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Abstract

:

Grape is one of the most economically significant berry crops. Owing to the biological characteristics of grapes, such as the long juvenile period (5–8 years), high degree of genome heterozygosity, and the frequent occurrence of inbreeding depression, homozygosity during crossbreeding leads to loss of varietal characteristics and viability. CRISPR/Cas editing has become the tool of choice for improving elite technical grape varieties. This study provides the first evidence of a decrease in the total fraction of phenolic compounds and an increase in the concentration of peroxide compounds in grape callus cells upon the addition of chitosan to the culture medium. These previously unreported metabolic features of the grape response to chitosan have been described and used for the first time to increase the probability of selecting plant cells with MLO7 knockout characterised by an oxidative burst in response to the presence of a pathogen modulated by chitosan in the high-metabolite black grape variety ‘Merlot’. This was achieved by using a CRISPR/Cas9 editing vector construction with the peroxide sensor HyPer as a reporter. This research represents the first CRISPR/Cas9 editing of ‘Merlot’, one of the most economically important elite technical grape varieties.






Keywords:


CRISPR/Cas9; plant biotechnology; grape editing; plant resistance; mildew












1. Introduction


Grape is one of the oldest cultivated plants, estimated to have been grown by man for six to eight thousand years. Vitis vinifera L. is the only species of the genus native to Eurasia, and is thought to have originated around 65 million years ago, laying the foundations for wine-making. The first documented variety, “Gue Blanc”, dates back to 1283. Since ancient times, viticulture has been considered a primary branch of agriculture due to the nutritional value and uniqueness of the vine [1]. Grape is a valuable source of B vitamins, antioxidants, bioflavonoids, and melatonin. It is not only a cultural heritage of humanity, but the product also has a unique composition, which includes valuable metabolites, such as caffeic, gallic, and coumaric acids, trans-resveratrol, flavonoids (rutin, quercetin, myricetin, and catechins), as well as indoles, such as melatonin, serotonin, and tryptamine [2,3]. The unique composition of wine determines its anti-inflammatory, protective properties, reducing the likelihood of developing many neurodegenerative and cardiovascular diseases. Wine has anti-inflammatory and hypolipidaemic effects [4,5], promotes proper circadian rhythms, and contributes to longevity [6,7]. Only 12% of grapes are consumed in their raw form, with the majority being used for wine production (about 60% of varieties) [1,8]. Through gradual domestication, selection, and breeding, humans have developed about 12,000 grape varieties, 11 of which account for more than one-third of the world’s vineyards due to their unique bouquet, acidity, and tannin composition. The bases of technical viticulture and mature winemaking throughout the world are the so-called “Nobel” varieties: ‘Cabernet Sauvignon’, ‘Merlot’, ‘Chardonnay’, ‘Syrah’, ‘Sauvignon Blanc’, ‘Pinot Noir’, ‘Riesling’, ‘Chasselas’, ‘Grenache’, ‘Monastrell’, and ‘Ugni Blanc’ [9]. The susceptibility of these unique technical grape varieties to fungal pathogens necessitates annual preventive treatments with fungicides, significantly impacting the ecological health of wine-growing regions and fuelling the emergence of fungicide-resistant pathogens [10,11]. Attempts to obtain pathogen-resistant technical grape varieties using traditional methods of hybridisation, selection, and marker-assisted selection (MAS) are extremely laborious, take a long time due to the biological characteristics of the culture, and often lead to the loss of unique varietal characteristics and winemaking prospects in the selected progeny. Partly because of the negative experience in attempts to select resistant technical grape varieties that could compete in terms of wine bouquet complexity with the varieties on the “Nobel” list, the world of mature wine-making has become extremely conservative, cautious, and often negatively disposed to the use of hybrids on an industrial scale, as this is associated with potential risks [12,13]. Therefore, finding new approaches to obtain grape varieties resistant to fungal pathogens is an important task in modern plant biotechnology [14].



1.1. Molecular Mechanisms of Plant Defense against Pathogens


Plants have a two-stage defence system against pathogens: PTI (pathogen-associated molecular pattern-triggered immunity) and ETI (effector-triggered immunity) [15]. PTI is activated when plant receptors (PRRs) on the cell surface recognise pathogen-associated molecules (PAMPs), such as those from E. necator, triggering an initial immune response [16]. ETI, on the other hand, is triggered by pathogen virulence factors that are recognised directly or indirectly recognised by intracellular receptors in the plant, often associated with resistance-conferring R genes [17]. Both PTI and ETI activate signalling pathways that lead to various defence responses including the activation of enzymes such as NADPH oxidase and cell wall peroxidases, leading to an oxidative burst that generates reactive oxygen species (ROS) [18]. This oxidative burst can trigger the hypersensitive response (HR), a localised programmed cell death that effectively isolates the infected area and prevents the pathogen from spreading to adjacent tissues [19]. HR is not simply a destructive response; it also serves as a key signal that activates various defence pathways and phytohormone synthesis, further enhancing plant resistance and preventing disease development [20].



Pathogens release elicitors, including PAMPs and effectors, which are perceived by plants as danger signals. These elicitors are recognised by cell-surface PRRs and intracellular NLRs (nucleotide-binding receptors with leucine-rich repeats), which activate the PTI and ETI pathways, respectively. An example of a fungal PAMP is chitin, which is found in the cell walls of fungi [20].



The recognition of elicitors triggers signalling cascades within the plant, leading to a range of defence responses. These can include stomatal closure [21,22], limitation of nutrient translocation, production of antimicrobial compounds [23,24], ROS production, and programmed cell death (PCD) at the site of infection [25]. Plant responses to pathogens also involve phytohormones, such as salicylic acid (SA), jasmonic acid (JA), and ethylene. SA primarily regulates defence against biotrophic pathogens, whereas JA and ethylene are more involved in responses to necrotrophic pathogens [26]. The activation of the SA pathway leads to systemic acquired resistance (SAR) by inducing PR genes that encode antimicrobial proteins, thereby increasing resistance to a wider range of pathogens [27,28].



Grapes, like many plants, have complex defence mechanisms against pathogens. One strategy involves resistance genes, such as REN and RUN, which trigger a hypersensitive response (HR) at the site of infection, effectively isolating the pathogen [29]. This HR “burst” involves rapid cell death, preventing the spread of infection. While resistance genes are valuable for disease control, an alternative approach uses susceptibility S genes. Loss of function in these genes can lead to recessive resistance, although this strategy can have unintended consequences. The suppression of S-genes can result in reduced yield, altered morphology and metabolism, disrupted interactions with beneficial microorganisms, and changes in stress tolerance [30,31].



Notable among the S genes are the MLO (powdery mildew locus O) genes, which are highly conserved across different plant species. Loss of function in these genes confers recessive resistance to powdery mildew in barley, Arabidopsis thaliana, pea, tomato, wheat, and pepper [30,32,33,34,35,36]. Seventeen MLO genes have been identified in grape, and the suppression of the MLO6, MLO7, and MLO11 genes has been shown to increase resistance to E. necator [37,38]. Three grape MLO genes (VvMLO7, VvMLO11, and VvMLO13) are activated early in the infection process, suggesting a role in regulating defence pathways [39,40]. MLO proteins are considered to be negative regulators of vesicle-associated, actin-dependent defence pathways at the site of powdery mildew penetration [39]. These vesicles play a crucial role in pathogen penetration, allowing the formation of papillae on the cell wall, which are associated with MLO resistance [41]. Studies have shown that powdery mildew-induced mesophyll cell death, cell wall apposition, and H2O2 production are associated with mlo-mediated resistance. VvMLO3-edited grapevine plants exhibit infection-induced cell death, H2O2 accumulation, and cell wall apposition (CWA) [39], suggesting that MLO genes play an important role in regulating the plant’s defence response to powdery mildew infection.



Using tools such as CRISPR/Cas editing systems, we can potentially manipulate plant defence responses by pre-emptively “informing” the plant of an impending pathogen encounter. This could involve precisely modifying the plant’s metabolic pathways to enhance its innate resistance, or fine-tuning its response mechanisms to minimise the detrimental effects of infection.




1.2. CRISPR/Cas Editing of Grapes


Due to the inherent biological characteristics of grapes, including the extended juvenile period of 5–8 years, high degree of genome heterozygosity, and the common occurrence of inbreeding depression, leading to a loss of varietal traits and viability when crossed [42,43,44], CRISPR/Cas9 genome editing has emerged as the tool of choice for improving elite technical grape cultivars [45,46]. CRISPR/Cas9 allows the preservation of a plant’s unique heterozygous state without affecting the rest of the genome when generating non-transgenic modified plants with mutations in specific loci. This mutagenesis-focused technology provides opportunities for epigenome editing to fine-tune, suppress, or activate gene function [47,48].



Since 2016, the grape genome has been successfully edited using CRISPR/Cas [49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]. Comparing the editing efficiency across studies is challenging due to the wide range of different methods used by researchers. These variations include: (1) transfection methods: PEG [50,53] and lipofectamine [64]-mediated protoplast transfection and Agrobacterium-mediated vector transfection [49,51,52,54,55,56,57,58,59,60,61,62,63,65]; (2) promoters for gRNA and Cas9 expression: AtU6, VvU6.1, VvU6.2, and OsU3 for gRNA and CaMV35S, VvUBQ2, and VvUBI2 for Cas9; (3) nucleases: SpCas9, LbCas12a, zCas9i, hCas9, and PE; (4) selection approaches: antibiotic resistance (KnR [51,52,55,58,59,63], HygR [49,56,65]) or fluorescence (GFP [53,57,60,62,64,65] or RFP [63]); (5) target genes for knockout: PDS1, TMT1, TMT2, DFR1, DXS1, IdnDH, MLO7, MLO3, MLO4, MLO6, CCD7, PR4b, TAS4b, MYBA7, AIR12, SWEET4, LIN2, DEL1, DMR6, WRKY52, and MADS45 [49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65], resulting in varying gRNA efficiencies; (6) amount of gRNA per target; (7) grape varieties; and (8) sequencing and counting of editing efficiency: NGS [50,61,62,64] or Sanger sequencing of selected calli (including the approach of hydrolysing sequences with restriction endonucleases, which artificially increases the frequency of indel mutations) [51,59,65]), selected plantlets [58], or plants [55,57,60,62,64].



Despite these differences, it is clear that a limited number of grape varieties have been genetically edited to date. These include the rootstocks 101-14 (Riparia × Rupestris group) [55] and 41B (Chasselas × Berlandieri) [57,59,62], the table grape varieties ‘Thompson Seedless’ [52,54,56,58,60], ‘Sugraone’ [61], ‘Neo Muscat’ [51], ‘Red Globe’ [54], ‘Crimson seedless’ [61], and ‘Scarlet Royal’ [65], and the wine varieties ‘Chardonnay’ [49,50,53,63] and ‘Nebbiolo’ [64]. It is noteworthy that only ‘Chardonnay’, a white wine variety, has been edited from the list of the most planted economically important wine varieties in published works. CRISPR/Cas-mediated genome editing studies in grapes have explored different approaches to confer resistance to major grape pathogens: knockouts of the DMR6 and PR4b genes [56,61] have been shown to confer resistance to downy mildew; targeting of the WRKY52 gene [52] has been found to improve resistance to grey rot; and editing of the MLO3, MLO4 [58], MLO6 [61], and MLO7 [50] genes has been reported to improve resistance to powdery mildew.



These studies demonstrate the potential of CRISPR/Cas-based genome editing to create grapevine varieties with increased resistance to major fungal pathogens. However, despite this potential, successful CRISPR/Cas editing efforts have yet to be reported for other major, economically important “Nobel” wine grape varieties beyond ‘Chardonnay’. These include ‘Cabernet Sauvignon’, ‘Syrah’, ‘Sauvignon Blanc’, ‘Pinot Noir’, ‘Riesling’, ‘Chasselas’, ‘Grenache’, ‘Monastrell’, ‘Ugni Blanc’, and ‘Merlot’.





2. Results


The main objective of this work was to develop an approach for CRISPR/Cas editing of high-metabolite black varieties of technical grapes from the “Nobel” list. To this end, at the first stage of our research, axillary and apical buds, collected from vineyards of the ‘Malbec’ and ‘Merlot’ varieties were sterilised and introduced into in vitro cultures. The effectiveness of two sterilisation methods, using NaOCl and PHMG, was compared (Figure 1). As shown in Figure 1, the use of PHMG (polyhexamethylene guanidine hydrochloride) represents a new and significantly more effective decontamination method for grapevine explants compared with the conventional NaOCl (sodium hypochlorite) treatment. The PHMG protocol resulted in a higher percentage of sterilised explants with lower mortality rates.



2.1. Micropropagation


In order to determine the most suitable conditions for the microclonal propagation of black technical cultivars, we carried out a visual experiment to assess the phenotype of cuttings from both white and black technical cultivars when transferred to different media used for microclonal propagation. We used 2–3 cuttings from each plant (as technical replicates) and included 10 plants of each variety to increase the likelihood of identifying any potential patterns. We selected media from the commercial microclonal propagation method developed by PlantCellTechnology owing to their versatility. These media included 1M (MS 0.5 mg/L BAP), 2M (MS 1 mg/l BAP, 0.1 mg/L IBA), 3M (MS 4 mg/L IAA), and a medium that has performed well in the propagating local table hybrid varieties and is protected by a patent RU2041609, 4M (MS 0.2 mg/L IBA).



In addition, we have included a medium that we randomly decided to try, which currently seems to be optimal for working with metabolic grape varieties: PRM (WPM 0.2 mg/L NAA, 0.2 mg/L 6-BAP). After three weeks of cultivation, the differences observed were already striking (Figure 2): some cuttings accumulated anthocyanin (black grape ‘Merlot’ and ‘Malbec’ on media 1M–4M) (Figure 2c–f), chlorosis appeared on some leaves (white grape ‘Chardonnay’ on 1M and white grape ‘Riesling’ on 3M (Figure 2c,e)), and the upper part of the shoots of ‘Chardonnay’ and ‘Riesling’ dried out on 1M–3M (Figure 2c,e). Callus formation occurred only on the second medium, specifically on the part of the shoot immersed in the medium. No new leaves or roots were observed on the 1M–4M media (Figure 2c–f).



Prolonged cultivation resulted in leaf drop and death of the cuttings, except for those cultivated on the PRM medium. The new PRM medium for grape cultivation (WPM 0.2 mg/L NAA, and 0.2 mg/L 6-BAP) showed significantly higher success in rooting and leaf formation compared with the other tested media (1M, 2M, 3M, and 4M). After 3 weeks of cultivation on PRM, most of the cuttings showed both rooting and new leaf growth, a statistically significant difference (p < 0.001) from the other media, where no such development occurred. Cuttings of ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ showed root and leaf growth after 2–3 weeks on PRM, while no such growth was observed on other media after 3 weeks or longer (Figure 2a). Cuttings on media 1M–4M showed gradual wilting. ‘Merlot’ and ‘Malbec’ cuttings accumulated anthocyanin on media 1M–4M (Figure 2a,c–f), but did not form roots or new leaves.



The observed phenotypic differences showed that cuttings of ‘Merlot’, ‘Malbec’, ‘Chardonnay’, and ‘Riesling’ grown on the tested media showed differences after 3 weeks of cultivation. Explants grown on these media accumulated anthocyanins, and showed bud necrosis and chlorosis, indicating unfavourable changes in plant physiology and metabolism due to the stress experienced [66,67]. This highlights the importance of understanding the metabolic differences of a wide range of grape cultivars in order to have a means to reduce stress in explants, both when working with in vitro cultures and when developing methodologies for the transfection and regeneration of different grape cultivars according to their unique metabolic features and characteristics.




2.2. Evaluation of Phenolic Metabolite and Peroxide Content in ‘Merlot’ Grapevine Cells upon Induction of Plant Immune Response (PTI) by Chitin


In order to understand what metabolic changes occur during the activation of the immune response to a pathogen, we evaluated the correlation between the total fraction of phenolic metabolites and peroxide compounds in suspension callus cells when cultured with chitosan. To characterise the suspension callus in terms of phenolic metabolite and peroxide contents, we induced loose callus on the medium (MS with 2.4 D 9 mg/L and 4.5 mg/L 6-BAP), and cultured it on MS (3 mg/L BAP and 1 mg/L NAA). Callus was transfected with a vector carrying the HyPer sensor as a reporter. After the decontamination of the culture from Agrobacterium (three weeks after inoculation), callus suspensions were divided into equal parts. Chitosan was added to half of each sample to simulate infection by a fungal pathogen and induce an immune response in the cells. Callus suspensions were incubated in liquid media containing either chitosan or a control medium without chitosan under constant rotation in a rotary shaker (100 rpm) for three days. The concentration of the total phenolic metabolite fraction of callus cells and HyPer fluorescence, which correlates with intracellular hydrogen peroxide levels, were then determined [68]. All samples were measured in triplicate and with two biological replicates (Figure 3).



As shown in Figure 3, there is a statistically significant decrease in the content of phenolic metabolites and an increase in the content of peroxide compounds in callus cells upon the addition of chitosan.




2.3. CRISPR/Cas9 Genome Editing of ‘Merlot’ Callus and Proembryogenic Mass


The next stage of this work was dedicated to optimising the genome editing of black technical grape varieties, taking advantage of the demonstrated reduction in the amount of phenolic metabolites in explants upon the addition of chitosan, and aimed to explore the potential of CRISPR/Cas9 genome editing to improve the metabolic traits of elite black wine grapes, specifically ‘Merlot’ and ‘Malbec’. We used a conventional vector-based system to deliver CRISPR/Cas9 components into plant cells, a widely used vector that has been successfully used for genome editing in various plant species over the past decade. This system is based on the pKSE401 and pHSE401 vectors [69]. Our efforts included several rounds of optimisation for the construction of the editing vectors. These modifications included (1) reporter gene integration: replacement of the selective marker with the EGFP reporter gene, allowing the removal of antibiotic selection pressure and increasing regeneration efficiency by selecting transfected explants based on fluorescence; and (2) grapevine promoter substitution: replacement of promoters for shRNA and Cas9 expression with grapevine-specific VvU6 and VvUBQ2 promoters [59]. Inducible excision system: introduction of a sequence encoding a flippase under a heat-inducible promoter, together with recognition sites for the flippase. This modification allows for the inducible excision of editing constructs, paving the way for the potential generation of non-transgenic edited plants in the future [70]. A variety of explant types have been tested, including protoplasts [50,53,64], callus suspension, and cultivation on sterile filters. The protocol for the enrichment of ‘Merlot’ and ‘Malbec’ calli with pro-embryogenic cells was optimised, and both PEG-mediated and Agrobacterium-mediated transformations were carried out. Various mutation detection methods and strategies were also used, including Sanger sequencing, NGS, and T7EI. However, despite these efforts, we were unlucky to find any deletions or insertions (indels) in our target sequences (Figure 4).



Next, we chose to use liquid culture supplemented with chitosan and PVP during the preparation of ‘Merlot’ grape explants for transfection with the HyPer-containing editing vector. The aim of this approach was to reduce the metabolic burden on the explant cells by suppressing the production of phenolic metabolites. The selection of transfected cells was to be guided by HyPer fluorescence, based on the previously described increase in oxidative stress and the production of peroxide compounds in plant cells with knockouts of MLO genes. This oxidative response at the site of fungal infection is thought to underlie the frequently observed development of fungal pathogen resistance in MLO mutant plants [10]. Therefore, at all stages after transfection up to the genotyping, the explants were washed with media containing chitosan and PVP: every three days for the first two weeks after co-cultivation, replacing the media with cefotaxime and charcoal (PRM), and then every week. About two months later, after observing the growth of the callus with HyPer fluorescence, we performed cell genotyping (Figure 5).



When aligning and analysing the amplified sequences, the editing efficiency in the heterogeneous pool of PCR products was 9%. We did not artificially increase the screening resolution by purifying a non-hydrolysed edited pool of amplicons, as has been performed in other studies. In addition, while using Sanger/ICE screening, T7E1 mismatch detection assay, and Mi-Seq sequencing at the previous stages (without chitosan, PVP pre-treatment of explants), we did not detect any sequences with deletions or insertions in the amplicon libraries (five experiments on ‘Merlot’); treatment of explants with chitosan and PVP, cultivation on charcoal-containing media, and selection based on HyPer fluorescence significantly improved the probability of editing and allowed the selection of cells with deletions of −32 bp (3%), −30 bp (1%), and −20 bp (1%), as well as insertions of +1 bp, +2 bp, and +3 bp. The frequency of the introduced knockouts increased to the point where they could even be detected by Sanger sequencing and ICE detection of the MLO7 target amplified on a heterogeneous pool of transfected HyPer+ callus cells.





3. Discussion


Grapevines are highly metabolic plants, and the metabolic differences between varieties are particularly contrasting and evident in technical grape varieties. This complicates the process of comparing the results obtained due to the differences in the metabolic composition of different varieties and different approaches to assessing the efficiency of transformation and regeneration. The unique characteristics of woody plants, such as their long life cycle, slow growth and development, and large number of secondary metabolites are, on the one hand, qualities that we value greatly in culture, but on the other hand, are qualities that make it very difficult to work with and dictate the need for careful planning of upcoming experiments. If a poor choice is made and an inappropriate technique is used, a significant amount of irreplaceable resources, such as time, can be lost.



Despite the fact that work on grapes editing began in 2016, only some varieties of this complex crop have been successfully edited: only two technical varieties have been successfully edited using CRISPR/Cas, while from the elite list of economically important grape varieties, only one variety, the white grape ‘Chardonnay’, has been edited in 8 years.



In 2016, it was shown that RNAi-mediated silencing of the susceptibility S gene MLO7 significantly increased the resistance of grapevines to powdery mildew [10]. In the same year, another paper was published on the CRISPR/Cas editing of MLO7, in which the authors showed that knocking out this gene significantly reduced the susceptibility of grapevines to powdery mildew [50]. Therefore, in our work, we also focused on solving the most serious problem in vineyards worldwide: the susceptibility of “noble” grape varieties to fungal pathogens. To validate the editing techniques, we chose the target gene MLO7.



Despite the fact that work on microclonal propagation of grapes began 60 years ago, we were also required to significantly modify existing decontamination protocols and in vitro micropropagation procedures for technical grape varieties. This was necessary because the commonly used hypochlorite decontamination protocols were not as effective with plant material obtained from the field collections of grapes used. As a result, we have developed a new method for sterilising explants using a polyhexamethylene guanidine hydrochloride (PHMG), which had not previously been used in plant biotechnology, and also created a new one-step method for micropropagating grapes in vitro on PRM media.



In order to visually demonstrate the differences in metabolism and requirements of white and black varieties from the “Nobel” list, we carried out a visual experiment that illustrated the reliable differences in negative phenotypic manifestations when cultivated on different media used and recommended for working with grapes. The results obtained illustrate the differences in metabolism and requirements of different grape varieties. They show that the 1M–4M media used for microclonal propagation of grapes [71,72] were not the best choice for microclonal propagation of ‘Merlot’, ‘Malbec’, ‘Chardonnay’, and ‘Riesling’ varieties. The use of a new approach to microclonal propagation and cultivation of explants on PRM medium with charcoal is the only universal medium shown in our experiments to be suitable for a wide range of technical and table grape varieties.



In order to determine the metabolic characteristics of grape cells during the activation of the plant immune response to a pathogen, we also carried out a characterisation of the changes in phenolic and peroxide compounds of the technical black grape variety ‘Merlot’ when cultivated with chitosan as a pathogen infection model. A new approach was developed using chitosan as an inducer of the plant’s natural response to biotic stress. This helped to reduce the production of phenolic metabolites, making experiments with metabolic grape cell cultures more predictable and manageable.



In this study, during the CRISPR/Cas genome editing of the black grape variety ‘Merlot’, we observed significant differences in the frequencies of nonsense, missense, and synonymous mutations in the edited callus cells, which varied by two to three orders of magnitude compared with control samples transfected with vectors without guide RNAs. However, indel mutations, as the main class of mutations characteristic of editing, were not identified when using either the pKSE401 editing vector [69], the grape promoters editing vector for shRNA and Cas9 expression, or with the editing vector with a fluorescent peroxide sensor as a reporter. Only by modifying the cultivation and selection strategies, including the addition of chitosan as an inducer of the plant pathogen immune response, as well as additional washes and passages on media containing PVP, charcoal, and chitosan, were we able to increase the likelihood of successful CRISPR/Cas9 editing or the likelihood of selecting edited cells. According to other research, these edited cells should be characterised by an increase in the synthesis of peroxide compounds when in contact with the pathogen [58]. Thus, the use of the newly described strategy could select edited and potentially fungus-resistant grape forms by sorting explants by HyPer fluorescence level. This new approach may be particularly valuable in multiplex editing of grape and other plant crops.



One of the possible reasons for the low efficiency of editing using expression vector systems on the ‘Merlot’ variety may be the higher content of phenolic compounds, especially resveratrol, in red and black grape varieties. In 2017, Li et al. published a paper demonstrating an increase in the homologous repair (HDR) frequency and a decrease in repair frequencies by NHEJ when resveratrol was added to cell cultures. Resveratrol reduces the expression of LIG4, PRKDC, KU70, and KU80 in the NHEJ pathway [73]. Thus, resveratrol may promote HDR development through its inhibitory effect on the NHEJ process. Over the last five years, several studies have also been published confirming the effect of resveratrol on the expression and activity of various components of the DNA repair and recombination systems in mammalian cells, suggesting the possibility of the existence of similar mechanisms with homologous genes and proteins in plants [74,75].



Undoubtedly, the mechanisms by which phenolic metabolites influence cell repair systems are extremely important to study, not only from a practical point of view, since we can potentially induce the desired repair pathway in cells during editing simply by adding metabolites such as resveratrol to the culture medium, but also because it makes us look at the explanation of the so-called ‘French paradox’ and treat unique cultures of metabolic plants that have been grown alongside humans for so long with a little more awareness.



An interesting indirect confirmation of the hypothesis that the efficiency of CRISPR/Cas editing is limited by phenolic metabolites is the fact that the first edited variety of the ‘Nobel’ dozen was ‘Chardonnay’.



It has been shown that the ‘Chardonnay’ is derived from another elite variety, ‘Pinot Noir’; the divergence occurred due to a mutation in the VvMYBA1/A2 gene, resulting in the silencing of genes involved in the biosynthesis of flavonoids and anthocyanins [76]. In hops, for example, it has been shown that the constitutive expression of the TF HlMYB7 leads to the repression of flavonoid biosynthesis genes, whereas increased expression of the repressor HlMYB7 R2R3-MYB leads to increased accumulation of flavonoids in plant cells [77]. Similar results targeting TFs of the MYB family have been obtained in apple, rice, tomato, grape, persimmon, tea, strawberry, tobacco, and other plants, with changes in anthocyanin and flavonoids content in the modified plants [78,79,80,81,82,83,84,85,86,87,88,89]. It is known that the content of phenolic compounds in white grape varieties is one to two orders of magnitude lower than in black varieties (Database on Polyphenol Content in Foods—Phenol-Explorer).



‘Merlot’ is an economically important grape variety from the Bordeaux region of France. Today, ‘Merlot’ is grown in 37 countries around the world and is the second most widely planted grape variety in the world, after ‘Cabernet Sauvignon’ (https://www.oiv.int/public/medias/5888/endistribution-of-the-worlds-grapevine-varieties.pdf accessed on 24 July 2024). Developing pathogen-resistant varieties from the ‘Nobel’ list is an extremely important task for modern plant biotechnology. This work is the first to successfully edit the ‘Merlot’ variety and to develop a strategy to increase the probability of selecting fungus-resistant economically important grape varieties.




4. Materials and Methods


4.1. Materials


4.1.1. Bacterial Strains


NEB-stable (NEB, Ipswich, MA, USA) Escherichia coli strain was used for plasmid amplification. For Agrobacterium transformation and plant transfection, strain EHA105 (from Professor, Dr. Ludmila A. Lutova of St. Petersburg State University) was used.




4.1.2. Plant Materials


In this study, technical grape varieties ‘Malbec’, ‘Merlot’, ‘Chardonnay’ and ‘Riesling’ from the collection of the “All-Russian National Research Institute of Viticulture and Oenology “Magarach” were used.




4.1.3. Editing Vectors


The pKSE401 plasmid was obtained from Dr. Yulia Ukhatova of the ‘N.I. Vavilov All-Russian Research Institute of Plant Genetic Resources (VIR)’. For the construction of new editing vectors, the following vectors were used: pGEM–T Easy (Promega, Madison, WI, USA), Gateway® HyPer–AS entry clone (Evrogen, Moscow, Russia), pH_35S/mEGFP (from Mathias Pribil (Addgene plasmid # 135321; http://n2t.net/addgene:135321 accessed on 12 December 2021; RRID:Addgene_135321); pTF-FLPe (from James Birchler (Addgene plasmid # 139672; http://n2t.net/addgene:139672 accessed on 12 December 2021; RRID:Addgene_139672)) were used. The Gmhsp17.5-E promoter and p2a linker sequences were synthesised by Skygen (Moscow, Russia).




4.1.4. Primers


The primers used in this work were selected using the online tools “In-Fusion Cloning Primer Design Tool” (https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools accessed on 17 December 2021), OligoAnalyzer ™ Tool (https://eu.idtdna.com/pages/tools/oligoanalyzer accessed on 17 December 2021), BLAST-primer (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 20 December 2021) and SnapGene 6.0 software (www.snapgene.com accessed on 21 January 2022). The sequences of the most important primers are listed in Table S1.




4.1.5. Enzymes and Kits


Enzymes (restriction endonucleases; T4-ligase; rSAP; T4-PNK; Q5 polymerase; DNA polymerase I, Large (Klenow) Fragment) (NEB, Ipswich, MA, USA) were used for all cloning steps. Plasmid DNA was purified using the kits “Plasmid Miniprep”, “Plasmid Midiprep” (Evrogen, Moscow, Russia), and “Plasmid mini/midi Kits” (QIAGEN Sciences Inc., Germantown, MD, USA). DNA fragments from agarose gels were purified using “Cleanup Mini” kits (Evrogen, Moscow, Russia). ScreenMix (Evrogen, Moscow, Russia) was used for PCR screening.



Genomic DNA from grape leaves and calli was isolated using the Plant RNA/DNA Purification Kit (Norgen Biotek Corp., Thorold, ON, Canada) or using CTAB buffer (2% CTAB; 1% PVP; 20 mM EDTA; 100 mM Tris HCl; 1.4 M NaCl) (OPS Diagnostics LLC, Lebanon, NJ, USA).




4.1.6. Agarose Gels


For DNA agarose gel electrophoresis, 0.7–1% agarose TopVision (Thermo Scientific, Waltham, MA, USA) gels and TAE buffer (Thermo Scientific, Waltham, MA, USA) were used.





4.2. Methods


4.2.1. Decontamination and Cultivation of Plants


Apical and axillary buds with one leaf bud were used to initiate in vitro culture. These samples were collected from the field collection of the All-Russian National Scientific Research Institute of Viticulture and Oenology “Magarach”. Two approaches were used for sterilisation: (1) surface sterilisation for 15 min with sodium hypochlorite (1.5% available chlorine) in bleach (Procter & Gamble, Moscow, Russia) containing a few drops of Tween 20 as a wetting agent in Falcon tubes by gentle rotation at 100 rpm, followed by four washes with sterile distilled water, drying through sterile filter paper; (2) surface sterilisation by washing with a 10% solution of polyhexamethylene guanidine hydrochloride (PHMG) (Soft Protector, Moscow, Russia) was carried out for 20 min in Falcon tubes by gentle rotation at 100 rpm, followed by four washes with sterile distilled water, drying with sterile filter paper, and then planting on the initial culture medium.



The cultivation of the plants was carried out in climatic chambers with a light intensity of 70 µmol m⁻2 s⁻1 25 °C with a light regime of 16 h of light and 8 h of darkness.




4.2.2. Micropropagation of Plants


Media recommended for the microclonal propagation of grapevine varieties were used [71,72,90]. In our previous work, the MS medium without hormones was also used for the initiation phase, but unfortunately, all the tested media were not suitable for the microclonal propagation of the elite technical grape varieties ‘Malbec’, ‘Merlot’ and ‘Riesling’, so in this research, we used the following culture media [91]: microelements (Sigma-Aldrich, Steinheim am Main, Germany): CuSO4 × 5H2O 0.25 mg/L; H3BO3 6.2 mg/L; MnSO4 × H2O 22.3 mg/L; Na2MoO4 × 2H2O 0.25 mg/L; and ZnSO4 × 7H2O 8.6 mg/L; macroelements (Sigma-Aldrich, Steinheim am Main, Germany): CaCl2 × 2H2O 96 mg/L; Ca(NO3)2 × 4H2O 471.26 mg/L; KH2PO4 170 mg/L; K2SO4 990 mg/L; MgSO4 180.54 mg/L; FeSO4 × 7H2O 27.8 mg/L; Na2EDTA × 2H2O 37.26 mg/L; and NH4NO3 400 mg/L; vitamins (Sigma-Aldrich, Steinheim am Main, Germany): nicotinic acid 0.5 mg/L; pyridoxine HCl 0.5 mg/L; thiamine HCl 1 mg/L; 100 mg/L vitamin C (Armavir Biofactory FKP, Armavir, Russia) [38,39]: 0.2 mg/L 2-naphthoxyacetic acid (NAA) (Sigma-Aldrich, Steinheim am Main, Germany); and 0.2 mg/L 6-benzyladenine (6-BAP) (Sigma-Aldrich, Steinheim am Main, Germany); glycine 2 mg/L; myo-inositol 100 mg/L; activated charcoal 2 g/L, pH 5.75, agar 4% (Biolot, Saint-Petersburg, Russia), and phytagel 2% (Sigma-Aldrich, Steinheim am Main, Germany).




4.2.3. Callus Induction


For callus induction, healthy leaves and cuttings from in vitro plants and MS media consisting of half-strength and 50% of the inorganic nitrate salts of MS 1 mg/L 6-BAP (Sigma-Aldrich, Steinheim am Main, Germany), 0.1 mg/L 4-(3-Indolyl) butyric acid (IBA) (Sigma-Aldrich, Steinheim am Main, Germany) or half-strength and 50% of the inorganic nitrate salts of MS with 2,4-dichlorophenoxyacetic acid (2.4 D) 9 mg/L (Phytotech Labs, Westfield, NJ, USA), 4.5 mg/L 6-BAP (Sigma-Aldrich, Steinheim am Main, Germany) were used.




4.2.4. Agrobacterium Transformation and Transfection


The preparation of competent cells and agrobacterial transformation were carried out according to the freeze–thaw method [92].



Liquid or solid YEP medium was used for the selection and cultivation of the EHA105 strain. YEP consists of 10 g/L bactotryptone (Difco, Life Technologies Corp., Detroit, MI, USA), 10 g/L yeast extract (Difco, Life Technologies Corp., Detroit, MI, USA), 5 g/L NaCl 10 g/L agar (Biolot, Saint-Petersburg, Russia) (if required for solid medium), and an addition of 50 µg/L kanamycin monosulfate (Sigma-Aldrich, Steinheim am Main, Germany) (if required for selection).



For cocultivation, callus decontamination, and selection, 1/2MD medium was used: half-strength and 50% of the inorganic nitrate salts of MS salts and vitamins, 1 mL/L 2, 4-D stock solution (final concentration is 2 µM), 30 g/L sucrose, 4% agar (Biolot, Russia) (for solid medium), 0.5 g/L glutamine (Phytotech Labs, Westfield, NJ, USA), and 1 g/L casamino acid (Phytotech Labs, Westfield, NJ, USA). The cocultivation medium was supplemented with acetosyringone (final concentration 100 µM) (Phytotech Labs, Westfield, NJ, USA) and decontamination medium was supplemented with 500 mg/L Cefotaxime (Phytotech Labs, Westfield, NJ, USA) [93]. Callus pieces were transferred to fresh media every week, rinsing the explants with decontamination medium supplemented with 1 g/L chitosan (Vitauct, Abadzekhskaya, Russia).



Optimised media for callus preculture of callus coculture with Agrobacterium suspension stages: 1/2MD supplemented with polyvinylpyrrolidone K30 (PVP) (TNJ, Shanghai, China) 0.5 g/L. Optimised preculture media was also supplemented with chitosan (Vitauct, Abadzekhskaya, Russia) 1 g/L.




4.2.5. Plasmid Construction


Cloning of guide RNA expression sequences into the editing vectors was carried out according to the protocol described in the article by Xing using golden gate cloning of a fragment of renatured primers with artificially generated protruding ends, complementary to the ends formed after hydrolysis of the editing vector by BsaI (NEB, Ipswich, MA, USA) restriction endonuclease.



To select the most promising guide RNA for editing the target gene (MLO7), the following online tools were used: CRISPR-P 2.0 (https://crispr.hzau.edu.cn/cgi-bin/CRISPR2/CRISP, accessed on 26 January 2022), CRISPOR (https://crispor.tefor.net/ accessed on 26 January 2022), SYNTHEGO (https://design.synthego.com/#/ accessed on 30 January 2022), and CAS-OFFinder (http://www.rgenome.net/cas-offinder/ accessed on 30 March 2022).



To increase regeneration and the possibility of selecting transformants without the use of antibiotics, but by the fluorescence of the reporter protein GFP, the selective marker NeoR/KanR (pKSE401) was replaced by a chimeric selective marker GFP-p2a-HygR. The chimeric construct was assembled by fusion PCR. The GFP and HygR sequences were amplified on the pH_35S/mEGFP vector template, and the p2A sequence was amplified on the template sequence synthesised by Skygen LLC (Moscow, Russia). Also, FRT (FLP flippase recognition sequences) and the LB repeat (required for the insertion of the sequence into the plant genome during Agrobacterium-mediated transfection) were also introduced downstream of the chimeric marker. PolyA ends were added to the chimeric PCR product using Taq polymerase (Evrogen, Moscow, Russia). The PCR product was purified from the reaction mixture, cloned into pGEM-T Easy plasmid, and plasmid DNA was isolated from AmpR NeB-stable E. coli clones and verified by restriction endonucleases NotI and BamHI hydrolysis and Sanger sequencing. After confirming the correct assembly of the GFP-p2A-HygR chimeric sequence, the pGEM-T-Easy-eGFP-p2A-HygR intermediate construct was hydrolysed by restriction endonucleases NcoI and SacII, and the 2475 bp fragment was purified from a 0.7% agarose gel and ligated into the pKSE401/NcoI, SacII, and rSAP vector (15,063 bp). This produced the pHSE-EGFP vector.



In the next step, a sequence encoding the flippase FLP was inserted into the modified core vector pHSE-EGFP under the inducible heat of the Gmhsp17.5-E promoter to allow the excision of the agrobacterial vector inserts by FRT recognition sites, which led to the selection of edited non-transgenic plants in the future final stage of the research. FLP expression will be induced by heat after editing the targets with the Cas9 nuclease: the flippase will cut out the insertion of the Agrobacterium vector insertion at the FRT sequences, allowing the selection of the edited non-transgenic plant [70]. The HSP-FLP PCR product (2.9 kb) was hydrolysed at the flanking recognition sites SacI and StuI, and ligated with the pHSE-EGFP-HygR/SbfI, EcoRI vector (11.7 kb). This resulted in the vector pHSE-EGFP-FLP vector.



To optimise the core vector pHSE-EGFP-FLP, promoter replacement for Cas9 and sgRNA expression was performed [59]. For this purpose, the UBQ2 P and U6-2P promoter sequences were amplified using the ‘Riesling Elute’ grape genomic DNA as a template. A fragment containing the VvU6-26 and VvUBQ promoters was constructed by PCR using overlapping primers (Supplementary Table S1). The intermediate vector pHSE-EGFP-FLP was hydrolysed by SbfI to excise the CaMV 35S promoter region. The linearised and dephosphorylated vector without the CaMV 35S promoter sequence (19.1 kb) was prepared by isolation from the gel and ligation with the 9F-12R/SbfI, PstI fragment (1.2 kb) obtained by the hydrolysis of the intermediate construct pGEM-T Easy-9F-12R. After screening and sequence verification, the vector pHSE-EGFP-FLP-VvUBQ2 was obtained.



The VvU6-26P promoter was introduced by hydrolysis of the intermediate vector pHSE-EGFP-FLP-VvUBQ2 with endonucleases PmeI, BsaI, and the purified fragments of 18.4 kb and 1.3 kb were ligated with a PCR product (801 bp) amplified on the template of the pGEM-T-Easy-1F_FRT-8R intermediate vector hydrolysed by BsaI restriction endonuclease. After NEB-stable transformation, Km+ Str+ colonies were screened by PCR. The correctness of the vector assembly was confirmed by Sanger sequencing. The resulting vector was pHSE-EGFP-FLP-VvUBQ2-VvU6.



To integrate the HyPer reporter into the editing vector, PCR mutagenesis of two NcoI sites was a necessary step. Hyper is a genetically encoded fluorescent sensor of intracellular hydrogen peroxide [93]. The commercial vector Gateway® HyPer-AS entry clone (Evrogen, Moscow, Russia) was used as a template. Hyper PCR product was ligated into intermediate vector pGEM-T-Easy; then, it was hydrolysed with NcoI, SacII endonucleases, and a fragment (2056 bp) with the HyPer sequence, flanked by NcoI and SacII sites, was isolated. The 2056 bp fragment, containing the sequence of mutagenised HyPer without recognition sites NcoI, CaMV polyA signal, FRT recognition signal, and LB repeat for integration into the plant genome during Agrobacterium transfection, was ligated to the pHSE-EGFP-FLP-VvUBQ2-VvU6/NcoI, SacII (18.041 kb) vector. After NEB stable transformation, Km+ Str+ colonies were screened by PCR. The correctness of the vector assembly was confirmed by Sanger sequencing. The new editing vector pHy-per-FLP-VvUBQ2-VvU6 was obtained (Genebank submission number: # 2854555).




4.2.6. Editing Efficiency and Genotyping


Km+ callus cells (transfected with pKSE401-based editing vector), Hyg+ callus cells (transfected with pHSE-EGFP-based editing vector), or Hyper+ callus cells (transfected with pHyper-FLP-VvUBQ2-VvU6 based editing vector) were used for genomic DNA purification using the Norgen kit (Norgen, Thorold, ON, Canada). The prepared genomic DNA of transfectants (50–100 ng) was used as a template for the amplification of gene fragments containing target sites using high-fidelity Q5 polymerase (NEB, Ipswich, MA, USA) or Kapa3G plant polymerase (Roche Diagnostics, Indianapolis, IN, USA). Amplicons were sequenced using Sanger or MiSeq NGS, and sequences were analysed using the Synthego ICE [94] and Cas-Analyzer online tools [95]. Amplicon libraries from explants, transfected with vectors without guide RNAs were used as control samples to assess the level of spontaneous mutations in unedited genomes.




4.2.7. Sequencing


Sanger sequencing was performed on an ABI 3500 Genetic Analyzer cycler (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) using standard conditions and reagents recommended by the manufacturer Applied Biosystems (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA); PCR mixtures were purified using the BigDye XTerminator™ Purification Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).



Next-generation sequencing was performed using the Illumina method on the Mi-Seq platform. Gene amplicon fragmentation was performed on a Covais 220 Focused-ultrasonicator ultrasonic homogeniser using Covaris microTUBE-50 AFA fibre screw-cap tubes at a 75 W peak incident power, 20% duty factor; 1000 cycles per burst over 45 s. Sequencing libraries were prepared using Illumina TruSeq DNA PCR-Free kits, Illumina IDT for Illumina—TruSeq DNA UD Indexes (96 Indexes, 96 Samples), using a QuantStudio3 cycler (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). Libraries were quantified on an Agilent TapeStation 4150 automated electrophoresis system (Agilent, Santa Clara, CA, USA) using D5000 High Sensitivity DNA kits (Agilent, Santa Clara, CA, USA) and the KAPA Library Quantification Kit (Roche, Indianapolis, IN, USA).




4.2.8. Isolation of Protoplasts


Protoplasts were isolated following previously described optimised protocols [50,53], but with 0.2% macerozyme R-10, 0.75% cellulase R-10 in cell wall digestion enzyme solution mix, without vacuum infiltration, cultivation with enzymes in the dark, 19 °C, for 16 h, without rotation.



Protoplasts were isolated from 20-day-old young and healthy leaves micropropagated in vitro. Approximately 40 young leaves per 50 mL of Buffer C (20 mM MES, 0.5 M mannitol, 20 mM KCl, and 10 mM CaCl2, 0.2% macerozyme R-10 (Duchefa Biochemie, Haarlem, The Netherlands), 0.75% cellulase R-10 (Duchefa Biochemie, Haarlem, The Netherlands) were cut into 4–5 mm pieces and immersed in a mixture of enzyme solutions. No preliminary steps of plasmolysis or vacuum infiltration of the leaves with enzymes were performed.



After the enzymatic digestion step, the protoplasts were filtered through a 70 μm cell strainer (Corning, New York, NY, USA) with rinsing of the residue (debris and protoplasts) with 50 mL of wash solution W5 (5 mM glucose, 2 mM MES, pH 5.7, 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl). The resulting suspension was centrifuged at 100× g for 5 min, and the supernatant was carefully collected without disturbing the protoplast pellet. The collected cells were suspended in W5 solution. Using a wide-bore pipette tip, the protoplast suspension was slowly layered onto 21% sucrose solution, followed by centrifugation. The interphase containing viable and healthy protoplasts was collected using a wide-bore pipette tip. The protoplasts were then suspended in 50 mL of the W5 solution and incubated for 1 h at 4 °C, 1 h/overnight at 4 °C. The protoplasts were centrifuged, the supernatant was discarded, and the protoplasts were resuspended in a MMG solution (0.5 M mannitol, 4 mM MES, pH 5.7, and 15 mM MgCl2). The concentration of the resulting protoplast suspension was determined using a Nikon Eclipse Ti-2 microscope (Nicon Corp., Tokyo, Japan) and Goryaev’s chamber (MiniMed, Suponevo, Russia) or a Countess 3 (Invitrogen, Carlsbad, CA, USA) automated cell counter. Viable cells were perfectly round with no visible defects on the plasma membrane and were not stained with 0.04% trypan blue [96].




4.2.9. Measurement of Phenolic Content


One week after incubation in media with chitosan, aliquots of callus suspensions were selected, the cells were pelleted by centrifugation at 6000 rpm for 3 min, the supernatant medium was collected, the wet sediments were weighed, an equal volume of absolute ethyl alcohol (AquaM, Moscow, Russia) was added, and they were then frozen in liquid nitrogen. After thawing the samples, the suspensions were vortexed and extracted in a water bath at 45 °C for 45 min. After incubation, the extracts containing cell debris were centrifuged at 16,000 rpm for 2 min, the alcohol extracts were transferred to new tubes, and the reaction mixtures were mixed to determine the concentration of the total phenolic metabolite fraction: 25 µL of alcohol extract, 25 µL of Folin’s reagent (Biorad, Hercules, CA, USA), 50 µL of Na2CO3 (Sigma-Aldrich, Steinheim am Main, Germany), and 50 µL of mQ water; the samples were then incubated for 1 h at room temperature and the absorbance was measured at 700 nm on a NanoDrop OneC spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The methodology for the measurement of total phenolic metabolite content in plant extracts was based on reduced phosphotungstic and phosphomolybdic heteropolyacids of different modifications of Folin’s reagents in alkaline medium. Phenolic compounds refer to a blue complex (tungsten blue or heteropoly blue), the colour of which is proportional to the amount of phenolic compounds present. The total phenolic metabolite values were calculated as the equivalent to one microgram of resveratrol (Solgar, Leonia, NJ, USA) [97].




4.2.10. Assessment of Intracellular Peroxide Compound Levels


Callus suspensions were transferred to a 48-well culture plate in media with and without chitosan, and fluorescence measurements and detection of changes in intracellular peroxide compound levels were carried out for three days using the Incucyte Live Cell Imaging and Analysis System (Sartorius, Göttingen, Germany). The level of fluorescence correlates with the concentration of peroxide compounds in the callus cells due to the HyPer peroxide sensor, which is present as a reporter in the editing vector pHyPer-FLP-VvUBQ2-VvU6 [68].




4.2.11. Statistical Analysis


Statistical analyses of the data were performed using online tools: (https://statisty.app// accessed on 12 December 2023; https://epitools.ausvet.com.au/ztesttwo/ accessed on 12 December 2023) and Excel tools with statistical add ins. A two-tailed-z-test, Mann–Whitney test, and Fisher’s test were used [98,99,100].
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Figure 1. Comparison of the effectiveness of grapevine leaf bud sterilisation using sodium hypochlorite (NaOCl) and polyhexamethylene guanidine hydrochloride (PHMG); the statistical significance of the observed differences was assessed using a two-tailed Mann–Whitney U test: (a) Histogram comparing the percentages of sterilised explants on day 4 of incubation: the analysis revealed a statistically significant difference, with: * ‘Merlot’ PHMG decontamination having a higher percentage of sterilised explants compared with ‘Merlot’ NaOCl decontamination approach (z = −2.69, p = 0.008); * ‘Malbec’ PHMG decontamination having a higher percentage of sterilised explants compared with ‘Malbec’ NaOCl decontamination approach (z = −2.74, p = 0.008); (b) Table comparing the two sterilisation methods based on percentages of contaminated, dead, and surviving explants after 3 weeks of incubation: the relative values marked with the same letter were compared with each other and showed statistically significant differences: (a) the difference was statistically significant at p = 0.006 (z = −2.73); (b) the difference was statistically significant at p = 0.007 (z = −2.69); (c) the difference was statistically significant at p = 0.042 (z = −2.03); (d) the difference was statistically significant at p = 0.005 (z = −2.79); (e) the difference was statistically significant at p = 0.008 (z = −2.69); (f) the difference was statistically significant at p = 0.008 (z = −2.74); (c) Circular chart showing the percentages of surviving (blue) and dead (orange) explants: The exact percentages can be seen in (b) of Figure 1: parts of the rings corresponding to contaminated samples are not coloured. 
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Figure 2. Comparison of the phenotypes of cv. ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ cuttings on PRM and 1M–4M media: (a) Comparison of the growth parameters of vine cuttings of the varieties ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ on PRM medium over a period of one month, without any subculturing, showed significant differences in shoot height, number of nodes, and root lengths across the different varieties. However, there were no statistically significant differences observed in the number of roots formed by the ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ cuttings (Figure 2a). (b) Polar area plot illustrating the range of phenotypes observed when cultivating grapevine cuttings of the ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ varieties on PRM medium after three weeks of cultivation, showing a statistically significant preference for growth on PRM medium (Fisher test, F = 625, p < 0.0001). The polar area plots (c–f) show the phenotypic responses of ‘Merlot’, ‘Chardonnay’, ‘Malbec’, and ‘Riesling’ grapevine cuttings grown on 1M–4M media after three weeks. A statistically significant difference (F = 841, p < 0.001) was observed in the accumulation of anthocyanins in black grape varieties (‘Merlot’ and ‘Malbec’) compared with white grape varieties (‘Chardonnay’ and ‘Riesling’) on 1M–4M media. This difference was also observed in the development of chlorosis in ‘Chardonnay’ cuttings on 1M media (F = 841, p < 0.001). Furthermore, a significant difference (F = 169, p = 0; F = 100, p = 0 for 2M and 3M media, respectively) was observed in the drying of buds in white grape varieties compared with black grape varieties on 1M, 2M, and 3M media. 
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Figure 3. Induction of plant immune response by chitosan in ‘Merlot’ grapevine suspension callus: (a) box plot showing total phenolic metabolite content in ‘Merlot’ grapevine suspension callus with (navy blue) and without (cornflower blue) chitosan treatment: y-axis: total phenolic metabolite content (µg per probe), x-axis: treatment (control, chitosan), significant difference observed between groups (t-test, p < 0.001); (b) scatter plot showing correlation between total phenolic metabolite content in ‘Merlot’ grapevine suspension callus in two samples with and without chitosan treatment (Rs = 0.6063 p = 0.02 (98% statistical significance level) df = 0; R2 = 0.39); (c) calibration curve for the determination of the total phenolic metabolite content: y-axis: absorbance at 700 nm; x-axis: total phenolic metabolite concentration (µg per probe), R2 = 0.9702; (d) box plot showing the average intensity values of the number of fluorescent objects (sensor for peroxide compounds (HyPer)) in ‘Merlot’ grape callus cells with (navy blue) and without (cornflower blue) chitosan addition. Measurements were taken at 9 points using a spiral imaging strategy with the Incucyte live cell analysis system (500 nm). A significant difference was observed between the groups (U-test: U = −2.61, p < 0.001). (e) Scatter plot shows the correlation between the content of fluorescent objects in ‘Merlot’ samples with and without chitosan treatment (Rs = −0.5991 p = 0.05 (95% statistical significance level) df = 0; R2 = 0.2). 
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Figure 4. Increased levels of nonsense, missense, and synonymous mutations following agrobacterial transfections with editing vectors: (a) Box plot representing the percentage of nonsense, missense, and synonymous mutations occurring after Agrobacterium-mediated transfections (AT) with editing vectors. Cells that underwent Agrobacterium-mediated transfection without gRNA were used as a control. The significance of the observed differences was analysed using the Mann–Whitney test: (Z = −2.37, p < 0.05). (b) Scatter plot showing the correlation between control and treated experimental groups. (c) Table showing mutation percentages from primary experiments, indicating vector types, explants used, and transfection methods; mutation frequencies in these experiments were assessed using Mi-Seq NGS; (d) Microscopy of one of the explants used in this study: grapevine protoplasts of the variety ‘Merlot’; bright field, scale bar 50 μm. 
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Figure 5. Evaluation of the CRISPR/Cas9 gene-editing efficiency of MLO7 in the grapevine variety ‘Merlot’: (a) Aligned nucleotide sequences of the MLO7 gene: the region where the Cas9 nuclease is most likely to induce a break in the sequence is marked by a black dashed line. Blue dashed lines indicate correspondence with the unedited MLO7 sequence, the guide RNA region is highlighted in blue, the PAM site is marked in red, and the localisation of the BglI restriction endonuclease recognition site used for MLO7 PCR product screening is indicated; (b) Fluorescence microscopy of callus cells transfected with the editing construct expressing the hydrogen peroxide sensor HyPer, scale bar 20 μm; (c) Electropherograms of MLO7 PCR products and restriction fragments after BglI hydrolysis: from left to right, samples: 1. MLO7 non treated; 2. 1 kb DNA ladder (Evrogen); 3. MLO7/BglI (after AT with an editing vector); 4. 1000 bp DNA ladder (Thermo Fisher, Waltham, MA, USA); 5. 1 kb DNA ladder (Evrogen); 6. MLO7/BglI (after AT with an editing vector with chitosan treatment of explants); (d) Densitogram analysis of electrophoregrams to quantify the BglI-hydrolysed MLO7 sequence (36.3% ± 0.006) (GelAnalyzer): * the difference was statistically significant at p < 0.05 (Z = –2.31). The ‘low phenolic metabolite’ (new transfection and selection approach with chitosan supplementary) had a higher percentage of BglI site loss (edited) MLO7 sequence (or KO MLO7) compared with the standard CRISPR/Cas9 editing and Agrobacterium-mediated transfection approach. 
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