
vii 
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3. Efforts to improve production efficiency, handling and processing, productivity, and 
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4. New innovations and technology (15%). 
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5. A brief summary (2-3 sentences) describing the critical stakeholder need addressed by 
the project and the project’s long-term goals (provide cross-references to full descriptions 
in the narrative).  
Economic analyses strongly support our grape industry stakeholders’ repeated emphasis on the 
need to develop durable powdery mildew resistance while maintaining and enhancing fruit 
quality, with the long-term goal of facilitating environmentally and economically sustainable 
grape production (p. vi, 1-2; Table 2). This proposal focuses on applying technological 
innovations in phenotyping (p. 4-5, 7, 12-16; Figs. 1-2; Table 6) and genotyping (p. 3, 7, 12-13; 
Table 3) to deliver breeding lines with durable powdery mildew resistance and high fruit quality, 
and to better manage existing plantings of susceptible vines.  Several key innovations of 
relevance beyond grape include automated live imaging of powdery mildews (Fig. 1), genes 
underlying fruit chemistry (p. 14-15; Table 6), juice protein quantitation as a predictor of tannin 
extraction (p. 5; Fig. 2), and inexpensive AmpSeq-based markers targeting gene sequences for 
marker transferability (p. 3-4). 
 
6. A brief summary (2-3 sentences) of the outreach plan proposed by the project (provide a 
cross-reference to the full description in the narrative). 
Our outreach plan (p. 16-19) is a close partnership between industry participants, subject-matter 
experts, and extension communications experts, aiming to: 1) Communicate VitisGen discoveries 
and impacts to diverse stakeholders (researchers, industry, and the general public); 2) Enhance 
two-way communication between researchers and industry about applied research needs, 
processes, opportunities, and impacts; and 3) Deliver educational resources on VitisGen 
technologies to researchers in diverse disciplines. With communication venues reaching 12,000 
stakeholders nationwide (Facilities Table) and active participation from all VitisGen2 Project 
Directors and Key Personnel (p. 10-11), the five-member Extension Team will develop targeted 
materials (p. 16-19) for: trade publications to reach broad audiences (p. 17-18); breeder field 
days and grower trials to provide direct observation of the breeding advances of VitisGen; 
extension of VitisGen innovations to existing plantings of unimproved cultivars (p. ii); webinars 
for research updates with translation to outreach materials (p. 16); enhancement of the project 
website www.Vitisgen.org to deliver a project overview, protocols, papers, videos, and outreach 
materials; social media for rapid updates; and research exchanges and workshops to train 
scientist stakeholders. 
 
7. A brief summary (2-3 sentences) describing potential economic, social, and 
environmental benefits (Who benefits and how?). 
Improved cultivars and production practices will benefit: producers via improved profits 
(reduced costs, increased revenue, or both); consumers via improved quality and/or cheaper and 
more abundant fruit and fruit products; and society from reduced use of pesticides, including 
reduced risk to the environment; worker and consumer safety; and reduced demands placed on 
the natural resource base more generally. The direct economic benefit from the adoption of 
powdery mildew resistant cultivars in just a portion of California grape production could exceed 
$48 M annually, with a total present value of powdery mildew resistant table grapes and raisins 
alone near $500M (Table 2; Fuller et al. 2014). Adoption of these varieties would also eliminate 
most of the environmental impact from grape production, improving the health of farm workers, 
pollinators, and the soil, and reducing the carbon footprint. 
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8. Logic Model. Situation: Evolving disease pressures, climate change, shifting consumer preferences, and ever-present international 
competition threaten sustainable grape production in the United States. Cultivar innovations provide a solution to these threats. 

Inputs 
Outputs Outcomes and impacts 

Activities Participants Short term Long term 
Grape breeding 
programs with 
established germplasm 
segregating for 
adaptive traits and fruit 
quality 
Genotyping center 
Phenotyping centers 
for fruit quality and 
powdery mildew 
disease resistance 
Nationally represented 
extension and outreach 
team 
Agricultural 
economics team 
Project coordination 
and evaluation 
Stakeholder/Scientist 
Advisory Panel 
SCRI funding 

Transdisciplinary discovery 
and applied research to breed 
improved grape cultivars 
(germplasm maintenance; trait 
evaluation; genetic analyses 
toward candidate gene 
identification; marker 
development, validation, and 
application) 
Economic evaluation of traits 
and cultivar innovations 
Ascertain consumer and 
industry perceptions of and 
willingness-to-pay for traits, 
and market values of traits 
where possible  
Extension and outreach to 
educate stakeholders about 
breeding and genetics and 
disseminate project goals, 
deliverables, and impact 
Project evaluation to advance 
progress towards project 
milestones 

Grape breeders, fruit 
chemists, plant 
pathologists, 
computational 
biologists, 
geneticists, 
extension associates, 
and economists 
Students 
(undergraduate, 
graduate, post-
doctoral) 
Industry advisors 
representing the 
different sectors of 
grape production 
and growing-regions 
Scientific advisors 
with expertise in 
breeding, genetics, 
and bioinformatics 
Service facilities 
Project Manager 

Progress toward introgression and 
stacking of traits into advanced 
breeding lines and new cultivars 
Parent selection for future crosses 
Genetic characterization of high-
priority traits and curated 
genomic and transcriptomic data 
provided to the scientific 
community 
Economic assessment of benefits 
from adopting new cultivars 
Publications to report progress in 
trait economics, marker 
development, genomic and 
transcriptomic analyses, and new 
cultivars 
Promoted awareness of genetic 
technologies, phenotypic 
innovations, benefits, and 
economic impacts 
Improved quality and efficiency 
via VitisGen technologies applied 
to existing plantings 

Accelerated improvement 
of new cultivars with 
durable resistance and 
desirable fruit quality 
Improved cultivars released 
and adopted by producers 
and accepted by consumers 
Reduced inputs for disease 
management in vineyards 
as a result of new cultivars 
Demonstrated economic 
value of cultivar 
innovations 
Innovations in phenotyping 
and genotyping adopted 
across specialty crops  
Enhanced public support 
for genetic improvement 
and grape breeding efforts 
Documented project 
deliverables and 
demonstrated efficient use 
of Federal funds 

Assumptions: (1) There are new alleles to discover for powdery mildew 
resistance and fruit quality traits. (2) Controlled evaluations in the laboratory 
will translate to vineyards and wineries. (3) Standardized protocols for genomic 
and transcriptomic analyses, trait evaluation, and marker application will be 
adopted by public and private scientists in grapevine and other specialty crops.  

External factors: (1) Continued disease pressure, shifting 
consumer preferences, and international competition in grape 
production. (2) Other advances in breeding, genetics, genomics, 
and commercialization of resistant cultivars. (3) International 
trends of increased regulation to reduce pesticide use. 
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(v) Introduction.  
1. Long-term goals, the critical specialty crop needs, and supporting objectives. 
Powdery mildew (PM) resistance consistently ranks as a top research priority facing the U.S. 
grape industry, based on more than a dozen stakeholder meetings focused on research priorities 
since 2005 and numerous industry surveys. PM is the most significant grape disease in California 
– and likely worldwide – in terms of expenses for control and losses in quality and yield (Bettiga 
et al. 2013). In an international survey of grape scientists, PM was statistically significant in 
being both the most important and the most genetically tractable of twelve key traits (Lusk and 
Davidson 2013). However, breeding for PM resistant cultivars via traditional methods frequently 
results in negative fruit quality trait introgression from wild Vitis. Winemakers report that poor 
sensory attributes and color are major challenges to using interspecific hybrids, particularly the 
presence of high acidity, low tannin and color stability, and off-aromas (Coquard-Lenerz 2012). 
To address the need for PM resistant cultivars with desirable fruit quality, the long-term goals of 
the project are listed below, with corresponding research hypotheses listed in the attached SRS: 
1) Technological Innovations Driven by Trait Economics. 

a. Integrate genome-wide data with innovations in phenotyping powdery mildew (PM) 
resistance, and table and wine grape quality for genetic characterization of high-priority 
traits. Specific goals focus on gene discovery and trait assays: de novo annotation of 
relevant wild genomes; RNASeq of all VitisGen parents; low-cost AmpSeq marker 
implementation; automated PM quantitation without staining; multiple high throughput 
phenotyping screens for key fruit quality traits, and identification of candidate genes for PM 
resistance and fruit quality.  

b. Complete and disseminate economic analysis of several key agronomic and quality traits to 
drive research and breeding.  

2) Knowledge Extension and Application.  
a. Incorporate technological innovations and economics-oriented priorities in the generation 

of grapevine seedlings in breeding programs and the selection of elite breeding lines. 
Publicly release grapevines, pollen, and/or seed lots with various combinations of RUN1, 
REN1, REN2, REN3, REN4, REN6, REN7 and REN10 PM resistance.  

b. Demonstrate the impact of VitisGen advances to grape growers, enologists, and specialty 
crop researchers.  

 
2. Summarize the body of knowledge that substantiates the need for the proposed project.  
Previous economic analyses, supported by industry opinions and priorities, indicated that PM is 
the most important trait for grape genetic improvement, and resistance to PM will alleviate 
significant financial and environmental costs of disease management. The total present value of 
new PM resistant cultivars is estimated at $276.8 M for the raisin sector alone, if the new 
cultivars would be adopted on 60% of California acreage within 20 years, holding other relevant 
attributes constant (Fuller et al. 2014). This is a feasible goal given recent cultivar adoption rates 
in the raisin grape industry and availability of advanced breeding lines with durable and effective 
PM resistance. Earlier adoption, more acreage, or additional market uses would further increase 
this economic impact.  
Eleven PM resistance loci have been identified and introgressed into U.S. grape breeding 
programs. However, most of these have proven to be race-specific (i.e. effective against some 
but not all isolates of PM) when tested in the PM Center (Table 1). This necessitates strategies to 
stack multiple resistance genes in each new cultivar to enhance the durability of resistance, and 
to protect durability with occasional fungicide application. However, there is no phenotypic 
method to differentiate whether resistant vines carry one versus multiple resistance genes. 
Molecular markers are the only feasible method for determining if multiple resistance genes have 
been stacked.  
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A significant challenge in introgressing PM 
resistance from wild Vitis is the linkage 
drag of negative fruit qualities, e.g. 
excessive sourness; excessive herbaceous or 
foxy aromas; low tannin extractability; and 
unstable color (Rice 1974; Sun et al. 2011; 
Manns et al. 2013; Biasoto et al. 2014; 
Springer and Sacks 2014). Phenotypic 
selection against these negative quality 
traits is slowed by the fact that grapevines 
require 2 to 4 years to produce fruit (Reisch 
et al. 2012). Thus, molecular markers not 
only enable the stacking of resistance genes, 

but also accelerate the enrichment of favorable alleles for key fruit traits years before fruit itself 
can be assayed. Because development of new varieties requires long-term efforts, we also 
adapted chemical assays for juice protein and tannin extractability as well as AmpSeq-based 
assays of fungicide resistance, to impact vineyard and winery decisions in existing plantings. 
 

3. Significant activities and 4. Preliminary data pertinent to the proposed work.  
Economic Analysis to-date. To translate advances in genomics into marketable cultivars and to 
yield significant returns to society, breeders need detailed knowledge of consumer and industry 
perceptions of grape traits that can be improved, and the costs and benefits for growers adopting 
cultivars having those traits. Benefits to the industry from adopting improved cultivars stem from 
cost savings, price premiums, and enhanced profits. For example, the annual statewide pecuniary 
costs of PM management in California wine, raisin, and table grape production were calculated 
to be about $202 M in 2013 (Sambucci et al. 2017). The adoption of cultivars resistant to PM, 
should they become available, would dramatically reduce these costs and would yield non-
pecuniary benefits by reducing the frequency of fungicide applications, thereby also reducing 
health hazards to vineyard workers. Growers will make adoption decisions based on the potential 
benefits from new cultivars, which will depend on growers’ perceptions of the likely 
performance of the new cultivars and consumer acceptance of the resulting products. 
The VitisGen Trait Economics Team developed a modeling approach to calculate the costs of 
PM management and the associated benefits from adoption of resistant cultivars for several 
grape production systems, including raisins (several systems), wine (Central Coast 
‘Chardonnay’) and table grapes (‘Crimson Seedless’). The analysis showed that the present value 
of the improved cultivars varies greatly with both the research lag before they become available, 

and the final adoption rate (raisin example 
shown in Table 2; Fuller et al. 2014). By helping 
to target desirable, valuable traits and by 
documenting the nature and extent of the 
economic benefits they confer, we will 
accelerate cultivar improvement and adoption. 
Reducing “innovation lags” by even one year 
can have substantial effect on the benefit-cost 
ratio, as was demonstrated by the analysis of 
aggregate benefits from adoption of cultivars 
resistant to PM, which is just one selected trait. 

 

Grape Breeding to-date. The SCRI VitisGen project gave breeders the opportunity to 
incorporate marker knowledge into their programs. Across VitisGen breeding programs, the 
project has increased mean marker-assisted selection (MAS) usage from 1 to 4.3 loci per 
breeding program and has created the opportunity to stack loci for durable PM and downy 
mildew resistance. Between 2013 and 2016, nearly 16,500 seedlings (144 families) were 
screened for a variety of marked traits in three breeding programs. Markers were validated prior 
to use, and breeders eliminated 61% of all seedlings based on marker knowledge, freeing up 
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valuable resources for focused evaluation of elite germplasm. In addition, marker genotypes 
were collected among hundreds of potential parents, allowing the opportunity to select parents 
for use based on genetic knowledge. VitisGen1 validated some previously published markers for 
implementation (Table 3); however, other published markers did not work in U.S. germplasm, 
exemplified by the flower sex locus. In this case, VitisGen1 used genotyping-by-sequencing 
(GBS) to develop a set of useful markers; we are completing final analyses to publish these 
results. Resources developed within the project for active use by breeding programs have been 
published on our website and are available for use by all public and private breeders.  
Prior to this project, there was limited support to maintain mapping families in the U.S. 
VitisGen1 resulted in 16 families maintained and mapped. VitisGen1 breeders leveraged these 
resources to phenotype 107 traits including disease and nematode resistance; leaf morphology; 
stem terpenoids; cluster architecture; flower sex; and berry size. In total, there were 150 trait × 
family combinations evaluated, including many for multiple years. These local phenotyping 
efforts more than doubled the number of marker-trait associations identified in VitisGen1.  
 

Grape Genetics and Genomics to-date. In the past five years, grape breeding programs have 
become regular users of marker-based technologies for both MAS as well as the discovery of 
new marker-trait associations (Barba et al. 2014; Yang et al. 2016a, 2016b). In five years, 
VitisGen1 increased marker density up to 1000-fold with a 10-fold reduction in per-sample cost, 
down to $15 per sample. This high-resolution genotyping has now been applied to 18,774 
breeding lines and accessions, resulting in the identification of 2.9 M single nucleotide 
polymorphism (SNP) markers (Table 3). This SNP database is derived strictly from alignments 
to the vinifera ‘PN40024’ reference genome and thus represents only ~50% of potential data – 
less for traits introgressed from wild Vitis. These advances have resulted in new linkage maps for 
16 families, more than 75 new marker-trait associations, and drastically reduced the time and 
cost required for linkage mapping and quantitative trait locus (QTL) analysis. In addition, we 
developed a new genotyping platform (AmpSeq) to leverage GBS data for marker-assisted 
selection, delivering a 100-fold increase in markers per sample at the same cost as SSR markers, 
and reducing the problem of SSR homoplasy.  
 

Table 3. Advancement of molecular markers in grapevine due to VitisGen1. 
 Before 2011 VitisGen1 
U.S. linkage maps:  ~7 16 
Cost per family: $100,000+ $10,000 
Unique markers per map: 100-300 1,000-9,000 
Total markers segregating: 100-300 100,000-300,000 
Marked traits discovered: ~10 >75 
Marker-assisted selection: Unpredictable support ~5,000 progeny per year  
Marker implementation: Up to breeder Run1, Ren1, Ren2, Ren3, Ren4, 

seedlessness, acylated anthocyanins 
Prior to this project, genome and transcriptome studies in grapevine were hindered by high 
heterozygosity and dependence on the ‘PN40024’ reference sequence for alignment of short-read 
data. However, technological advances have created many new resources for gene expression 
research, including several published vinifera transcriptomes (Díaz-Riquelme et al. 2012; Fasoli 
et al. 2012; Fennell et al. 2015; Venturini et al. 2013), and available transcriptome references for 
7 wild grapevine species (Londo, unpublished data). Most recently, innovations in sequencing 
technology resulted in a high quality reference genome for V. vinifera cv. Cabernet Sauvignon 
based on PacBio sequencing (Chin et al. 2016). Now that high quality de novo genome assembly 
and annotation is an achievable goal, its application in the analysis of wild grapevines will 
acutely increase the marker resolution, transferability and discovery of wild alleles for traits 
introgressed into grapevine breeding families. To improve marker transferability, which is a 
time-consuming challenge with GBS-derived markers, we developed an AmpSeq strategy (Yang 
et al. 2016a) targeting genes conserved across Vitis spp., which we hypothesize should be 
syntenic. In our first attempt at this strategy, we combined 350 amplicons in a single PCR, and 

http://www.vitisgen.org/mas-tools.html
http://www.vitisgen.org/mas-tools.html
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successfully converted 75% into markers that could be mapped. High marker missingness 
correlation between two unrelated F1 and F2 families (R2=0.92) indicated the vast majority of 
marker assays may be transferable. This approach will be tested for 1000-marker genetic maps 
and interval mapping, at $8 or less per sample. 
 

Powdery Mildew (PM) to-date. Phenotyping host resistance by natural infection in the field 
generally produces variable results due to the uncontrolled environment, uneven distribution and 
genetics of the pathogen, stress-induced disease resistance, developmentally regulated resistance, 
and other factors. To address these challenges, VitisGen1 developed highly controlled methods 
for evaluating PM resistance centrally. The PM Center processed over 25,000 samples and made 
over 3 M microscopic observations. In the process, protocols were developed, optimized, and 
validated with impressive results. For example, QTL associated with REN1 and REN2 were 
detected in only 2 of 9 field experiments versus 6 of 7 PM Center experiments. Both the 
statistical significance and phenotypic variance explained were greater in the PM Center 
compared to the field, and importantly, the PM Center explained more phenotypic variance with 
each year (e.g., for REN1, from 27.1% in 2012 to 54.9% in 2014). This reflects our extensive 
efforts to standardize sampling, handling, processing, and rating. For REN2, we showed that the 
GBS-derived AmpSeq markers developed by PM Center transect data predicted field resistance 
very well in a half-sibling family (Yang et al. 2016a), which highlights the transferability of 
REN2 AmpSeq markers and the applied value of the PM Center data. 
Centralized phenotyping created an opportunity to evaluate the stacking of R-genes for improved 
durability. Our published results (Barba et al. 2015; Cadle-Davidson et al. 2011; Feechan et al. 
2015; Ramming et al. 2011, 2012) can be summarized as: 1) 90% of grape PM resistance sources 
are race-specific, including RUN1, the most widely used resistance gene, 2) RUN1 durability has 
only been shown to be improved by REN4 or by the weakest resistance genes, and 3) there is 
strong need for the identification of novel sources of resistance and the characterization of their 
ability to complement RUN1. 
In VitisGen1, two full-time technicians devoted an estimated 8,000 hours of tedious microscopy 
to collect over 3 M data points. The outcome was an objective, quantitative measure of colony 
density, called hyphal transects (Cadle-Davidson et al. 2016), which has the potential for 
automated image analysis. The bottleneck becomes visualizing the hyphae. The NIFA-OREI-
funded project 2015-51300-24135 “The novel use of light to suppress...plant pathogens” has 

made significant progress to that end, developing 
approaches to capture high-contrast live images of PM 
(blue threads in Fig. 1B) on a daily basis, providing 
unprecedented dynamic data for PM research. 
 

Fruit Quality (FQ) to-date. A FQ Center was developed 
because 1) many breeders cannot access expertise and/or 
instrumentation for FQ phenotyping, 2) many mapping 
families generate insufficient fruit to send to multiple 
specialized laboratories, and 3) variation in analytical 
methods across labs may confound results. During 
VitisGen1, breeders shipped fruit samples of ~2,000 
progeny from 9 core families to the FQ Center. These 
were characterized for up to 30 quality traits by a suite of 
approaches (GC-MS, HPLC, etc.), resulting in over 
40,000 trait measurements. Using GBS markers, 24 
putative QTL for fruit quality traits were detected; most 
were associated with undesirable FQ. As one example, 
wild grape species have high malic acid (20 g/L or more; 
Kliewer 1967) leading to unacceptably sour wines, a key 

challenge for using interspecific hybrid grapes (Coquard-Lenerz 2012). We identified a QTL on 
chromosome (Chr) 6 explaining 26.2% of malic acid phenotypic variance (Yang et al. 2016b) in 
two unrelated families, suggesting a high likelihood for marker transferability.  
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The VitisGen FQ Center leveraged Cornell’s unique resources for juice and wine processing as 
part of phenotype development and validation. For example, wild grapes and their offspring can 
have high juice tannin but low wine tannin (Springer and Sacks 2014), important for mouthfeel 
and stability. Using small scale winemaking, we demonstrated that tannins are lost in juice due to 
protein binding (Springer et al. 2016a). A novel high-throughput method for juice protein 
quantification that avoids common interferences was developed (Fig. 2) and has been used to 

identify a putative QTL on Chr 19 (Sacks et al. 2016), and 
to model wine tannin from measures of juice tannin and 
protein levels (Springer et al. 2016b). Additionally, we 
have increased the throughput of off-aroma compound 
characterization 30-fold (USDA NIFA #2017-67007-
25940; Jastrzembski and Sacks, 2016). This can be 
utilized in VitisGen2 following validation. 
Along with these successes, we identified new research 
opportunities to pursue in VitisGen2. FQ traits generally 
vary with developmental stage, and the reliance on single 
time point sampling and relatively small families may 
explain why reported QTL explain <50% of trait variation 
(Guillaumie et al. 2013; Yang et al. 2016a, 2016b). 
VitisGen2 methods use larger family sizes, multi-time 
point sampling, a multi-location planting, and RNASeq to 
facilitate detection of candidate loci and genes for these 

dynamic traits. A major barrier to utilizing markers for negative FQ traits identified by our team 
and others (e.g., IBMP in vinifera; Dunlevy et al. 2013) is the high diversity of species used in 
breeding programs. VitisGen provides the necessary collaborative framework to validate marker 
robustness across relevant germplasm.  
Few QTL studies have investigated table grape FQ traits, particularly in U.S. germplasm. 
Stenospermocarpic seedlessness has been studied and a causal gene identified (Bergamini et al. 
2013; Mejia et al. 2011). Rachis architecture, lateral shoulder length, cluster length, and node 
number have been characterized in a single seedless × seedless family, and 18 QTL were 
identified (Correa et al. 2014), even though this family only had moderate variability in cluster 
architecture. Thus, similar to winegrape FQ traits, there is a need for both further marker 
development and validation in families relevant to U.S. table grape breeding programs. 
 

Extension and Outreach to-date. VitisGen1 developed numerous outreach products explaining 
the processes and goals of the project, including the project website (www.VitisGen.org), the 
‘VitisGen Voice’ newsletter, a project brochure, graphical summaries of the Breeding and 
Genetics Teams’ workflow, five outstanding educational videos, and articles for trade 
publications (9) and for University/extension outlets (8). Building on this foundation, the team 
assembled to lead the VitisGen2 extension and outreach effort has extensive experience and 
proficiency in working with scientists to produce, translate, and communicate scientific impacts 
across the U.S. to industry, growers, and the public. Extension Team Lead Tim Martinson led the 
SCRI-funded Northern Grapes Project, with a multifaceted outreach program including a 
webinar series, quarterly newsletter, and research reports. Martinson will lead a strong team of 
academic and industry extension specialists covering all production sectors nation-wide.   
 

How duplication of effort with similar activities by others will be avoided. Most public and 
private U.S. grape breeders are either participating in this project or are invited to serve on the 
Advisory Panel. Our Panel includes an international leader from INRA, France, and her input 
will help to avoid duplication with efforts abroad. In addition, attendance of participants at 
international meetings also helps to coordinate efforts and avoid duplication while capitalizing 
on synergies. Private and international grape breeders will benefit from the public knowledge 
and from validated markers published at www.VitisGen.org, but will not be provided public 
funds for marker application. Relevant markers that are developed and published outside of the 
project will be validated for application within the scope of this project. 

http://www.vitisgen.org/
http://www.vitisgen.org/
https://www.youtube.com/playlist?list=PL987dFmskAY4mAvvQAVwnv3eyWuT5rvR5
http://northerngrapesproject.org/
http://www.vitisgen.org/
http://www.vitisgen.org/
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(vi) Rationale and Significance.  
 

Figure 3. Relationship of SCRI Focus Areas to Project Objectives (at right) 

 
The grape industry is entering an era of new grape cultivars with unprecedentedly effective PM 
resistance. While these new cultivars could reduce fungicide applications by more than 90% for 
the growers who adopt them, the grape industry and grape scientists will face a number of 
complicated decisions needing research-based guidance: 

1) What are the costs and benefits of PM resistant cultivars throughout the value chain: For 
nurseries selling plants? For grape growers producing fruit? For wineries, packers, and 
processors producing products? Is there added value to consumers? And what is the value 
to neighboring communities and the environment? 

2) How do breeders, pathologists, and extension specialists package a PM-resistant cultivar 
with disease management guidance to enhance the durability of resistance? How many 
resistance genes and which ones are best suited for durable resistance? What is the role of 
fungicides in protecting resistance durability, and will growers follow guidance if they 
see no or little PM? 

3) How do we maintain or improve fruit quality, and do so more quickly, when 
introgressing PM resistance from wild species? 

 

Our project team was assembled from leading researchers in diverse, relevant disciplines to 
address these questions and, in the process, to enhance and accelerate the development of new 
cultivars combining durable PM resistance and excellent fruit quality. We have already made 
good progress down this path. We have prepared economic models for PM resistant cultivars in 
specific sectors, which suggest the U.S. economic value alone will be in the hundreds of millions 
of dollars per year. We showed that growers would more frequently choose a PM-resistant 
variety with a non-vinifera name over a conventional, susceptible variety, and would pay a 20% 
premium for PM-resistant vines. We have identified, introgressed, phenotyped, and are tracking 
numerous PM resistance loci, and we have shown that arbitrarily combining different genes is 
not a viable strategy (Barba et al. 2015; Feechan et al. 2015); breeding decisions must be based 
on data that are not yet available. We have identified the right families and genotyping platforms 
for the genetic analyses, and the right methods for phenotyping resistance and key fruit quality 
traits. The stage is set for our project team to make rapid and targeted progress in discovering 
and translating information that the grape industry needs to enter this unprecedented era of low-
input grape production. Finally, during this transition we have VitisGen technologies (chemical 
assays for juice protein and tannin extractability as well as AmpSeq-based assays of fungicide 
resistance) for application in the management of existing plantings. 

Focus Area 1: 
Research in plant breeding, genetics, 

genomics to improve quality and 
reduce management applications 

Focus Area 2: 
Identify and address threats from 

pests 
 

Focus Area 3: 
Production efficiency, productivity, 

and profitability 

Focus Area 4: 
Innovations and technology 

Local phenotyping innovations and 
applications; and education and impact. 

Fruit quality and powdery mildew resistance 
phenotyping and application; local 
phenotyping and application; and education 
and impact. 

Economic driver; and technological innovation 
in development of novel cultivars and in 
management of existing plantings. 

Technological innovations in fruit quality; and 
research innovations for powdery mildew, 
fruit quality, and genetics. 
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Novel ideas and contributions.  
Publicly-available, stacked PM resistance. Currently, the only publicly-available grapevines 
known to contain stacked PM resistance are a single Vitis accession in the USDA-ARS collection 
and several muscadine grapevines (2n=40) that are not cross-fertile with bunch grapes (2n=38). 
VitisGen2 will develop, genotype, phenotype, and publicly release grapevines with various 
combinations of RUN1, REN1, REN2, REN3, REN4, REN6, REN7 and REN10. Combined with 
VitisGen2 protocols for marker-assisted selection of these loci and empirical data predicting 
durability, this contribution would remove key hurdles to breeding for durable PM resistance. 
Powdery mildew (PM) innovation. The ability to visualize PM on leaves without staining is 
useful for anyone evaluating the effects of treatments on PM disease progress: breeders, 
geneticists, pathologists, and chemical companies, for example. The automation of data 
acquisition and analysis would be a game changer in the ability to evaluate dynamically and with 
dramatically higher throughput. 
Fruit quality innovation. The VitisGen discovery that excess juice protein is a major cause of 
low tannin retention in wild Vitis has implications not only to breeders and researchers, but also 
to producers who wish to increase wine tannin from current plantings. Our protocol for high 
throughput, interference-free screening of juice protein facilitates its measurement in both 
research and production settings. Similarly, innovations described by the Sacks group are leading 
to higher-throughput volatile analyses. Discoveries in chemistry, processing suitability, and 
texture will similarly impact breeding and crop management. 
AmpSeq genotyping. VitisGen1 pioneered methods for application of GBS in highly 
heterozygous species including many specialty crops. AmpSeq technology is an outcome of our 
efforts to translate GBS markers under QTL into markers for selection, and two workshops have 
already trained 100 scientists in AmpSeq design and analysis. AmpSeq works well without 
optimization, and is inexpensive, rapid, and amenable to automated analysis and decision 
support. While our primary focus is on tools for breeding, AmpSeq is quickly being adapted to 
population genetics, plant pathology, and other fields, and will be used here to monitor fungicide 
resistance in existing plantings. 
Novel and relevant reference genomes. Adaptive traits like disease resistance and abiotic stress 
tolerance primarily exist in wild Vitis spp., for which the V. vinifera ‘PN40024’ winegrape 
reference has little relevance. In VitisGen1, ~50% of GBS data did not align to the ‘PN40024’ 
reference, with even less aligning from wild and interspecific hybrid germplasm. Table grapes 
and raisin germplasm produced the poorest quality genetic maps, likely due to an inappropriate 
reference for SNP calling. This project will use PacBio sequencing to develop de novo 
assemblies of a table grape and wild genomes. These genomes will enable rapid progress in 
understanding the genetic architecture of key traits including: resistance to powdery mildew, 
downy mildew, and phomopsis; undesirable sensory attributes (e.g. high malic acid and C6 
herbaceous compounds, low tannin); and de-acclimation. 
Economics of improved cultivars. Research on the economics of improved cultivars in 
perennial crops so far has been scarce. The modeling approach developed by VitisGen to 
evaluate the benefits of PM resistance for several major production systems can be extended to 
other pests and diseases of grapevines and to examine the benefits from PM resistance in other 
grape production systems, and with further modification, in perennial crops and diseases outside 
the project. Results from disaggregated economic analysis can be used to demonstrate aggregate 
benefits from adoption to particular industry segments, and also to communicate the economic 
value of improved cultivars to individual growers in order to facilitate adoption. Further analysis 
of the economic value of specific cultivar traits from the perspectives of the nursery industry, 
grape producers, consumers, and market intermediaries will allow the calculation of the total 
economic value of particular traits to the economy as a whole. 
 

(vii) Approach.  
1. Activities proposed, key personnel, and timeline. The project is designed to leverage 
synergy among existing programs by linking ongoing efforts and expertise across disciplines and 
geography, to enhance grape breeding programs and apply research advances. Table 4 shows the 
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activities, personnel responsible (or with key supporting roles), and anticipated outreach 
materials and research publications as a timeline over the course of the project. 
Economics Team Activities. The Trait Economics Team will deploy a variety of methods to 
evaluate various traits in different industry segments including (a) choice experiments to elicit 
information about attributes of different grape cultivar traits as perceived by growers and 
consumers, (b) budgeting analysis supported by advice from scientists and industry participants, 
as well as surveys and choice experiments, (c) hedonic price models to evaluate existing traits, 
and (d) simulation models to evaluate the economy-wide benefits to producers and consumers 
with due allowance for research, development, and adoption lags. The Advisory Panel will 
provide active guidance on priorities for traits and market segments, and other aspects of the 
design and analysis. The choice experiments will be led by Rickard (Cornell) and by Gallardo 
(WSU), and the other modeling work will be led by Alston with Postdoctoral Associate 
Sambucci (UC Davis). The findings will drive future activities of other VitisGen teams. 
Breeding Team Activities. The Breeding Team is at the center of all activities and will provide 
information and plant samples needed by others. Each breeder/geneticist (Reisch, Cadle-
Davidson, Clark, Fennell, Hwang, Ledbetter, Londo, Naegele) is maintaining one or more 
families for analysis of centrally or locally phenotyped traits, including 12 core families (Table 
5). Samples for genotyping are typically provided from April - June; for PM phenotyping from 
May - July; and for fruit phenotyping from June - September. Local phenotyping occurs over 
many months, depending on the timing of each trait.  
Genetics Team Activities. The Genetics Team functions as the engine connecting Breeding 
Team efforts with phenotypic trait evaluation and genetic mapping. Its primary responsibility is 
the discovery, validation, and application of DNA markers. The Genetics Team will use 
NextGen strategies to support trait mapping; to progress from high-resolution markers flanking 
trait loci to markers in candidate genes; and to bring validated markers to application in breeding 
and production. Strategies will include: PacBio genome sequencing of two important wild 
species and one table grape cultivar; and RNA sequencing of parents and full-sibling progeny 
with contrasting PM resistance, fruit quality traits, and other important local phenotypes. In Year 
1, new families will be genotyped for high resolution genetic map construction. Londo, Cadle-
Davidson (USDA-ARS), Schweitzer and Sun (Cornell University) have played a central role in 
the management of tissue submission, genotyping pipelines, and GBS, SSR, and AmpSeq 
analyses throughout the VitisGen project and will continue in that role. Sun, Cantu (UC Davis) 
and Fennell (SDSU) are experienced in PacBio whole genome assembly and annotation and will 
lead these efforts. Londo, Fennell, Cadle-Davidson, and Cantu are experienced in gene 
expression analysis and transcriptome assembly and will conduct RNA isolation, library 
preparation, sequencing and bioinformatic analysis of gene expression data. From the Advisory 
Panel, Buckler and Ware (USDA-ARS) will continue to collaborate actively on efforts involving 
genotyping and genome sequencing, assembly, and annotation. 
Powdery Mildew (PM) Team Activities. Gadoury and Cadle-Davidson established a system to 
process one family per week for 6-8 weeks. Breeders sample leaves during the early growing 
season before vineyard PM confounds results. Inoculated leaf discs will be imaged, then fixed 
and stored for additional data collection after all experiments are completed. Two experiments 
have been completed on each of three VitisGen1 families with a third experiment to be executed 
in Year 1 to finish QTL analysis. Upon funding, parents of four new VitisGen2 families will be 
vegetatively propagated and grown in the greenhouse. Preliminary experiments in Year 1 will 
determine the isolate and methods that produce the greatest separation between parent 
phenotypes, which typically maximizes the distribution of phenotypes in the progeny (Cadle-
Davidson et al. 2016). These four families will be phenotyped in Years 2-4 for QTL analysis. In 
Year 1, Rea, Gadoury, and Cadle-Davidson will optimize automated image acquisition and 
analysis methods, for validation by QTL analysis of known loci. Seedlings with combinations of 
RUN1, REN1, REN2, REN3, REN4, REN6, REN7 and REN10 will be germinated and submitted 
for genotyping in Year 1. Between growing seasons in Years 2-4, Gadoury and Cadle-Davidson 
will assay stacked seedlings (based on genetic markers) for resistance gene complementarity 
using greenhouse-grown potted vines. 
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Table 4. Plan of Work. O = Outreach material, P = Peer-reviewed publication, B = Breeder sampling.

Activity Personnel Sept Dec Mar June Sept Dec Mar June Sept Dec Mar June Sept Dec Mar June

Annual  Meeting and meeting 
report

Al l  participants , 
Project Manager

Project Eva luation
Led by Manager, 

Adv. Panel
Semi-annual  internal  reports Project Manager
REEport; and reformatted 
vers ion

Project Manager

Genome sequencing Cantu B
Genome assembly, 
annotation, analys is

Sun (Ware, Cantu, 
Fennel l ) P P O

High-resolution markers Londo, Schweitzer B B B
Computational  analys is  - 
Mapping

Reisch, Sun (Cadle-
Davidson, Londo) P O P P

RNA-Seq genotyping Londo B B
RNA-Seq analyses Cantu O P P

Develop AmpSeq reporting Reisch, Sun
Select markers  and priori ti ze 
samples
Sample, genotype, report, B B B B P
Val idate new markers P O P

Develop automated analys is
Rea, Gadoury, 

Cadle-D P O
Sample/screen vineyard Cadle-D, Gadoury B B P B P
Stacked R-genes  genotyped PM/Genetics  
Screen s tacked R-genes  Cadle-D, Gadoury P O P

Sample frui t for assessment Breeding Team B B B B B B B
Screen for frui t chemistry Sacks , Mansfield P O P
Screen for table grape tra i ts Naegele P O P

Mainta in mapping fami l ies Breeding Team
Define ontologies  and tra i ts Clark, Breeding P
Budbreak, flowering O P
Pest tra i ts O P
Fruit tra i ts O P

Sample budgets  for new 
cul tivars , tra i ts

Als ton, Sambucci  P O
Wil l ingness  to pay, growers Rickard, Gal lardo P O
Wil l ingness  to pay, 
consumers

Gal lardo, Rickard P,0
Estimated pay-off to 
investment

Als ton, Sambucci P,0

Outreach materia ls  ass igned Martinson, co-PIs
Webinars Martinson, co-PIs O O O O O O O
Grower meetings Breeding Team O O O O
Industry articles Exten Team, co-PIs O O O O O O O O O O O O
Videos

Videographer, 
Martinson, co-PIs O O O

VitisGen Voice Exten Team, co-PIs O O O O O O O
Genetics  workshops Genetics  Team O O O O

Breeding Team

Trait economics: Value of new varieties and traits, consumer willingness-to-pay

Extension and Outreach: Communication to grape industry, researchers and public (discoveries and opportunities)

Reporting and Evaluation

Marker and gene discovery: Wild Vitis genomes, QTL analyses, candidate gene identification

Marker application: 37,000 samples for marker-assisted selection, refining trait loci toward candidate gene 

Breeding Team, 
Genetics  Team

Powdery mildew phenotyping center: Automation, QTL mapping, R-gene stacking

Year 1 Year 2 Year 3 Year 4
2017 2018 2019

Fruit quality phenotyping center: Image analysis, chemotyping, novel traits, QTL mapping

Local phenotyping: Standardized ontology, Local priorities, Responding to new observations/pests, QTL mapping

2020 2021
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Fruit Quality Team Activities. The FQ/Wine Center responsible for chemotyping was 
established at Cornell during VitisGen1, overseen by Sacks with some analyses performed by the 
Mansfield lab. A second FQ Center (FQ/Table) for table grape-specific qualities will be 
established for VitisGen2 and overseen by Naegele. For chemotyping (Sacks), frozen samples are 
homogenized and stabilized to prevent enzymatic degradation. Aliquots of macerate are then 
divided among vials to allow for parallel analyses of negative fruit quality traits on multiple 
analytical platforms and re-frozen prior to analysis. For QTL analysis of time-resolved samples 
in Years 1-2, fruit will be harvested and phenotyped at three time points corresponding roughly 
to inflection points in concentrations of malic acid and several key herbaceous volatiles (Kalua 
and Boss 2009; Ryona et al. 2009). In Years 3-4, analysis of one multilocation VitisGen1 family 
will enable analysis of Genotype × Environment interactions. Marker validation will focus on 
two VitisGen1 and two new VitisGen2 families, with initial screening of family subsets in Year 2 
to prioritize families, and whole family phenotyping in Years 3 and 4. Winegrape phenotyping 
methods will be validated on a subset of pooled individual vines by small scale winemaking. For 
development and validation of markers for FQ/Table, Naegele will optimize and automate image 
acquisition and analysis methods in Year 1, and will collect in Years 1 and 2 data on rachis 
architecture, cluster length and density, berry shape, texture, juice production, and size for table 
grape progeny maintained at the USDA-ARS in Parlier, CA. In Years 3 and 4, markers for rachis 
architecture, and berry traits identified in VitisGen1 populations will be validated and new 
markers discovered by QTL analysis of two seeded × seedless families (Naegele). 
 

Extension Team Activities. The short-term extension outcome from the Logic Model is to 
promote awareness of genetic technologies, phenotypic innovations, benefits, and economic 
impacts. This will be accomplished via enhanced communication among researchers (within and 
outside of the project), industry, and the general public. As detailed in the Methods section E. 
and the Outreach Plan, the Extension Team (Martinson, Clark, Jordan, Moyer, and Striegler) will 
work with VitisGen2 subject matter experts and Advisory Panel members to develop an annual 
plan of outreach efforts and topics at the annual project meetings. Martinson and a 50% FTE 
Extension Support Specialist will coordinate planning; organize and run webcasts; facilitate 
communication with project training workshops; oversee production of project-based videos; 
maintain the project website; and write/edit articles intended for media and trade publication 
release. Moyer will cover issues related to use and deployment of pathogen resistance; Jordan 
will cover project impacts in the table and raisin grape industries; Clark will provide breeding 
and cold hardiness expertise; and Striegler will provide an industry perspective. All Project 
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Directors and Key Personnel are required to contribute to at least one Outreach product as part of 
their scopes of work.  
 

2. Methods, including the feasibility, systems thinking, and trans-disciplinary approaches. 
Trait economic analyses will guide the prioritization of research and development. Previous 
economic results emphasized the importance of durable powdery mildew (PM) resistance while 
maintaining fruit quality, which matched stakeholder goals of nationwide importance. Thus, 
breeding programs will focus on introgressing novel sources of PM resistance and advancing 
existing sources for durability and fruit quality, guided by DNA marker technologies of the 
Genotyping Center and by trait evaluation support from the PM and FQ Centers. The Extension 
Team coordinates project communication to key stakeholders. Here we describe the specific 
methods of each team to validate and apply previous findings, as well as pursue new discoveries. 
In all cases, the feasibility of success is high given the expertise of the research teams and 
directly-relevant experience gained in VitisGen1 and related projects. 
 

Objective 1b. Complete and disseminate economic analysis of several key agronomic and quality 
traits to drive research and breeding.  
A. Methods for economic analyses to inform grower and breeder decisions: VitisGen1 
developed specific methods to address particular features of specialty crop production in 
modeling and measuring the benefits from varietal innovations, including both partial budgeting 
approaches and multi-period market simulation models (e.g., Alston et al. 2010; Fuller et al. 
2014), drawing upon the established general methodology for the economic assessment of 
agricultural innovations (Alston, Norton, and Pardey 1995). In VitisGen2, market models will be 
parameterized with micro-level measures of gains to individual producers (e.g., cost savings, 
yield improvements, other advantages) or consumers (perceived value of and willingness-to-pay 
for specific quality traits or other product or process attributes). A significant part of the work is 
to estimate these micro-level values. Some measures can be inferred by analysis of observations 
of consumer willingness-to-pay at retail or buyer willingness-to-pay at wholesale, as reflected in 
market prices associated with attributes. Others have to be estimated by other means.   
Choice experiments will be used to estimate the value of specific cultivar traits to consumers and 
producers using methods exemplified by Weaber and Lusk (2010), Norwood and Lusk (2011), 
and Lusk and Norwood (2009). Examples of applications to fruit cultivars include Gallardo et al. 
(2015) and Yue and Tong (2011). Table grapes show the greatest promise for work on assessing 
consumer attitudes because (a) varietal innovation in table grapes is already rapid, and many of 
the innovations emphasize consumer traits such that it will be possible to combine work on 
stated and revealed preference, (b) table grape consumers willingly accept non-vinifera grape 
varieties, and (c) table grapes leave the vineyard in near final form, requiring little further 
processing, simplifying the modeling requirements and facilitating direct elicitation of consumer 
demand for farm product quality traits.  
 
The analysis will be designed to quantify the advantages, disadvantages, and economic value of 
various traits from the perspectives of producers, consumers and market intermediaries such as 
retailers, processors, and wholesalers, and to determine under what circumstances and for what 
traits consumer education can affect consumer perceptions. A further outcome of this work will 
be the calculation of the total economic value of traits to the economy as a whole including 
consumers, producers, and other elements of the supply chain. The findings, along with existing 
industry priorities, will be used to guide long-term breeding strategies and the development of 
new cultivars targeted to increase the economic benefits from producing and consuming grapes.  
We expect the following specific outcomes: 

(1) Sample budgets that show the costs and benefits of improved cultivars for a selection of 
representative growers in various production systems. The budgets will demonstrate how specific 
qualities of improved cultivars, such as cold or drought tolerance, resistance to disease, uniform 
ripening and grape size, or improved fruit flavor, will change the production practices of growers 
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under various production systems, and the consequences for costs of production, yield, revenue, 
profit, pesticide use, and environmental impact of production at the vineyard level. 

(2) Estimates of willingness to pay for specific cultivar traits. 
a. Willingness to pay by grape growers for planting materials based on cultivar traits. 
b. Willingness to pay by consumers for products of improved cultivars. 

(3) Aggregative, industry-wide, and economy-wide estimates of the payoff to investment in 
development of improved grape cultivar traits, such as resistance to PM and other diseases, cold 
or drought tolerance, uniform berry quality and other priority traits in terms of pecuniary and 
non-pecuniary benefits to producers, consumers, middlemen, the environment, and society as a 
whole. 
 

(Project activities related to both technological innovation and knowledge application are tightly 
interwoven; they are presented together in the following paragraphs.) 
 
Objective 1a. Integrate genome-wide data with innovations in phenotyping powdery mildew 
(PM) resistance, and table and wine grape quality for genetic characterization of high-priority 
traits. Specific goals focus on gene discovery and trait assays: de novo annotation of relevant 
wild genomes; RNASeq of all VitisGen parents; low-cost AmpSeq marker implementation; 
automated PM quantitation without staining; multiple high throughput phenotyping screens for 
key fruit quality traits, and identification of candidate genes for PM resistance and fruit quality.  
Objective 2a. Incorporate technological innovations and economics-oriented priorities in the 
generation of grapevine seedlings in breeding programs and the selection of elite breeding lines. 
Publicly release grapevines, pollen, and/or seed lots with various combinations of RUN1, REN1, 
REN2, REN3, REN4, REN6, REN7 and REN10 PM resistance.  
 

B. Methods for centralized genotyping and sequencing - providing the foundation for 
mapping, gene identification, and marker application: Building on the logistics and analysis 
pipeline established in VitisGen1, the Genetics Team will expand efforts beyond SSR screening, 
GBS-based SNP generation, genetic mapping, and QTL analysis. Methods include: 

(1) The Genetics Team will continue the high-throughput generation of genetic maps for new 
VitisGen2 core and locally maintained families, continue to translate trait-associated markers and 
candidate genes into AmpSeq marker panels (Yang et al. 2016a) for cross-family validation, and 
expand efforts to provide SSR and AmpSeq marker data for application in breeding programs. 
The methods here are well established.  

(2) Breeders will continue to make crosses consistent with local program goals, and 
incorporate marker technologies, especially in relation to disease resistance and fruit quality. 
Young leaf tissue will be sent for analysis, with data on requested markers returned within 8 
weeks. New fruit quality markers will be implemented and resistance loci will be stacked, 
according to guidance from each Phenotyping Center. Markers employed will transition from 
single SSR markers to AmpSeq haploblocks spanning trait loci, including markers associated 
with candidate genes. 

(3) Two wild grapevine species and a table grape cultivar will be assembled following 
PacBio sequencing, and all the parental genotypes of mapping families used in VitisGen1 and 
VitisGen2 will have RNASeq references prepared. The ‘PN40024’ reference genome is 
suboptimal for table grapes and wild Vitis spp. The Cantu lab recently assembled 140X PacBio 
RSII coverage of the ‘Cabernet Sauvignon’ genome into 718 contigs of total length of 590Mb, 
achieving a contig N50 and N90 of 2.1Mb and 1Mb, respectively (Chin et al. 2016). This is 
much improved over Illumina assemblies (which cover non-repetitive regions only). RNASeq-
derived AmpSeq markers are affordable, highly effective, and transferable, using ‘PN40024’ and 
the VitisGen2-produced PacBio-based references as genetic backbones. Together, these 
resources will enable reanalysis of GBS markers lost using alignment to the current ‘PN40024’ 
reference, and projection of markers onto relevant, annotated genomes. 

(4) RNASeq expression analysis will be completed for extreme phenotypes and relevant 
tissues pertaining to PM resistance (500 samples), fruit chemotypes (500 samples), and local 
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phenotypes (600 samples). QTL mapping allows researchers to identify genomic regions that 
contribute to a given phenotype. However, hundreds of genes are often found within a QTL. For 
phenotypes where candidate genes cannot be intuitively discerned, gene expression studies can 
indicate which genes within a region are differentially expressed in phenotypic extremes and can 
inform mechanisms behind traits and trait performance. Results of QTL mapping in VitisGen1 
have uncovered more than 75 QTL for disease resistance, fruit quality, and locally phenotyped 
traits. In addition to targeting candidate genes, gene expression data will be used to uncover the 
complicated regulatory mechanisms that contribute to polygenic traits. We will focus on relevant 
tissues (e.g., leaves or fruit) of full-sibling progeny with extreme phenotypes (i.e., statistically 
significant differences) for a given trait. Replicated bulked segregant RNASeq analyses (Wang et 
al. 2013; Feder et al. 2015) will be used for cost effectiveness in some cases, such as when only 
one trait is of interest. In other cases, rather than replicating pools or vines, haplotypes within a 
full-sibling family will serve as biological replicates. For example, analyzing expression between 
all REN1+ versus all REN1- seedlings based on haplotype (but without pooling RNA) will 
leverage the genetic resources of VitisGen2 to target candidate genes differentially expressed at 
that locus (Coleman et al. 2009). We previously used this approach to identify seven candidate 
NB-LRR genes at the REN4 locus for resistance to PM (Lillis 2014) and three candidate NB-
LRR genes at the RDA1 locus for resistance to Phomopsis canker (Barba 2015), using only 23 
and 24 full-sibling progeny, respectively. Experiments involving quantitative traits or stacked R-
genes will involve sample sizes of 96 or more progeny. Barcoded RNASeq libraries will be 
multiplexed and Illumina sequenced to a minimum read depth of 15 M reads per sample. 
Sequenced reads will be quality filtered and aligned to the respective reference genomes (wild or 
vinifera) to quantify gene expression. A combination of univariate and multivariate statistical 
analyses will be implemented to identify individual genes and pathways with constitutive or 
induced expression patterns that correlate significantly with variation in the trait of interest 
(Amrine et al. 2015; Blanco-Ulate et al. 2015).  
 

C. Methods for powdery mildew (PM) resistance phenotyping: The eastern U.S. is a center of 
origin for grape PM (Brewer and Milgroom 2010). Over the past 10 years, USDA-ARS and 
Cornell scientists have developed the most comprehensive collection of PM diversity in the 
world and have used this collection to screen breeding germplasm as a collaborative research 
service, resulting in improved knowledge of the mechanisms, inheritance, race-specificity, and 
durability of resistance (cited in Table 1). Methods include: 

(1) This project will focus on the application of hyphal transect data described above, 
optimizing semi-automated image collection and automated image analysis for hyphal transect 
data. Optimization will require evaluation of different optics, sensors, and robotics compatible 
with growing PM in monoxenic culture on hundreds of full-sibling progeny subsamples per 
environment. New methods will be evaluated using QTL analysis of three VitisGen1 families 
with two previous experiments’ data: ‘Norton’ × ‘Cabernet Sauvignon,’ V. rupestris B38 × 
‘Horizon,’ and MN1264 × MN1246. Image-based methods will be deemed successful when they 
accurately reveal the underlying genetics. 

(2) Assuming the budgeted personnel and current throughput with staining and microscopy 
rating of hyphal transects, we can screen 6 novel resistance sources, in three independent 
experiments each with up to 180 F1 progeny and 8-fold replication per experiment. We anticipate 
that automation will improve each of these numbers, particularly if we can also identify solutions 
for automated leaf punching and arraying. If the methods enable an increase in replication and 
progeny number, that should enable detection of quantitative resistance loci having smaller 
effects. After completing a third experiment for the three VitisGen1 families, we will process 
new families as resources allow, following priorities set in consultation with the Breeding Team 
and Advisory Panel. Preliminary experiments will determine the isolate and methods that 
produce the greatest separation between parent phenotypes, which typically maximizes the 
distribution of phenotypes in the progeny (Cadle-Davidson et al. 2016). 

(3) Stacks of resistance loci will be tested to identify complementary genes for improved 
durability, following our methods in Feechan et al. (2015). The initial work on this objective will 
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focus on combinations of RUN1, REN1, REN2, REN4, REN6, and REN7, using full-sibling vines 
available now having from zero to five of these alleles, as verified by existing DNA markers for 
each locus. Additional crosses will be made to characterize REN3, REN10 and other resistance 
sources listed in Table 1. For novel resistance sources identified during the project, differential 
responses to our characterized PM isolates (Barba et al. 2015) will provide preliminary 
indications of the complementarity with better-characterized resistance loci. At the conclusion of 
this work, lines confirmed to have various combinations of resistance genes (and homozygous 
lines if resources allow) will be released in the public domain. 

(4) Lines with individual resistance genes not known to be race-specific will be grown under 
no-spray conditions to collect virulent isolates, which will be single-spore isolated and added to 
the Geneva PM collection for future studies. 

(5) Candidate gene discovery by RNASeq analysis will focus on REN1, REN2, REN3, REN4, 
REN6, REN7, and REN10, with the null hypothesis that these involve NB-LRR genes induced by 
24 h post-inoculation, which will drive the experimental design. We previously used the 
haplotype approach described by the Genetics Team to identify individual candidate R-genes 
(Barba 2015; Lillis 2014). In addition, pathways analysis in progeny with stacked R-genes will 
indicate combinations that may provide improved durability via activation of multiple resistance 
pathways. Diverse PM isolates can be used to test the spectrum of pathway upregulation, 
validated with the biological information obtained in (3) above. 

(6) A pilot project testing AmpSeq for PM genotyping is described in (ii) Response to 
previous review.  
D. Methods for fruit quality phenotyping: The Cornell team responsible for the FQ/Wine 
Center has actively collaborated with grape breeders and viticulturists on negative fruit chemistry 
traits in wild grapes and their offspring for 10 years, resulting in improved knowledge of key 
compounds responsible for undesirable aroma, taste, mouthfeel and color, as well as the genetic 
or environmental controls of these traits. The USDA-ARS unit responsible for the FQ/Table 
Center is located in Parlier, CA, in the hub of U.S. table and raisin grape production, and is 
internationally recognized as the premier public breeding institution for the past 40 years, 
combining phenotypic selection and viticultural innovation to develop improved cultivars with 
superior table or raisin quality characteristics. For analyses at the FQ/Wine Center, sample 
preparation and analytical pipelines will follow VitisGen1-validated protocols. For each 
individual, replicate 100 g frozen berry subsamples will be thawed and homogenized. A portion 
of the juice will be retained for analysis of basic grape parameters (pH, Brix, TA, avg. berry 
weight) using common protocols. Homogenate will then be aliquoted into an appropriate number 
of vials to facilitate analysis across multiple platforms based on previously described methods 
(Table 6), CaCl2 added as necessary to interrupt further enzymatic activity (Tikunov et al. 2005), 
and frozen at -20 °C until further chemical analysis. All analyses will be performed in replicate 
using equipment in the Sacks and Mansfield labs unless noted. 
 
Table 6. VitisGen2 chemotyping traits and methods. 
Trait Negative contribution Platform References 
Volatilesa Off-aromas GC-TOF-MS (Sun et al. 2011) 
Malic acid Sour taste HPLC enz. assay (Yang et al. 2016b) 
Minerals (K, Ca, Mg, Na) High pH Flame AAS (Aceto et al. 2002) 
Protein and tannin Poor mouthfeel due to low 

tannin / tannin extractability 
Colorimetric assay (Springer et al. 

2016b) 
Anthocyanins 
(diglucosides, acylated) 

Unstable color  HPLC (Manns and 
Mansfield 2012) 

a Herbaceous-smelling volatiles: 3-isobutyl-2-methoxypyrazine (IBMP), 3-isopropyl-2-methoxypyrazine 
(IPMP), 1,8-cineole, C6 compounds (hexanal, trans-2-hexenol, cis-3-hexenol, trans-2-hexenal, hexanol); 
Foxy-smelling volatiles: o-aminoacetophenone (o-AAP), methyl anthranilate, furaneol. 
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(1) Marker Discovery in Time-Resolved Samples and Replicated Sites. Fruit will be 
sampled from two VitisGen1 families (‘Horizon’ × Illinois 547-1; and V. riparia '37' × ‘Seyval’ 
F2) at three time points (40 d post bloom, 25 d post-veraison, 50 d post-veraison). We will begin 
to address the genotype × environment interactions affecting development-related responses by 
the analysis of the V. riparia '37' × ‘Seyval’ F2 family in two geographic locations. To account 
for asynchronous berry development, individual vines will be flagged at flowering and at 5-day 
intervals from veraison, and fruit sampling time adjusted appropriately. Average berry weights 
for each individual will be determined, and analyte concentrations converted to units of “change 
in analyte concentration per berry” prior to QTL analysis. For candidate gene discovery, the 
RNASeq haplotype approach described by the Genetics Team (or in silico pooling by extreme 
phenotype) will be particularly powerful here. Since up to 30 independently assorting traits are 
chemotyped, this approach will enable the same RNASeq data to be reanalyzed for each trait. 
Further, this strategy enables expression QTL (eQTL) analysis, which is particularly relevant 
given the known role of cross-talk and transcriptional regulators in metabolic pathways.  

(2) Development and Validation of Markers for Fruit Chemistry. Fruit will be available 
from some new VitisGen2 families (Table 5) in 2017, and from all individuals by 2018. Thus, 
Year 1 will be used to screen a subset of fruiting individuals for chemotyped traits (Table 6) to 
select families for full phenotyping in Years 2-4. We expect that the two core VitisGen2 families 
will segregate for each fruit quality trait category and be used for validation. Two VitisGen1 
families (‘Cabernet Sauvignon’ × ‘Norton’ and MN1264 × MN1246) previously shown to 
segregate for key traits will also be included. Fruit will be harvested at 40 d post-veraison as 
described above. Validation of previously identified FQ markers will be performed in 
collaboration with the Breeding and Genetics Teams. Additionally, for each family and trait 
category, small scale winemaking (1 L size) will be performed on pooled samples to validate that 
berry measurements correlate with final wine concentrations (Ryona et al. 2009; Springer et al. 
2016). 

(3) Development and Validation of Markers for Table Grape Qualities. Individual vines 
will be managed to ensure equal number of clusters per vine to reduce variability caused by 
disparate crop loads in two families (B37-28 × C56-11 and C81-227 × Y135-43-04) with 
approximately 280 individuals each. Phenotyping of rachis architecture and berry shape and size 
will utilize image-based field evaluation of individual clusters, with and without berries attached. 
Images will be normalized using a standard color card and metric ruler included with each 
sample, and analyzed using macros implemented within ImageJ (Abramoff et al. 2004). Post-
veraison clusters will also be weighed. When sufficient berry numbers are available, clusters will 
be measured for berry texture (Zwick ZN250 Analyzer) and juice production. Detached berries 
will be placed into a Kramer Shear cell and macerated twice to calculate the gumminess, 
chewiness, and springiness of each cluster according to Chiabrando et al. (2009). Phenotypic 
data will be used by the Genetics Team to identify QTL (Barba et al. 2014; Hyma et al. 2015). 
Genetic analysis of red color stability in table grapes will be evaluated using one family 
phenotyped for hue and chroma as well as a subjective rating of red color of mature fruit for 
three seasons. 

(4) Pilot project for testing GxExM of juice protein and tannin extractability. As 
described in “(ii) Response to previous review”, the Phenotyping team will collaborate with 
Peter Cousins (E&J Gallo; Advisory Panel) and Tim Martinson (Extension) to identify 10 
commercial vineyards in New York and California with three common unimproved red wine 
cultivars (e.g. ‘Cabernet Sauvignon’, ‘Merlot’, ‘Pinot noir’). At least one GxE combination will 
be part of a management trial. Samples will be evaluated using newly developed methods for 
juice protein and tannin extractability. Methods and results will be shared through the Extension 
team.   
 

Implicit in the above work planned for the Breeding, Phenotyping, and Genetics Teams is 
targeted progress in the development of well-adapted, disease-resistant cultivars with high 
fruit quality, of high economic and environmental value. 
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Objective 2b. Demonstrate the impact of VitisGen advances to grape growers, enologists, and 
specialty crop researchers.  
E. Methods for impact via extension and outreach: Effective outreach involves establishing 
clear linkages between discovery and application to diverse audiences. Because the ultimate 
outcome - deploying genetically-improved cultivars to the industry – is a process that takes long-
term commitment, advocacy that persuades stakeholders of the value of this effort will be an 
important element of our approach. Outreach audiences (researchers, industry, general public) 
will need a clear understanding of tools, timelines, and potential economic, environmental and 
societal benefits of VitisGen technologies and innovations. We will draw upon our experience 
with the Northern Grapes Project to identify both internal and external audiences.  As detailed in 
the Outreach plan and Facilities Table, a range of outreach activities will be used to address 
specific learning objectives, through established venues reaching approximately 12,000 
stakeholders nationwide.  
The Outreach plan will foster and enhance collaboration and systems-based thinking by bringing 
researchers and interested stakeholders together regularly. For example, web-based presentations 
by team members at regular intervals (4x per winter) will use the ‘chat’ capacity of our web 
conferencing platform (Zoom) to make these presentations interactive and engaging for the 
audience as well as the speaker. This venue, which is effective in reaching geographically-
dispersed audiences and can foster live, two-way communications (Particka et al. 2015), will also 
be appropriate for training workshops to disseminate specific techniques such as GBS, AmpSeq, 
or phenotyping, as well as for applied topics that will be adapted for industry outreach. The high-
throughput analytical innovations of the Fruit Quality Team provide a great example of such 
industry outreach, targeting as our audience the “Gold Standard” group (see Thorngate Letter of 
Support), which has representatives from over 50 major US winery R&D and QC/QA teams as 
well as wine service labs. By using participatory planning (at annual project meetings) to 
coordinate the outreach effort, the Extension Team will foster systems-thinking across project 
topic areas. This approach has been used successfully in the Northern Grapes Project (Particka et 
al. 2015) since 2011, so has a high likelihood of success. 
 

3. Expected outcomes, including how the project contributes to long-term profitability and 
sustainability of specialty crops. Clearly the primary focus is to enhance and accelerate the 
development of new cultivars combining durable PM resistance and excellent fruit quality. 
While some seedlings developed during the VitisGen project still have a long-term horizon to 
commercial development (needing multi-location trials and wine-making, for example), other 
previously existing, advanced breeding lines have been genotyped and/or phenotyped by 
VitisGen, and may be nearing commercialization.  
 

Economic analysis suggests the U.S. national benefit from these cultivars could be in the range 
of $100 M to $1 B, or even more, depending on time to adoption and acreage adopting. Further, 
the sustainability of grape production will be enhanced by reduced dependence on fungicides, 
particularly the massive quantities of sulfur applied. We have detailed estimates of economic 
value and environmental benefits for adoption of PM-resistant cultivars of raisins, Central Coast 
‘Chardonnay,’ and ‘Crimson Seedless’ in California alone (Fuller et al. 2014; Sambucci et al. 
2017); this project will provide estimates for other cultivars, production systems, regions, and 
additional traits. 
 

In addition, the project enables advances in the development of novel genetic tools and genetic 
improvement of diverse traits. The translation of high-resolution, genome-wide markers into 
AmpSeq marker panels, usable across breeding families, will rapidly improve cultivar 
improvement efforts by decreasing breeding costs and time needed to identify elite breeding 
lines. Combining genome-wide markers with gene expression analysis and whole genome 
annotation will rapidly advance grapevine breeding and selection of wild-derived adaptive traits. 
Grapevine is a highly heterozygous, perennial crop, and thus serves as a model system for 
advancing other heterozygous and/or perennial specialty crops. The results of this integration of 

http://northerngrapesproject.org/
http://northerngrapesproject.org/
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genetic data will provide the needed framework for translation to other specialty crops. While 
genomes of wild Vitis will have a major impact initially in grapevine genetics, AmpSeq could 
have a major impact across a number of crops, pathogens, and other organisms. Similarly, 
technical innovations and discoveries in phenotyping or other components of the project will 
likely have impacts beyond grapevine into other specialty crops. As with the high-throughput 
assay for juice protein (Fig. 2), some advances may find application in both research and 
production settings. 
 

4. Means by which results will be analyzed, assessed, or interpreted. We have assembled a 
team of co-PIs each with proven and published track records in the appropriate analysis and 
interpretation of their data. A key reason for success in the VitisGen Phenotyping and 
Genotyping Centers has been in harnessing statistical insights, and in particular focusing on 
Mendelian expectations and heritability. For example, for genotyping with either GBS or 
AmpSeq markers, the effect of repetitive DNA and paralogues was clearly observed by looking 
at Mendelian segregation ratios, and the best markers for genetic map construction and marker-
assisted selection had minor allele frequencies of 0.25 +/- 0.10 (Hyma et al. 2015; Yang et al. 
2016a). For PM phenotyping, every method of evaluating resistance identified statistically 
significant phenotypic variation among progeny, but hyphal transects was one of the only 
measures that reproducibly identified the heritable components underlying that variation. This 
will be a project not only of analysis but also re-analysis. Because most adaptive traits in grape 
breeding programs (abiotic and biotic stress tolerance) come from wild Vitis spp., which are 
often in non-recombining blocks (Feechan et al. 2013), the development of reference genomes 
for important wild species will enable re-analysis of existing data and genetic advances not 
previously possible. This will allow us to re-analyze and incorporate the informative data resting 
in the ~50% of grape GBS data that did not align to the ‘PN40024’ reference genome. 
 

5. How results or products will be used. Outcomes of the project will enhance and accelerate 
the development of new cultivars combining durable PM resistance and excellent fruit quality. 
Economic findings will guide future strategies and priorities for grape breeding, and will 
objectively quantify the economic value of key traits. Phenotypic analyses will enable 
phenotypic selection and will be integrated with genetic analyses for the identification of DNA 
markers and candidate genes; these discoveries will be applied along with existing markers for 
the early selection of elite seedlings combining desirable traits. Desirable parents and advanced 
selections will be identified to advance breeding progress toward commercialization. Lines with 
stacked sets of PM resistance alleles will be placed in the public domain. Outcomes from all of 
these areas will be packaged and communicated to stakeholders via the following Outreach plan. 
 

6. Outreach plan. Cultivar development is a long-term effort. Consumers, industry, and even 
researchers lack a clear understanding of tools, goals, and processes that inform genetics and 
breeding. The challenge and opportunity will be to communicate to these diverse stakeholders 
the value of our effort, even though the major payoff (release of new cultivars) may be 5 to 20 
years away. Thus, based on our logic model we developed three overall goals for our outreach 
plan, detailed below. With active participation from all VitisGen2 Project Team members, the 
five-member Extension Team is well equipped to accomplish this task, with existing 
communication venues reaching approximately 12,000 stakeholders nationwide (See Table in the 
Facilities section).  

1) Communicate VitisGen discoveries and impacts to diverse stakeholders (researchers, 
industry, and the general public). Here, the primary learning objective is ‘To increase 
stakeholder awareness of impressive research advances and what they mean for the future.’ 
While the general public is not a primary target in our objectives, we found in VitisGen1 
that they frequently accessed products placed in the public domain (e.g., the VitisGen 
website, YouTube videos), so in developing products, we will be mindful of the full 
diversity of our audience. Venues will include: 1) A new trade publication series entitled 
“Genetics and the Grape” in Wines and Vines magazine with 3 annual articles reaching 
12,000 subscribers; 2) Continue to disseminate results, videos, and outreach articles 

http://www.vitisgen.org/
https://www.youtube.com/playlist?list=PL987dFmskAY4mAvvQAVwnv3eyWuT5rvR5
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through Extension Team venues (see Table in Facilities), the VitisGen website, and 
semiannual ‘VitisGen2 Voice’ newsletters; 3) Actively work with University 
communications units to adapt and distribute articles for broader audiences; and 4) 
Integrate information about VitisGen results into field days and grower meetings. Some 
topics for broad audiences include: a) DNA forensics reveal parents of noble grapes; b) A 
case for breeding new grapes: What if we had stopped breeding corn and wheat in the 
1600s?; c) Increased hybrid grape adoption in Europe; d) Genetics of disease resistance: A 
major opportunity for reducing inputs; e) What in the world is genomics?; f) The future is 
here: DNA tests lead to new selections; g) Genetic tools impacting vineyard management 
now. 

2) Enhance two-way communication between researchers and industry about applied 
research needs, processes, opportunities, and impacts. Here, the primary focus is 
‘Education about the science and technologies that enable breeders and researchers to 
improve the outlook for the future of viticulture.’ Active industry participation in trait 
surveys, development of budget models, and field tests will facilitate both research and 
outreach objectives. Learning objectives include understanding: 1) limitations of current 
major cultivars, and the potential uses of genetic resources to address these limitations; 2) 
economic and environmental impact of varietal traits targeted by the project (disease 
resistance and management; low temperature tolerance; drought resistance; and enhanced 
quality); 3) economic impact of recently released cultivars on industry; 4) marker-assisted 
selection, genetic tools, and their uses; 5) challenges in disease resistance and durability; 
and 6) newly developed methods for rapid analysis of powdery mildew fungicide resistance 
and fruit quality metrics – short-term VitisGen outcomes of practical interest to growers 
and wineries.   

3) Deliver educational resources on VitisGen technologies to researchers in diverse 
disciplines. Here, the primary learning objective is ‘Hands-on experience applying the 
tools developed by VitisGen2 in grapevine and other specialty crop research and 
application.’ Venues and activities will include: 1) a live web broadcast seminar and 
discussion series (4 per year) where project personnel will provide research and/or outreach 
updates for researcher and industry audiences, recorded and archived for dissemination; 
relevant talks will be converted into associated outreach articles; 2) workshops in 
genotyping-by-sequencing, RNASeq, AmpSeq, and/or phenotyping will be scheduled at 
professional meetings (e.g. ASEV, PAG, APS, ASHS), universities, or during project 
meetings.; 3) research exchanges to facilitate cross-training of project participants; 4) the 
annual project meeting; and 5) peer-reviewed publications in journals. Based on previous 
experience, industry participants will be a significant portion of the audience in each of 
these venues.  

 

How science-based tools will be disseminated and impacts measured. We will annually engage 
the Project advisory team in developing a specific outreach communication plan, and evaluating 
the results and impact of previous work. Each co-PI will be required to co-lead one outreach 
deliverable, to encourage active engagement and responsiveness of subject matter experts in the 
development of outreach materials. All events will be publicized through Extension Team’s 
venues (See Table in Facilities section), and archived versions will be posted at VitisGen2 
website. At each workshop and webinar, evaluation surveys will be developed and distributed to 
registered participants, and the number of participants will be recorded. Additional research 
results (e.g., protocols for marker-assisted selection) will also be posted on the website. Impact 
of web-based materials will be assessed by tracking page views and downloads of documents 
from web-based outlets (Table in Facilities section). An annual summary of stakeholder 
engagement will be presented at the annual project meeting. Impacts of published markers, trait 
diagnostic assays, and papers will be measured by adoption – respectively, number of seedlings 
processed with VitisGen markers, number of samples assayed, and number of literature citations. 
Impacts of VitisGen discoveries on grape breeding progress will be measured by quantifying 
powdery mildew resistant breeding lines at various stages of the breeding process, from initial 

http://www.vitisgen.org/
http://www.asev.org/2017-national-conference
http://www.intlpag.org/
http://www.apsnet.org/meetings/annual/Pages/default.aspx
http://www.ashs.org/?page=pastconferences
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selection, to advanced trials, to commercialization and adoption. Further, stakeholder evaluations 
will be solicited at Breeder field days to document not just the quantity of progress but the 
quality of progress. These documented impacts will be summarized in the annual REEport. 
 

7. Pitfalls that may be encountered. Previous experience has us well-prepared to proactively 
address potential pitfalls in the design of the project. Among other topics, this includes ensuring 
researchers contribute to outreach activities as a contractual requirement for funding, ensuring 
the grape industry supports and provides the tools and contacts to address trait economics 
objectives, and ensuring that sampling protocols for phenotyping and genotyping promote 
reproducible, relevant results. Examples of our approaches to other potential pitfalls include: 
Automation of PM phenotyping. Significant technical challenges to automation are trade-offs 
between magnification, resolution, sampled area, and depth of focus. Grape leaves have topology 
and discs may sit at different distances to the optics used. These challenges can be addressed by 
stepped imaging at multiple focal planes and using modern focus-stacking software (e.g., 
Helicon Focus). The other challenge is leaf hairs or contaminant fungi that may be wrongly 
counted in PM hyphal transects; a trained technician would note morphological differences and 
adjust data collection accordingly. Our illumination and spectral reflectance studies indicate that 
correct identification and quantification is feasible by optimized spectral reflectance during 
imaging, distinction of PM hyphae during image analysis by pixel dimensions, and flagging 
outlier data points during data analysis for visual inspection.  
Marker transferability. During VitisGen1, several previously published SSR markers could not 
be validated in U.S. breeding programs due to poor transferability. We are making a concerted 
effort to identify a dozen markers spanning each QTL haplotype, and to validate these markers in 
independent families and diversity panels prior to implementation for marker-assisted selection. 
While we have experienced good success thus far using this approach with AmpSeq markers, 
there likely will be cases where transferability will be a challenge. We anticipate our conserved-
gene AmpSeq approach will enhance transferability. 
Fruit phenotyping. FQ traits vary with developmental stage, and asynchronous development 
will confound results if fruit is harvested simultaneously. In the Methods section, we proposed to 
adjust sampling time for individuals based on developmental milestones. If challenges are 
encountered, alternative strategies for sorting fruit based on developmental stage can be used, 
e.g., separation by density (Huang et al. 2012). Because of associated costs, this will only be 
used on families showing highly asynchronous development.  
Applying VitisGen technologies in existing plantings. Genotype, environment, and 
management are known to affect tannin extractability, likely due to altered protein quantities, 
which are easily assayed. Similarly, specific mutations have been shown to reduce fungicide 
efficacy and can be detected with AmpSeq. However, these assays implemented through small 
pilot projects may not be as useful for grower application in existing plantings as they are in 
research. A small budget (0.2% of total) is committed to this, and Advisory Panel input will 
determine whether we continue or terminate these efforts each year.  
8. Limitations to proposed procedures. A limitation of the phenotypic and genetic analyses 
described here is that grapevines (and other woody perennials) require a great deal of space and 
time to evaluate traits, which is also a primary justification for the work. We have shown that 
these methods with approximately 100 progeny per F1 family work for mapping traits that have 
moderately high heritability and for QTL that explain 7% of phenotypic variance or more (Yang 
et al. 2016b; Teh et al. 2017; Cadle-Davidson et al. 2016). VitisGen2 is expanding progeny 
numbers to ~300 and beginning to develop the resources and strategies needed to evaluate 
genotype × environment (G×E) interaction, including evaluating an F2 family in multiple 
environments during VitisGen2. This effort will lay the groundwork for future studies involving 
detection of minor QTL and G×E interactions involving other traits, which will require multi-
location, replicated plantings, and new crossing strategies.  
 

A limitation to FQ phenotyping is that the focus is on negative traits (i.e. those established to 
decrease consumer acceptance). Molecular markers have been reported for several other FQ 
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traits in grapes such as monoterpenes or “floral” aroma (Emanuelli et al. 2014). While positive in 
some contexts, these traits are not universally desired in grapes and thus will not be major focus 
of the FQ Center. Breeders interested in these traits can do local phenotyping, if possible. 
Alternatively, it may be possible to add additional traits to the FQ pipeline at minimal cost. For 
example, quantification of key monoterpenes such as linalool and geraniol can be incorporated 
into GC-TOF-MS analyses with only minor additional effort.  
 

9. A full explanation of hazards and precautions. The project introduces no new hazards, and 
each participating institution has existing precautions to avoid and mitigate the hazards these 
existing materials and procedures introduce. For example, pesticides are applied to existing 
breeding families to maintain healthy vines, and the EPA’s Worker Protection Standard Training 
is required for all personnel handling plant material that has been sprayed with pesticides, 
whether at a sampling or phenotyping location. Shipment of plant material between states will 
take place in strict accordance with regulations adopted by each state, and permits will be 
obtained when necessary. The PM Center enables the standardized screening of all mapping 
families with the same New York isolates from the center of diversity, without the need to ship 
the isolates under quarantine to other sites, eliminating the risk of unintentional introduction. All 
infected leaves and cuttings will be maintained under permit in quarantine and autoclaved after 
screening to prevent introduction of new pests and pathogens. At the Genotyping and 
Phenotyping Centers, the academic institutions require all laboratory personnel to complete 
laboratory safety training. For trait economics research involving Human Subjects (e.g., surveys 
and choice experiments), approval will be obtained from the Institutional Review Board for 
Human Participants prior to initiating those components. 
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11. Project Management Plan.  
(1) Organizational structure and governance. VitisGen2 complements and links existing 
research programs and other NIFA projects to deliver multidisciplinary, multi-institutional, 
multi-state and trans-disciplinary collaborations and products. Cornell University will serve as 
lead institution in this CAP project involving 24 researchers from ten institutions, including: 1) 
Cornell University at Geneva and Ithaca; 2) USDA-ARS at Geneva and Parlier; 3) South Dakota 
State University; 4) North Dakota State University; 5) Missouri State University; 6) University 
of Minnesota; 7) University California-Davis; 8) Washington State University at Puyallup and 
Prosser; 9) Rensselaer Polytechnic Institute; and 10) University of California-Agriculture and 
Natural Resources. The organizational chart (Fig. 4) illustrates our management structure. 
Briefly, the Advisory Panel will provide input and guidance to support completion of project 
objectives, while the Project Director will assume responsibility for project management and 
administration. Under leadership from an Executive Committee of Co-Project Directors, 
coordinated teams of Key Personnel and Collaborators will complete project objectives and 
communicate regularly with the Project Director and the Scientific and Industry Advisory Panel. 
Specific roles for project participants are detailed below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Organizational chart for VitisGen2 
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Scientific and Industry Advisory Panel. The Advisory Panel includes industry representatives 
of the diverse sectors of grape production, processing, and distribution across the U.S., as well as 
scientific representatives conducting cutting-edge research in breeding and genetics. We provide 
a full description of the Advisory Panel recruitment, composition, and function in section vii.12. 
Briefly, a major function of the Advisory Panel will be to assist in evaluating the progress and 
impact of activities, including the development and summarization of the annual evaluation, and 
provide stakeholder- and science-driven input and guidance based on project evaluation.  
Project Director. As Project Director, Reisch will devote 40% of his time to the project, and 
serve as point of contact for all project administration while ensuring that each team meets 
research and extension goals. Thus, the Project Director will decide minor changes due to: 1) 
issues requiring changes of scope, 2) reassignment of work, and 3) budget adjustments. Reisch 
has more than 35 years of experience leading the Cornell Grape Breeding program, during which 
he has administered numerous grants, chaired academic committees, convened the ISHS Intl. 
Conf. on Grapevine Breeding & Genetics (2010), and served as Project Director for the 
VitisGen1 project (USDA-NIFA SCRI award number 2011-51181-30635). A full-time, Ph.D.-
level Project Manager will provide support to assist Reisch with his responsibilities as Project 
Director. The Project Manager will facilitate internal communications among all Co-Project 
Directors, Key Personnel, Collaborators, and Advisory Panel members, coordinate reporting, 
organize the annual project meeting, co-administer annual evaluations with an Advisory Panel 
representative, and help the Extension Team to translate research results into relevant outreach 
materials. The Project Manager and Project Director will meet weekly to coordinate.  
Executive Committee. The Project Director and five Co-Project Directors will form an 
Executive Committee (identified in Fig. 4) and serve as team leads to supervise components of 
the project. For major changes to project assignments and budgets, the Project Director will 
make the final decision following input from the Executive Committee. Further, the Executive 
Committee will approve authorship and acknowledgments on publications and outreach 
materials, and will participate in deciding permanent revisions to Advisory Panel membership, as 
described in Section 12. Team leads will coordinate activities with Key Personnel and 
Collaborators on their team as indicated in the timeline (Table 4); track progress; facilitate 
communications and data sharing; and develop outputs in a timely manner. Each team lead will 
coordinate updates, submit team reports, and engage in discussions with the Project Manager, 
Advisory Panel, and the Executive Committee.  
Project Teams. Key personnel and collaborators will form teams (Fig. 4), which will work 
under the leadership of a team lead to complete a component of the project outlined in Table 4. 
Each budgeted participant will have a required co-leadership role with the Extension Team in the 
development of at least one outreach product. Team members will also be responsible for 
completing defined activities, providing feedback in annual evaluations, participating in the 
annual meeting, delivering input for team reports, and communicating and sharing data.   
(2) Project Administration. Figure 5 illustrates the yearly administrative timeline, which 
emphasizes internal communications and evaluations.  
Communications. As Key Personnel, Collaborators, and Co-Project Directors are located at 
different institutions across the U.S., project participants will communicate using email, phone, 
video links, and annual in-person meetings held in conjunction with major meetings (e.g., 
American Society for Enology and Viticulture or the Plant and Animal Genome Conference). 
The Cornell University budget includes facility costs for the annual meetings as well as the travel 
costs for PDs, co-PDs, Key Personnel, Collaborators, the Project Manager, and Advisory Panel 
members to attend the in-person meetings. The Project Manager will facilitate broad scope 
internal communications by generating key reports throughout the year, including: 1) the annual 
REEport, 2) team reports and summary tables for the annual project meeting, 3) a review of the 
annual project meeting proceedings and action items, and 4) an update in the spring to highlight 
mid-year progress (Fig. 5). The Extension Team will facilitate external project communications, 
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which among other activities described in Section vii.6 will include a Webinar series and 
management of a central website www.Vitisgen.org to provide a public face to the project. 
Webinars will provide opportunities both for researchers to present updates for academic and/or 
industry discussion and for the Extension Team to help translate those presentations into 
associated outreach articles. 

 
Figure 5. Annual administrative timeline, with tasks assigned quarterly. Subcontract 
invoices are received year-round and are paid subject to approval by the Project Director. 

 
Evaluations. The Project Manager and an appointee from the Advisory Panel will develop and 
administer annual project evaluations. The evaluations will solicit written feedback from all 
project participants, including the Advisory Panel, and seek input on logistics, communications, 
and progress from the perspectives of both scientific and industry stakeholder needs. The 
evaluations will also provide an opportunity for suggestions on how to better deliver information 
for implementation. The Project Manager and Advisory Panel appointee will benchmark and 
track progress using the Logic Model (see Executive Summary), the Evaluation Plan (Table 7), 
and review of annual team reports and summary tables. Based on the evaluations, the Project 
Manager and the Advisory Panel appointee will generate and distribute to participants an annual 
evaluation report, and alert the Project Director to any critical deficiencies or unanticipated 
opportunities identified. With the assistance of the Executive Committee and guidance from the 
Advisory Panel, the Project Director will develop an action plan to address the deficiencies and 
pursue opportunities to meet and/or exceed project goals.  
(3) Intellectual property policy. Outputs of this research consist of phenotyped and genotyped 
plant material and data sets, validated marker-trait associations, molecular markers for marker-
assisted breeding, DNA of progeny and parents for the participating breeder, and databases. Plant 
material transferred between scientists for purposes of phenotyping or genotyping connected 
with the grant may not be used for purposes or activities beyond those specified in the grant 
without the consent of the originating institution and are intended to be used solely for the 
purposes outlined in this proposal. Breeders may withdraw their plant material during the project 
if critical for their commercial interests. DNA of accessions, selections, and seedlings provided 
by breeding programs and not in commerce or not in the USDA-NPGS remains the property of 
the breeder, but will be available to the Genotyping Center during the project for the purposes 
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http://www.vitisgen.org/
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outlined. Each project participant has the option to provide a Material Transfer Agreement for 
sharing DNA or germplasm.  
Table 7. Evaluation Plan 

Project Objectives Evaluation Questions Data Collection 
Strategy Impact Analysis 

Economic Driver. Complete 
and disseminate economic 
analysis of key agronomic 
and quality traits to drive 
research and breeding. 

Were the economic values of 
various traits quantified? Are 
growers and consumers 
willing to pay for varietal 
traits? What is the total 
economic value of traits to 
the economy? 

Review of annual Trait 
Economics Team 
reports, sample budgets, 
willingness to pay 
estimates, and annual 
evaluation. 

Did the economic 
assessment of various traits 
guide breeding strategies? 
Does this assessment justify 
additional support for 
targeted genetic 
improvement projects? 

Technological Innovation. 
Integrate genome-wide data 
with innovations in 
phenotyping powdery 
mildew (PM) resistance, and 
table and wine grape quality 
for genetic characterization 
of high-priority traits. 
Specific goals focus on gene 
discovery and trait assays: de 
novo annotation of relevant 
wild genomes; RNASeq of 
all VitisGen parents; low-cost 
AmpSeq marker 
implementation; automated 
PM quantitation without 
staining; multiple high 
throughput phenotyping 
screens for key fruit quality 
traits, and identification of 
candidate genes for PM 
resistance and fruit quality. 
 
Knowledge Application. 
Incorporate technological 
innovations and economics-
oriented priorities in the 
generation of grapevine 
seedlings in breeding 
programs and the selection of 
elite breeding lines. Publicly 
release grapevines, pollen, 
and/or seed lots with various 
combinations of RUN1, 
REN1, REN2, REN3, REN4, 
REN6, REN7 and REN10 PM 
resistance. 

Were PacBio genomes 
successfully assembled? Did 
they enable alignment and 
use of more GBS markers? 

Review of annual 
Genetics Team reports, 
summary tables, and 
annual evaluation. 

Were improvements made to 
reference genomes? 

Were differentially 
expressed transcripts 
identified for powdery 
mildew resistance, malic 
acid production, and other 
traits measured? 

Were candidate genes 
behind traits or regulatory 
mechanisms for polygenic 
traits identified? 

Were protocols established 
for semi-automated image 
collection and automated 
image analysis? 

Review of annual 
Phenotyping Team 
reports, summary 
tables, and annual 
evaluation. 

Does automation improve 
efficiency of phenotyping? 
Does image analysis 
improve the reproducibility 
and precision of 
phenotyping? 

Were AmpSeq marker 
panels applied and validated 
for marker-assisted 
selection? 

Review of annual 
Breeding and Genetics 
Team reports, summary 
tables, and annual 
evaluation. 

Did application of AmpSeq 
marker panels impact 
selection for durable 
resistance and desirable fruit 
quality?  

Were combinations of 
resistance loci successfully 
stacked in new breeding 
lines? 

Review of annual 
Breeding and 
Phenotyping Teams 
reports, summary 
tables, and annual 
evaluation. 

Were complementary genes 
for durability identified? 

Were new markers 
developed and validated for 
fruit tannin and juice 
proteins, table grape 
qualities, and powdery 
mildew resistance? 
 
Was AmpSeq successfully 
applied for genetic map 
development? 

What traits were 
successfully mapped? Were 
new markers employed in 
MAS? 

Education and Impact. 
Demonstrate the impact of 
VitisGen advances to grape 
growers, enologists, and 
specialty crop researchers. 

Were research results 
disseminated effectively? 

Review of annual 
Extension Team 
reports, summary 
tables, and annual 
evaluation. 

Are project products 
disseminated to the target 
audience? Are resources 
usable by stakeholders? 

  
To the extent consistent with policies of the institutions involved, germplasm specifically 
contributed for the objective of stacking various combinations of powdery mildew resistance 
genes (RUN1, REN1, REN2, REN3, REN4, REN6, REN7 and REN10) for the assessment of 
durability in the phenotyping center and public release is unique in the project as no longer being 
the sole property of the submitting breeder. Instead, for this specific objective after investment in 
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genotyping and phenotyping, select lines identified as having multiple or homozygous resistance 
loci are destined to become publicly available via the Foundation Plant Services (see letter of 
cooperation in Field 12), or similar mechanism. If any breeder requires specific elite germplasm 
not to be freely distributed for this objective, it must be stated prior to finalization of this 
intellectual property policy.  
The majority of the data will be summarized and made public through peer-reviewed publication, 
submitted before or during the fourth year of the project, or as soon as possible. Raw sequence 
data files will be deposited in the NCBI VitisGen Bioproject database upon publication, when 
release does not conflict with patent rights. Rigorously validated results including new marker-
trait associations, genome sequence, RNASeq, AmpSeq, or other genotypic methods will be 
submitted promptly for publication, with authorship recognizing all relevant intellectual 
contributions from project conception through data acquisition, analysis, and writing. Project 
data will otherwise remain the property of the partners that generated them. However, data will 
be shared freely within the project where needed for marker testing, narrowing QTL intervals, 
candidate gene evaluation, and assessment of linkage phase between favorable QTL alleles and 
associated marker alleles in various cultivars and breeding lines. Results from such shared data 
analyses will be published only by agreement of all scientists involved. Breeders have the right 
to withhold a limited amount of data from public availability only when this is critical for 
commercial interests (for instance, to protect from public disclosure that may interfere with a 
plant patent application).   
(4) Continuity Plan. The Project Director, Co-Project Directors, Key Personnel, Collaborators, 
and Advisory Panel members have made a commitment to the project’s four-year period. 
Archived reports and meeting information will be available to bring new participants up to date. 
Continuity of project advances beyond the funding period is promoted by the participation of 
most active U.S. public bunch grape breeding programs, application of cutting-edge marker 
technologies, and extension and industry associations supporting incorporation of markers for 
targeted cultivar improvement, which will be guided by economic analyses. Resources in 
marker-assisted selection (MAS) will be put in the public domain. As breeders come to integrate 
MAS technology into programs, and as costs continue to dwindle, the likelihood of long-term 
continuity increases. Close collaborative ties with an outstanding team of scientists and educators 
has and will lead to additional funded projects and additional collaborations, with international 
possibilities. Identification of crucial marker-trait associations and supportive RNASeq data will 
lead to additional potentially fundable projects to verify the identity of causal genes.  
The results of this project will include raw sequence data files deposited at the NCBI VitisGen 
Bioproject database, published reference genomes and transcriptomes, linkage maps, marker-trait 
associations, and molecular markers for marker-assisted breeding. Placing these outputs into 
public databases and publications provides access to the grape breeding and research community 
(http://VitisGen.org/mas-tools.html). Integration of transdisciplinary analyses with Advisory 
Panel feedback increases the likelihood of new cultivar adoption by growers and consumers.  
12. Plan and timeline for the recruitment and functioning of an advisory group of principal 
stakeholders and scientists. 
Advisory Panel Membership. Our scientists have a long and productive history of collaboration 
with the grape industry. Project participants benefited from active and knowledgeable Advisory 
Panel guidance during VitisGen1 and in collaborative development of the VitisGen2 proposal. 
The VitisGen1 Advisory Panel, along with co-PIs from across the U.S., suggested members for 
the current project. Over the past five years, we have observed that some Advisory Panel 
members are extremely active, others review project materials but seldom take the time to 
provide input, and some do not review project materials. One important question we discussed 
with the Advisory Panel in planning the proposal was: Should we invite continued participation 
by key stakeholders who review materials but seldom provide input? The answer was a 
resounding YES. We benefit from more people being aware of grape genetic improvement and 
technological advances, even when they are simply absorbing information. VitisGen1 had a large 

http://fps.ucdavis.edu/
http://vitisgen.org/mas-tools.html
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Advisory Panel, but there was never a circumstance where the size of the Advisory Panel 
impeded project progress. In fact, when we identified needs for an additional postdoctoral 
scientist for the project, we benefitted by having stakeholders knowledgeable with our work 
(even if not active participants) who worked via the National Grape and Wine Initiative to fund a 
three-year postdoctoral scientist via member donations. Advisory Panel members with either 
grape industry or science backgrounds have already been recruited (Table 8), and we have a 
policy in place for revision of Advisory Panel membership, following guidelines suggested by 
our current Advisory Panel. We welcome the added participation of full-time private grape 
breeders at any time during the project, as key stakeholders.  
One new component to the Advisory Panel is the expansion of the number of scientists in order 
to: 1) educate the Advisory Panel on related work outside of VitisGen2; 2) identify additional 
synergies and collaborations; and 3) provide peer review of the VitisGen2 project and 
suggestions on how to improve VitisGen2 outcomes. This will include international grape 
scientists as well as geneticists, pathologists, and chemists from other crops, some of whom will 
be recruited after funding is awarded, but well in advance of the first project meeting in January 
2018. These additional recruits may come from actively-funded USDA-NIFA project members, 
from projects like RosBREED, trunk cankers, and/or vineyard automation, where synergies 
already exist or are likely to occur. Their appointments will be approved via the following 
policy.  

Table 8. Current VitisGen2 Advisory Panel members. 
Advisory Panel Member Affiliation 
Anne-Françoise Adam-Blondon INRA, France 
Terry Bacon Sun World Inc., CA 
Craig Bardwell Welch’s and NGWI Chair 
Daniel Bosch Constellation Brands /Robert Mondavi Winery, CA 
Ed Buckler USDA-ARS, Ithaca, NY 
Peter Cousins E. & J. Gallo Winery, CA 
Nick Dokoozlian E. & J. Gallo Winery, CA 
Terrence Frett Sun World Inc., CA 
Franka Gabler CA Table Grape Commission 
Ksenija Gasic Clemson University (RosBreed), SC 
Dustin Hooper Wonderful Nursery, CA 
John Martini Anthony Road Wine Co., NY 
President of NGWI National Grape & Wine Initiative, CA 
Jack Okamuro USDA-ARS, Beltsville, MD 
Dennis Rak Double A Vineyards, NY 
Doreen Ware USDA-ARS, Cold Spring Harbor, NY 

 
Changes to Advisory Panel membership. Because changes in Advisory Panel membership can 
become politically charged, the Advisory Panel, Project Director, and Co-Project Directors 
contributed to the following policies governing any membership changes that may follow the 
initial establishment of the VitisGen2 Advisory Panel. Each member may choose to have one 
proxy represent them in conference calls and annual meetings. Should anyone suggest a 
permanent revision to the Advisory Panel, the following process will be followed to err on the 
side of restricting changes and maintaining project cohesion. The candidate will provide: 1) a CV 
including education and employment background, 2) a statement regarding why they wish to join 
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the panel, their unique interests and expertise, and how they will benefit VitisGen2, and 3) a 
statement from a nominating member or agency stating why the candidate should be added to the 
panel. All current Advisory Panel members will be notified. The current panel members will 
have one calendar week to object to the addition of the candidate by emailing remarks to the 
Project Manager. If no objections are received, the candidate will be added to the Advisory 
Panel. If any objections are received, all remarks will be sent anonymously to the Advisory Panel 
and Executive Committee for vote, requiring a ¾ majority of submitted votes to add the 
candidate to the Advisory Panel. There is no appeal, but re-application may be made after 12 
months. 
 
Advisory Panel activities. Primary activities for Advisory Panel participation will include: 1) 
active participation in annual project meetings and project evaluation; 2) project reports review 
and feedback; 3) ad hoc conference calls focused on specific project needs; and 4) guiding the 
annual Outreach plan. For annual VitisGen2 project meetings, up to six industry Advisory Panel 
members will be partially reimbursed for travel expenses upon request, and up to three scientific 
advisor positions will be fully reimbursed. For conference calls, the NGWI President or other 
designee will recruit up to four Panel members to participate on each call and report to the entire 
Advisory Panel.   
A new function of the Advisory Panel, based on SRS feedback, will be contributing to project 
evaluation. This will include: a) involving an Advisory Panel appointee (determined by the 
NGWI President) in the development and summarization of annual evaluations; b) soliciting 
Advisory Panel written evaluations at the conclusion of each annual meeting, when they are most 
actively engaged and up-to-date; and c) specifically soliciting suggestions on how we can better 
deliver information for implementation. The VitisGen2 Project Manager will circulate Advisory 
Panel input to all project participants, and a written response from VitisGen2 leadership will be 
shared with the Panel and participants.   
Center of Excellence Justification 
Our proposed project meets or exceeds the NIFA-defined standards for COE designation.  
-Can the COE ensure coordination and cost effectiveness and reduce duplicative efforts? 
VitisGen2 seamlessly integrates research and outreach, and stakeholder feedback iteratively 
guides the research. Our multi-institutional partnership welcomes participation by all public and 
private U.S. breeding programs and precludes redundancy of effort through research 
coordination at the highest level.  
-Does the COE use partnerships among industry groups, institutions of higher education, and 
government groups to leverage available resources? Absolutely. As detailed in the management 
plan, VitisGen2 connects researchers from 10 research institutions, and embeds our outreach 
program within the network of the principal stakeholder organizations in the U.S. representing 
grape and wine markets nationwide.  Our Advisory Panel serves to further connect us with 
additional universities and government units; grapevine nurseries (Double A Vineyards, 
Wonderful Nursery); wineries (Anthony Road, Constellation Brands, E. & J. Gallo); private 
grape breeders (Sun World, Inc., E. & J. Gallo); as well as major industry organizations 
(National Grape and Wine Initiative, California Table Grape Commission).  
-Does the COE increase awareness and effectively disseminate solutions to target audiences? 
Under VitisGen2, our Extension activities not only deliver solutions, but stakeholder engagement 
provides a feedback loop designed to refine solutions and produce additional unanticipated 
solutions. The extension team will partner with every project leader to produce relevant 
extension materials targeting the grape-related industries, scientists, and the general public.  
-Does the COE have the potential to increase economic returns to rural communities by 
identifying, attracting, and directing funds to high priority agricultural issues? Again, VitisGen2 
exceeds these expectations. The objectives of VitisGen2 are directed towards the highest priority 
goals of the grape industry, which has expanded rapidly across several US states. We seek to 
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remove significant biological barriers to continued expansion. Grape and wine production in 
states such as CA, WA, OR, NY, MN, MI, OH, VA, PA, and MO has in many cases transformed 
a moribund rural economy into an engine for economic growth, agri-tourism, and job production. 
VitisGen2 directly addresses limits to continued industry expansion and sustainability. 
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