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In the frame of modern agriculture facing the predicted increase of population and general environmental changes, the securement of high quality food remains a major challenge to deal with. Vegetable crops include a large number of species, characterized by multiple geographical origins, large genetic variability and diverse reproductive features. Due to their nutritional value, they have an important place in human diet. In recent years, many crop genomes have been sequenced permitting the identification of genes and superior alleles associated with desirable traits. Furthermore, innovative biotechnological approaches allow to take a step forward towards the development of new improved cultivars harboring precise genome modifications. Sequence-based knowledge coupled with advanced biotechnologies is supporting the widespread application of new plant breeding techniques to enhance the success in modification and transfer of useful alleles into target varieties. Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 system, zinc-finger nucleases, and transcription activator-like effector nucleases represent the main methods available for plant genome engineering through targeted modifications. Such technologies, however, require efficient transformation protocols as well as extensive genomic resources and accurate knowledge before they can be efficiently exploited in practical breeding programs. In this review, we revise the state of the art in relation to availability of such scientific and technological resources in various groups of vegetables, describe genome editing results obtained so far and discuss the implications for future applications.
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INTRODUCTION

Vegetable crops include a large number of species belonging to various families, characterized by multiple geographical origins, large genetic variability and diverse reproductive features. As result of natural and artificial selection, various vegetables are differentially used worldwide for many purposes, either as fresh or processed products. Due to their nutritional value, vegetables have an important place in human diet, providing, in combination with freshness and taste, protection against various non-transmissible diseases and reduction of the so-called “hidden hunger” especially in developing countries (Desjardins, 2014).

Fast changes in climate and consumers’ needs as well as the appearance of emerging and re-emerging plant pests and diseases require the continuous development of novel genotypes adapted to varying horticultural systems (Anderson et al., 2004). The availability of genetic resources plays an important role in such a process. Indeed, a large number of crop wild relatives and local traditional varieties is conserved in situ and ex situ by private or public institutions. In addition, local vegetable varieties (landraces) are still grown and reproduced by farmers, based on their adaptation to specific environments and on the presence of valuable traits. New genomics and phenomics tools allow the throughout characterization of such resources and should facilitate their better use in breeding. Nonetheless, the overall level of biodiversity in horticultural systems is decreasing, with threats to their economic, social, and environmental sustainability (Maggioni, 2004; Silva Dias, 2014).

New plant breeding techniques, in particular gene transfer based on cisgenic approaches and next-generation precision genome engineering relying on genome editing technologies, can play a key role in accessing genetic resources and using them in functional studies and streamlined breeding strategies (Cardi, 2016) (Figure 1). Such approaches, however, require efficient transformation protocols as well as extensive genomic resources and accurate knowledge before they can be efficiently exploited in practical breeding programs. In this review, we revise the state of the art in relation to availability of such scientific and technological resources in various groups of vegetables, describe genome editing results obtained so far and discuss the implications for future applications.
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FIGURE 1. Novel plant breeding techniques applied to the exploitation of genetic resources. LR, landraces; CWR, crop wild relatives. SDN-1, 2, 3, site-directed nuclease usage for gene knockout, gene editing or gene replacement/stacking, respectively. If the gene replaced by the latter approach derives from a sexually compatible genetic resource, it can be dubbed also as “cisgenesis at the same locus.”



REGENERATION AND TRANSFORMATION

Available plant transformation methods include indirect (i.e., requiring an intermediate biological vector, usually the bacterium Agrobacterium tumefaciens) and direct methods (electroporation or PEG-mediated transformation of protoplasts, biolistics, etc.; Finer, 2010). Successful transformation, however, relies on various phases, being the introduction and integration of DNA into the plant genome as well as the selection and regeneration of transformed cells the most important and, sometimes, limiting factors (Wȩdzony et al., 2014; Altpeter et al., 2016). Regeneration of transformed plants has been extensively pursued in vegetable crops, although large differences in efficiency among families, species, and cultivars have been reported (Klocke et al., 2010). Plant regeneration is generally achieved via in vitro culture systems, using a range of explants and following two alternative pathways: de novo shoot organogenesis (DNSO) or somatic embryogenesis (SE; Wȩdzony et al., 2014).

Within the Solanaceae family, eggplant (Solanum melongena) and, to a lesser extent, tomato (S. lycopersicum) have been successfully subjected to genetic transformation with various purposes using different approaches (Klocke et al., 2010). Regeneration in eggplant has been obtained either through SE or DNSO starting from protoplasts, tissue explants, microspores (Rotino et al., 2014). In tomato, Agrobacterium-mediated transformation of cotyledon explants has been most frequently achieved, albeit protoplast protocols are also available. Genetic variability of response to both in vitro systems is well known (Kurtz and Lineberger, 1983; Derks, 1992). The dominant Rg1 gene involved in regeneration capacity has been transferred from S. peruvianum into S. lycopersicum and subsequently mapped on chromosome 3 (Koornneef et al., 1993). Recently, its effect has been characterized in a different genetic background also in combination with other relevant genes (Pino et al., 2010; Lombardi-Crestana et al., 2012). By contrast, although some positive results have been reported (Klocke et al., 2010), pepper (Capsicum spp.) is considered a recalcitrant species due to several issues that jeopardize the in vitro response (Kothari et al., 2010). Some interesting results, however, based on the over-expression of two heterologous transcription factors involved in the regeneration process (i.e., WUSCHEL and BABY BOOM), have been recently published in sweet and chili pepper (Solís-Ramos et al., 2009; Heidmann et al., 2011).

Brassica oleracea and B. rapa include the majority of vegetables belonging to Brassicaceae. Transformation, usually achieved by inoculation of seedling explants with Agrobacterium (direct gene transfer using protoplasts has been also accomplished) followed by regeneration through organogenesis, is strongly dependent on the genotype and various other factors, being B. rapa genotypes more difficult to transform than B. oleracea ones, and cabbage (B. oleracea var. capitata) the most difficult type within the latter. A strong genetic component with significant additive effects both for A. tumefaciens susceptibility and regeneration ability from cotiledonary explants as well as from leaf protoplasts has been found in B. oleracea [(Sparrow et al., 2004) and references cited therein], suggesting the possibility to incorporate those traits in recalcitrant genotypes by transferring the relevant genes. Raphanus sativus, another vegetable of the same family, is considered recalcitrant and only few reports are available. Advances in regeneration and transformation in this group of crops have been reviewed elsewhere (Vinterhalter et al., 2007; Klocke et al., 2010; Sparrow et al., 2011; Park et al., 2012; Kumar and Srivastava, 2016). With the aim to avoid tissue culture systems, similarly to the related species Arabidopsis thaliana, in planta transformation systems based on floral dipping or flower bud microinjection have been also attempted in various genotypes (Curtis and Nam, 2001; Sparrow et al., 2011).

Within the Cucurbitaceae family, transformation has been accomplished in all the three genera including vegetable crops: Cucumis (cucumber and melon), Cucurbita (squash, pumpkin and zucchini), and Citrullus (watermelon). Various (young) explants have been generally inoculated with Agrobacterium followed by regeneration through shoot organogenesis, but transformation efficiency varied largely with the genotype used (Klocke et al., 2010; Manamohan et al., 2011). Some improvements in the protocol have been lately reported for melon (Bezirganoglu et al., 2014; Zhang et al., 2014), cucumber (Wang et al., 2015), Cucurbita spp. (Nanasato et al., 2013), and watermelon (Liu et al., 2016). In the latter species, an efficient regeneration procedure via SE from embryogenic calli derived from leaf explants has been also recently published (Vinoth and Ravindhran, 2015). Attempts to develop in planta methods (either via pollen tube or microinjection of the shoot apical meristem) have been made in watermelon and cucumber (Chen et al., 1998; Baskaran et al., 2016). As far as genetic and molecular aspects of shoot regeneration are concerned, a simple dominant control of regeneration ability from leaf explants has been found in cucumber (Nadolska-Orczyk and Malepszy, 1989), while distinct expression profiles of WUSCHEL-related homeobox (WOX) genes have been associated with different regeneration abilities in watermelon (Zhang N. et al., 2015).

Among Asteraceae, lettuce (Lactuca sativa) and chicory (Cichorium intybus) have been largely and successfully used in many transformation experiments for a variety of purposes, using either Agrobacterium inoculation of various explants (mainly cotyledons and true leaves) or direct gene transfer (electroporation/PEG treatment of protoplasts or particle bombardment of tissue explants) (Davey et al., 2007; Klocke et al., 2010; Song et al., 2014; Matvieieva, 2015). Shoot regeneration from hairy roots has also been accomplished. Regeneration normally proceeds by organogenesis, but SE has also been reported. Recently, the “surface response” method has been employed in lettuce to optimize plant regeneration (Gómez-Montes et al., 2015). While a mature regeneration/transformation technology is available for both above-mentioned species, de novo shoot regeneration and cell transformation have been observed only sporadically and with very low efficiency in another important vegetable of this family, i.e., globe artichoke (Cynara cardunculus var. scolymus; Menin et al., 2012).

Carrot (Daucus carota), a member of the Apiaceae family, is considered a model species for in vitro SE. Factors affecting transformation efficiency have been defined in the late 1980 – early 1990. Subsequently, genetic transformation has been pursued for various objectives using either indirect (A. tumefaciens and A. rhizogenes) or direct gene transfer methods (electroporation/PEG-mediated transformation of protoplasts and biolistics) (Punja et al., 2007; Baranski, 2008; Klocke et al., 2010). Much less work has been performed in other vegetables of the same family, such as fennel (Foeniculum vulgare), celery (Apium graveolens), and parsley (Petroselinum crispum; Baranski, 2008; Klocke et al., 2010). Fennel is able to regenerate in vitro by either organogenesis or embryogenesis, albeit with a marked genotypic effect (Anzidei et al., 2000; Jakhar and Choudhary, 2012; Saxena et al., 2012), but no transgenic plants have been generated. A reproducible protocol has been developed for rapid and efficient production of transgenic celery plants via somatic embryo regeneration from A. tumefaciens-inoculated leaf sections, cotyledons, and hypocotyls (Song et al., 2007). Only transgenic calli have been obtained in parsley (Baranski, 2008).

Successful Agrobacterium-mediated transformation in the leafy vegetable Spinacia oleracea (Chenopodiaceae) has been first published in 1995 and later applied for transferring agronomically relevant genes (Klocke et al., 2010). In the meantime, efforts have been made to improve transformation and regeneration procedures. Although the genotype has generally shown a significant effect, regeneration has been achieved either through organogenesis or embryogenesis depending mainly on the explant type and auxin/cytokinin ratio: cotyledon explants and low ratios facilitate the former, whereas root explants and high ratios favor the latter. In addition, low temperature (14°C), photoperiod, light intensity, and GA3 content had substantial effects on shoot regeneration (Geekiyanage et al., 2006; Chin et al., 2009; Nguyen et al., 2013b), while low levels of hygromycin (0.5 mg l-1) have been found to promote SE (Milojević et al., 2012). An optimized regeneration protocol has been recently published (Nguyen et al., 2013a).

Vegetable legumes (harvested as green immature pods and seeds or, e.g., in cowpea, also as leaves) and pulses (harvested for the dry seed) have long been considered as recalcitrant to in vitro transformation and regeneration, although significant progress has been shown in the recent past (Somers et al., 2003; Klocke et al., 2010; Dewir et al., 2016; Gatti et al., 2016; Nguyen et al., 2016). Difficulties in achieving organogenesis and SE from differentiated tissues have prompted the development of regeneration/transformation protocols from meristematic tissues, but this has made difficult the selection of uniform (non-chimeric) transformed shoots. In several cases, the release of phenol oxidation products from explants cultured in vitro inhibits cell division and provokes tissue darkening and death, while rooting of regenerated shoots can be an additional critical step. All those problems have been encountered in applying genetic transformation to common bean (Phaseolus vulgaris), that, compared to related species (e.g., P. acutifolius, P. coccineus, P. polyanthus), exhibits a lower regeneration potential. Nevertheless, various direct and indirect transformation methods have been attempted in this species, showing some interesting results (Veltcheva et al., 2005; Hnatuszko-Konka et al., 2014). The improvement of the in vitro selection step through the use of a systemic herbicide has resulted in a significant increase of transformation efficiency (Aragão and Campos, 2007). Recently, it has been shown that the endogenous hormonal content in embryogenic calli could be altered and SE increased by down-regulating the expression of the PvTRX1h gene, encoding for a histone methyltransferase (Barraza et al., 2015). Genetic engineering problems and efforts similar to those described for P. vulgaris have been recently reviewed in the related species Vigna unguiculata, for which electroporation, biolistics and Agrobacterium-based methods have all been used, the latter being the most common (Citadin et al., 2011). Due to the involvement of meristematic tissues in the regeneration process, also for this species it has been necessary to develop alternative selection regimes for increasing the recovery of transformed shoots (Aragão and Campos, 2007; Bakshi et al., 2012; Bakshi and Sahoo, 2013). Similarly to other legumes, also in garden pea (Pisum sativum), first transformed in the late 1980, meristems have been the explants of choice, but the transformation protocols have been gradually improved and successfully employed for various purposes, although a strong genotypic effect has been shown (Klocke et al., 2010; Mikschofsky and Broer, 2012). The broad bean (Vicia faba) is probably one of the most difficult legume species to regenerate and transform, requiring particular efforts to solve the problem of tissue blackening in vitro (Klenotičová et al., 2013), and only few successful experiments have been reported using Agrobacterium-mediated transformation of meristematic cells or stem segments [reviewed in (O’Sullivan and Angra, 2016)]. Due to the intrinsic difficulties of legume regeneration systems, a range of methods not requiring tissue culture of explants have been proposed (Somers et al., 2003), including the electroporation of nodal axillary buds in pea and cowpea (Chowrira et al., 1996), the Agrobacterium inoculation of germinating seeds in pea and bean (Liu et al., 2005; Svabova et al., 2005), the inoculation of flower buds in cowpea (Ilori and Pellegrineschi, 2011).

Onion, shallot, garlic, leek (Amaryllidaceae), and asparagus (Asparagaceae), as other Monocotyledons, have been initially considered recalcitrant to in vitro regeneration and not amenable to Agrobacterium-mediated genetic transformation. Subsequently, however, several approaches have been developed [reviewed in (Gantait et al., 2010; Klocke et al., 2010)]. In onion and shallot (Allium cepa), either immature zygotic embryos or young calli derived from mature embryos have been successfully used as explants in Agrobacterium-mediated transformation experiments, but the former approach can rely on a higher availability of explants during the year (Eady et al., 2000; Zheng et al., 2001). Using the zygotic embryo-derived calli, shallot genotypes gave better results than onion ones. Furthermore, to overcome some limits of both embryo-based protocols, embryogenic calli initiated from seedling radicles have been used both with Agrobacterium and biolistic systems, showing comparable results (Aswath et al., 2006). Agrobacterium and biolistic approaches have been applied for garlic (A. sativum) as well. Either immature zygotic embryos, similarly to onion, or calli from root segments have been transformed via Agrobacterium, the former approach being successful also with leek (A. porrum; Zheng et al., 2004; Eady et al., 2005). However, the difficulty to get seed-derived tissues has recently prompted the development of alternative methods based on immature leaf tissues (Kenel et al., 2010) or roots from in vitro plantlets (Ahn et al., 2013). Finally, transformation in Asparagus officinalis has been demonstrated as early as in the ‘90 with a range of approaches, including Agrobacterium, protoplast electroporation, and biolistics (Klocke et al., 2010), but regeneration and transformation protocols have not been developed further.

The availability of in vitro culture and genetic transformation protocols for various vegetables is summarized in Table 1.

TABLE 1. Availability of in vitro regeneration/genetic transformation protocols and of genomic resources for some vegetable crops.
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GENOMIC RESOURCES

Next-Generation Sequencing technologies have determined a significant advancement in data generation. Indeed, large datasets are now being generated across various model and non-model plant species by sequencing whole genomes and/or by applying genome reduction strategies (i.e., RNA-sequencing, hybridization-based enrichment, restriction enzyme-based enrichment, etc.). The list of vegetable crops with publicly available complete or draft genome sequences is getting rich very quickly (Michael and VanBuren, 2015).

Within the Solanaceae family, complete genome sequences have been assembled, annotated, and published in different species, allowing the development of multiple publicly available resources1 (Fernandez-Pozo et al., 2015). The genomes of the cultivated tomato (Heinz 1706) and its wild ancestor (S. pimpinellifolium) were published in 2012 (Tomato Genome Consortium, 2012). The genome sequence of S. pennellii, a wild tomato species used as gene donor for the cultivated S. lycopersicum because of its extreme tolerance to abiotic stresses, was released in 2014 (Bolger et al., 2014). Its sequencing is enhancing the use of the already available introgression lines (ILs), in which genomic regions of S. lycopersicum are replaced with the corresponding segments of S. pennellii. Those publications allowed several re-sequencing projects to be developed with different scientific purposes (100 Tomato Genome Sequencing Consortium, 2014; Lin T. et al., 2014). Such recent efforts have led to the accumulation of a huge amount of valuable data on sequence diversity in the tomato clade that are of practical importance in the design of effective breeding strategies based on the generation of precise sequence changes in the target genome. In parallel, genome-wide association studies (GWAS) are revealing thousands of genetic variations associated with agronomically important traits (Ranc et al., 2012; Shirasawa et al., 2013; Ruggieri et al., 2014; Sauvage et al., 2014; Zhang J. et al., 2015), while much less numerous are the studies that rely on targeted enrichment methods for the discovery of genome-wide sequence variations from specific candidate loci (Terracciano et al., 2016).

Whole genome sequences of the hot (C. annuum cv. CM334) as well as of the cultivated pepper Zunla-1 (C. annuum L.) and its wild progenitor Chiltepin (C. annuum var. glabriusculum) have been released into the public domain together with re-sequencing data of cultivated, semi-wild/wild accessions (Kim et al., 2014; Qin et al., 2014). Genome resequencing of representative pepper accessions as well as single nucleotide polymorphism (SNP) discovery through genotyping by sequencing (Ahn et al., 2016; Taranto et al., 2016) have allowed genetic diversity in pepper to be unlocked. Nevertheless, the association between DNA variation and the observed phenotypic variability is still poor (Nimmakayala et al., 2016a).

A draft genome sequence of eggplant is also available (Hirakawa et al., 2014). An additional sequencing effort by an Italian consortium aiming at the generation of a gold-standard reference genome is ongoing (Barchi et al., 2016). Based on a fairly large number of accessions, a couple of GWAS have been published so far in eggplant allowing a series of novel marker/trait associations to be detected (Cericola et al., 2014; Portis et al., 2015).

Within the Brassicaceae, the sequencing of the B. rapa genome (Wang X. et al., 2011) has been followed by the release of the draft genome assembly of B. oleracea (Liu et al., 2014), a species characterized by a large morphological diversity and including different crops such as cauliflower, broccoli, cabbages, Brussels sprouts, kohlrabi, and kales. The investigation on the genetic variability in these species is still quite limited (Lin K. et al., 2014).

Within the Cucurbitaceae family, the complete genome of cucumber (C. sativus L.) and melon (C. melo L.) as well as the draft genome of watermelon (C. lanatus) and zucchini (C. pepo) are already available (Huang et al., 2009; Garcia-Mas et al., 2012; Guo et al., 2013)2. In case of C. lanatus the resequencing of 20 accessions has also been performed (Guo et al., 2013) providing a large source of haplotype data with great potential for next-generation breeding. In addition, medium to large SNP catalogs generated by genotyping by sequencing are available in watermelon (Nimmakayala et al., 2014) and melon (Nimmakayala et al., 2016b). The latter has been used to perform GWAS for fruit firmness. In the near future, it is also expected the publication of the pumpkin (C. maxima Duch.) genome sequence3.

The genome of the globe artichoke (C. cardunculus var. scolymus), a species belonging to the Asteraceae, was released in 2016 (Scaglione et al., 2016), while the first draft of the lettuce (Lactuca sativa) and chicory (Cichorium intybus) genomes has been announced4 (Galla et al., 2014). A transcriptome-based SNP discovery, through Illumina sequencing of 11 representative accessions of the three C. cardunculus taxa generated 195k variants (Scaglione et al., 2012). More recently, a re-sequencing approach, followed by a whole genome SNP mining strategy, as well as the identification of PAV (presence-absence variation), have been applied for globe artichoke (Acquadro et al., 2016).

A high quality chromosome-scale assembly of carrot (Daucus carota subsp. carota L.) genome is now available (Iorizzo et al., 2016) for the scientific community interested in the Apiaceae genetic improvement. Transcriptome-based analysis on the allelic diversity of wild and cultivated accession is also available (Iorizzo et al., 2013).

Common bean (P. vulgaris L.) genomes of two genotypes from Andean and Mesoamerican gene pools (Schmutz et al., 2014; Vlasova et al., 2016) have been published as part of the Leguminosae family. In addition, an International Consortium for Pea Genome Sequencing (PGS) has been formed to explore options for sequencing the pea genome that is particularly complex and large (∼4.3 Gb5). Several GWAS have been performed in common bean to explore broader genetic diversity in order to establish marker-trait associations for future application in breeding programs (Cichy et al., 2015; Kamfwa et al., 2015; Perseguini et al., 2016).

Knowledge on Amaryllidaceae and Asparagaceae genomes is scarce compared to Solanaceae and Cucurbitaceae. Genomic resources for garlic (Allium sativum L.), onion (A. cepa L.), and asparagus (Asparagus officinalis L.) are limited because of their large, extremely complex, repetitive, and often polyploid genomes and long generation times. Nevertheless, the Sequon – Onion Genome Sequencing project is underway6 with the main goal to generate a high quality sequence for the gene-rich regions of a doubled haploid (DH) onion line as a reference for the Amaryllidaceae family.

All these genome sequencing initiatives, usually paralleled by the generation of transcriptome-derived sequences in case of species of minor interest, have led to the development of clade-oriented databases dedicated to the genomics of specific crop families (Wang X. et al., 2011; Fernandez-Pozo et al., 2015)7. The genome size in various vegetables and the availability of genomic resources are summarized in Table 1.

GENOME EDITING IN VEGETABLE CROPS

Current genome editing approaches rely on the induction of cuts in double-strand DNA (DSB, double-strand breaks), which are then “repaired” through two different processes: non-homologous end joining (NHEJ) or homology-directed repair (HDR; Cardi, 2016). In the former case, in the absence of foreign donor sequences, small changes (mostly frame-shift mutations due to insertions and deletions) are induced in the original sequence during the repair process, generally resulting in the loss of function of the target gene and a mutated phenotype. On the other hand, if appropriate DNA fragments homologous to the target sequence are also inserted into the cell, they can, using the precise HDR mechanism, replace (correct) some nucleotide sequences of the gene to be modified or add new genes or regulatory elements in a predetermined position of the genome. Genome editing strategies recently applied to vegetable crops are reported in Table 2. In all but one case, they have been based on the induction of targeted mutations through NHEJ repair of DSBs determined by either transcription activator-like effector nucleases (TALEN) or clustered regularly interspaced short palindromic repeats/CRISPR-associated 9 endonuclease system (CRISPR/Cas9).

TABLE 2. Genome editing approaches applied to vegetable crops.
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In tomato, TALE nucleases under the control of an estrogen-inducible promoter have been used to knockout one DELLA gene (PRO) involved in negative regulation of gibberellic acid (GA) signaling. Consistently with the induction of frameshift mutations, loss of DELLA function and increased GA response, plants carrying two different mutant alleles (biallelic) or the same mutation in homozygous condition showed longer internodes than the wild type and lighter green leaves with smoother margins. Induced pro mutations were transmitted to the progenies according to Mendelian inheritance, while the transgene encoding the TALE nuclease segregated away from the TALEN-induced mutations and was not present in some of the plants showing the mutant phenotype (Lor et al., 2014). In the same species, a CRISPR/Cas9 construct has been designed to induce loss-of-function mutations in the ARGONAUTE7 (SlAGO7) gene, which through the synthesis of short interfering RNAs causes post-transcriptional silencing of AUXIN RESPONSE FACTOR genes and regulates organ polarity (Brooks et al., 2014). Forty-eight percent of T0 transformed plants showed the expected phenotype with needle-like or wiry leaves. Only one regenerant, however, contained the deletion of the expected size after the contemporary use of two single guide RNAs (sgRNAs), the remaining being homozygous, biallelic or chimeric for small insertions and deletions. Induced mutations could be transmitted through the germline and the loss of the Cas9 transgene was shown in some progenies. A similar approach has been used in the same work to carry out functional studies in three homologs of the gene Solyc11g064850 involved in multiple aspects of tomato reproductive development. CRISPR/Cas has also been used in functional studies aiming to understand, in a hairy root tissue culture system, the role of the tomato homolog of the transcription factor SHORT-ROOT (SHR), which in Arabidopsis is known to regulate the expression of another transcription factor (SCARECROW, SCR) and induce a short root phenotype (Ron et al., 2014). Three regions of the tomato RIN gene, encoding a MADS-box transcription factor regulating fruit ripening, have also been recently targeted for inducing sequence-specific mutations by NHEJ. A range of indel mutations have been detected already in T0 plants in homozygous, heterozygous, biallelic or chimeric condition. Homozygous plants for the desired mutation have been easily recovered in following generation and some T1 plants did not carry any T-DNA. Induced mutations provoked either the formation of a truncated RIN protein or no protein accumulation, affecting fruit ripening in a variety of modes. Differently from the conventional rin mutation, however, no other genes were affected (Ito et al., 2015). Recently, the CRISPR/Cas9 system has been utilized to inactivate two genes, sp5g (self-pruning 5g) and sp (self-pruning), involved in photoperiod response, flowering and control of determinate growth. Regardless of day length, “double-determinate CR-sp/sp5g plants” showed an earlier burst of flowering and earliness for fruit set when compared to indeterminate and determinate sp-classic controls (Soyk et al., 2017). Alternatively to frameshift mutations determined by imprecise NHEJ repair pathway, Cermak et al. (2015) pursued in tomato the precise insertion by homologous recombination (HR) of the strong constitutive promoter 35S upstream of endogenous ANT1, which encodes a Myb transcription factor and induces anthocyanin accumulation in purple tissues. Besides the 35S promoter and flanking recombination sequences, however, the donor template had to include a nptII gene for the selection of transformed cells. In order to increase template production in plant cells and gene targeting (GT) frequency, template and nuclease sequences (either TALEN or CRISPR/Cas9) have been cloned in place of endogenous viral genes encoding coat and movement proteins in a modified Bean Yellow Dwarf Virus (BeYDV) genome. As in previous reports in tomato, DNA delivery in plant cells has been accomplished by Agrobacterium-mediated transformation of cotyledon explants. By employing non-integrating geminivirus replicons GT frequency achieved by TALEN and CRISPR/Cas9 systems was comparable and about one order of magnitude higher than using non-replicating T-DNA vectors. Furthermore, no off-target mutations could be detected.

In B. oleracea, CRISPR/Cas9 has been used to induce indel mutations in two regions of the BolC.GA4.a gene, which similarly to the homolog GA4 gene in Arabidopsis, is involved in gibberellin biosynthesis (Lawrenson et al., 2015). Regenerated plants showed a range of mutations in the target gene and two of them exhibited also the expected dwarf phenotype and alterations in pod valve margins. Some off-target mutations have been detected in another gene (BolC.GA4.b) which, compared with the GA4.a gene, showed two mismatches in target region 2 (no off-targeting, however, has been detected in target region 1 with four mismatches).

An alternative innovative approach for delivering editing reagents in plant cells has been recently reported in a number of species, including lettuce (Woo et al., 2015). In the latter, the homolog of the Arabidopsis BRASSINOSTEROID INSENSITIVE 2 (BIN2) gene, encoding a negative regulator in the brassinosteroid (BR) signaling pathway, has been knocked-out after transfecting PEG-treated protoplasts with a mixture of Cas9 and a sgRNA targeting the third exon of the gene. Overall mutation frequency in protoplast-derived calli was ∼46%: 5.7 and 40% of calli contained monoallelic and biallelic mutations at the target site, respectively. No off-target mutations were detected and plants regenerated via organogenesis from mutant calli transmitted the mutations to the progeny.

Finally, the virus resistance of cucumber plants has been investigated after mutating the Eukaryotic translation initiation factor 4E (eIF4E) gene in two sites: in the first case, the gene was completely knocked-down, whereas, in the second, translation of two-thirds of the protein product was still possible (Chandrasekaran et al., 2016). Chimeric T0 plants containing indel and SNP mutations were regenerated and T3 progenies were submitted to virus tests. Non-transgenic homozygous mutant plants showed either immunity or resistance to Cucumber vein yellowing virus (CVYV), Zucchini yellow mosaic virus (ZYMV), and Papaya ring spot mosaic virus-W (PRSV-W), although resistance breaking was observed in some cases. The same plants had no resistance to Cucumber mosaic virus (CMV) and Cucumber green mottle mosaic virus (CGMMV). After specific analyses, no off-target activity could be detected.

CONCLUSION AND PERSPECTIVES

Vegetables include a broad number of species with different reproductive features and genetic structures, which largely affect the access to and the exploitation of genetic variability as well as the efficiency of breeding efforts. In the past decades, genetic improvement programs relied on the selection of superior families or plants from intra-specific or inter-specific cross-derived populations, involving the combination of favorable traits from different genetic backgrounds. The low efficiency of phenotypic selection, especially for quantitatively inherited agronomic traits, has been overcome by the introduction of molecular marker technologies that have improved the efficiency of selection, allowing the detection of specific regions and/or genes to introgress via MAB (marker assisted breeding) programs. These approaches, however, are not free from limitations due to the large number of crosses and derived plants to manage. Artificial mutagenesis, developed in the ‘60, allowed to increase the range of variability available for direct or indirect use, with beneficial effects particularly in vegetatively propagated crops, but the necessity to recover the desirable trait in very large populations composed of plants carrying also many undesirable mutations limits its use.

Priorities in the development of novel vegetable cultivars include the improvement of quality traits, the introduction of resistance to a broad range of pests and pathogens, and tolerance to abiotic stresses such as drought, salinity, and low/high temperature. Most of these resistance/tolerance traits need often to be transferred from wild germplasm, taking many generations to remove the deleterious genes that go along with the desirable traits due to linkage drag (Bai and Lindhout, 2007). In some cases, genes are in secondary or tertiary gene pools requiring tissue culture and/or cytogenetic manipulations in order to obtain fertile hybrids and offsprings. Furthermore, the polygenic nature of many agricultural and biochemical characters warrants the development of extensive trial populations and appropriate experimental designs for the identification of the underlying genes.

Genome editing approaches, aiming to either functional studies or genetic improvement, help face some of the above-mentioned issues and allow to overcome some limitations of classical breeding (Abdallah et al., 2015; Nogue et al., 2016; Rani et al., 2016) (Figure 2). The possibility to easily recover in regenerated plants or first generation progenies homozygous/biallelic mutations induced by targeted mutagenesis or other editing approaches will ease the production of novel sets of parental lines to be used in F1 hybrid production. An additional advantage consists in the possibility to produce modified plants eventually non-transgenic, by expressing editing reagents transiently or inducing sorting-out of transgenic sequences by segregation or by the use of recombinases (Wang Y. et al., 2011; Mahfouz et al., 2016). The possibility to use genome editing tools either to achieve the crop ideotype by modifying major genes underlying key vegetative and reproductive traits, or induce the de novo domestication of wild relatives by manipulating monogenic yield-related traits, has been recently exemplified in tomato (Zsögön et al., 2017).


[image: image]

FIGURE 2. Development and exploitation of genomic resources by cross breeding and by genome editing. Resequencing of CWR, LR, and heirloom varieties (HV) in vegetables and subsequent identification of the allelic variation associated to relevant traits allow to introduce precise genome modifications accelerating the breeding of novel varieties. WT, wild type; GE, genome editing process; NG, new “genome edited” genotype; LR1, 2, 3, landraces. Alleles are indicated by colored boxes.



In the last 20 years, several efforts have been made to achieve precise targeted mutagenesis and gene insertion in higher plants, but only the development of site directed nucleases, especially the CRISPR/Cas system, has allowed a more widespread use of such approaches (Cardi and Stewart, 2016). Nevertheless, compared to cereals and other major crops (e.g., potato or oilseed rape), their application is still limited to few vegetable crops and traits. Besides regulatory and patenting issues, that will be hopefully sorted out in a near future (Egelie et al., 2016; Schinkel and Schillberg, 2016; Sprink et al., 2016), major limiting factors for a more common application of genome editing to cultivated vegetable genotypes include the availability of genomic information as well as of efficient protocols for transformation and regeneration. Furthermore, genome editing components have to be efficiently delivered into plant cells and, in case of modifications via HDR, frequency of HR optimized (Voytas, 2013; Altpeter et al., 2016; Steinert et al., 2016).

Whole genome sequences of many vegetable crops are already available, while allele mining efforts, based on whole genome resequencing and/or targeted resequencing of a fairly large number of accessions, are underway to search out valuable allelic variants in landraces and crop wild relatives. These efforts are generally paralleled by GWAS that are revealing a series of novel marker/trait associations. All such sequence-based knowledge is an essential prerequisite to transfer technologically advanced methods to vegetable species, allowing overcoming the barriers to a more widespread use of new technologies. Indeed, the possibility to use genome editing approaches to selectively knockout target genes or induce specific mutations is also effective to understand gene functions.

Although efficient ways to deliver editing reagents in plant cells must be still achieved in most crops (Ledford, 2016), it can be envisaged that in vegetables with substantial information on gene sequence and function as well as good regeneration/transformation potential (e.g., tomato, eggplant, lettuce), a range of editing approaches including gene knockout, gene editing or gene replacement/stacking can be applied soon to induce recessive or dominant novel traits. On the other hand, in cases where tissue culture and/or genomic resources are available but still not optimal, applications of genome editing will be likely limited to the introduction of (recessive) frameshift mutations in target genes, for instance those encoding negative regulators or factors necessary for essential pathogen functions [susceptibility (S) genes] (van Schie and Takken, 2014; Sun et al., 2016). In addition, provided that information on regulatory sequences are available, modified CRISPR/Cas9 complexes can be used to mediate the transcriptional activation/repression of the expression of endogenous genes (Piatek and Mahfouz, 2016). In case transformation and/or regeneration protocols are lacking in cultivated genotypes of interest, genome editing approaches can be applied to selected genotypes with good transformation/regeneration ability in order to introduce relevant mutations in the primary gene pool and subsequently transfer them by conventional means. Nevertheless, in some important vegetables (e.g., artichoke, pepper, legumes) it seems necessary to focus on the development of repeatable regeneration/transformation protocols.

The development of such protocols has so far largely been the result of empirical experimentation regarding gene delivery and culture parameters. As previously reported, however, the genetic control of regeneration and transformation ability has been established in various species and the transfer of responsible genes achieved in some instances. More recently, the function of a number of genes involved in genetic and epigenetic mechanisms underpinning various steps of either DNSO or SE, and their possible manipulation for improving response of recalcitrant genotypes, have been described in several reviews (Duclercq et al., 2011; Pulianmackal et al., 2014; Xu and Huang, 2014; Ikeuchi et al., 2016). Engineering the production of specific plant and bacterial proteins could also help enhance Agrobacterium-mediated transformation (Gelvin, 2003; Altpeter et al., 2016). In order to increase feasibility of massive screening of edited products, an automated platform has been recently developed for transformation and genome editing using plant protoplasts (Dlugosz et al., 2016). Alternatively, transformation protocols not relying on tissue culture and in vitro regeneration should be developed in recalcitrant genotypes (Altpeter et al., 2016), but although they have been reported in several crops, as described above, their reliability and general applicability is questioned (Finer, 2010).

As far as future applications are concerned, virus resistance represents a major concern in many vegetable crops. Besides recessive resistance achieved by manipulating host genes coding for factors required by invading viruses, as previously discussed for cucumber (Chandrasekaran et al., 2016), acquisition of dominant resistance has been recently reported by expressing in Nicotiana benthamiana sgRNAs directed toward various ssDNA Geminivirus, that replicate in plant cells through an intermediate dsDNA stage and are known to affect a large number of vegetables (Zaidi et al., 2016). Results obtained with tomato yellow leaf curl virus (TYLCV) and BeYDV are particularly interesting considering their possible transfer in vegetable host species (Ali et al., 2015; Baltes et al., 2015).

To date, genome editing has been mainly focused on the control of single variants underlying qualitative traits. Quantitative variation is instead mediated by several nucleotides (QTN, quantitative trait nucleotides) with large and small effects on the phenotype. Editing quantitative traits is feasible once the availability of datasets of sequences and phenotypes will enable to discover large numbers of QTNs (Jenko et al., 2015). A possible future achievement could be to perform a small number of edits on few QTNs with major effects. A further constraint in vegetable breeding is the manipulation of the reproductive system (e.g., apomixis and self-incompatibility). Such traits are under the control of several candidate genes (Hand and Koltunow, 2014; Yamamoto and Nishio, 2014) and genome editing methods could facilitate the identification of their roles, enhancing the possibility to fix desirable genotypes and accelerate the breeding rate.
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Solanum melongena 1130 S -+
Capsicum annuum 3300 - A+
Brassicaceae Brassica rapa 284 ++ ++
Brassica oleracea 378 ++ ++
Raphanus sativus 509 - 4
Cucurbitaceae Cucumis sativus 350 ++ .
Cucumis melo 375 ++ .
Citrullus lanatus 425 T+t ++
Cucurbita pepo 538 T+t +
Cucurbita maxima 450 T+ =
Asteraceae Lactuca sativa 2700 Tt +
Cichorium intybus 1300-1400 ++ +
Cynara cardunculus 1084 - 4
Chenopodiaceae Spinacia oleracea 1002 ++ +
Apiaceae Daucus carota 473 . T+
Foeniculum vulgare 4450 it _
Apium graveolens 3000 I+ -
Petroselinum crispum 2201 - -
Leguminosae Phaseolus vulgaris 587 + +++
Vigna unguiculata 620 + _
Pisum sativum 4300 + _
Vicia faba 13000 + _
Amarylidaceae Allium cepa 16000 A+ +
Allium sativum 15901 + —
Allium porrum 28607 - =
Asparagaceae Asparagus officinalis 1308 -+ +

2 Solanum lycopersicum (Tomato Genome Consortium, 2012); S. melongena (Hirakawa et al,, 2014); C. annuum (Qin et al,, 2014); B. oleracea (Liu et l,, 2014); B. rapa
(Wang X. et al,, 2011); R. sativus (Kitashiba et al., 2014); C. sativus (Huang et al., 2009); C. melo (Garcia-Mas et al,, 2012); C. lanatus (Guo et al., 2013); C. pepo (Plant
DNA C-values database release 6.0, 2012 http://data.kew.org/cvalues/); C. maxima (Plant DNA C-values database release 6.0, 2012 http://data.kew.org/cvalues/);
L. sativa (Truco et al, 2013); C. intybus (Gonthier et al., 2010); C. cardunculus (Scaglione et al., 2016); S. oleracea (Plant DNA C-values database release 6.0, 2012
http://data.kew.org/cvalues/); D. carota (orizzo et al,, 2016); F. vulgare (Plant DNA C-values database release 6.0, 2012 http://data.kew.org/cvalues/); A. graveolens (Fu
et al, 2013); P, crispum (Plant DNA C-values database release 6.0, 2012 http://data.kew.org/cvalues/); P vulgaris (Schmutz et al,, 2014); V. unguiculata (Timko et al.,
2008); P sativum (Macas et al., 2007); V. faba (Kaur et al., 2012); A. cepa (Finkers et al,, 2015); A. sativum (Sun et al, 2012); A. porrum (Plant DNA C-values database
release 6.0, 2012 http://data.kew.org/cvalues/); A. officinalis (Li et al., 2014).

© “_" Protocols not available or available with low repeatabilty in a few genotypes=> “+++" various protocols (indirect or direct transformation methods in combination
with different explant types, regeneration through DNSO or SE either from tissue explants or protoplasts) available for multiple genotypes.

© “_" Little information available = “+++" re-sequenced genomes from cultivated and wild species available in addltion to the complete reference genome sequence;
functional information available.
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2 Double-Strand Breaks induced by sequence-specific nucleases were repaired either by non-homologous end joining (NHE.J) o homology-directed repair (HOR).
" Hairy roots were induced from explants after co-cultivation with A. rhizogenes.
© A doubled haploid genotype derived from a cross between Chinese broccoll (B. oleracea ssp. alboglabra) and broccoll (B, oleracea ssp. talica) was used.
9 Preassembled complexes of purified Cas9 protein and guide ANA were transfected info plant protoplasts.

Tissue culture
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Cotyledon explants.
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Cotyledon explants.
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