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Mirella Zaccheo 

September 2026 

Horticulture and Agronomy 

Genomic Dissection and Genome Editing of Pierce’s Disease Resistance and Powdery 

Mildew Susceptibility in Grapevine 

Abstract 

The European grape (Vitis vinifera) is used worldwide for wine making. However, its production is 

constantly challenged by a range of pests and pathogens that cause substantial losses in yield and fruit 

quality. Among these, Pierce’s disease (PD) and powdery mildew (PM) pose a serious threat to the wine 

industry in California. The management of both diseases currently relies on intensive pesticide applications, 

which raises concerns regarding environmental sustainability, application costs and the emergence of 

resistant pathogen populations. Wild North-American Vitis species are not suitable for winemaking but 

represent a valuable reservoir of genetic diversity and natural disease resistance that can be leveraged to 

improve susceptible V. vinifera cultivars. Breeding efforts have focused on introducing some of these 

favorable traits into susceptible varieties, but the process is lengthy and can result in linkage drag. 

Advancements in grapevine genomics and genome editing offer the unprecedented opportunity to identify, 

characterize and utilize these traits to develop disease-resistant cultivars. This dissertation aims to 

characterize the resistance locus associated with PD in wild Vitis species and target susceptibility genes 

associated with PM using genome editing. Together, these approaches provide complementary strategies 

to understand the molecular basis of disease resistance and contribute to the development of improved 

vines. 

Chapter 1 provides a comprehensive overview of recent advancements in grapevine and pathogen genomics 

aimed at achieving durable disease resistance. This research emphasizes the critical role of diploid genome 

assemblies in dissecting disease resistance loci, enabling the precise identification of candidate genes 

suitable for gene stacking and precision breeding. Additionally, it highlights the importance of 

understanding pathogen evolution, including mechanisms of adaptation, effector discovery, and resistance 
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breakdown. This knowledge is essential not only for informed resistance breeding strategies, but also for 

identifying novel gene targets for genome editing.  

Chapter 2 focuses on the identification of candidate PD-resistance genes in a wild grape species, Vitis 

arizonica b40-14, that segregates for resistance using genome-wide association studies (GWAS). 

Significant associations between genotype and phenotype were identified across multiple genomic regions. 

However, one of the strongest association peaks was located on chromosome 14, between the SSR markers 

defining the Pierce’s disease resistance locus 1 (PdR1) locus, further supporting this region as a candidate 

resistance locus. The integration of gene expression data revealed four expressed candidate genes encoding 

for extracellular receptors potentially involved in PD resistance. These included two genes coding for 

leucin-reach repeat receptor-like proteins (RLPs), one coding for a lysin motif receptor-like kinase (LysM-

RLK) and one coding for a leucin-reach repeat receptor-like kinase (LRR-RLK).  

Chapter 3 explores variation within the PdR1 locus across different V. arizonica hybrids accessions. This 

study integrated multiple layers of information to refine the PdR1 region in V. arizonica b40-14 and 

identified candidate genes associated with PD. Genome assemblies generated from HiFi reads for four V. 

arizonica hybrids enabled the generation of highly contiguous and complete haplotypes. Among these, four 

haplotypes were associated with PD resistance and three were not associated with the resistant phenotype. 

One resistant haplotype was sequenced from a PD-resistant backcross individual that inherited resistance 

from V. arizonica b40-14, the wild grape accession used in Chapter 2. To investigate sequence diversity 

and identify variants specific to PdR1, sequence graph approaches were employed. Results showed a 

substantial sequence and structural divergence between PD-resistant haplotypes and haplotypes not 

associated with PD resistance, as well as variation among the resistant haplotypes. By integrating these 

findings with gene expression data, it was possible to narrow down the candidate genes in the PdR1 refined 

region to two genes coding for LRR-RLPs, which were advanced to functional validation.  

Chapter 4 builds upon the findings from Chapter 2 and 3 and aims to validate the function of PD candidate 

resistance genes. To achieve this, a dual complementary platform was developed. The candidate genes were 

overexpressed in the susceptible V. vinifera cv. Thompson Seedless (TS), and the same genes were 
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knocked-out in the resistant V. arizonica b40-14. For overexpression in TS, Agrobacterium-mediated 

transformation was used to generate transgenic plants. Gene knock-out in V. arizonica was achieved using 

through CRISPR/Cas9 editing of protoplasts, which is an extremely challenging yet valuable approach. 

Transformation was successful for two out of the four PD candidate genes. Ten putatively transgenic TS 

lines were obtained, five for each of the two candidate genes that could be transformed. For the other two 

genes, transformation was unsuccessful, suggesting that constitutive overexpression under the CaMV35S 

promoter may have detrimental effects. For the knockout experiment, preliminary results showed that the 

sgRNAs designed to target the candidate genes display a wide range of editing efficiencies and that the 

type, frequency and pattern of mutation is strongly guide-dependent. Putatively edited V. arizonica embryos 

were regenerated from protoplasts for all the genes of interest and currently at plantlets stage.  

Chapter 5 explores an alternative strategy for inducing resistance by targeting a family of susceptibility 

genes associated with PM, known as Mildew Resistance Locus O (MLO) genes. Using DNA-free genome 

editing, we generated MLO-knockout lines carrying different mutation patterns across three MLO genes: 

VvMLO3, VvMLO7 and VvMLO11. Edited plants regenerated from protoplasts were genotyped and the 

absence of CRISPR components was verified confirming that the plants are not transgenic. Eight edited 

lines were evaluated for susceptibility to PM and carried diverse combination of mutations across the three 

MLO loci. Phenotypic assessment was conducted both visually, by scoring pathogen growth, and 

quantitatively, by measuring pathogen accumulation in the edited plants at multiple time points. Among the 

edited lines, one showed overall partial reduced pathogen accumulation compared to the non-edited 

susceptible control.  
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CHAPTER 4 

Dual genome editing strategy development to validate Pierce’s disease candidate resistance genes 

Abstract 

Although candidate genes associated with PD resistance have been identified, experimental validation is 

required before they can be employed for targeted genome engineering. Here, complementary gain- and 

loss-of-function approaches were applied to begin the functional validation of four PD candidate genes 

encoding different classes of cell-surface immune receptors. For gain-of-function, overexpression 

constructs were generated and introduced into the susceptible Vitis vinifera Thompson Seedless through 

Agrobacterium-mediated transformation. Transformation resulted in the regeneration of ten putatively 

transgenic plants for two candidate genes, while constructs carrying the other two genes consistently 

produced necrotic embryos following transformation.  For loss-of-function studies, four single-guide RNAs 

(sgRNAs) were designed for each candidate gene and assembled into expression constructs for 

CRISPR/Cas9 editing of protoplasts of the PD resistant V. arizonica. Editing efficiency was assessed at an 

early stage using DNA extracted from putatively edited regenerated microcalli, and varied substantially 

among sgRNAs, ranging from 1% to nearly 99% depending on the target site. Highly efficient guides 

predominantly generated large deletions resulting from the simultaneous activity of two closely spaced 

sgRNAs, while small indels typically associated with Cas9-mediated repair were also observed. Poorly 

performing guides were characterized mainly by substitutions. Mutation profiles were strongly guide-

dependent, highlighting the importance of sgRNA validation before plant regeneration. Together, these 

results establish a dual experimental platform for functional validation of PD candidate genes in grapevine. 

The putatively transgenic and edited lines generated in this study provide valuable resources for future 

disease assays aimed at determining the contribution of these receptors to PD resistance.  

Introduction  

Pierce’s disease (PD) of grapevine is a devastating disease caused by the bacterial pathogen Xylella 

fastidiosa (Xf) (Castro et al., 2021). This bacterium is spread plant-to-plant by xylem-feeding insects. Once 
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the bacterial population establishes itself in the vascular tissues of the plants, nutrient and water uptake are 

disrupted. This results in leaf scorch, desiccated canes, and shriveled clusters, and consequently vine death 

(Rapicavoli et al., 2018). Current control strategies consist of pesticides application to control the insect 

population and removal of infected vines. However, these approaches are not sustainable or effective and 

genetic resistance is considered the most sustainable way to address this issue.  

Cultivars of the European grapevine (Vitis vinifera L.), commonly used for wine, table grape, and raisin 

production, are susceptible to PD. Natural sources of resistance have been identified in several wild Vitis 

spp., especially V. arizonica and its natural hybrids (Huerta-Acosta et al., 2023; Riaz et al., 2020). Previous 

studies identified a major locus associated with PD resistance in V. arizonica, called Pierce’s disease 

resistance 1 (PdR1) locus, that was used in breeding programs for trait introgression in susceptible cultivars 

(Krivanek et al., 2006; Walker et al., 2014). The underlying candidate resistance genes, however, were not 

resolved until later. In Chapter 2, genome-wide association analysis combined with gene expression 

identified four candidate PD resistance genes: two encoding leucine-rich repeat receptor-like proteins 

(LRR-RLPs), one encoding an LRR receptor-like kinase (RLK), and one encoding a lysin motif (LysM) 

RLK (Morales-Cruz et al., 2023). In Chapter 3, sequence-graph approaches combined with gene expression 

narrowed these to the two LRR-RLP genes as the strongest candidates for PD resistance (Massonnet et al., 

2026). 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas genome editing has made it 

possible to test candidate resistance genes directly (El-Mounadi et al., 2020), and recent advances allow 

precise insertion of DNA at a defined locus, or knock-in (KI), to speed deployment of resistance genes into 

elite cultivars (Muzaffar et al., 2026). Experimental validation of these candidates is a necessary step toward 

establishing their contribution to PD resistance.  

To initiate the effort of validating all candidate genes identified in Chapters 2 and 3, an effort that will 

extend beyond the scope of this dissertation, I implemented a complementary strategy combining gain-of-

function and loss-of-function approaches. For gain-of-function studies, candidate genes were overexpressed 

under the control of the constitutive CaMV35S promoter and introduced into somatic embryos of V. 
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vinifera cv. Thompson Seedless (TS) via Agrobacterium-mediated transformation. For loss-of-function 

studies, single guide RNAs (sgRNAs) targeting each gene of interest (GOI) were designed and assembled 

in pairs into expression constructs in a customized vector and combined with Cas9 for genome editing of V. 

arizonica protoplasts (Tricoli & Debernardi, 2024), followed by plant regeneration. Together, these 

complementary strategies establish a framework to experimentally validate resistance genes previously 

identified within the PdR1 locus. 

Materials and methods  

Construct assembly for overexpression in V. vinifera Thompson Seedless  

The binary vector pGWB402 (Plasmid #74796; Addgene), which carries the CaMV35S promoter and 

kanamycin resistance within the T-DNA region, was selected for stable expression of candidate resistance 

genes in Vitis vinifera Thompson Seedless (TS). Constructs were designed using SnapGene v7.2.1. For 

three out of four genes, their coding sequences were cloned into pGWB402 by GENEWIZ by removing the 

Gateway cassette between the single-cutters XbaI and SacI and inserting the GOI between the CaMV35S 

promoter and the NOS terminator. Each construct was analyzed to confirm the correct reading frame 

relative to the 35S promoter and absence of premature stop codons before and after synthesis.  

The coding sequence of one of the two LRR-RLP genes could not be synthesized in pGWB402, and it was 

delivered in pUC19. Cloning was done in house using InFusion® cloning. First, the gene of interest was 

PCR-amplified using PrimeSTAR Max polymerase (Catalog No. 638945; In-Fusion® Snap Assembly 

Starter Bundle; Takara Bio) and gene-specific primers (Table 1). The PCR reaction was carried out as 

follows: 30 cycles of 98°C for 10 s, 57°C for 5 s, and 72°C for 50 s. The amplicon was purified using the 

NucleoSpin Gel and PCR Cleanup Kit. After purification, the concentration was measured at Qubit and 1 

µL of the purified product was used to run a gel electrophoresis to confirm correct size. 2 µL were digested 

with HindIII for further confirmation.  

The pGWB402 backbone (11,685 bp) was digested with the restriction enzymes XbaI and SacI to create a 

linearized vector. The 9,936 bp linear fragment was gel-purified using the Zymoclean Gel DNA Recovery 



 
 

44 

Kit (Catalog No. D4001; Zymo Research) and concentration was measured at Qubit. Purification of the 

fragment was confirmed on a 1% TAE gel electrophoresis. 

The gene insert and linearized vector were assembled using the In-Fusion® Snap Assembly Master Mix. A 

linearized pUC19 + 2kb insert was used as a positive control while the linearized pGWB402 was used as a 

negative control. The cloning reaction was incubated at 50°C for 15 min and chilled on ice prior to 

transformation into Stellar competent cells. The transformation reaction as well as the controls were plated 

on selection. Three transformed colonies were picked and screened by colony PCR using primers reported 

in Table 1. Plasmid DNA was extracted from one of the transformed colonies and sequenced.  

Agrobacterium tumefaciens engineering with overexpression constructs  

For each construct, at least 1µg of purified plasmid DNA was used for the transformation of disarmed 

Agrobacterium tumefaciens (At) EHA105 pCH32 via heat shock. Spectinomycin was used as a selective 

marker for transformant colonies screening. One colony per construct was screened by colony PCR and 

amplicon sequencing to verify correct insertion and directionality of the construct. Primer sequences and 

expected amplicon sizes are listed in Table 2 and Table 3, respectively.  After sequencing, one transformed 

Agrobacterium clone harboring the correct plasmid for each gene of interest was used for transformation 

of somatic embryos of V. vinifera Thompson Seedless grapevines.  

Table 2. Primer names and sequences used to check for correct insertion of the constructs carrying g238150, 

g238250 and g238290. 

Primer name Primer sequence (5’ – 3’) Gene 
CaMV35S GACGTAAGGGATGACGCACAAT CaMV35S promoter 

M13rev AGCGGATAACAATTTCACACAGG NOS terminator 
RLP50_R1 
RLP50_F2 
RLP50_R2 

TAAGCGTAGTTCCAAGAGTGAAGAA 
TCCCTTGTCTATGGCTAAGATTACG 
TCCATGTTGTCTTCTTTCCCATTTG 

g238150 (LRR-RLP) 

LYSM_R1 
LYSM_F2 
LYSM_R2 

GGATTAATTACTGGGATGCTGGTTG 
TAATAAGGCTGTTAGGGACTTGCTT 
CTTGATTTTCTCTGGAAGCCAAACT 

g238250 (LysM-RLK) 

RLK_R1 
RLK_F2 
RLK_R2 

CTTAAACCGGTTATTCCTCAAGCTC 
GAGATGAACTTGGGTTTGTTGACAT 
GTCACTCAACTTTGCTATCCTATGC 

g238290 (LRR-RLK) 
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RLK_F3 CTATTGGCAAGCTTTACAAGGGAAA 
 

Transformation of Thompson Seedless somatic embryos and plant regeneration 

Embryogenic cultures of V. vinifera cv. Thompson Seedless (TS) were obtained from immature anthers. 

Initiation, maintenance, transformation and regeneration of TS embryogenic cultures was performed at the 

UC Davis Plant Transformation Facility (UCDPTF) following the protocol described in (Agüero et al., 

2006). Briefly, overnight Agrobacterium cultures were diluted at an OD600 of 0.1-0.2 and supplemented 

with 200 µM of acetosyringone prior to transformation. TS embryogenic calli were placed on sterile 

Whatman filter paper in an empty 100x20 mm petri dish. The Agrobacterium culture was poured over the 

plant tissue, and excess bacterial culture was allowed to evaporate before the calli were transferred onto 

fresh co-cultivation medium. After 48 h in the dark, callus tissue was sub-divided into small clumps and 

transferred onto selective media containing kanamycin for recovery of transformed tissue. Cells were 

subcultured on fresh medium every two weeks. Developing secondary embryos were then transferred onto 

germination medium and subsequently onto regeneration media for plant regeneration. Putatively 

transformed plants regenerated from secondary embryos were transferred to soil. 

sgRNA design and off-target evaluation  

Candidate genes coding sequences were analyzed using TMHMM (Krogh et al., 2001) to predict the 

location of extracellular, transmembrane and intracellular domains. For genes encoding LRR-RLPs, sgRNA 

were designed for the LRR motif only. For receptor-like kinases (LysM-RLK and LRR-RLK), sgRNAs 

were distributed across both extra- and intracellular domains. Guide design was performed using the 

command-line version of CRISPOR v5.01 (Concordet & Haeussler, 2018) with default parameters. The V. 

arizonica b40-14 v2.0 chromosome-scale genome assembly was used as the reference and the CDS of each 

candidate gene was used as query. For each gene, CRISPOR generated a summary table containing guide 

sequences, predicted editing efficiencies, specificity scores, and numbers of predicted off-targets, as well 

as an off-target table reporting mismatch position and genomic locations. Guide selection was refined 

manually based on the following criteria. Guides were initially filtered using CFD (cutting frequency 
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determination) and MIT (Massachusetts Institute of Technology) specificity scores. Guides with CFD value 

> 90 and MITscore > 40 were retained. Remaining guides were further filtered using Doench2016 

efficiency scores, and guides with predicted efficiency > 40 were retained. Guides containing sequences 

associated with reduced editing efficiency (Graf et al., 2019) were excluded. Filtered sgRNAs that fell 

outside of the targeted domains were discarded as well. Potential off-target sites were manually inspected. 

The guides that had a few predicted off-targets that showed mismatches located near the PAM-distal region 

were retained.   

sgRNA expression cassette assembly  

To generate the constructs for the CRISPR/Cas9 editing in V. arizonica, sgRNAs were cloned in pairs in a 

custom vector (JD969) developed by our collaborators at the UCDPTF. Multiple sgRNAs are post-

transcriptionally processed through the tRNA approach (Xie et al., 2015). Each cassette contained two 

sgRNA separated by a tRNA sequence. The two resulting plasmids per gene were co-transfected with a 

plasmid expressing Cas9 to target all four sites simultaneously.  

sgRNAs cassettes were amplified using the primers indicated in Supplementary Table 1 by PCR using 

AmpliTaq Gold™ DNA polymerase (Thermo Fisher Scientific) and 1 µg of DNA template in a 25 µL 

reaction volume. Amplification was performed as follows: 95°C x 10 min, 95°C x 15 sec, 60°C x 15 sec, 

72°C x 30 sec and 72°C x 5 min. PCR products were then purified using KAPA HyperPure Beads (Roche). 

Purified PCR products (gRNA cassettes) were cloned into JD969 using Golden Gate assembly. The reaction 

was performed using T4 ligase, ligase buffer and BsaI-HF v2® enzyme (New England Biolabs) and a 1:1 

vector to PCR product ratio for a final reaction volume of 15 µL. The ligation reaction was performed using 

the following conditions: 37°C x 20 sec, 25 cycles (37°C x 3 min, 16°C x 4 min), 50°C x 5 min, 80°C x 5 

min. The assembled plasmids were transformed into chemically competent DH5α E. coli cells, and the 

reaction was plated on LB supplemented with ampicillin and incubated overnight at 37°C. Individual 

colonies for each plasmid were picked, grown in liquid culture and plasmid DNA was extracted. Plasmid 

constructs were screened by restriction digestion using HindIII and PstI. The empty vector was added to 
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the reaction and used as positive control. Digested products were analyzed by agarose gel electrophoresis. 

Plasmid showing the expected restriction pattern were quantified using Qubit and submitted for sequencing.  

V. arizonica protoplasts transfection  

V. arizonica protoplasts generation, transformation, culture and whole plant regeneration were performed 

at the UCDPTF following the protocol described in (Tricoli & Debernardi, 2024) with some modifications. 

For the PEG-mediated transfection of V. arizonica protoplasts, validated JD969 plasmids carrying paired 

sgRNAs expression cassettes were combined with Cas9 protein (CASPROT-50UG; Sigma) and introduced 

into V. arizonica protoplasts by PEG-mediated transfection. 

Amplicon sequencing to detect CRISPR editing activity 

To estimate editing efficiency before plant regeneration, genomic DNA was extracted from putatively 

edited protoplast-derived calli encapsulated in alginate beads. Individual encapsulated protoplasts 

regenerate into small, isolated callus colonies, allowing for an early assessment of CRISPR/Cas9 editing 

events. Detection of editing events was assessed by amplicon sequencing following the protocol described 

in (Zhang, 2022). Briefly, primers flanking each sgRNA target site were designed to produce amplicons in 

the range of 280-290 bp (Supplementary Table 2). If two target sites were close to each other, a single 

pair of primers was designed to amplify both, otherwise, individual primer pairs were designed for each 

target. Sequencing was performed using the services provided by MGH CCIB DNA Core 

(https://dnacore.mgh.harvard.edu/new-cgi-bin/site/ pages/crispr_sequencing_main.jsp).  

Editing was evaluated for seven independent alginate beads selected according to tissue availability and 

developmental stage. The number of regenerated callus colonies analyzed varied among beads and target 

genes.  

Sequencing reads were analyzed using the command-line version of CRISPResso2 v2.3.3 (Clement et al., 

2019) with the CRISPRessoBatch option and default parameters. Reads were demultiplexed, quality filtered 

and aligned to the reference amplicon sequence. Samples containing fewer than 200 reads were excluded 

from downstream analysis. Editing efficiency was calculated as the percentage of modified reads over the 
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total number of aligned reads. Quantification of editing frequency was performed using the CRISPResso2 

output files. 

Results  

Generation and validation of overexpression constructs for Thompson Seedless transformation  

To generate overexpression constructs for functional validation of the candidate resistance genes, each 

coding sequence was cloned into the binary vector pGWB402 (Nakagawa et al., 2007). The pGWB402 

backbone (11,685 bp) was digested with restriction enzymes to generate a 9,936 bp linear vector for 

insertion of the candidate resistance genes. Cloning of g238150 (LRR-RLP; 3,024 bp), g238250 (LysM-

RLK; 2,038 bp) and g238290 (LRR-RLK; 2,498 bp) in the digested pGWB402 resulted in a final construct 

size of 12,960bp, 11,974 bp and 12,434 bp, respectively (Figure 1A).  
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Figure 1. Strategy to create the overexpression constructs for Agrobacterium transformation. A) On 

the left, the map of the pGWB402 binary vector (11,685 bp). The Gateway cassette (1,749 bp) is removed 

by restriction digestion with single-cutters XbaI and SacI, both highlighted in bold. On the right, one of the 

genes of interest (g238150) cloned into the linearized pGWB402. B) Shows the InFusion cloning strategy. 

pGWB402 is linearized by restriction digestion with XbaI and SacI (top). The gene of interest (g238180) 

is PCR-amplified from pUC19 (bottom). A 15 bp overlap between the fragment and the vector allows for 

seamless and directional fusion of the two DNA fragments. Figures generated using SnapGene software 

(http://www.snapgene.com/products/snapgene/) (GSL Biotech LLC). 

 

For one of the LRR-RLP genes, cloning in pGWB402 using restriction enzyme-based assembly was not 

successful and the construct was generated using InFusion cloning, a highly efficient and directional cloning 

method (Irwin et al., 2012) (Figure 1B).  

For this, pGWB402 was linearized and purified to obtain a 9,936 bp fragment (Figure 2A), and g238180 

was PCR-amplified directly from the pUC19 template, yielding the expected 3,018 bp fragment (Figure 

2B). The purified linearized vector and the PCR-amplified insert were used for InFusion cloning. HindIII 

digestion of the GOI produced the expected fragments of 2,344 bp and 674 bp, confirming its integrity 

(Figure 2C). The transformation reaction was plated in two aliquots, resulting in an overall efficiency of 

~9 x 103 CFU/µg DNA (Figure 2E). The positive control (pUC19 + 2kb insert) produced confluent growth 

(Figure 2F), while the negative control (linear pGWB402) yielded only two colonies, indicating low 

background transformation (Figure 2G). Three colonies were screened by colony PCR (Figure 2D, Table 

1), and all of them yielded the expected overlapping amplicons of 1,686 bp and 1,792 bp. The two PCR 

products covered the full insert and both junction regions, including portions of the 35S and the terminator. 

This confirmed correct orientation and integration of the insert. Amplicon sequencing further confirmed 

100% sequence identity to the expected design.  

Overall, four overexpression constructs were generated and introduced into Agrobacterium tumefaciens to 

produce engineered strains for plant transformation. 
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Figure 2. InFusion cloning strategy to clone g238180 in pGWB402. A) Represents the purified and 

linearized 9,936 bp pGWB402 while B) represents the purified PCR-amplified g238180 (3,018 bp). C) 

shows the two fragments produced by restriction digestion with HindIII of g238180. D) Shows the results 

of the colony PCR for three clones after transformation. Two fragments of 1,686 and 1,792 bp are obtained 

using overlapping primers covering the full insert including the promoter and terminator junctions. For all 

of them, a 1 kb ladder was used on a 1% TAE agarose gel. E) Shows the two aliquots of the transformation 

plated on LB (Luria Bertani) and selection and colonies growing on both plates. F) Shows confluent growth 

for the InFusion reaction positive control (pUC19 + 2kb insert) while G) shows the growth of InFusion 

reaction negative control (linearized pGWB402). 

Table 1. Primer sequences used in this study for the subcloning of g238180 from pUC19 and to verify 

correct integration and orientation. 

Name Sequence Purpose 
RE_FOR CACGGGGGACTCTAGAATGGCTACTACCAAT 
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RE_REV GATCGGGGAAATTCGAGCTCTCAAGTATGATG Gene PCR-amplification from 
pUC19 

80_R1 AGTTTGGAGTTCTGCCACTTAATTG Correct gene integration and 
orientation 80_F2 GAGTGGTTTTGGAAGTTAGACTTGG 

 

Molecular validation of transformed Agrobacterium strains 

The four overexpression constructs were successfully introduced into Agrobacterium tumefaciens to 

generate recombinant strains for transformation of Thompson Seedless somatic embryos. Construct 

integrity and orientation for g238180 were validated after InFusion cloning. For g238150, g238250 and 

g238290, construct integrity and orientation were confirmed separately using overlapping primer pairs 

spanning the CaMV35S-GOI and GOI-NOS junctions (Figure 3A, Table 2). For these constructs, colony 

PCR produced the expected amplification patterns predicted from the in silico construct designs (Figure 

3B, Table 3). Amplicon sequencing further confirmed correct insertion and orientation of each GOI, 

absence of mutations, and 100% sequence identity to the expected construct sequence. One sequence-

verified Agrobacterium clone harboring each overexpression construct was selected for transformation of 

Thompson Seedless somatic embryos. 

 

Figure 3. Molecular validation of recombinant Agrobacterium strains. A) Schematic representation of 

three out of four overexpression constructs showing the position of the primers used to verify construct 

integrity and orientation. Primers were designed to amplify overlapping regions spanning the entire length 
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of the gene, including promoter and terminator. The genes of interest are color-coded as follows: g238150 

(teal), g238250 (green) and g238290 (yellow). The CaMV35S promoter is shown in red, the NOS 

terminator in blue and primer-binding sites in purple. Construct schematics were generated using SnapGene 

software (GSL Biotech LLC). B) Colony PCR products obtained from three independent Agrobacterium 

transformants for each construct. Lanes 1–3 correspond to g238150, lanes 4–6 to g238250, and lanes 7–9 

to g238290. Expected amplicon sizes for each primer pair are reported in Table 1. PCR products were 

resolved on a 1% agarose gel in 1X TAE buffer. A 1kb DNA ladder was included as the molecular size 

marker, and the corresponding fragment sizes are indicated. 

 

Table 3. Pair of primers used to confirm orientation and integrity of the genes of interest in the binary 

vector pGWB402 for overexpression in V. vinifera cv. Thompson Seedless. LRR-RLP: leucine-rich repeat 

receptor-like protein; LysM-RLK: lysin-motif receptor-like kinase; LRR-RLK: leucine-rich repeat 

receptor-like kinase.  

GOI Gene family Primer pair Amplicon size (bp) Lane on gel electrophoresis 

g238150 LRR-RLP 
35S/M13rev 

35S/RLP50_R2 
RLP50_F2/M13rev 

3,460 
3,116 
1,515 

1 
2 
3 

g238250 LysM-RLK 
35S/M13rev 

35S/LYSM_R2 
LYSM_F2/M13rev 

2,464 
1,862 
1,129 

4 
5 
6 

g238290 LRR-RLK 
35S/M13rev 
35S/RLK_R2 

RLK_F3/M13rev 

2,924 
2,175 
1,174 

7 
8 
9 

 

Overexpression of candidate genes in Thompson Seedless results in different regeneration outcomes 

Distinct regeneration phenotypes were observed among the four overexpression constructs following 

Agrobacterium-mediated transformation of Thompson Seedless somatic embryos. Constructs carrying 

g238150 (LRR-RLP) and g238250 (LysM-RLK) repeatedly produced necrotic embryos that failed to 

regenerate to whole plants (Figure 4, B and C) over six rounds of transformation. In contrast, constructs 
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carrying g238290 (LRR-RLK) and g238180 (LRR-RLP) consistently produced healthy secondary embryos 

that continued to proliferate on selection medium (Figure 4A). For these two constructs, stable secondary 

embryo development was observed approximately six months after transformation. Subsequent transfer of 

these secondary embryos to germination media resulted in the regeneration of ten putatively transgenic TS 

plants, five for each construct (Figure 4D). 

 

 

Figure 4. Regeneration outcome following Agrobacterium-mediated transformation of Thompson 

Seedless somatic embryos. A) Healthy secondary embryos regenerated on kanamycin selection medium 

following transformation with the g238290 (LRR-RLK) overexpression construct. (B, C) Representative 

necrotic embryos observed after transformation with g238150 (LRR-RLP) and g238250 (LysM-RLK) 

overexpression constructs, respectively. D) Putatively transgenic Thompson Seedless plants regenerated 

from secondary embryos transformed with g238290 (LRR-RLK) and g238180 (LRR-RLP) constructs. 

 

Selection of target sequences for candidate genes targeted mutagenesis in V. arizonica  
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To generate putatively edited V. arizonica b40-14 plants four target sites were selected within each 

candidate gene to induce mutations that are expected to disrupt gene function. For the two genes coding for 

LRR-RLPs (g238150 and g238180), all four guides were designed within the extracellular LLR motif. For 

g238250 (LysM-RLK) and g238290 (LRR-RLK), two guides were designed to target the extracellular 

domain (LRR; LysM), and two the kinase domain (Figure 5A; Table 4).  

CRISPOR identified a list of candidate guides for each gene, but the selected sgRNAs were manually 

refined to maximize Cas9 cutting efficiency while minimizing off-target edits. Initial guide prediction 

identified 229 to 326 candidate sgRNAs per gene. After applying the filtering criteria, the number of 

candidate guides was reduced to 13 for g238150, 14 for g238180, 59 for g238250 and 101 for g238290 

(Table 5). Manual inspection of predicted off-targets further reduced the list of sgRNAs. Overall, four 

sgRNA per each gene were selected based on a combination of high predicted specificity and editing 

efficiency, low number of predicted off-targets, off-target genomic location and mismatch position relative 

to the PAM sequence. The sgRNAs that satisfied these criteria were used to build the vectors for V. 

arizonica protoplast transfection.  

Assembly and validation of eight sgRNA constructs for genome editing 

Eight sgRNA plasmids were successfully generated to enable simultaneous targeting of the four sites at 

each gene. To increase multiplex editing efficiency, the four sgRNAs were divided into two plasmids using 

the tRNA expression system (Xie et al., 2015), resulting in two sgRNA cassettes per gene (Figure 5B). 

 Following cloning, the plasmids were transformed into E. coli and two colonies per construct were 

screened by restriction digestion with HindIII and PstI (Figure 5C). All constructs produced the expected 

digestion pattern predicted in silico, with fragments of 2,252 bp and 746 bp. The RLK_1-2 construct was 

the only one that produced three fragments (2,252, 628, and 118 bp) due to the presence of an additional 

HindIII site in one of the sgRNA sequences. Sequencing of the validated plasmids confirmed correct 

assembly of all sgRNA cassettes and 100% sequence identity to the original in silico design. These results 

confirmed the successful assembly of all eight sgRNA expression constructs, which were used for V. 

arizonica protoplast transfection. 
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Figure 5. Design and validation of CRISPR/Cas9 constructs for targeted V. arizonica editing. A) 

Schematic representation of the four candidate genes showing the predicted functional domains and the 

position of the four sgRNAs designed for each gene. Functional domains are color-coded as follows: 

leucine-rich repeat (LRR; green), lysin motif (LysM; pink), transmembrane domain (TM; blue), and kinase 

domain (orange). Black arrows indicate the sgRNA target sites. B) Schematic overview of the multiplex 

sgRNA cloning strategy. Two sgRNAs were assembled into a single expression cassette consisting of 

sgRNA1–sgRNA scaffold–tRNA–sgRNA2 and inserted into the custom vector JD969 through Golden Gate 

cloning using the BsaI restriction sites (red rectangles). Two expression constructs were generated for each 

candidate gene and then combined with purified Cas9 to assemble CRISPR/Cas9 ribonucleoprotein (RNP) 

complexes in vitro for PEG-mediated transfection of V. arizonica protoplasts. C) Restriction analysis of the 

eight sgRNA expression constructs following cloning into JD969. Two independent E. coli colonies were 

screened for each construct by HindIII/PstI digestion. Construct names are indicated above each lane, and 
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colonies are labelled as 1 and 2. The empty JD969 vector was included as a control. DNA fragments were 

resolved on a 1% agarose gel in 1X TAE buffer using a 1 kb DNA ladder.  

 

Table 4. List of sgRNAs designed in this study to target the PD candidate resistance genes g238150 (LRR-

RLP), g238180 (LRR-RLP), g238250 (LysM-RLK) and g238290 (LRR-RLK). Underlined nucleotides 

indicate the PAM motif in the sgRNA sequence. 

Target gene sgRNA Sequence (5’- 3’) GC content (%) 

g238150 

RLP50_g1 
RLP50_g2 
RLP50_g3 
RLP50_g4 

CAACCAGTATGCTAGTAGTCCGG 
TTTCAAATAATCAGCTGAGCGGG 
AATGAAGCGACGGATGACTATGG 
ATTTGTAGAAAATGCCGTTGTGG 

52.2 
43.5 
47.8 
39.1 

g238180 

RLP80_g1 
RLP80_g2 
RLP80_g3 
RLP80_g4 

GATTGACTCCTTCTAAATTAAGG 
AAGTAATGAAAATTTAGCGATGG 
GACAGGTTTCCTAATGAATAAGG 
GGAGCAGAGAACCATTGAAATGG 

34.8 
30.4 
39.1 
47.8 

g238250 

LYSM_g1 
LYSM_g2 
LYSM_g3 
LYSM_g4 

TGGCATTGCTGAATCGCTGGAGG 
CACCCCGCATAAGATTGTAGTGG 
AACCCGAGCATCCAACCATGGGG 
GGGTTGGGGAGATTATACCCTGG 

56.5 
52.2 
60.9 
56.5 

g238290 

RLK_g1 
RLK_g2 
RLK_g3 
RLK_g4 

ACCAAGGTAGATACCTTCGGTGG 
GCAGCAAAGCTTGGGACACAAGG 
TGACAGTGTCCCCGATTGGATGG 
CTCGTGGGCCCTATAGTAACTGG 

52.2 
56.5 
56.5 
56.5 

 

 

Table 5. Total number of sgRNA sequences generated by CRISPOR per each gene and filters applied to 

reduce the number of sequences to use for the study. The numbers in the table represent the number of 

sgRNA retained in each filtering step.   

Gene Initial number of sgRNAs Filters applied 
  CFD MITscore Doench2016 Graf2019 

g238150 326 142 17 14 13 
g238180 320 124 20 18 14 
g238250 229 183 77 60 59 
g238290 233 164 162 117 101 
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Regeneration of putatively edited plants from V. arizonica edited protoplasts 

Sequence-validated sgRNA plasmids were co-transfected with Cas9 into isolated V. arizonica protoplasts 

using PEG-mediated delivery to generate multiplex CRISPR/Cas9 editing complexes.  

Following protoplast encapsulation and culture, regenerated embryos became visible approximately three 

months after protoplast isolation (Figure 6A). Developing embryos were transferred to larger containers 

where they continued to regenerate into whole plants (Figure 6B). Protoplasts that generated micro calli 

were used for molecular characterization of CRISPR/Cas9-induced editing events.   

 

 

Figure 6. Regeneration of V. arizonica plants from edited protoplasts. A) Developing embryos derived 

from PEG-transfected V. arizonica protoplasts encapsulated in alginate beads. B) Individual regenerated 

embryos transferred to a plastic dome for continued growth and development into whole plants. The 

identification numbers (#1, #2, etc) on the dome correspond to the alginate bead from which the embryo 

originated, allowing regenerated plants to be traced back to their source. Scale = 1 cm.  

 

Early assessment of editing efficiency and mutation patterns in edited V. arizonica calli 

Only a subset of encapsulated protoplasts regenerated micro calli suitable for CRISPR editing analysis. 

Seven beads were available, and the number of events recovered differed among targeted genes (Table 6). 
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Five beads (#21, #16, #26, #72, #1) originated from co-transfection with sgRNAs targeting individual 

candidate genes, whereas two beads (#99 and #105) were generated following co-transfection with all the 

sgRNA constructs. A total of 152 PCR amplicons were analyzed with CRISPResso2. After quality filtering, 

60% of the samples containing more than 200 reads were retained for downstream analysis. Across these 

samples, an average of 97% of reads aligned to the corresponding reference amplicons. 

Editing efficiency varied substantially among target sites (Table 6). RLK_g1-2 showed the highest editing 

efficiency, with approximately 99% in both beads #99 and #105. RLP80_g4 exhibited medium to high 

efficiency across three independent beads (#16, #26 and #72), ranging from approximately 46% to 93%.  

Guides targeting g238150 showed mixed results. RLP50_g1-2 had an editing efficiency of 53% in bead 

#21, intermediate efficiency in bead #99 (31%) and very low (3%) in bead #105. RLP50_g3-4 showed 

consistent low efficiency (< 1%) across all beads. Similarly, for bead #1, one of the guides targeting 

g238250 (LYSM_g4), showed efficiency of ~1% across all analyzed events. 

Highly efficient guides generated stable edited genotypes. Cas9 activity at RLK_g1-2 consistently produced 

biallelic heterozygous deletions in both beads #99 and #105. For RLP80_g4 more variable allelic profiles 

were observed, including beads showing biallelic heterozygous edits as well as beads with more than two 

edited alleles. In two out of three beads targeting RLP50_g1-2, a monoallelic mutation was observed. No 

edited genotypes were observed for RLP50_g3-4 or LYSM_g4, as mutations at these sites were mainly 

substitutions outside of the quantification window (3 bp upstream from the PAM).      

Across all edited alleles, deletions represented the predominant mutation class (82%), followed by 

substitutions (10.1%), insertions (7.4%) and combined mutation events (0.5%) (Figure 7A). Mutation 

profiles differed among sgRNAs (Figure 7B). Editing at RLK_g1-2 and RLP50_g1-2 predominantly 

generated deletions, whereas editing at RLP80_g4 produced a combination of deletions and insertions, with 

deletions being the most frequent mutations. RLP50_g3-4 and LYSM_g4 were characterized almost 

exclusively by substitution events.  

Mutation length also differed according to the target site (Figure 7C). Editing at RLK_g1-2 consistently 

generated large deletions of 71 and 73 nucleotides, while RLP50_g1-2 produced 31 bp deletions. On the 



 
 

59 

other hand, RLP80_g4 generated a broad spectrum of short indels, mainly of 1-, 3-, 5, 6- and 8-bp. 

Representative nucleotide composition generated by CRISPResso2 illustrates the distinct editing pattern 

observed at each target site for each bead (Figure 7D).  

Overall, efficient editing was obtained for one of the sgRNAs targeting g238180, intermediate editing was 

observed at the first two guides targeting g238150, and little to no editing was observed for RLP50_g3-4 

and the guide targeting g238250. High efficiency was also observed in the two beads co-transfected with 

sgRNAs targeting multiple genes at the site targeting g238290. 

 

Table 6. Summary of editing outcomes across regenerated V. arizonica calli. Editing outcomes determined 

by CRISPResso2 analysis of regenerated V. arizonica calli following PEG-mediated transfection. For each 

target gene and regenerated bead, the table reports the number of events screened and retained after quality 

filtering (in parentheses), the sgRNA, editing efficiency (mean ± SE when multiple events were available), 

the allelic profile and the corresponding genotype description. Editing efficiency was calculated as the 

percentage of modified reads and the total number of reads that aligned to the reference amplicon. Genotype 

descriptions were assigned based on the allelic profile detected in each regenerated event. 

Target 
gene 

Bead 
ID 

Events 
(analyzed) 

sgRNA Editing 
efficiency (%) 

Allelic 
profile 

Genotype 
description 

g238150 21 
11 (9) RLP50_g1-2 53.2 ± 1.9 -31/wt Monoallelic 
11 (6) RLP50_g3-4 0.8 ± 0.1 wt - 

g238180 

16 6 (2) RLP80_g4 46.3 ± 6.6 wt/+1/-6/-8 Putative cell 
fusion 

26 10 (3) RLP80_g4 93.2 ± 2.1 wt/+1/-3/-5 Putative cell 
fusion 

72 3 (1) RLP80_g4 88.2 +1/-8 
Biallelic, 

heterozygous 
g238250 1 31 (29) LYSM_g4 1.7 ± 0.1 wt - 

All 99 

9 (7) RLP50_g1-2 31.0 ± 5.1 wt/-31 Monoallelic 
9 (4) RLP50_g3-4 1.1 ± 0.4 wt - 

9 (5) RLP80_g4 30.0 ± 2.1 wt/-1/+1 Putative cell 
fusion 

9 (5) RLK_g1-2 99.9 ± 0.1 -71/-73 Biallelic, 
heterozygous 
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105 

11 (8) RLP50_g1-2 2.7 ± 0.4 wt - 
11 (6) RLP50_g3-4 0.9 ± 0.1 wt - 

11 (2) RLP80_g4 93.3 ± 1.8 -1/-3 
Biallelic, 

heterozygous 

11 (1) RLK_g1-2 99.9 -71/-73 Biallelic, 
heterozygous 
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Figure 7. CRISPR/Cas9 editing outcomes and mutation profiles in V. arizonica regenerated calli. A) 

Overall frequency of mutation types detected across all edited samples following CRISPR/Cas9 editing. B) 

Frequency of mutation types separated per sgRNA. Panels A and B share the same color legend. C) 

Frequency of mutation length generated by each sgRNA across the analyzed beads. Negative values 
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(numbers with a – sign on the x axis) indicate deletions, while positive values indicate insertions. Only 

sgRNA reporting insertions or deletions are shown. D) Representative CRISPResso2 nucleotide 

composition plots illustrating editing outcomes for each bead and sgRNA. The reference amplicon sequence 

is displayed at the bottom of each plot, with the sgRNA target site represented by a grey bar below the 

reference sequence. The dashed box represents the CRISPResso2 quantification window (3bp upstream the 

PAM site). Colored bars represent the proportion of sequencing reads containing each nucleotide at every 

position (A = green; C = orange; G = yellow; T = purple). Black bars indicate deletions. Brown bars between 

nucleotides represent insertions.   

Discussion  

Cell-surface receptors are promising targets for disease resistance breeding (Gao et al., 2025), and in this 

study we established an experimental platform to functionally validate four candidates PD resistance genes 

encoding for cell-surface receptors.  

Despite challenges related to transgene removal and chimerism, Agrobacterium-mediated transformation 

of embryogenic tissue is a widely adopted method to generate transgenic grapes (Nakajima et al., 2017) 

and to validate genes putatively involved in disease resistance (Yan et al., 2023). To investigate gene 

function, the candidate genes were overexpressed under the control of the CaMV35S promoter, a successful 

strategy adopted for RLKs functional analysis in Arabidopsis (Gou et al., 2010). Although constitutive 

expression does not reproduce the native spatial or temporal regulation of immune receptors, it represents 

an effective strategy for an initial assessment of gene function. This approach has been widely adopted for 

exploratory functional studies and has revealed the contribution of numerous genes to disease resistance 

and other agronomic traits (Gambino et al., 2005; Su et al., 2018; Zok et al., 2010).  

All four candidate genes were successfully assembled into overexpression vectors, validated, and 

introduced in Agrobacterium. The same binary vector, transformation protocol and explant source were 

used for all the candidates, however, only two out of the four constructs ultimately regenerated putative 

transgenic TS plants. While constructs carrying g238290 (LRR-RLK) and g238180 (LRR-RLP) 
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consistently produced secondary embryos that regenerated into putatively transgenic plants, six 

transformation attempts with the constructs carrying g238250 (LysM-RLK) and g238150 (LRR-RLP) were 

unsuccessful and resulted in repeated embryo necrosis on antibiotic selection. These results suggest that the 

constitutive overexpression of these two receptors might negatively affect embryogenic tissue viability, and 

that correct temporal and spatial expression might be needed, as reported in another study (François et al., 

2008). Unsuccessful regeneration of only two out of four genes may indicate that constitutive expression 

of specific receptors can potentially interfere with developmental processes required for embryo 

development. Another possible explanation is that the overaccumulation of immune receptors can trigger 

autoimmunity, excessive ROS production and consequently programmed cell death (Hailemariam et al., 

2024; R. Wang et al., 2022).   

To achieve candidate genes targeted mutagenesis, CRISPR/Cas9 genome editing was used to knock-out the 

four candidate genes in the resistant V. arizonica background. Despite challenges related to low 

regeneration efficiency from edited protoplasts in Vitis, we were able to regenerate V. arizonica putatively 

edited plantlets by applying a protocol developed by the UCDPTF that works for wild Vitis species (Tricoli 

& Debernardi, 2024).  

Both editing efficiency and mutation spectrum were evaluated and the results showed that Cas9 activity is 

strongly guide-dependent. Due to difficulties related to regeneration of whole plants from protoplasts after 

transfection, only a subset of beads was analyzed, depending on their development.  

For each candidate gene, four sgRNAs were designed. A recent study in Arabidopsis revealed that using 

multiple sgRNAs increases gene targeting efficiency and their combination can compensate for the presence 

of less efficient sgRNAs (Li et al., 2024). In our study, even if the four sgRNAs designed for each candidate 

gene were co-transfected during PEG-mediated transfection, edits were not observed for all the target sites. 

Two plausible reasons are either the distance between target sites or defective primer design around the 

target sites. For example, editing at LYSM_g4, one of the guides targeting g238250, produced almost 

exclusively substitutions and therefore had very low efficiency despite favorable computational predictions. 

RLP50_g3-4, two of the four guides targeting g238150, displayed very low efficiency, but this result was 
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compensated by good efficiency observed at RLP50_g1-2 that produced a monoallelic deletion of 31 

nucleotides. Edits at RLP80_g4, one of the guides targeting g238180, showed more than two alleles, which 

either suggests a fusion of wild type and edited protoplasts during PEG-mediated transfection (Scintilla et 

al., 2022) or a chimeric event.  A much larger number of events needs to be screened to confirm this 

hypothesis. 

Two beads transfected with all the sgRNAs targeting all four candidate genes were included to evaluate 

whether simultaneous delivery of multiple expression cassettes could induce editing at multiple target loci 

following a single transfection (Ma et al., 2015). In these beads, editing at RLK_g1-2, two guides targeting 

g238290, resulted in very high efficiency and consistently generated biallelic heterozygous mutation, a 

desirable outcome for genome editing in woody plants (X. Wang et al., 2018). However, because g238290 

was only evaluated in the multiplex co-transfection experiment and not in independently transfected beads, 

it remains unclear if the observed efficiency reflects the real sgRNAs performance or the influence of the 

multiplex delivery strategy. In contrast, RLP50_g1-2 exhibited variable editing efficiency between the two 

beads, highlighting the variability of CRISPR-editing in individual transformations and reinforcing the 

importance to evaluate many independent events to accurately estimate guide performance.  

Although computational tools have improved guide selection, prediction scores do not always correlate 

with experimental editing efficiencies in (Doench et al., 2016; Hassan et al., 2021). In addition, factors such 

as sgRNA GC content, target sequence, and chromatin state are known to affect cleavage efficiency (Jung 

et al., 2024). Taken together, these results are consistent with previous observations that experimental 

validation remains fundamental when selecting sgRNA for plant genome editing.  

The mutation profile observed agrees with previous reports in plants showing that repair of Cas9-induced 

double-strand breaks (DSBs) predominantly occurs through the non-homologous end joining (NHEJ) 

pathway, an error-prone repair mechanism that generates deletions and, less commonly, insertions or 

substitutions (Yang et al., 2017).  

Although deletions predominated, the mutation spectrum was highly guide dependent. In all the target sites 

that presented mutations, paired sgRNAs (RLK_g1-2, RLP50_g1-2) consistently generated large deletions, 
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while editing at RLP80_g4 primarily produced short insertions and deletions. Simultaneous cleavage by 

two nearby sgRNA is expected to remove the whole DNA fragment if both DSBs happen before repair, 

generating large deletions. In contrast, a single Cas9-induced break is generally repaired through local 

NHEJ, resulting in short indels around the cleavage site that frequently generate frameshift mutations that 

introduce premature stop codons, ultimately producing truncated proteins (Vu et al., 2020; X. Wang et al., 

2018). The guides for which mostly substitutions were generated were not accompanied by insertions or 

deletions and therefore are unlikely to represent canonical CRISPR/Cas9 editing events. Instead, they could 

be naturally occurring sequence variations or PCR sequencing errors. This is consistent with the very low 

editing efficiency estimated for these guides.  

In this study, we estimated sgRNA editing efficiency, mutation type and size, and allelic composition of 

individual edited events. However, these analyses were performed on DNA extracted from micro calli 

rather than fully regenerated plants. This work provides an important early assessment of editing outcomes 

and guide performance, but the regenerated plants will require independent molecular characterization to 

confirm editing status.   

Conclusions 

Overall, in this study we generated ten putatively transgenic TS lines and established an early genome 

editing screening platform in V. arizonica, revealing substantial variation in editing efficiency among 

sgRNAs.   Putatively edited V. arizonica plants are currently being regenerated. Pathogen bioassays will be 

conducted on both transgenic TS and edited V. arizonica lines to determine whether these receptors 

contribute to PD resistance.  Future studies should also investigate the combined expression of multiple 

candidate receptors, as plant immune receptors often function as interconnected signaling networks and 

phenotype in single loss-of-function mutants might not display because of the redundancy of structurally 

similar genes (C. Gao et al., 2025; Lv et al., 2016). In addition, expressing candidate genes under their 

native promoters may provide a more biologically relevant assessment of their function by preserving their 

natural spatial and temporal expression.  
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For targeted mutagenesis studies, further optimization of V. arizonica protoplast regeneration remains one 

of the main bottlenecks (Tricoli & Debernardi, 2024) and needs improvement before it can be applied to 

edit vegetatively propagated crops. Because regeneration efficiency is low and CRISPR editing is highly 

variable, screening a large number of events is essential to accurately evaluate genome editing outcomes 

and identifying desirable mutations. Repeating the multiplex editing experiment with a greater number of 

regenerated events will also provide a more rigorous evaluation of simultaneous editing of multiple 

candidate genes, an approach that is increasingly recognized as an important strategy for dissecting complex 

traits controlled by multiple loci (Lin et al., 2026). This study provides the first experimental platform to 

validate the biological function of PD-associated candidate genes and represents an important step toward 

experimentally testing their contribution to PD resistance in grapevine.   

References 

Agüero, C., Meredith, C., & Dandekar, A. (2006). Genetic transformation of Vitis vinifera L. cvs 
Thompson Seedless and Chardonnay with the pear PGIP and GFP encoding genes. Vitis - Journal 
of Grapevine Research, 45. 

Castro, C., DiSalvo, B., & Roper, M. C. (2021). Xylella fastidiosa: A reemerging plant pathogen that 
threatens crops globally. PLOS Pathogens, 17(9), e1009813. 
https://doi.org/10.1371/journal.ppat.1009813 

Clement, K., Rees, H., Canver, M. C., Gehrke, J. M., Farouni, R., Hsu, J. Y., Cole, M. A., Liu, D. R., 
Joung, J. K., Bauer, D. E., & Pinello, L. (2019). CRISPResso2 provides accurate and rapid 
genome editing sequence analysis. Nature Biotechnology, 37(3), 224–226. 
https://doi.org/10.1038/s41587-019-0032-3 

Concordet, J.-P., & Haeussler, M. (2018). CRISPOR: Intuitive guide selection for CRISPR/Cas9 genome 
editing experiments and screens. Nucleic Acids Research, 46(W1), W242–W245. 
https://doi.org/10.1093/nar/gky354 

Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., Smith, I., Tothova, 
Z., Wilen, C., Orchard, R., Virgin, H. W., Listgarten, J., & Root, D. E. (2016). Optimized sgRNA 
design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nature 
Biotechnology, 34(2), 184–191. https://doi.org/10.1038/nbt.3437 

El-Mounadi, K., Morales-Floriano, M. L., & Garcia-Ruiz, H. (2020). Principles, Applications, and 
Biosafety of Plant Genome Editing Using CRISPR-Cas9. Frontiers in Plant Science, 11. 
https://www.frontiersin.org/articles/10.3389/fpls.2020.00056 

François, J., Lallemand, M., Fleurat-Lessard, P., Laquitaine, L., Delrot, S., Coutos-Thévenot, P., & 
Gomès, E. (2008). Overexpression of the VvLTP1 gene interferes with somatic embryo 
development in grapevine. Functional Plant Biology: FPB, 35(5), 394–402. 
https://doi.org/10.1071/FP07303 



 
 

67 

Gambino, G., Gribaudo, I., Leopold, S., Schartl, A., & Laimer, M. (2005). Molecular characterization of 
grapevine plants transformed with GFLV resistance genes: I. Plant Cell Reports, 24(11), 655–
662. https://doi.org/10.1007/s00299-005-0006-4 

Gao, C., Chen, J., Sun, Z., & Zhang, H. (2025). Emerging Roles of Receptor-Like Proteins in Plant 
Immunity: Crosstalk, Signalling Networks and Prospects for Disease Resistance Breeding. 
Molecular Plant Pathology, 26(11), e70167. https://doi.org/10.1111/mpp.70167 

Gou, X., He, K., Yang, H., Yuan, T., Lin, H., Clouse, S. D., & Li, J. (2010). Genome-wide cloning and 
sequence analysis of leucine-rich repeat receptor-like protein kinase genes in Arabidopsis 
thaliana. BMC Genomics, 11, 19. https://doi.org/10.1186/1471-2164-11-19 

Graf, R., Li, X., Chu, V. T., & Rajewsky, K. (2019). sgRNA Sequence Motifs Blocking Efficient 
CRISPR/Cas9-Mediated Gene Editing. Cell Reports, 26(5), 1098-1103.e3. 
https://doi.org/10.1016/j.celrep.2019.01.024 

Hailemariam, S., Liao, C.-J., & Mengiste, T. (2024). Receptor-like cytoplasmic kinases: Orchestrating 
plant cellular communication. Trends in Plant Science, 29(10), 1113–1130. 
https://doi.org/10.1016/j.tplants.2024.04.006 

Hassan, M. M., Zhang, Y., Yuan, G., De, K., Chen, J.-G., Muchero, W., Tuskan, G. A., Qi, Y., & Yang, X. 
(2021). Construct design for CRISPR/Cas-based genome editing in plants. Trends in Plant 
Science, 26(11), 1133–1152. https://doi.org/10.1016/j.tplants.2021.06.015 

Huerta-Acosta, K. G., Riaz, S., Tenscher, A., & Walker, M. A. (2023). Genetic Characterization of 
Pierce’s Disease Resistance in a Vitis arizonica/monticola Wild Grapevine. American Journal of 
Enology and Viticulture, 74(1). https://doi.org/10.5344/ajev.2022.22021 

Irwin, C. R., Farmer, A., & Willer, D. O. (2012). In-Fusion® Cloning with Vaccinia Virus DNA 
Polymerase. In S. N. Isaacs (Ed.), Vaccinia Virus and Poxvirology: Methods and Protocols (pp. 
23–35). Humana Press. https://doi.org/10.1007/978-1-61779-876-4_2 

Jung, W. J., Park, S.-J., Cha, S., & Kim, K. (2024). Factors affecting the cleavage efficiency of the 
CRISPR-Cas9 system. Animal Cells and Systems, 28(1), 75–83. 
https://doi.org/10.1080/19768354.2024.2322054 

Krivanek, A. F., Riaz, S., & Walker, M. A. (2006). Identification and molecular mapping of PdR1, a 
primary resistance gene to Pierce’s disease in Vitis. Theoretical and Applied Genetics, 112(6), 
1125–1131. https://doi.org/10.1007/s00122-006-0214-5 

Krogh, A., Larsson, B., von Heijne, G., & Sonnhammer, E. L. (2001). Predicting transmembrane protein 
topology with a hidden Markov model: Application to complete genomes. Journal of Molecular 
Biology, 305(3), 567–580. https://doi.org/10.1006/jmbi.2000.4315 

Li, J., Kong, D., Ke, Y., Zeng, W., & Miki, D. (2024). Application of multiple sgRNAs boosts efficiency 
of CRISPR/Cas9-mediated gene targeting in Arabidopsis. BMC Biology, 22, 6. 
https://doi.org/10.1186/s12915-024-01810-7 

Lin, J., Hazaisi, H., Guan, Y., & Bai, M. (2026). Multiplex gene editing drives revolution in crop 
breeding: Overlaid editing of multiple genes and customization of complex traits. Advanced 
Biotechnology, 4(1), 5. https://doi.org/10.1007/s44307-026-00099-7 

Lv, Y., Yang, N., Wu, J., Liu, Z., Pan, L., Lv, S., & Wang, G. (2016). New insights into receptor-like 
protein functions in Arabidopsis. Plant Signaling & Behavior, 11(7), e1197469. 
https://doi.org/10.1080/15592324.2016.1197469 

Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., Wang, B., Yang, Z., Li, H., Lin, Y., Xie, Y., Shen, 
R., Chen, S., Wang, Z., Chen, Y., Guo, J., Chen, L., Zhao, X., Dong, Z., & Liu, Y.-G. (2015). A 



 
 

68 

Robust CRISPR/Cas9 System for Convenient, High-Efficiency Multiplex Genome Editing in 
Monocot and Dicot Plants. Molecular Plant, 8(8), 1274–1284. 
https://doi.org/10.1016/j.molp.2015.04.007 

Massonnet, M., Zaccheo, M., Cochetel, N., Figueroa-Balderas, R., Riaz, S., & Cantu, D. (2026). 
Haplotype graph analysis of PdR1 uncovers resistance diversity to Pierce’s disease in Vitis 
arizonica and its hybrids. G3 Genes|Genomes|Genetics, jkag115. 
https://doi.org/10.1093/g3journal/jkag115 

Morales-Cruz, A., Aguirre-Liguori, J., Massonnet, M., Minio, A., Zaccheo, M., Cochetel, N., Walker, A., 
Riaz, S., Zhou, Y., Cantu, D., & Gaut, B. S. (2023). Multigenic resistance to Xylella fastidiosa in 
wild grapes (Vitis sps.) and its implications within a changing climate. Communications Biology, 
6(1), 1–15. https://doi.org/10.1038/s42003-023-04938-4 

Nakagawa, T., Suzuki, T., Murata, S., Nakamura, S., Hino, T., Maeo, K., Tabata, R., Kawai, T., Tanaka, 
K., Niwa, Y., Watanabe, Y., Nakamura, K., Kimura, T., & Ishiguro, S. (2007). Improved Gateway 
Binary Vectors: High-Performance Vectors for Creation of Fusion Constructs in Transgenic 
Analysis of Plants. Bioscience, Biotechnology, and Biochemistry, 71(8), 2095–2100. 
https://doi.org/10.1271/bbb.70216 

Nakajima, I., Ban, Y., Azuma, A., Onoue, N., Moriguchi, T., Yamamoto, T., Toki, S., & Endo, M. (2017). 
CRISPR/Cas9-mediated targeted mutagenesis in grape. PLOS ONE, 12(5), e0177966. 
https://doi.org/10.1371/journal.pone.0177966 

Rapicavoli, J., Ingel, B., Blanco-Ulate, B., Cantu, D., & Roper, C. (2018). Xylella fastidiosa: An 
examination of a re-emerging plant pathogen: Xylella fastidiosa. Molecular Plant Pathology, 
19(4), 786–800. https://doi.org/10.1111/mpp.12585 

Riaz, S., Tenscher, A. C., Heinitz, C. C., Huerta-Acosta, K. G., & Walker, M. A. (2020). Genetic analysis 
reveals an east-west divide within North American Vitis species that mirrors their resistance to 
Pierce’s disease. PLOS ONE, 15(12), e0243445. https://doi.org/10.1371/journal.pone.0243445 

Scintilla, S., Salvagnin, U., Giacomelli, L., Zeilmaker, T., Malnoy, M. A., Rouppe van der Voort, J., & 
Moser, C. (2022). Regeneration of non-chimeric plants from DNA-free edited grapevine 
protoplasts. Frontiers in Plant Science, 13. https://doi.org/10.3389/fpls.2022.1078931 

Su, H., Jiao, Y.-T., Wang, F.-F., Liu, Y.-E., Niu, W.-L., Liu, G.-T., & Xu, Y. (2018). Overexpression of 
VpPR10.1 by an efficient transformation method enhances downy mildew resistance in V. 
vinifera. Plant Cell Reports, 37(5), 819–832. https://doi.org/10.1007/s00299-018-2271-z 

Tricoli, D. M., & Debernardi, J. M. (2024). An efficient protoplast-based genome editing protocol for 
Vitis species. Horticulture Research, 11(1), uhad266. https://doi.org/10.1093/hr/uhad266 

Vu, T. V., Sivankalyani, V., Kim, E.-J., Doan, D. T. H., Tran, M. T., Kim, J., Sung, Y. W., Park, M., Kang, 
Y. J., & Kim, J.-Y. (2020). Highly efficient homology-directed repair using CRISPR/Cpf1-
geminiviral replicon in tomato. Plant Biotechnology Journal, 18(10), 2133–2143. 
https://doi.org/10.1111/pbi.13373 

Walker, M. A., Riaz, S., & Tenscher, A. (2014). OPTIMIZING THE BREEDING OF PIERCE’S 
DISEASE RESISTANT WINEGRAPES WITH MARKER-ASSISTED SELECTION. Acta 
Horticulturae, (1046), 139–143. https://doi.org/10.17660/ActaHortic.2014.1046.17 

Wang, R., Li, C., Li, Q., Ai, Y., Huang, Z., Sun, X., Zhou, J., Zhou, Y., & Liang, Y. (2022). Tomato 
receptor-like cytosolic kinase RIPK confers broad-spectrum disease resistance without yield 
penalties. Horticulture Research, 9, uhac207. https://doi.org/10.1093/hr/uhac207 



 
 

69 

Wang, X., Tu, M., Wang, D., Liu, J., Li, Y., Li, Z., Wang, Y., & Wang, X. (2018). CRISPR/Cas9‐mediated 
efficient targeted mutagenesis in grape in the first generation. Plant Biotechnology Journal, 16(4), 
844–855. https://doi.org/10.1111/pbi.12832 

Xie, K., Minkenberg, B., & Yang, Y. (2015). Boosting CRISPR/Cas9 multiplex editing capability with the 
endogenous tRNA-processing system. Proceedings of the National Academy of Sciences, 112(11), 
3570–3575. https://doi.org/10.1073/pnas.1420294112 

Yan, C., Yang, N., Li, R., Wang, X., Xu, Y., Zhang, C., Wang, X., & Wang, Y. (2023). Alfin-like 
transcription factor VqAL4 regulates a stilbene synthase to enhance powdery mildew resistance 
in grapevine. Molecular Plant Pathology, 24(2), 123–141. https://doi.org/10.1111/mpp.13280 

Yang, H., Wu, J.-J., Tang, T., Liu, K.-D., & Dai, C. (2017). CRISPR/Cas9-mediated genome editing 
efficiently creates specific mutations at multiple loci using one sgRNA in Brassica napus. 
Scientific Reports, 7(1), 7489. https://doi.org/10.1038/s41598-017-07871-9 

Zhang, J. (2022). Check CRISPR Editing Events in Transgenic Wheat with Next-Generation Sequencing. 
In S. H. Wani & A. Kumar (Eds.), Genomics of Cereal Crops (pp. 95–106). Springer US. 
https://doi.org/10.1007/978-1-0716-2533-0_4 

Zok, A., Oláh, R., Hideg, É., Horváth, V. G., Kós, P. B., Majer, P., Váradi, Gy., & Szegedi, E. (2010). 
Effect of Medicago sativa ferritin gene on stress tolerance in transgenic grapevine. Plant Cell, 
Tissue and Organ Culture (PCTOC), 100(3), 339–344. https://doi.org/10.1007/s11240-009-9641-
8 

 

Supplementary data  

Supplementary Table 1. Primers used for sgRNA expression cassette cloning. Forward (Fw) and reverse 

(Rev) primer sequences contain the BsaI tail (underlined), the sgRNA (in bold) and either part of the sgRNA 

scaffold (Fw, lower case) or the tRNA (Rev, lower case) sequence for cloning purposes.  

Gene Name of the 
construct 

Sequence (5’ – 3’) 

g238150 

RLP50_1-2 

Fw:GATGGTCTCTATTGCAACCAGTATGCTAGTAGTCgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACGCTCAGCTGATTATTTGAAAtgcacc
agccgggaatc 

RLP50_3-4 

Fw:GATGGTCTCTATTGAATGAAGCGACGGATGACTAgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACCAACGGCATTTTCTACAAATtgcacc
agccgggaatc 

g238180 RLP80_1-2 

Fw:GATGGTCTCTATTGGATTGACTCCTTCTAAATTAgttttagag
ctagaaatagc 
Rev:GATGGTCTCTAAACTCGCTAAATTTTCATTACTTtgcacca
gccgggaatc 
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RLP80_3-4 

Fw:GATGGTCTCTATTGGACAGGTTTCCTAATGAATAgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACTTTCAATGGTTCTCTGCTCCtgcacc
agccgggaatc 

g238250 

LysM_1-2 

Fw:GATGGTCTCTATTGTGGCATTGCTGAATCGCTGGgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACCTACAATCTTATGCGGGGTGtgcacc
agccgggaatc 

LysM_3-4 

Fw:GATGGTCTCTATTGAACCCGAGCATCCAACCATGgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACGGGTATAATCTCCCCAACCCtgcacc
agccgggaatc 

g238290 
 

RLK_1-2 

Fw:GATGGTCTCTATTGACCAAGGTAGATACCTTCGGgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACTGTGTCCCAAGCTTTGCTGCtgcac
cagccgggaatc 

RLK_2-3 

Fw:GATGGTCTCTATTGTGACAGTGTCCCCGATTGGAgttttaga
gctagaaatagc 
Rev:GATGGTCTCTAAACGTTACTATAGGGCCCACGAGtgcacc
agccgggaatc 

 

Supplementary Table 2. Primers flanking the targeted sites. Primers were designed so that the CRISPR 

editing site is located within the first 100 bp of the amplicon. 

GOI Targeted site Primer sequence 
Amplicon size 

(bp) 

g238150 

RLP50_g1-g2 

Fw:TCCTCTGTCACGGAAGCGCAAGGCCACC
TCGAGTCATC 
Rev:TTTAGCCTCCCCACCGACATGACTTATCT
CGCCGCCAA 

122 

RLP50_g3-g4 

Fw:TCCTCTGTCACGGAAGCGTGGTTTTGGG
AGTTAGACTTGC 
Rev:TTTAGCCTCCCCACCGACGTGGGAAAGA
ACCGTGAAAGC 

142 

g238180 
RLP80_g1 

Fw:TCCTCTGTCACGGAAGCGACCCTGATGA
GTCAAGCCAG 
Rev:TTTAGCCTCCCCACCGACAGGTACACAA
GATTCCTCAGCTG 

289 

RLP80_g2 
Fw:TCCTCTGTCACGGAAGCGTCTGGGTGCA
ACAACTGTAGT 293 
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Rev:TTTAGCCTCCCCACCGACTGGGCTTCTG
TTAGAACACCT 

RLP80_g3 

Fw:TCCTCTGTCACGGAAGCGTTGGTTGCGTT
AGATATCTCTGAGA 
Rev:TTTAGCCTCCCCACCGACTGGTGTCTGA
CATTCGAGCA 

280 

RLP80_g4 

Fw:TCCTCTGTCACGGAAGCGAACTGGACTT
GGGCTATAATCAA 
Rev:TTTAGCCTCCCCACCGACTCCAGAGTCA
CTAAACCAATCAGT 

286 

g238250 

LYSM_g1-g2 

Fw:TCCTCTGTCACGGAAGCGTCAGCCTTTGT
TGATCCCAA 
Rev:TTTAGCCTCCCCACCGACAGGAACCGTA
TCACCTTCACT 

292 

LYSM_g3 

Fw:TCCTCTGTCACGGAAGCGGTCTCGTTTGA
GGGATCCCA 
Rev:TTTAGCCTCCCCACCGACTCAAGCAAGT
CCCTAACAGCC 

283 

LYSM_g4 

Fw:TCCTCTGTCACGGAAGCGTGAAGATGAT
GCTGAAGACTCCC 
Rev:TTTAGCCTCCCCACCGACATTCTCACCCA
ATGCGCTGT 

280 

g238290 

RLK_g1-g2 

Fw:TCCTCTGTCACGGAAGCGGGGACCACTT
CCTGATAAAATCC 
Rev:TTTAGCCTCCCCACCGACCATTGTGAGA
CAGAGCAACATCC 

281 

RLK _g3 

Fw:TCCTCTGTCACGGAAGCGTCTTCCACAG
GGATTTCACCAG 
Rev:TTTAGCCTCCCCACCGACTGAAAGCAAA
TCCAGGCGAAG 

282 

RLK _g4 

Fw:TCCTCTGTCACGGAAGCGAGGCAAAGAA
GGAAGGAGGC 
Rev:TTTAGCCTCCCCACCGACCTCAAATGAG
GGACGGGTAGT 

284 
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CHAPTER 5 

Knock-out of VvMLO3,7,11 by RNP-mediated genome editing leads to reduced susceptibility to 

grape powdery mildew 

Abstract 

Powdery mildew (PM) is an economically important fungal disease of grapevine. Mildew Resistance Locus 

O (MLO) genes are conserved susceptibility factors that have been targeted to reduce PM susceptibility in 

several plant species. In this study, we used CRISPR/Cas9-mediated ribonucleoprotein (RNP) editing to 

simultaneously target VvMLO3, VvMLO7, and VvMLO11 in Vitis vinifera Thompson Seedless (TS). 

Following RNP-mediated transformation of grapevine protoplasts, 170 regenerated plants were screened, 

of which approximately 15% carried edits in at least one target gene. Eight edited lines were selected for 

detailed characterization and carried diverse combination of mutations across the three MLO loci. Disease 

susceptibility was evaluated and four edited lines showed significantly reduced susceptibility compared 

with the non-edited TS control. Lines with extensive homozygous or biallelic mutations generally showed 

stronger reduction in susceptibility. Lines carrying mutations at both sites of VvMLO11 showed reduced 

susceptibility, suggesting a potential contribution of this gene to disease resistance. Visual disease scores 

were positively correlated with fungal biomass, although genotype-specific differences were observed. 

Overall, our results demonstrate the potential of multiplex RNP-mediated editing of MLO genes to reduce 

PM susceptibility in grapevine and provide a framework for further dissecting the individual and combined 

contribution of MLO genes to disease resistance.  

Introduction 

Cultivated grapevine (Vitis vinifera L.) is highly susceptible to PM, a widespread fungal disease caused by 

the obligate biotroph Erysiphe necator (Feechan et al., 2011). This pathogen infects all green tissues of the 

plant, severely reducing both fruit quality and overall yield. Characteristic symptoms include a white, 

powdery fungal growth on leaves and berries, associated with fruit shriveling and cracking. Vineyards 
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worldwide rely heavily on frequent and costly fungicide applications to control PM (Sambucci et al., 2019). 

While effective, the use of chemicals raises serious economic and environmental concerns, underlining the 

need for sustainable strategies to develop disease-resistant grape cultivars. 

Traditionally, breeding for resistance has focused on introducing dominant resistance (R) genes into elite 

grapevine backgrounds. However, this process is laborious and time-consuming for clonally propagated 

crops like grapes. An alternative and increasingly promising approach involves targeting host susceptibility 

(S) genes. In this case, resistance can be generated by loss-of-function at the S genes in the host, a mutation 

that can be achieved in elite cultivars using CRISPR-Cas9 technology (Kieu et al., 2021). S gene-mediated 

resistance is generally more durable than R gene-based resistance because the pathogen must overcome 

dependence on a host S factor (Dong & Ronald, 2019). S genes have been identified in multiple crops, and 

research has shown that their disruption through genome editing leads to resistance to bacterial, viral and 

fungal pathogens (Zaidi et al., 2018).  

Among the best-characterized S gene families are the MLO genes. These genes are conserved across 

monocots and dicots, and their inactivation can confer PM resistance in several crops, including wheat 

(Wang et al., 2014), rice (Elliott et al., 2002), apple (Pessina et al., 2014), Arabidopsis (Consonni et al., 

2006), tomato (Bai et al., 2008), pea (Pavan et al., 2011), tobacco (Appiano et al., 2015), and pepper (Zheng 

et al., 2013). Phylogenetic analyses have revealed that MLO proteins involved in PM susceptibility cluster 

in clades IV and V, sharing conserved sequence features such as a C-terminal tetrapeptide motif (Acevedo-

Garcia et al., 2014; Devoto et al., 2003; Kusch & Panstruga, 2017).  

In grapevine, several MLO homologs have been implicated in PM susceptibility (Feechan et al., 2008; 

Winterhagen et al., 2008; Table 1). Pessina et al. (2016) demonstrated that simultaneous knockdown of 

VvMLO6, VvMLO7 and VvMLO11 reduced PM symptoms. More recent studies demonstrated that 

CRISPR/Cas9-mediated mutagenesis of VvMLO11 (called VvMLO3 in Wan et al., 2020) and a double 

mutant VvMLO6/VvMLO7 (Moffa et al., 2024) show enhanced resistance to PM. Transcriptomic analysis 

further supported the role of VvMLO3, which is upregulated in PM-infected Vitis pseudoreticulata leaves 

(Weng et al., 2014). Despite these advances, the simultaneous knockout of VvMLO3, VvMLO7, and 
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VvMLO11 has not yet been explored. This gap limits our understanding of the combined contribution of 

these genes to disease susceptibility. 

Genome editing approaches based on CRISPR-Cas9 have been extensively used to deliver genome-editing 

components into protoplasts. The DNA-free editing method is particularly appealing for vegetatively 

propagated crops like grapevine, where transgene removal by segregation can only be achieved by 

outcrossing, which can lead to unwanted changes in the genetic background of the plant (Scintilla et al., 

2022).  

In this study, we applied an efficient protoplast-based, RNP-mediated genome editing protocol (Tricoli & 

Debernardi, 2024) to generate V. vinifera cv. Thompson Seedless grapevines with loss-of-function 

mutations in three VvMLO genes (VvMLO3, VvMLO7, and VvMLO11). Then, we evaluated the phenotype 

of the edited lines for resistance to PM by visual and molecular assessment of pathogen biomass 

accumulation after infection. This work lays the foundation for future use of S gene editing as an alternative 

approach to achieve durable, non-transgenic disease resistance in grapevine. 

Materials and methods  

Phylogenetic analysis of MLO sequences  

Protein sequences of MLO genes were obtained from Appiano et al. (2015), using the GenBank accession 

numbers provided therein. For Vitis vinifera (Vv), the sequences of VvMLO7 and VvMLO11 were retrieved 

from the Grapedia database (https://grapedia.org/genes/) using the latest PN40024 v5.1 T2T annotation 

release (Shi et al., 2023) and translated into protein sequences. The VvMLO3 sequence was retrieved from 

Genoscope (http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/, gene ID: 

GSVIVT01025160001). The scientific community currently uses nomenclature from (Winterhagen et al., 

2008) and (Feechan et al., 2008) and we opted for Winterhagen’s nomenclature (Table 1).   

 

Table 1. Cross-reference of MLO gene nomenclature used in this and previous studies. Genoscope IDs 

identify the grapevine gene models corresponding to the three MLO genes targeted in this study. The 

http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/
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nomenclature reported by each reference is provided to facilitate comparison of gene identifiers across 

studies, as different MLO naming conventions have been used in the literature. The F in parenthesis refers 

to the Feechan nomenclature.  

Target 
gene GenoscopeID Reference Nomenclature in reference 

VvMLO7 GSVIVT01016304001 

Winterhagen et al., 
2008 VvMLO7 

Feechan et al., 2008 VvMLO17 
Malnoy et al., 2016 VvMLO7 

Shi et al., 2023 VvMLO7 (Vitvi05_01chr13g07790) 

VvMLO11 GSVIVT01025653001 

Winterhagen et al., 
2008 

VvMLO11 

Feechan et al., 2008 VvMLO3 
Wan et al., 2020 VvMLO3 (F) 

Shi et al., 2023 VvMLO11 
(Vitvi05_01chr08g11640) 

VvMLO3 GSVIVT01025160001 

Winterhagen et al., 
2008 

– 

Feechan et al., 2008 – 
Shi et al., 2023 VvMLO3 (Vitvi05_chr06g04700) 

 

The PN40024 v5.1 CDS sequences were used as queries in BLAST searches against both haplotypes of the 

TS genome on Grapegnomics (Cochetel & Cantu, 2024), and the corresponding sequences were translated 

into proteins. 

Multiple sequence alignment of the protein sequences was performed using MAFFT v7.511 (Katoh & 

Standley, 2013). The alignment was filtered using Gblocks v0.91b (Castresana, 2000). The best-fit model 

of protein evolution was determined using ModelTest-NG v0.1.7 (Darriba et al., 2020). Phylogenetic 

reconstruction was carried out using RAxML-NG v0.9.0 (Kozlov et al., 2019) with the filtered alignment, 

and 100 bootstrap replicates for support estimation. Phylogenetic tree was drawn using Figtree v1.4.4 

(Rambaut, 2018). 

RNP-mediated protoplast transfection and screening of edited lines 
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Thompson Seedless protoplasts generation, transfection, culture and whole plant regeneration were 

performed at the UC Davis Plant Transformation Facility following the protocol described in (Tricoli & 

Debernardi, 2024). Single guide RNAs (sgRNAs) targeting VvMLO7 and VvMLO11 were previously 

published (Malnoy et al., 2016; Wan et al., 2020), while sgRNAs for VvMLO3 were designed in this study 

to target the third exon of the gene. Two independent sites per gene were targeted to increase the chances 

of getting edits and maximize knockout efficiency (Malnoy et al., 2016) (Table 2). TS protoplasts were 

isolated and transfected with a mixture of the three pairs of sgRNAs targeting the MLO genes. DNA 

extraction was performed on young leaves of fully regenerated plants and amplicon sequencing was carried 

out as described in (Zhang, 2022). Amplicons were submitted for sequencing using the CRISPR sequencing 

service at MGH (https://dnacore.mgh.harvard.edu/new-cgi-bin/site/pages/crispr_sequencing_main.jsp). 

Reads were analyzed using the CRISPR edits analysis tool Geneious Prime, 2023.2.1 

(https://www.geneious.com) by aligning the reads to the reference amplicon. The edited plants were then 

used for infection assays. 

 

Table 2. List of sgRNAs used in this study to target the three VvMLO genes. Underlined nucleotides 

indicate the PAM motif in the sgRNA sequence.  

Target gene Target site sgRNA sequence (5’ – 3’) Reference 

VvMLO3 
1 AATATGCATACCCAATAACGCGG 

This study 
2 TTCTGATTATTGCAGTTCCAAGG 

VvMLO7 
1 TATGCATTTCTGAGAGTGTTGGG 

Malnoy et al., 2016 
2 TTTTAAGAACACATGCTCTGAGG 

VvMLO11 
1 GGAGCAAACACCGACTTGGGCGG Called VvMLO3 (F) 

in Wan et al., 2020  2 GTGGTCATCCGCATATCAATGGG 

 

E. necator inoculation and disease severity assessment  

Phenotypic evaluations were performed at 1, 5, and 10 days post inoculation (dpi), followed by molecular 

analysis of fungal biomass and correlation between phenotypic and molecular measurements. To do this, 

the edited lines and the non-edited control (TS) were propagated to obtain four biological replicates per 

https://dnacore.mgh.harvard.edu/new-cgi-bin/site/pages/crispr_sequencing_main.jsp
http://www.geneious.com/
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line. The E. necator strain UCD-TS1 was multiplied as described in (Bonarota et al., 2025), resuspended 

in 0.001% Tween20 solution, and used as inoculum to infect the MLO-edited lines and the non-edited 

control under controlled environment conditions. Plants were maintained in two growth chambers, with one 

chamber used for pathogen inoculation and the other for mock-inoculation. Mock-inoculated plants were 

sprayed with a 0.001% Tween20 solution. Inoculation and disease severity assessment were performed as 

described in (Amrine et al., 2015). Three leaves were collected from each biological replicate at 1, 5 and 

10 dpi from both the mock- and pathogen-inoculated plants. Two leaves were immediately frozen in liquid 

nitrogen and used for DNA extraction and subsequent quantitative PCR (qPCR) analysis. The third leaf 

was used for Coomassie Brilliant Blue R-250 staining (Riaz et al., 2013), followed by evaluation at the 

microscope and visual scoring of infection rate.  

Total plant and fungal DNA was extracted from leaf samples collected at 10 dpi and used as input for qPCR 

to measure E. necator biomass accumulation in infected tissues. Four biological replicates were analyzed 

for each line, with three technical replicates per biological replicate for the qPCR. Fungal biomass was 

quantified by amplifying the E. necator β-tubulin (TUB) gene, using the V. vinifera actin (ACT) gene as a 

reference (Jones et al., 2014). Primers for the TUB were obtained from (Jones et al., 2014) while ACT 

primers were designed in this study and had an efficiency of 97.7% (ACT_F: 5’-

TGTGCTGGATTCTGGTGATGGT-3’ and ACT_R: 5’-GTCACGTCCAGCAAGGTCAAGA-3’). 

Relative DNA accumulation was calculated using the formula 2-(En TUB Ct – Vvin ACT Ct). To assess differences 

in fungal biomass accumulation among genotypes, a one-way ANOVA was performed on ΔCt values. 

Pairwise comparisons were conducted using Tukey’s HSD test with adjusted p-values, and group 

differences were summarized using a compact letter display (CLD). The correlation between fungal 

biomass accumulation and visual disease scores was evaluated using Spearman’s rank correlation 

coefficient. All statistical analysis was performed in R v4.5.1.  

Results  

Phylogenetic analysis reveals distinct evolutionary relationship among the three edited VvMLO genes 
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To investigate the evolutionary relationships among the three MLO genes targeted for editing in this study, 

a phylogenetic analysis of VvMLO and representative MLO protein sequences from other plant species was 

performed. Consistent with previous reports, VvMLO family members were distributed across multiple 

clades, with the three target genes clustering within clades IV and V (Figure 1).  

 

 

Figure 1. Phylogenetic relationship of VvMLO3, 7 and 11 among PM susceptibility-associated MLO 

homologs. A maximum likelihood (ML) phylogenetic tree was constructed using MLO protein sequences 

from monocots and dicots species known to be associated with PM susceptibility. Branch length represents 

sequence divergence, and number at nodes indicate bootstrap support values from 100 replicates. Species 
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included in the analysis were wheat (Ta), barley (Hv), rice (Os), Arabidopsis (At), tobacco (Nt), tomato (Sl), 

pepper (Ca), pea (Ps) and grapevine (Vv). For grapevine MLOs, sequences of PN40024v5.1 (PNv5.1) and 

both haplotypes of V. vinifera cv. Thompson Seedless (TS), which is the genetic background of the edited 

lines, were included. 

To determine whether VvMLO3 corresponded to any of the grape genes previously reported to cluster 

within clade IV, known to be confined to monocot MLO homologs (Devoto et al., 2003), its sequence was 

compared with VvMLO14 (Feechan et al., 2008) and VvMLO1(Winterhagen et al., 2008) (Figure 2). 

Although the sequence alignment showed approximately 90% query coverage, sequence identity was 

relatively low (~40%), indicating that VvMLO3 is distinct from both previously reported grape MLO 

sequences. Together, these results place VvMLO3 within a phylogenetic group comprising monocot MLO 

homologs and distinguish it from the other grape MLO genes examined in this study. 

 

 

Figure 2. Multiple sequence alignment shows sequence divergence among VvMLOs clustering in 

clade IV. Protein sequence alignment of VvMLO1 (Winterhagen et al., 2008) and VvMLO14 (Feechan et 

al., 2008), previously reported to cluster within clade IV and the PN40024 v5.1 VvMLO3 protein sequence. 

ClustalX color scheme was applied based on residue conservation of 50%. Multiple sequence alignment 

was visualized using Jalview (Waterhouse et al., 2009).  
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CRISPR analysis reveals distinct editing patterns across the three VvMLO target genes  

To characterize the outcomes of CRISPR editing across the three VvMLO target genes, regenerated plants 

were screened for edits at the targeted sites and subsequently characterized based on their editing profiles. 

Following protoplast transfection with sgRNAs targeting the three VvMLO genes, 170 TS regenerated 

plants were screened for CRISPR editing. Of these plants, approximately 15% displayed edits in at least 

one of the targeted VvMLO genes. The edited plants were grouped into 16 independent events and screened 

for Cas9 integration by PCR. All the tested lines were negative for Cas9 integration, suggesting transient 

Cas9 expression. Among the 16 edited events, eight were selected for more detailed characterization (Table 

3). Line 24-1 displayed large deletions and edits at all three VvMLO genes, as well as line 32-1. In contrast, 

line 45-1 exhibited minimal editing, with edits detected at one site in VvMLO7 and one site in VvMLO11. 

Lines 40-1, 39-2, and 39-3 exhibited the same editing pattern and may represent clonal events. Lines 39-1 

and 41-1 had distinct overall genotypes, although both lacked edits at site 1 of VvMLO3 and VvMLO7. 

Across the edited lines, the three VvMLO genes displayed distinct editing patterns. In VvMLO7, edits 

predominantly consisted of T insertions (+T), which were typically homozygous at site 1 and heterozygous 

at site 2. In VvMLO3, three main types of edits were observed at similar frequencies, including single- and 

double-base deletions (-A and -TT) and T insertions (+T). VvMLO11 exhibited the most complex editing 

pattern with a homozygous T insertion (+T) at site 1 and multiple deletions (-TCA), along with occasional 

insertions, at site 2. Overall, these results demonstrate successful editing at all three VvMLO target genes 

that led to the generation of a diverse set of MLO-edited lines differing in the number, type, and allelic state 

of mutations across the targeted loci. 

 

Table 3. Summary of editing outcomes across the eight MLO-edited lines. For each edited line, the variant 

frequency (%), allelic profile and genotype description at each MLO gene and site (1 and 2) is reported. 

Variant frequency was calculated as the ratio of the number of reads supporting the variant and the total 

number of reads. The + and – sign of the allelic profile indicate insertion and deletion, respectively. 
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Genotype description was assigned based on the allelic profile detected at each edited gene/site (Hom = 

homozygous; Het = heterozygous; WT = wild type).  

 Edited 
line 

Target 
gene (Vv) 

Variant frequency 
(%) 

Allelic profile Genotype 
description 

Site   1 2 1 2 1 2 

 

24-1 
MLO3 90 80 +A/-74 +T/-74 Hom Hom 
MLO7 99 46.7 +T -T/-GC Hom Biallelic 
MLO11 100 95.3 +T +T Hom Hom 

32-1 
MLO3 98 46 -A +T Hom Het 
MLO7 99.7 46.7 +T +T Hom Het 
MLO11 59.7 44.7 +T/-TT +A/A>T Biallelic Biallelic 

39-1 
MLO3 42 0 -A - Het WT 
MLO7 51.7 0 +T - Het WT 
MLO11 100 98.5 -T +A Hom Hom 

39-2 
MLO3 98.6 95.8 TA>AT -TT Hom Hom 
MLO7 99.7 50.3 +T +T Hom Het 
MLO11 100 55.2 +T -TCA/+T Hom Biallelic 

 

39-3 
MLO3 95.5 95.5 TA>AT -TT Hom Hom 
MLO7 99.5 46.3 +T +T Hom Het 
MLO11 100 50.1 +T -TCA/+T Hom Biallelic 

40-1 
MLO3 90.9 88.9 TA>AT -TT Hom Hom 
MLO7 100 54.5 +T +T Hom Het 
MLO11 100 48.5 +T -TCA/+T Hom Biallelic 

41-1 
MLO3 47.4 0 -A - Het WT 
MLO7 46.5 0 +T - Het WT 
MLO11 42 99.8 +T +AA Het Hom 

45-1 
MLO3 0 0 - - WT WT 
MLO7 45.7 0 +T - Het WT 
MLO11 0 99.4 - +A WT Hom 

 

MLO-edited lines show genotype-dependent differences in PM susceptibility 

To determine whether the modifications in the MLO-edited lines were associated with changes in PM 

susceptibility, disease progression was evaluated using both visual disease scoring and molecular 

quantification of E. necator accumulation in infected tissues. The eight MLO-edited lines and the 

susceptible non-edited control TS were inoculated with the E. necator strain UCD-TS1. 
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Disease progression through visual assessment of disease symptoms was evaluated in all the genotypes at 

1, 5, and 10 dpi (Figure 3A). At 1 dpi, no clear differences in susceptibility scores were observed among 

genotypes, with all the lines showing uniform low levels of disease symptoms. By 5 dpi, disease symptoms 

became established, and variability among genotypes was more apparent. Although statistically significant 

differences were detected at this time point, the differences in susceptibility were modest, with substantial 

overlap among genotypes. At 10 dpi, differences in susceptibility among genotypes were more pronounced, 

allowing clearer discrimination between the susceptible control and the edited lines. TS and the minimally 

edited line 45-1 exhibited high susceptibility, characterized by dense mycelial growth and abundant 

conidiation. Similarly, lines 39-2, 39-3, and 40-1 showed susceptibility levels comparable to TS. In contrast, 

lines 41-1 and 32-1 showed significantly reduced susceptibility relative to TS, with limited disease 

progression characterized by the development of secondary hyphae and minimal conidiation. Lines 24-1 

and 39-1 also exhibited significantly reduced susceptibility compared to TS but had intermediate 

phenotypes relative to the least susceptible lines. In these two lines, fungal colonization was moderate, with 

extended mycelial growth and limited conidiophore formation (Figure 4).  

Because differences among genotypes were most evident at 10 dpi, pathogen accumulation was quantified 

at this time point. Molecular analysis was restricted to the four edited lines that showed reduced 

susceptibility relative to TS in the phenotypic assessment (24-1, 32-1, 39-1, and 41-1), with TS included as 

susceptible reference (Figure 3B). Analysis of variance performed on ΔCt values revealed a marginal effect 

of genotype on fungal biomass accumulation (ANOVA, F = 3.37, p = 0.06). Although the genotype effect 

was only marginally significant, pairwise differences were explored using Tukey's HSD, which maintains 

the family-wise error rate regardless of the overall F-test results; these comparisons are interpreted as 

exploratory given the modest sample size. Pairwise comparisons were subsequently performed to evaluate 

differences among genotypes. Line 24-1showed significantly lower fungal biomass accumulation than line  

39-1 (adjusted p < 0.05). None of the edited lines differed significantly from TS, but line 24-1 showed the 

lowest pathogen accumulation among the analyzed genotypes. In contrast, line 39-1 accumulated the 

highest fungal biomass among the analyzed lines. Lines 32-1 and 41-1 accumulated intermediate levels of 
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fungal biomass comparable to TS, with 41-1 showing slightly lower pathogen accumulation than the 

control.  

To assess the relationship between disease symptoms and pathogen accumulation, fungal biomass was 

correlated with visual disease scores at 10 dpi. A significant positive correlation was observed between the 

two measurements (Spearman’s ρ = 0.5; p < 0.05; Figure 3C), indicating that genotypes with higher visual 

disease scores generally also exhibited higher E. necator biomass.  

Together, these results demonstrated genotype-dependent differences in PM susceptibility among the MLO-

edited lines, with four lines showing reduced disease symptoms relative to the control. The molecular 

assessment further showed variation in fungal biomass among these lines with the relationship between 

visual disease score and fungal biomass generally following a positive trend, but varying among individual 

genotypes. 
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Figure 3. MLO-edited genotypes differ in PM susceptibility and fungal biomass accumulation. A) 

Disease susceptibility scores of MLO-edited grape genotypes and the susceptible non-edited control (TS) 

at 1, 5, and 10 days post inoculation (dpi) with E. necator. Disease severity was scored on a scale from 1 

to 5, with higher scores indicating higher susceptibility. Boxplots show the distribution of visual 

susceptibility scores for each genotype at each time point; the center line represents the median, the box 

represents the interquartile range (IQR), and whiskers extend to 1.5 x IQR. Letters indicate statistically 

significant differences among genotypes within each time point according to Tukey HSD post-hoc test 

(adjusted p < 0.05). (B) Fungal biomass accumulation at 10 dpi in TS and the four selected MLO-edited 

genotypes, quantified by qPCR and expressed as relative fungal DNA accumulation (2−ΔCt). Boxplots show 

the distribution of biological replicates for each genotype; letters indicate statistically significant differences 

among genotypes (p < 0.05). (C) Correlation between visual susceptibility score and fungal biomass at 10 
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dpi. Points represent individual biological replicates and are colored according to genotype. The solid line 

represents the fitted linear regression, with the shaded area indicating the 95% confidence interval. 

Spearman’s rank correlation coefficient was used to assess the association between visual susceptibility 

scores and fungal biomass. The same genotype color scheme is used across all the panels.  

 

 

 

Figure 4. MLO-edited lines exhibit differences in E. necator development on leaf surface at 10 dpi. 

Micrographs show E. necator development on leaves of the susceptible non-edited control (TS) and MLO-

edited genotypes at 10 dpi following Coomassie Brilliant Blue staining. Conidiophores (blue club-shaped 

structures) and hyphae (blue filamentous structures) are visible on the leaf surface. Micrographs are 

arranged according to the extent of fungal development, from minimal hyphal growth in lines 41-1 and 32-

1, to intermediate growth with several conidiophores in lines 24-1 and 39-1, and extensive mycelia coverage 
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and conidiation in lines 39-2, 39-3, 40-1, and 45-1. The susceptible non-edited control (TS) is shown in the 

first panel on the left. Scale bars = 0.2 mm. 

 

Discussion  

Editing of multiple loci to enhance disease resistance has become increasingly feasible with advances in 

CRISPR/Cas technologies (Li et al., 2018; Singer et al., 2024). In particular, the use of Cas9-RNP 

complexes in grapes protoplasts provides an effective approach for generating edited plants without stable 

integration of the editing construct (Malnoy et al., 2016). Reduced PM susceptibility through knock-down 

or editing of multiple MLO genes has previously been reported in grapevine (Gouthu & Deluc, 2026; Moffa 

et al., 2025; Pessina et al., 2016). To our knowledge, this is the first study to simultaneously target VvMLO3, 

VvMLO7, and VvMLO11 using RNP-mediated editing in grape protoplasts. The obtained edited lines 

carried diverse allelic combinations and exhibited different levels of susceptibility to E. necator.  

Previous studies of grapevine MLO genes associated with PM susceptibility have primarily focused on 

genes belonging to clade V. Interestingly, VvMLO3, one of the genes targeted in this study, clustered within 

clade IV, which has traditionally been associated with monocot MLO homologs (Devoto et al., 2003).  

VvMLO3 has also previously been reported to be upregulated during PM infection (Weng et al., 2014). In 

our study, lines carrying mutations in VvMLO3 exhibited reduced susceptibility to the pathogen, providing 

evidence for a role of VvMLO3 in the grape response to PM despite its unusual phylogenetic placement. 

This observation suggests that the canonical distinction between monocot- and dicot-associated MLO 

clades might not fully predict the susceptibility-associated function of individual grape MLO genes. This 

might be related to the early evolutionary diversification of the MLO family, which is thought to have 

preceded the divergence of monocots and dicots (Devoto et al., 2003).  

Among the three targeted genes, VvMLO11 emerged as a potential contributor to the reduced susceptibility 

phenotype. All four lines showing reduced susceptibility relative to the control (24-1, 32-1, 39-1 and 41-1) 

carried mutations at both targeted sites of VvMLO11. Interestingly, line 41-1 showed one of the strongest 
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reductions in disease symptoms despite retaining wild type sequences at site 2 of both VvMLO3 and 

VvMLO7. In this line, VvMLO11 was the only gene for which both sites were edited.  

Previous studies reported different conclusions regarding the contribution of VvMLO11 to PM 

susceptibility. Pessina et al., (2016) found that VvMLO11 has a limited contribution to PM resistance when 

silenced in combination with other two VvMLO genes, whereas Wan et al., (2020) reported enhanced 

resistance in VvMLO11-edited lines. Our results are more consistent with the latter observation; however, 

it is important to notice that different genetic background and editing strategy were used. Pessina et al. 

(2016) used the cultivar Brachetto and reduced MLO expression through RNA interference, whereas Wan 

et al. (2020) and the present study used Thomspon Seedless and complete knock-out. These differences 

make direct comparison difficult and makes us hypothesize that the contribution of VvMLO11 may depend 

on genetic background and/or the extent of gene disruption. Nevertheless, VvMLO11 was edited together 

with VvMLO3 and VvMLO7 in this study and its individual contribution cannot be separated from those of 

the other targeted genes.  

Although extensive homozygous or biallelic mutations were frequently associated with reduced 

susceptibility, the relationship between the extent of editing and disease phenotype was not linear. Lines 

32-1 and 24-1, which carried mutations at both sites of all three targeted genes, exhibited strong reduction 

in susceptibility, while line 45-1, which contained fewer edits, remained highly susceptible and was 

comparable to TS. However, lines 39-2, 39-3 and 40-1 demonstrated that the number of edited sites alone 

cannot explain the observed phenotypes since their susceptibility remained comparable to the control. 

Notably, the mutation at VvMLO3 site 1 in these lines was a nucleotide substitution rather than an insertion 

or a deletion, and this type of mutation may have a different impact on gene or protein function compared 

to the indels identified in the other lines. Similarly, homozygous or biallelic mutations do not necessarily 

result in complete loss of MLO function, as the effect of an edit depends on its type and location within the 

gene (Acevedo-Garcia et al., 2017). The differences in susceptibility among edited lines may therefore 

reflect the type of mutation generated and potential functional redundancy among the targeted MLO genes. 

Other MLO genes may partially compensate for the loss of one gene, while mutations at multiple loci are 
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required to achieve a stronger reduction in susceptibility (Acevedo-Garcia et al., 2014; Berman et al., 2026). 

While the present results suggest that extensive editing increases the likelihood of reduced susceptibility, 

they also indicate that the relationship between genotype and disease phenotype is complex and cannot be 

predicted solely from the number of edited loci. 

The positive correlation between the visual disease score and fungal biomass further supports an overall 

relationship between disease development and pathogen accumulation, although this relationship was not 

consistent across all genotypes. For example, line 39-1 exhibited significantly reduced visual susceptibility 

relative to TS while accumulating the highest fungal biomass among the genotypes included in the 

molecular analysis. Visual score primarily reflects the extent of visible fungal development and symptoms 

progression on the leaf surface, whereas the molecular assessment provides a measure of relative fungal 

DNA accumulation in the sampled tissue. The discrepancy observed in line 39-1 highlights the importance 

of using both phenotypic and molecular measurements when evaluating disease response in edited plants 

(Schnippenkoetter et al., 2021). Additional experiments will be required to determine the individual 

contributions of VvMLO3, VvMLO7 and VvMLO11 to the reduced-susceptibility phenotype and to establish 

whether the mutations identified in these genes result in loss or alteration of MLO function.  

Conclusions  

The generation of MLO-edited grapevine lines with reduced susceptibility to E. necator demonstrates the 

potential of multiple CRISPR/RNP-mediated editing for improving PM resistance. Future studies should 

further investigate the molecular effects of the identified mutations through transcriptomic analysis. 

Generating independent VvMLO3, VvMLO7 and VvMLO11 mutants, as well as combinations of these and 

other MLO genes in the same genetic background, will help determine the individual and combined 

contribution to disease susceptibility. These approaches will also help identify the most effective MLO 

combination to achieve durable PM resistance.  
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