLKINS-1  Srilanka  MELTx INS2 MEL2 x INS2  MEL3 x INS2
INS3 MM498 Japan INS3 x MELT  INS3 x MEL2  INS3 x MEL3
S. anguivi ANG1 BBS119 Ivory Coast MEL2 x ANGT MELS x ANG1
ANG2 BBS125/8  loryCoast MELT x ANG2 MEL2 x ANG2 ANG2 x MEL3
S. campylacanthum  CAMS MMB880 Tanzania
CAM6 MM700 Kenya
cAv8 MM1426 Tanzania
S. dasyphylum DAst MM1153 Uganda  MEL1x DAST MEL2 x DAST MEL3 x DAST
S. incanum INC1 MMB864 Israel INC1 x MEL1 MELS x INC1
S. ichtensteinii uct MM674 South Africa MEL1 x LIC1
uc2 MM677 Iran MEL1 x LC2 MELS x LIC2
S. lci upt 4788 Spain
up2 MM1005 Spain
. linnaeanum UN1 JPT0028 Spain
LNS MM195 Tunisia
S. pyracanthos PYRI SOLN-66  Unknown
S. tomentosum  TOM1 MMg92 South Africa MEL2 x TOM1 TOM1 x MEL3.
S. vespertiio VES1 2601A Spain
VES2 BGV-3218  Spain
. violaceum viot SLKVIL-1 SiiLanka

MEL4 x INST  INS1x MELS ~ MEL x INS1
MEL4 x INS2  MELS x INS2 ~ MELS x INS2
INS3 x MEL4  MELS x INS3  INS3 x MEL6
MEL4 x ANG1  MELS x ANG1
ANG2 x MEL4 MELS x ANG2 ANG2 x MEL6

MELS x DAS1

MELS x INC1  MELS x INC1

MELS x LIC1  MEL6 x LIC1
MEL4 x LIC2

LUN1 x MEL6

For the interspecific hybrids, the first and second parentals included in the hybrid code correspond to the female and male, respectively.
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Descriptors aP1 aP2

S.insanum  S.anguivi . campylacanthum S, dasyphyllum S.incanum S, lichtensteinii  S.lidii S.linnaeanum S. pyracanthos S. tomentosum S. vespertilio. S. violaceum

N 3 2 3 1 1 2 2 2 1 1 2 1
Plantheight (cm) 1087498 1537463 1502469 90 1200 13054125 1086230  107.0£00 1417 104.0 15515 154.0
Stem diameter (mm)  22.8+4.6 313220 215418 235 280 223424 140£20 20802 U7 195 286209 198
Leafbladelobing  5.00£0.00 2.00+1.00 2334067 9.00 300 5004000  500£0.00  9.00%0.00 9.00 3.00 8.00:£0.00 700
Leaf prickles (upper ~ 3.33:1.67  0.00£0.00 0674067 9.00 1.00 050£050  600£1.00  6001.00 7.00 000 400100 900
surface)

Leaf pedcel length 2274051 198010 275071 12 23 2754089 3074033  29940.71 461 063 441013 395
(em)

Leat blade length 89415 10916 19117 221 13 134228 147£39 139424 16.9 52 14306 157
(em)

Leat blade width 70410 74x1d 84%14 187 78 93421 7935 95408 74 33 95407 129
(cm)

Number of flowers ~ 20£10  82£22 9417 106 9.1 51419 137207 30202 133 50 16.0£02 107
per inflorescence

Corolla color 567£067 200£1.00 7674133 500 7.00 400£100 700000  500£000 9.00 3.00 5002000 7.00
Number of petals ~ 5.00£0.00  500£0.00 5004000 500 500 500£000  400£000  500£0.00 500 5.00 400000 500
Fruit weight (o) 265£50  13£05 46412 193 16 287462 04£00 162433 10 05 12041 04
Fruit calyx prickles ~ 8.001.15  0.00::0.00 167067 900 500 500£000  000£000 800100 7.00 5.00 000000 7.00
Friitshapoindex 097039 0950047 093004 079 104 093£008  078+004  094£0.07 0.86 094 087001 085
extemal |

Traits were selected so that they were relevant for breeding and useful to distinguish the different wild species.
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Descriptors

Perimeter

Area

Width mid-height

Maximum width

Height mid-width

Maximum height

Curved height

Fruit shape index external |

Fruit shape index external Il

Curved fruit shape index

Proximal fruit blockiness

Distal fruit blockiness:

Fruit shape triangle

Elipsoid

Circular

Rectangular

shoulder height

Obovoid

Ovoid

Fruit shape index internal

Cultivated eggplant (n = 6)

Mean®
(range)

2a1¢
(202-28.0)
3s4c
(24.4-42.2)
521b
(4.01-7.08)
535b
(4.06-7.07)
817¢c
(6:39-1051)
828c
(6.55-10.64)
847¢
(6.93-10.81)
164c
0.93-2.28)
167¢
0.91-2.30)
172¢
(0.99-2.36)
0622
055-0.71)
073b
(0.65-0.77)
0862
(0.74-1.10)
005b
0.03-007)
ot6c
(0.08-0.25)
051a
0.49-054)
001a
(0.00-0.02)
0.18b
(0.04-0.29)
003a
(0.00-0.11)
167¢
091-230)

oV (%)

121

205

228

217

184

181

17.2

300

313

9.1

93

166

297

520

37

56.7

160.0

314

Wild relatives (n = 21)

Mean
(range)

61a
21-162)
38a
03-172)
187a
063-4.93)
1882
(0.64-4.96)
169a
054-6.78)
1722
055-3.90)
195a
085-4.52)
0%0a
0.75-1.04)
089a
0.74-1.03)
1.13a
091-141)
066a
058-078)
060a
(052-0.65)
1.12b
091-1.49)
002a
001-003)
005a
0.02-0.10)
0s1a
0.48-054)
0ota
0.00-008)
00sa
0.00-0.18)
009b
0.00-0.21)
0%0a
0.76-1.02)

oV (%)

700

1295

68.9

69.5

60.0

8.4

838

132

77

65

126

220

a7

32

105.6

626

85

Interspecifi hybrids (1 = 42)

Mean
(range)

1276
(24-282)
154b
0.4-469)
308a
070-737)
3ita
086-7.43)
409b
0.74-10.41)
445b
0.75-1053)
434b
099-1062)
1226
075-191)
1226
(0.71-1.96)
1356
089-199)
o0sta
036-074)
0s4a
052-075)
097a
052-131)
003a
001-007)
009b
008-021)
050a
0.41-053)
0ota
0.00-008)
010a
000-031)
0.058b
000-0.17)
122b
0.72-196)

CV (%)

73.0

109.0

772

77.0

732

225

232

17.7

124

85

165

398

542

53

74.1

74.4

97.2

233

F-ratio

1345

1347

880

922

15.60

1557

1553

21.66

21.99

1432

5.04

1630

991

1098

1492

275

023

863

5.65

2171

Probability

<0.0001

<0.0001

0.0004

0.0003

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0092

<0.0001

0.0002

<0.0001

<0.0001

0.0711

0.7985

0.0005

0.0054

<0.0001

Mean, range (between brackets), and coefficient of variation (CV: %) for the Tomato Analyzer phenomics fruit morphometric descriptors studied in accessions of cultivated eggplant (S.

melongena;

aMeans within rows separated by different letters are significantly different according to the Student-Newman-Keuls test.

6), wild relatives (1 = 21) and interspecific hybrids between cultiveted eggplant and wild relatives (n = 42) and significance of mean diferences among the three groups.
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Second
principal
component  component

Descriptors

Plant growth habit

Plant height (cm) 0.154
Stem diameter (mm)

Leaf blade lobing

Leaf prickies (upper surface) -0.165
Leaf surface shape

Leaf biade length (cm)

Leaf blade width (cm)

Corolla diameter (mm) 0.184

Number of flower prickles (calyx) ~0.170
Number of sepals

Nurmber of petals

Number of stamens

Fruit pedicel length (mm) 0218

Fruit pedicel diameter (mim) 0218

Fruit lengthvbreadith ratio 0.191

Fruit weight (g) 0212

Fruit calyx prickles -0.190
Perimeter (cm) 0225

Avea cm?) 0219

Width mid-height (cm) 0.204

Maximum width (cm) 0.206

Height mid-width (cm) 0231

Maximum height (cm) 0231

Third
principal

component
051
0.176
0266
0258
o184
0236
0291
0306
0.153
0226
0275
0267
0266

0253
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Curved height (cm) 0.231

Fruit shape index external | 0209

Fruit shape index external Il 0209

Curved fit shape index 0.167

Proximal fruit blockiness -0371

Distal fruit blockiness. 0.163 0204

Fruit shape triangle -0.349

Circular 0.189

Rectangular -0.245

Shoulder height 0.159

Obovoid 0328

Ovoid -0312

Fruit shape index internal 0208

Eigenvalue 17.50 565 448
Variance explained (%) 3723 12,04 953
Cumlative variance explained (%) 37.23 4927 58.80

Values represent the correlation coefficients for the three firstprincipal components in the
collection of eggplant (S. melongens), wild relatives and interspecific hybrids evaluateo.
Only correlations with absolute values >0.150 have been listed.
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Descriptors

n
Plant height (cm)

Stem diameter (mm)

Leaf prickles (upper surface)

Leaf pediicel length (cm)

Leaf biade length (om)

Leaf biade width (cm)

Number of flowers per inflorescence
Corolla color

Number of petals

Fruit weight (g)

Frut calyx prickles

Frut shape index external |

. insanum

18
16746
10543

15514345

39.7465
24941
27.7x45
701160
15943
13£2.1
-55£69
3294252
137435

. anguivi

10
34.4£74
10438

260.0£173.9
225478
222465
382+95
7594163
2546
-48+16
-982£03
~100.0£00
~16.7469

. dasyphyllum

412
90576
462123
91.0+6.4

~216£12
34857
32.9£50
369131
189104
19464
-804
80.0
-264

S. incanum

4

368+11.3
20.4£11.0
73331000

19527
476466
67.7+96
21.0£9.4
19230
-44£24
-866428

27.4£424

-136£08

S. lichtensteinii

6
381x44
39.8+103
144.4£92.9
249492
30663
M.7£85
42.7£15.7
16.2:£4.8
2234
-89.4:£15
56.9+27.6
-150£43

S. linnaeanum . tomentosum

1
23
—187
1000
-133
39
74
-18
75
-32
-899
80.0
-408

2
23342
23838

800.0::800.0
56.3+:239
228416
22.4+140
87.7£355
~0.1£86
~1.0£1.0

-986£03
29.1104.1

~27.4480

Valdes are presented for traits of agronomic interest i the interspecific hybrids of eggplant with seven wid relatives (one from the primary genepool, S. incarum; and six from the

secondary genepoo).

2For S. dasyphyllum data are available for four accessions for plant traits and only for one accession for fruit traits.
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