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Crop Improvement in Grapevine

• World’s most valuable fruit crop

• United States – 10th most valuable agricultural 

crop

• Job creation – 1.7 million jobs

• National economic impact – $ 219 billion 

annually Wine America (National Association of Wines), 2017

• Maryland grape industry – 1,000 acres, 84 

wineries, 2.3 million bottles of wine, annual 

economic contribution – $ 47 million



Limitations of Conventional 

Breeding for Grape Improvement

• Extreme heterozygosity

• F1 hybrid produced is of intermediate quality

• Incompatibility barriers between Vitis species



Precision Breeding (PB)

An approach to plant genetic improvement 

that transfers only specific traits among 

sexually compatible species via the 

relatively stable mitotic cell division pathway 

in order to avoid the significant genetic 

disruption imposed upon conventional 

breeding by meiosis

Gray et al. 2016. Acta Hort., 1115: 49-56

Cultivars obtained through PB will not be regulated by USDA, Release # 007018



Factors  Enabling Precision 

Breeding of Grapevine

• Advances in genome sequencing 

technology and availability of the Vitis

genome

• Grape cell culture and regeneration system

• Gene insertion system to insert traits of 

interest and recover PB vines



Precision Breeding (PB) Technology
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Major difference is in the source of DNA sequences inserted in plants 



Optimizing Precision Breeding 

Technology

• Refine grapevine cell culture and plant 

regeneration systems

• Optimize gene insertion systems

• Identification and screening of grape-

derived genetic elements and genes for trait 

improvement



Grape Embryogenic Cell Culture System
Initiation from leaves and flower tissues

Leaf explant Embryogenic callus Embryo development

Embryogenic Non - embryogenic

Flower explant Embryogenic callus Embryo development Embryo germination



Gene Insertion System

Regenerate plants

Co-cultivate

48 h 

+

Wash explantsAgro culture 

Callus induction

Medium (DMcck)

Select transgenic embryos Embryo development 

Medium (X6cck70)

Embryo explants



GFP Expression in Muscadine Grape ‘Alachua’
(Dhekney et al. 2008, Plant Cell Reports, 27, 865-872)



Isolation of Grape-Derived Genes and 

Regulatory Elements

PromoterGene of interest Promoter Reporter/Marker

gene

LBRB

• First Generation GM crops (corn, soybean, canola, etc.) –

grown on > 93% of acreage in the United States

Reporter gene – jelly fish or E.coli (GFP, GUS)

Promoters – virus (CaMV35S)

Selectable marker – E. coli (NPTII)

Genes conferring traits of interest – bacteria, viruses

Border sequence (RB/LB) – bacteria (Agrobacterium)

Schematic Representation of a Gene Cassette 



Development of Grape-Derived Reporter 

Gene System

Why VvMybA1 ?
• Regulates anthocyanin 

biosynthesis

• Visual indicator; easily 
detectable

• Ability to determine 
gene insertional events 
in a non-destructive, 
real-time manner.

• Species-specific

VvMybA1 + VvMybA1 -

Grapevine 

Anthocyanin 

Biosynthesis 

Pathway

Gutha et al. 2010 BMC Plant 

Biol., 10: 187



Transient expression Callus formation

Embryo development Embryo germination

MybA1 Gene Expression in Grape Tissues

Li, Z., Dhekney, S. & Gray, D. 2011. Trans Res., 20: 1087-1097



Grapevine Lines Expressing MybA1

Kandel et al. 2016, Plant Cell 

Tiss. Org. Cult., 124: 599-609.

Kandel et al. 2016. Acta Hort., 

1115: 57-61

PromoterGene of interest Promoter Grape

reporter gene

LBRB

Molecular analyses



Cell Culture-Specific MybA1 Expression 

Using an Embryo Specific Promoter

• VvMybA1 was fused to a VvAlb1 (2S albumin) promoter

• Anthocyanin expression is observed in tissue culture but not in 

regenerated plants

Control      2S albumin        35S

PromoterGene of interest Grape

promoter

Grape

reporter gene

LBRBKandel et al. 2015. HortSci, 50 (9):S370 



Isolation of Grape-Derived Promoters

Viral promoters

VvUb7-2 and VvUb7-5 exhibit gene expression comparable to a single 35S promoter

Li et al. 2012, Transgenic Research, 196: 132-142 – collaborator data 
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• Acetolactate Synthase (ALS) controls amino acid 

biosynthesis and is a herbicide target

• Isolation and testing of a grapevine ALS gene

• Inserted VvALS2-F2 mutant in tobacco cultures

• Currently testing the marker in grape

Development of Grape-Derived 

Selectable Marker System

Monument

(1 mg/L)

Label: 66 mg/L 

Control Herbicide resistant

Grape

Promoter

Gene of 

interest
Grape

promoter

Grape

Reporter/

marker gene

LBRB



Functional Genes for Traits of 

Interest
• Grape genome – No. of proteins produced in 

response to pathogen attack (Pathogenesis 

Related) or abiotic stress

• Some proteins – Impart biotic/abiotic stress 

tolerance (drought stress)

(Eg. Thaumatin-like proteins, Stilbene synthase, VPP1)

• Proteins – obtained from sexually compatible wild 

species for incorporating abiotic/biotic stress 

tolerance in commercial cultivars



Using Vitis-derived VVTL-1 for 

Improving Disease Resistance

Score (No. of lesions per leaf)

1 = no lesions, 2 = <10 lesions, 3 = 10-15 lesions,  4 = 15-20 lesions, 5 = >20 lesions
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Analyzing protein expression using ELISA
Copy no. analysis



Field Testing of PB Grapevines

Control vine PB vine

PB vines exhibited significantly lower 

development of black rot compared to 

non-transformed control vines 

Dhekney et al. 2011. In Vitro Cell. 

Dev. Biol., Plant: 47: 458-466 
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Border Sequences and Cleavage Sites

Derived from Agrobacterium and Grapevine

LB RB
T-DNA region

tggcaggatatattgtggtgtaaac tgacaggatatattggcgggtaaac

25 bp 25 bp

ttgcaggatatattagaagatagtc

pBIN19 pBIN19

GrapegggcaggatatatatggaacctatgGrape

Nick site Nick site

Sequences homologous to Agrobacterium borders can be found in the grape 

genome



Gene Expression using Agrobacterium

and Grape-Derived Borders
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GFP Expression in Somatic Embryos with Constructs harboring Grape Borders



Implementation of Precision Breeding

Grape-based 

Reporter gene and promoter

Grape-based ALS selectable 

marker

Functional gene/s for trait 

improvement

Grapevine cell culture and 

transformation system
Virus

Promoter

Gene of 

interest
Virus
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Jelly fish/ 
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GFP/NPT II

LBRB

Transgenic Gene Cassette

Precision Bred Gene Cassette

Grapevine as an Example
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Genome Editing for Crop Improvement

Grape-based 

Reporter gene and promoter

ALS-based selectable 

marker

Target traits for 

deletion/expression

Grapevine cell culture and 

transformation system

Genome Editing Pipeline

Carr, 2017. Global Biotech. Insights

Using CRISPR/Cas9/Cms1 for genome

editing 



Genome Editing – Proof of Concept

• Leaf color can be modified by knocking out PDS 1 gene (involved in carotenoid 

biosynthesis)

• Knock out – loss of chlorophyll resulting in totally albino plants or mosaic plants

PDS1 construct somatic embryos Agro Callus lines embryo lines

Edited germinated  line Control germinated SE

Edited and control shoots

Edited and control plants control leaf
Edited leaves



Modifying Berry Color Using CRISPR-Cas9

Commercial Applications

• Rapid change berry color 

in existing commercial 

cultivars

• Dramatically reduce the 

time required to get a new 

cultivar (8-10 years for 

breeding compared to 2-3 

years by genome editing)

• Green versions of all red 

cultivars and vice versa

Grape mutants on the same vine

1

2



Genome Editing for Color Traits

• VvMybA1 expressing embryos were transformed with a CRISPR 

construct harboring a gRNA for VvMybA1

• Following transformation, reversion of phenotype is observed

• Commercial applications – rapidly change color in cultivars

Normal somatic embryos SE expressing MybA1CRISPR construct

Edited line

Edited + non-edited line

Agro culture 

+

Edited Mutant PhenotypesNon-edited phenotype

MybA1



Commercial Implications of Precision 

Breeding and Genome Editing

• Deletions

• Single base pair substitutions

• Insertions from compatible plant relatives 

• Complete Null Segregants

What will not be regulated?



Target Traits for Genome Editing

(research in progress)

• Improved flowering – knock out TFL 1 gene 

• Reduced acidity – knock out idonate 

dehydrogenase gene

• Powdery mildew resistance – knock out MLO 

(mildew locus O) receptor gene

• Drought tolerance – inserting VPP-Gr. 1 genes

• Optimize CRISPR-Cas9 system using 

ribonucleoprotein (RNP) complex for transient 

expression



Students, Post-Docs, Visiting Scientists
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