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Harold Olmo (left) and Al Koyama (center), his grape breeding assistant of many years,
and Andy Walker (right) under the Winkler Vine in the UC Davis vineyards in 2003
(Picture by Daniel Ng)

This book is dedicated to the memory of Harold P. Olmo.

He was the leading figure in grape genetics and breeding for 40
years and had a remarkable influence on viticulture across the
globe. His extensive travels (by car, train, foot, and horse)
through Afghanistan and Iran collecting grapes, Prunus and
other horticultural crops while avoiding disasters, gunshots,
angry tribal disputes, earned him the moniker “The Indiana
Jones of Viticulture”. He released wine grapes, table grapes,
raisin grapes and rootstocks, and was an excellent
ampelographer. May his inspirational viticultural spirit live on.



Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized, and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still, they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, the emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.



As expected, the sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me to
work on such a huge and broad knowledge base that spans so many diverse
plant species. However, pioneering scientists with a lifetime experience and
expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to Springer staff
particularly, Dr. Christina Eckey and Dr. Jutta Lindenborn, for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given to
my wife, Phullara, and our kids, Sourav, and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them but
also offered their support in the editing job itself. I am really not sure whether
my dedication of this compendium to them will suffice to do justice to their
sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole



Grapevines (Vitis vinifera) have been a source of food and wine since their
domestication nearly 8000 years ago. Grape is one of the most important
horticultural crops in the world, with over 7 million hectares planted
worldwide. In addition to its economic value, grapevine is a model organism
for the study of perennial fruit crops and non-climacteric fruit ripening. Its
economic and scientific importance made V. vinifera an obvious early can-
didate for genomic sequencing. The two draft genome references released in
2007 were the second publicly available genomes of a woody species and the
fourth of a flowering plant. The genome assembly of the experimental inbred
line released by “The French-—Italian Public Consortium for Grapevine
Genome Characterization,” PN40024, has served as reference for thousands
of genetic and transcriptomic studies. Now over a decade since its release, the
PN40024 genome is still a valuable resource to the grapevine community
thanks to the continuous effort of the Consortium to improve its structure and
annotation.

However, it was understood that a single reference genome was inade-
quate for studying the function of non-reference cultivar genomes. Seminal
work in Tannat and other wine grape cultivars showed substantial unshared
gene content between grape cultivars. Recent advancements in sequencing
technologies and bioinformatics have made it feasible to generate genome
references for other cultivars of equivalent or greater quality than that of
PN40024. The genome assemblies of Cabernet Sauvignon, Chardonnay,
Carménére, and Zinfandel were released in the last two years. A V. riparia
genome assembly was released when this book was in the final stages of
production; we expect many more genome references for Vitis species to be
publicly available in the next few years, including those of North American
and Asian accessions that are being produced in our laboratories as part of
National Science Foundation (1741627) and USDA National Institute of
Food and Agriculture (2017-51181-26829) projects. Our research groups
have been contributing to the recent advancements in V. vinifera genomics.
This has been possible because of support from E. & J. Gallo Winery, J. Lohr
Vineyards and Wines, Dolce Winery, the Louis P. Martini Endowment in
Viticulture, Vifia San Pedro, Concha y Toro, UC Davis Chile Life Sciences
Innovation Center, and the Chilean Economic Development Agency, and the
collaboration between our groups and the scientists at Pacific Biosciences,
specifically Paul Peluso, Jason Chin, David Rank, Kristin Mars, and Emily
Hatas.
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Today, grape cultivation, sustainability, and security rely heavily on North
American Vitis species as sources of resistance to abiotic and biotic stresses.
This reliance originated in the 1860s when the European wine industry was
saved by the use of North American species as rootstocks. Currently, more
than a dozen North American and Central Asian varieties are used in
breeding programs as sources of resistance to abiotic and biotic stresses,
either for rootstocks or hybridized with V. vinifera for the scion. We expect
that genetic diversity, breeding, and biotechnology will play a critical role for
sustaining viticulture when faced with a changing climate and other chal-
lenges as they arise.

The sixteen chapters of this volume provide a comprehensive review of
early and ongoing efforts to discern the genetics, genomics, and breeding
of the grapevine. We are grateful to all the authors for their contributions. We
would like to thank Prof. Chittaranajan Kole, Editor-in-Chief of the Genome
Compendium Series, for inviting us to contribute this volume as well as
Naresh Kumar Mani, Manopriya Saravana, and the staff at Springer for their
help. We would also like to thank Jadran Francisco Garcia Navarrete,
M¢élanie Massonnet, Rosa Figueroa-Balderas, Amanda Vondras, and Sum-
maira Riaz for helping review and edit the chapters. Dario would also like to
thank his wife, Annegret, and daughters, Amanda and Adele, for their infinite
patience and support during the two-year journey that turned an idea into a
table of contents and finally into a book.

Davis, USA Dario Cantu
M. Andrew Walker
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Abstract

With a farm gate value in 2016 of US$68
billion, grapes are the world’s third most
valuable horticultural crop (after potatoes and
tomatoes). Cultivation of grapes for fruit and
wine began at least 7000 years ago in the Near
East, and over the millennia, thousands of
cultivars have been developed and selected for
particular purposes. Nowadays, grapes are
grown all around the world, but mainly in
places having a temperate, Mediterranean-
style climate, and they are used to produce
diverse consumer products including wine,
table grapes, raisins, grape juice concentrate
and distillate for various industrial uses as
well as making fortified wine and brandy. The
cultivars of grapes used to make these diverse
products are likewise diverse, but a relatively
small number account for the vast majority of
production in each major category. Predomi-
nantly, European V. vinifera scions are grown
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on rootstock from phylloxera-resistant Native
American species. Particular cultivars are
valuable to farmers in particular applications
for their agronomic traits and fruit-quality
traits, which together determine the value of
the crop and the cost of producing it. These
values can be conditioned by consumer pref-
erences for attributes of the production pro-
cess and by government policies including
trade taxes, alcohol excise taxes, and regula-
tions over production practices or limiting
yields. Evolving demands for traits create
demands for work by viticulturists and other
scientists to understand the grape genome and
work with it.

1.1 Grapes in the World Economy

Archeological evidence suggests stone-age peo-
ple were making wine from grapes in Georgia
and Armenia 8000 years ago, and grapes have
been cultivated for winemaking for at least
7000 years (McGovern 2003)—well before the
time of the “Epic of Gilgamesh,” set in Meso-
potamia around 2100 BCE, which is the first
written account of grapes and wine. Over the
millennia, and especially during the past
500 years, Vitis vinifera grapevines originating
from the Near East have spread to all four cor-
ners of the world. Thousands of cultivars have
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been generated and selected for particular pur-
poses; and thousands more are known, including
many wild varieties.'

Grapes are grown for diverse end uses,
beyond wine production. V. vinifera grapes,
along with non-vinifera varieties or hybrids, are
eaten as fresh table grapes, dried to make rai-
sins, or crushed either to produce grape juice
concentrate, or to be fermented and distilled for
industrial use as well as for use in making
alcoholic beverages; and they are used as
ornamental plants. These diverse end uses call
for different varietal traits, and thus many
diverse varieties, but a relatively small number
account for the vast majority of production in
each major category. Predominantly, European
V. vinifera scions are grown on rootstock from
phylloxera-resistant American species such as
Vitis aestivalis, rupestris, and riparia. Although
the genus includes a total of 79 “accepted”
species (The Plant List: Vitis 2018), predomi-
nantly from North America and the Near East,
the vast majority of today’s cultivated grapes
are varieties of V. vinifera, and only a few
varieties from other species and some hybrids
are of commercial significance.

Grapes are significant in the global economy.
In 2016, the world produced 77.4 million tonnes
(MT) of grapes (worth some $68.3 billion at the
farm) from 7.1 million hectares (MH) of vine-
yard—a 50 percent increase over the 52.0 MT
produced from 9.5 MH in 1966. These grapes
are used to produce food and wine at retail
worth several times the farm value of the grapes
themselves. Over the 50 years, 1966-2016,
global average yields almost doubled, from 5.5
to 10.9 tonnes per hectare (T/Ha), and the farm
value of grape production grew from $29.6
billion to $44.3 billion in real (2004-2006
international dollar) terms, even though the total
vineyard area shrank by one-quarter.” Changes

'In the preface to their book describing 1368 varieties of
wine grapes, Robinson, Harding, and Vouillamoz (2012,
p. viii) suggest the “total number of different vine varieties
is about 10,000.”

%Statistics reported in this section are based primarily on
FAOSTAT (2018); Table 1.1 includes more detailed data
for 2016.
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in grape cultivars contributed directly to the
growth in yield, production, and economic
value, and while many other aspects of grape
production also changed—including where in
the world grapes are grown, how, and for which
end uses—these aspects are all chosen jointly
with varieties.

Looking to the future, the demand for
genetic innovation in grape production will
depend in part on the patterns of growth in
demand for grape products. Growth in popula-
tion and per capita incomes would be expected
to cause an increase in demand for all grape
products, with a relative increase in the demand
for more income-elastic fresh versus dried
grapes and premium versus more basic wine.
Where that growth is to take place around the
world will matter, too. In the context of a
market driven by broad shifts in final consumer
demand, growers will continue to demand cul-
tivars of scions (and rootstocks) that produce
fruit with desired quality attributes and have
desired agronomic attributes: higher yielding,
resistant to pests and diseases, and tolerant of
environmental stresses.

This chapter provides an introductory over-
view of the economic geography (and, where
relevant, economic history) of the cultivation of
grapes around the world with an eye to how
these aspects relate to the grape genome, which
is the broader subject of the volume. We discuss
the patterns of production of grapes for each of
the main end uses, and how they have been
changing, and the roles of genetic traits of
cultivars as contributors to those patterns. We
consider the value of particular traits to pro-
ducers in specific settings and how these values
are influenced by evolving market demand for
product and process attributes of food and
beverage products, government policy as a
conditioning factor, and the changing natural
environment, including the ever-present and
evolving pests and diseases and, more recently,
climate. The chapter begins with an overview of
grape production around the world in terms of
where grapes are grown, and recent trends in
production and utilization.



1 Grapes in the World Economy

Table 1.1 Area, volume, yield, and value of grape production in 2016, by regions and countries

Region and country Total area Volume
(K Ha) (KT)
Africa 349.6 4882.5
Egypt 74.9 1716.8
South Africa 120.5 2008.8
Americas 1001.4 13,659.4
Argentina 2239 1758.4
Brazil 77.0 984.5
Chile 203.1 2473.6
Peru 27.9 690.0
North America 4219 7188.6
USA 409.9 7097.7
Asia 2122.6 28,918.4
Uzbekistan 135.1 1642.3
China and HK 843.4 14,842.7
Afghanistan 82.5 874.5
India 122.0 2590.0
Iran 207.3 2450.0
Turkey 435.2 4000.0
Europe 3446.9 27,7971
Romania 175.1 736.9
Greece 112.3 990.3
Italy 668.1 8201.9
Portugal 175.0 773.9
Spain 920.1 5934.2
France 757.2 6247.0
Germany 100.0 1225.6
Oceania 176.4 21814
Australia 136.3 1772.9
World total 7096.7 77,438.9

Yield Value Average unit
(T/Ha) 3G M value ($/T)
14.0 3463.7 709
229 567.9 331
16.7 1780.1 886
13.6 12,747.5 933
7.9 358.7 204
12.8 596.6 606
12.2 4455.0 1801
24.7 490.9 711
17.0 5236.8 728
17.3 5130.3 723
13.6 22,249.9 769
12.2 489.4 298
17.6 14,007.2 944
10.6 392.7 449
21.2 1837.1 709
11.8 801.8 327
9.2 1967.3 492
8.1 28,325.3 1019
4.2 523.9 711
8.8 771.3 779
12.3 3311.9 404
4.4 1463.6 1891
6.4 4487.9 756
8.2 14,496.1 2320
12.3 1298.3 1059
124 1506.4 691
13.0 991.1 559
10.9 68,292.9 882

Notes Value and average unit value for Afghanistan (in italics) calculated as weighted averages for the region
Sources Created by the authors using data from FAOSTAT (2018) and USDA/FAS (2018a)

1.1.1 Grape Production

and Utilization

Table 1.1 and Fig. 1.1 provide statistics on the
production of grapes around the world in terms
of area of vineyard, average yield, production,
total value of production, and average unit value,
drawing on data from FAOSTAT (2018).°

3We draw on various sources for data, including the
International Organization of Vine and Wine (OIV), the

In 2016, the world had a total of 7.1 MH planted
to grapes. Five countries (Spain, China, France,
Italy, and Turkey) accounted for 3.6 MH, just
over half the total area, and just 15 countries
accounted for 5.5 MH, more than three-quarters.

Food and Agricultural Organization of the United Nations
(FAO), the United States Department of Agriculture
Foreign Agriculture Service (USDA/FAS), Anderson and
Aryal (2013), and Anderson and Pinilla (2018). The
Appendix provides more detailed data tables and some
discussion of the different data sources.
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Fig. 1.1 Global distribution of grape area in 2000 and 2016, and area, production volume and value in 2016—top 20
countries by area in 2016. Source Created by the authors using data from FAOSTAT (2018). a National shares of
global grape area, 2000 and 2016, %. b National shares of global grape area, production volume, and value, 2016, %

Total production, also, is concentrated among a
few countries, but the ranking is slightly different
reflecting differences in end uses and average
yields. The top five countries in terms of quantity
produced (now China, Italy, the USA, Spain, and
France) accounted for 42.2 MT, more than half
of the total of 77.4 MT, and just 15 countries
accounted for 63.8 MT, more than four-fifths of
the total. Country rankings change again when
we look at value of production, reflecting dif-
ferences in average unit values among countries,

especially for wine grapes. In terms of value of
production, the top five countries are France,
China, the USA, Spain, and Chile.

These country rankings reflect both the his-
torical origins of grape production in the Old
World and the development of grape production
in the New World, especially in recent decades.
Whether in the New World or the Old
World, grapes are grown in mid-latitude regions
where temperatures during the growing season
average 13-21 °C (Jones 2006), predominantly



1 Grapes in the World Economy

Table 1.2 Production from top 20 grape-producing countries and world, 2000 and 2016

Country 2000 2016 Growth in

Production Share of Production Share of Cumulative production

world total world total share 2000-2016

KT % KT % % %

China 3281.7 5.2 14,763.0 19.1 19.1 349.9
Italy 8869.5 14.0 8201.9 10.6 29.7 =7.5
USA 6973.8 11.0 7097.7 9.2 38.8 1.8
France 7762.6 12.2 6247.0 8.1 46.9 —19.5
Spain 6539.8 10.3 5934.2 7.7 54.6 -9.3
Turkey 3600.0 5.7 4000.0 52 59.7 11.1
India 1130.0 1.8 2590.0 33 63.1 129.2
Chile 1899.9 3.0 2473.6 32 66.3 30.2
Iran 2097.2 33 2450.0 32 69.4 16.8
South Africa 1454.7 2.3 2008.8 2.6 72.0 38.1
Australia 1311.4 2.1 1772.9 2.3 74.3 35.2
Argentina 2459.9 39 1758.4 2.3 76.6 —28.5
Egypt 1075.1 1.7 1716.8 22 78.8 59.7
Uzbekistan 624.2 1.0 1642.3 2.1 80.9 163.1
Germany 1361.0 2.1 1225.6 1.6 82.5 —10.0
Greece 667.6 1.1 990.3 1.3 83.8 48.3
Brazil 1024.5 1.6 984.5 1.3 85.0 -39
Afghanistan 330.0 0.5 874.5 1.1 86.2 165.0
Portugal 913.6 14 773.9 1.0 87.2 -15.3
Romania 1295.3 2.0 736.9 1.0 88.1 —43.1
Other 8881.0 14.0 9196.4 11.9 100.0 3.6
World 63,552.7 100.0 77,438.9 100.0 21.8

Source Created by the authors using data from FAOSTAT (2018)

in river valleys near the coast, often with a
Mediterranean-type climate. Since growing sea-
son duration and temperatures have a major
influence on grape ripening and fruit quality,
within this broad landscape particular cultivars
have been developed to be grown for particular
end uses and in specific regions and sub-regions
(see, e.g., Jones 2018).

The economic geography of grape production
has been shifting over time, reflecting changes in
both supply and demand for grape products
among diverse countries. On the supply side,

along with changes in technology of production
and in the availability of labor and other inputs,
changes in climate have begun to influence
where particular cultivars can profitably be
grown for particular end uses. On the demand
side, along with changes in other sociodemo-
graphic factors, changes in income have impli-
cations for the mixture of grape products
demanded given relatively high income elastici-
ties of demand for premium wine versus basic
wine, and for fresh versus dried grapes (see, e.g.,
Fuller and Alston 2012).



Between 2000 and 2016, total production of
grapes worldwide grew by 22 percent, from 63.5
MT to 77.4 MT (Table 1.2).4 However, that
growth was not shared evenly among countries.
Among the world’s top producers, production by
the three predominant Old World producers
(Italy, Spain, and especially France) shrank,
while it grew among the New World countries,
and especially in Asia. China increased its pro-
duction more than threefold and rose from the
seventh-ranked to become the world’s largest
producer of grapes during this period. China now
accounts for one-fifth of the world’s total pro-
duction of grapes, almost twice as much as the
next-ranked country. Since the increase in China
was predominantly in quantities of table grapes,
whereas the declines in Europe were predomi-
nantly in quantities of wine grapes, the relative
importance of table grapes has grown in the
world. These changes in where grapes are pro-
duced and for what purposes have contributed to
the increases in global average yields and chan-
ges in other aspects of the global grape industry.

Detailed data are not available on a consistent
basis describing the patterns of grape production
by end use of grapes, partly because some grape
varieties can be used for diverse end uses,
including drying for raisins, packing as table
grapes for fresh consumption, and crushing for
making grape juice concentrate, distillate, or
wine. Some multipurpose grape varieties—such
as Thompson Seedless—have been grown and
used in significant quantities for any and all of
these end uses, but complete data typically are
not available on the utilization of these varieties.
In some places, data are available only on
production by varieties, classified according to
their predominant use, and some of the avail-
able estimates might be better described as
“guesstimates,” sO we must exercise caution in

“In this part, we consider data since 2000 from FAOSTAT
(2018) for making detailed comparisons. While data are
available for earlier years, they are less complete in terms
of country coverage and less accurate for some countries,
and more so the farther back we go.

J. M. Alston and O. Sambucci

interpreting data on the allocation of grape
acreage and volume of production among end
uses. Nevertheless, the broad picture today is as
shown in Figs. 1.2 and 1.3.

China accounted for the lion’s share of growth
in table grape production over the past 20 years,
and now dominates global production of table
grapes, with its share approaching half of the
world total (“Appendix 1” Table 1.6). According
to USDA/FAS data, global production of table
grapes increased from 13.0 MT (3.7 MT from
China) in 2001/02 to 24.3 MT (11.2 MT from
China) in 2017/18. India ranks second (3.0 MT
in 2016) and also has experienced rapid recent
growth. The top five “countries” (here, counting
the European Union as one country) accounted
for almost 80% of the total volume of table grape
production in 2016, and the top ten accounted for
almost 94%. Data are available on raisin pro-
duction in tonnes dried weight from USDA/FAS,
which we converted to an estimate of fresh
weight equivalent using a factor of 4:1. In
2017/18, according to these data, global pro-
duction of raisins was 1.2 MT dried weight (4.9
MT fresh weight), up about 22% over the
quantity produced in 2001/02. Turkey has
replaced the USA as the world’s largest raisin
producer, China has risen from fifth to replace
Iran as the third largest, and Uzbekistan has risen
from last to fifth among the top twelve listed in
“Appendix 1” Tables 1.7 and 1.8). Some of these
patterns reflect a more general drift in demand
toward fresh fruit and away from dried (and
canned) fruit, associated with rising per capita
incomes. In the USA, at least, over the 50 years
1976-2016, per capita consumption of table
grapes trended up, along with fresh fruit in total,
while per capita consumption of raisins trended
down or stayed flat, along with dried fruit in
total.

Of the total grape production in 2016 (77.4
MT in Table 1.1), an estimated 24.3 MT (31.3%)
were table grapes (“Appendix 1” Table 1.6) and
4.9 MT (6.3%) were used to produce raisins
(“Appendix 17 Table 1.8), leaving 48.2 MT
(62% of the total) to be crushed—mainly for
making wine. The total grape crush can include
significant quantities used for grape juice
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Table 1.3 Grape production: grapes intended for all uses, 2015

Country Production Utilization
Fresh grapes
MT %

China 13.7 83

Italy 8.2 15

USA 73 40
France 6.4 1

Spain 6.0 5
Turkey 4.0 48

India 2.6 32

Iran 2.2 89

Chile 22 32

South Africa 1.9

Australia 1.8

Argentina 1.8

Egypt 1.6 100
Uzbekistan 1.3 81
Germany 1.2 0

Brazil 1.1 67
World 713 36

Dried grapes Wine grapes

12

85

18 42
99

87

50 2
10 58
10 1
10 52
13 78
13 78
55 71
0 0

15 3
0 100

0 33

8 47

Source OIV (2017a). http://www.oiv.int/public/medias/5479/oiv-en-bilan-2017.pdf

concentrate or distillation—around 30% of the
total California grape crush in recent years.” If
wine production globally took the same share
(70%) of the total crush volume as in California,
the quantity used for wine would be 33.7 MT,
43% of total production of grapes. This is in the
range of estimates from other sources, but
smaller. In its 2017 Statistical Report, OIV
(2017a, p. 8) reported shares of grapes utilized in
three categories—fresh, dried, and wine for the
top 16 grape-producing countries, and the world
as a whole in 2015 (Table 1.3). Of the global
total of 77.3 MT, almost half (47%, or 36.3 MT)
was for wine. Anderson and Pinilla (2018,
p. 179, Table 131) estimate 52% of global grape
production was used for wine over the period

For example, Alston et al. (2018b) deduced that, of the
total California crush volume, on average for the years
2000 to 2016, 14.5% was used for grape juice concen-
trate, 15.8% was fermented to make distillate, and 69.6%
was used to make wine.

2010-2016. The shares among end uses vary
considerably among countries, some of which are
heavily specialized in fresh grapes or wine
grapes, while others produce a mixture
(Table 1.3).

1.1.2 Many Diverse Varieties

Combining the variation in mixture of end uses
with other sources of variation, the total number
of varieties grown is large and the varietal mix
varies considerably from one country to another
—even when they are close neighbors. Recently,
the OIV (2017b) published provisional estimates
of total area planted to the main varieties of
grapes in 2015 (Table 1.4). They reported that
thirteen varieties accounted for more than
one-third of the world’s vineyard area, and
thirty-three varieties accounted for one-half of
the total. The top three varieties in this ranking
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Table 1.4 Top 35 grape varieties, total area planted in 2015

Variety

Kyoho

Cabernet Sauvignon

Sultanina (Sultana, Thompson Seedless)

Merlot

Tempranillo

Arien

Chardonnay

Syrah (Shiraz)

Red Globe

Grenache Noir (Garnacha Tinta)
Sauvignon Blanc

Pinot Noir (Blauer Burgunder)
Trebbiano Toscano (Ugni Blanc)
Rkatsiteli

Riesling

Bobal

Sangiovese

Mourvedre

Malbec (Cot)

Pinot Gris

Cabernet Franc

Carignan Noir

Viura

Concord

Alicante Bouschet

Zinfandel (Primitivo)
Aligote

Muscat of Alexandria
Chenin Blanc

Colombard

Muscat Blanc a Petits Grains
Cereza

Montepulciano

Gamay Noir

Glera

Total

Planted area
K Ha
365
341
273
266
231
218
210
190
159
163
123
112
111
75
64
63
60
56
55
54
53
51
48
37
35
35
35
34
33
32
32
29
28
27
27
3740

End use

Table grapes

Red wine

Table, drying, and wine
Red wine

Red wine

White wine, brandy
White wine

Red wine

Table grapes

Red wine

White wine

Red wine

White wine, brandy
White wine

White wine

Red wine

Red wine

Red wine

Red wine

White wine

Red wine

Red wine

White wine

Juice, table, and wine
Red wine

Red wine

White wine

Table, drying, and wine
White wine

White wine

White wine

White wine

Red wine

Red wine

White wine

Source OIV (2017b) http://www.oiv.int/en/oiv-life/the-distribution-of-the-worlds-grapevine-varieties-new-oiv-study-

available
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are Kyoho, a table grape variety grown in China,
Cabernet Sauvignon, a red wine grape variety,
and Sultanina (aka Sultana or Thompson Seed-
less) a truly multipurpose grape, predominant
among varieties used for dried grapes. Together
these three varieties accounted for almost 1
million hectares, about one-seventh of the total.
The next ten varieties are all wine grape varieties,
except for Red Globe, a table grape variety, and
Trebbiano Toscano (aka Ugni Blanc), used for
both wine and brandy. The OIV report also
indicates that the mix of varieties grown varies
considerably among countries. To illustrate (in
Table 1.5), we present data on the top ten vari-
eties for each of the top five grape producers in
2015, taken from OIV (2017a, b).

Anderson and Aryal (2013) complied a
“Database of Regional, National and Global
Winegrape Bearing Areas by Variety, 2000 and
2010,” which also includes details on bearing
areas for multipurpose grape varieties used pre-
dominantly for other purposes, and some spe-
cialist table grape varieties. The dataset covers
some 2000 varieties (of which almost 1300 are
“primes” and the rest are their synonyms) and
spans over 600 regions in 44 countries that
together account for 99 percent of global wine
production (Anderson 2014, p. 251). Along with
the data, Anderson and Aryal (2013) present
summaries—both variety-by-variety (showing
areas planted in 2000 and 2010 for the main
countries growing each variety) and country-by-
country (showing the varietal mix for 2000 and
2010 for each important variety).

Drawing on these data, Anderson (2014)
(see also Anderson 2010a, b, 2013) presents
some analysis of the evolving varietal mix
around the world. This analysis highlights the
great diversity among countries and sub-regions
within countries, in terms of the mix of grape
varieties grown, and the considerable persis-
tence of those differences in spite of the effects
of globalization in making it easier to move
plant materials around the world to better
match genetics to the production environment.
Particular varieties tend to be associated with
particular places, and places tend to be spe-
cialized in particular varieties to a greater

J. M. Alston and O. Sambucci

extent than can easily be justified by agronomic
considerations alone.®

Nevertheless, Anderson (2014) documents
several ways in which the distribution of wine
grape varieties has been shifting. First, the vari-
etal mix has become more concentrated (less
diverse) for the world as a whole and in both the
New World and the Old World. In particular,
between 1990 and 2010 the global wine grape
area devoted to varieties of French origin
increased from 26% to 36% (in the New World,
from 53% to 67%); varieties of Spanish and
Italian origin account for a further, largely
unchanged, 40%. Second, the rankings of indi-
vidual varieties changed markedly—for instance,
Cabernet Sauvignon and Merlot jumped to first
and second from eighth and seventh—such that
the list of the world’s top 35 varieties in 2010
shows a quite different mix and ranking com-
pared with 1990. Third, the global share of red
varieties grew from 49% to 56% between 2000
and 2010. Anderson (2010a, b, 2014) also pro-
vides some more detailed analysis of the roles of
particular varieties in the global picture, the roles
of particular countries and regions, and the extent
to which particular countries and regions are
becoming more or less specialized in specific
varieties, and more or less similar or dissimilar.’

In the case of wine grapes, although their
relative importance may be changing, the vari-
eties in use are predominantly traditional Euro-
pean varieties, typically hundreds of years old.
The picture with table grapes is very different,
partly because table grape producers are less
committed to traditional V. vinifera varieties and
more likely to adopt non-vinifera varieties and
hybrids, leaving much greater scope for innova-
tion. Here, varietal innovation is proceeding
apace, including private varieties developed and

SAmong other things, this outcome reflects efforts by
producers to develop a reputation for the production of
high-quality wines, sometimes through the development
of collective “brands” associated with regions and vari-
eties, as discussed later in this chapter.

"More recently, Anderson (2016) provides a detailed
analysis of changes in Australia’s grape varietal mix
relative to the world as a whole, and Alston et al. (2015)
do likewise for the USA.
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owned by individual producers as well as public
varieties developed by grape breeders supported
by government or a mixture of government and
industry funding. Raisin grape varieties are
changing too, but much less quickly and the
varietal mix is much less diverse.

California illustrates the global phenomenon.
The California Grape Acreage Report
(USDA/NASS 2018a) lists area planted in Cali-
fornia in 2017 for each of more than seventy
table grape varieties, of which fourteen had at
least 1000 acres planted and together accounted
for the lion’s share (71%) of the total.® As one
indicator of the rapid rate of varietal change, all
of the bearing and non-bearing acreage for many
varieties was planted at least ten years previ-
ously, while for many others, all of the current
acreage was planted within the past five years.
Varieties that had the largest share of bearing
acreage in 2016 (Flame Seedless, 18.5%; Crim-
son Seedless, 11.2%; Red Globe, 9.2%) had
much smaller shares of non-bearing acreage
(a combined total of 11.1%) compared with some
up-and-coming varieties (Scarlet Royal, 12.2%,
Autumn King, 10.4%; Allison, 9.2%). The Cal-
ifornia Grape Acreage Report (USDA/NASS
2018a) lists area planted in California in 2017
in total and individually for just six specific raisin
varieties—Thompson Seedless, Selma Pete,
Fiesta, DOVine, Sultana, and Black Corinth.
Three of these varieties together accounted for
98% of the total planted area: Thompson Seed-
less (86%), Fiesta (8%), and Selma Pete (4%).

1.1.3 The Value of Diverse Varieties

Genetics by Environment by Management (G x E
X M) interactions determine the value of partic-
ular wine grape varieties in particular locations,
as can be illustrated by detailed US data on wine
grapes. Within the USA, in 2014 five varieties
(Chardonnay, Cabernet Sauvignon, Merlot, Pinot

8The California Table Grape Commission (2018) refers to a
total of 85 varieties currently in production and provides
details on the top 17. http://www.grapesfromcalifornia.com/
docs/2016-variety-chart-and-merchandising-guide.pdf.
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noir, and Zinfandel) accounted for 52.3% of the
total volume and 63.2% of the total value of wine
grape production from the four states (California,
Washington, Oregon, and New York) that dom-
inate national production. As discussed in detail
by Alston et al. (2015), these five varieties pre-
dominate in several of the main production
regions, but the emphasis varies among the pre-
mium price regions and some regions are quite
different. In particular, California’s hot Southern
San Joaquin Valley (dominated by French
Colombard and Rubired used to produce grape
juice concentrate as well as bulk wine) and New
York (dominated by non-vinifera American
varieties, Concord and Niagara) are quite unlike
the other regions climatically and in terms of
their grape varietal mix. In terms of total bearing
area, Chardonnay is the most important wine
grape variety nationally and is highly ranked
throughout the premium regions, but the North
Coast region is especially known for its Cabernet
Sauvignon, which is its most important variety
and increasingly so, and likewise in Washington.
The cooler coastal regions are relatively spe-
cialized in Chardonnay and Pinot Noir and other
cool climate varieties. Zinfandel is more signifi-
cant in terms of bearing area and value of pro-
duction in the Northern San Joaquin Valley and
other mid-price regions.

Prices vary systematically among regions—the
North Coast region has generally higher prices
than other regions for all varieties and the Southern
San Joaquin Valley has generally lower prices.” In
addition, prices vary systematically among vari-
eties—among the higher-quality (higher-priced)
varieties grown in significant quantity—Cabernet
Sauvignon generally is ranked higher than
Chardonnay, and Zinfandel generally is ranked
lower. But the sizes of the premia, and even the
rankings of varieties, vary among regions. For

°In 2016 in Napa County, the average yield was 7.9
tonnes/ha and the average crush price was $5155/tonne,
almost ten times the average crush price in the Southern
San Joaquin Valley where the average yield was 40.5
tonnes/ha. The other regions were distributed between
these extremes with higher yields being generally asso-
ciated with lower prices per tonne, as described by Alston
et al. (2018a, b).
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example, Pinot Noir ranks above Cabernet Sau-
vignon almost everywhere, but not in Oregon
where Pinot Noir is by far the dominant variety, nor
in the Napa-Sonoma region; Chardonnay is
ranked above Cabernet Sauvignon in the Central
Coast region. These regional averages mask
important variation within regions; prices for the
same variety in the same crush district (of which
California has 17) can vary considerably, even
within a season. For example, in the California
Grape Crush Report (2017) (USDA/NASS
2018b) the statewide average price for wine
grapes purchased for crushing was $880/tonne in
2017, and the statewide average price for Cabernet
Sauvignon was $1553/tonne. In that same year for
crush district 4 (Napa), the average price was
$5748/tonne for all grapes purchased for crushing
and $8260 for Cabernet Sauvignon (a weighted
average across some 35,000 tonnes). But that
average price for Cabernet Sauvignon in district 4
reflected prices that ranged from less than
$2000/tonne, for 80 tonnes in four lots, up to more
than $40,000/tonne for 40 tonnes in five lots.

Prices of grapes fundamentally determine the
value of land used to grow them. In the prime
parts of the Napa Valley, in 2017, land suitable
for commercial vineyards was valued at
$500,000/ha and more, and, when planted with
vines, $750,000/ha and more (see, e.g., Califor-
nia Chapter of the American Association of Farm
Managers & Real Estate Appraisers 2017). Much
of this value is attributable to potential to grow
premium wine grapes; otherwise, similar farm-
land nearby sells for very much less. The same
kinds of price variation for grapes and land to
grow them can be seen among and within regions
around the world, especially the premium
wine-producing regions—such as in France,
which has the highest priced vineyards in the
world. In the Champagne region, for example,
vineyard prices average well more than one
million $/Ha (see, e.g., Gaeta and Corsinovi
2014); likewise, in premium locations in
Bordeaux or Burgundy vineyards can command
prices exceeding two million $/Ha, but within
each of these regions prices range enormously, in
multiples of up to 100 times the lower-end prices,
as discussed by Franson (2013).

1.1.4 The Demand for Varieties

Particular varieties are valuable to farmers in
particular applications for their agronomic traits
(such as timing of harvest, yield, disease resis-
tance, or cold tolerance) and fruit quality traits
(such as seedlessness for table grapes, flavor
profile for wine grapes, or sugar content for juice
grapes), which together determine the value of
the crop and the cost of producing it. These
values for the inherent attributes of the fruit and
products it is used to make can be conditioned by
consumer preferences for attributes of the pro-
duction process (e.g., organic or GMO-free;
particular varietal names; geographic location
of production) and government policies includ-
ing trade taxes, alcohol excise taxes, and regu-
lations over production practices or yields such
as those associated with European Protected
Designations of Origin for wine. These diverse
determinants of value are to some extent inter-
twined with one another, owing to events going
back 500 years, and more.

The “Columbian Exchange” was a mixed
blessing for the world of wine. Sailing in 1524 at
the behest of the King of France—some 32 years
after Columbus landed at Hispaniola in the Car-
ibbean—the Florentine navigator, Giovanni da
Verrazzano, was the first European to explore the
East Coast of what is now the USA. Da Ver-
razzano and the other early explorers of the
North American East Coast would have seen
grapes growing in profusion and must have
imagined great possibilities for producing wine
in the New World. They probably did not realize
that the Native American grapes were not
well-suited for producing high quality table
wine. Nor could they know that the American
grapes had co-evolved with numerous pests and
diseases—including phylloxera, Pierce’s disease
(and its vectors), powdery mildew, downy mil-
dew, and black rot, among others—which would
present great obstacles to the establishment of an
industry based on what would prove to be highly
susceptible European V. vinifera varieties.
Indeed, it would take several centuries, and many
failed attempts to establish a wine industry in
Colonial America, and subsequently the USA,
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before these barriers to the development of an
American wine industry based on V. vinifera
could be understood and overcome.'® On the
other side of this exchange was the movement of
American vine stock and American pests and
diseases to Europe and the rest of the world—
eventually with devastating effects as V. vinifera
grapevines became exposed to new pests and
diseases against which they had little natural
defense. Perhaps the best-known example is
phylloxera, the cause of the “great wine blight”
epidemic that devastated most of the world’s
vineyards in the late nineteenth and early twen-
tieth centuries, with lasting effects on viticulture
around the world.

Nowadays, phylloxera is managed at reason-
ably low cost by grafting scions of susceptible
cultivars onto resistant rootstocks, and by
employing preventive measures to avoid intro-
ducing it in places that have never had it (such as
Chile and South Australia). In contrast, the fun-
gal diseases, downy mildew and powdery mil-
dew, which are also American natives, continue
to impose massive costs on grape producers
around the world every year. Meanwhile, some
other American natives—like Pierce’s disease,
vectored by native and introduced sharpshooters
—impose costs and restrict the scope of pro-
duction in America, but have not yet spread to
the rest of the world."" Other fungal diseases,
such as Botrytis or trunk diseases such as Esca
and Eutypa dieback, which are also important in
America and affect vineyards worldwide, might
have spread with V. vinifera grapes from the Old
World, and new invasive pest and disease species

"Lapsley et al. (2018) review the American history
drawing heavily on Pinney (1989, 2005). Other chapters
in Anderson and Pinilla (2018) discuss the parallel history
in other countries.

"Tumber et al. (2014) estimated that the cost of Pierce’s
disease in California was approximately $104.4 million
per year, of which $56.1 million was the cost of lost
production and vine replacement borne by grape growers,
and $48.3 million was spent to fund Pierce’s disease
activities undertaken by various government agencies, the
nursery and citrus industries, and the University of
California system. Alston et al. (2013) found that the
cost to producers and consumers would be much higher in
the absence of the Pierce’s Disease Control Program.
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are a perennial concern for grape growers
everywhere.

Pest- and disease- management problems are
economically significant in the grape industries
worldwide. For example, Sambucci et al. (2019)
estimated that, in California, the statewide cost of
powdery mildew management in 2015 was about
$239 million, including the costs of pesticide
materials and application. These “pecuniary”
costs represent about 5% of total revenue for
growers on average, but may be more like 20%
of revenue for growers of the most susceptible
varieties (e.g., Chardonnay) in the cooler loca-
tions where disease prevalence and pressure is
higher (e.g., California’s Central Coast). In
addition, Sambucci et al. (2019) reported that
powdery mildew management accounts for 89%
(by weight) of restricted material (pesticide,
mostly sulfur) applications by grape growers, and
eliminating powdery mildew would significantly
reduce the environmental burden from disease
management in grapes. These environmental
externalities and the other “nonpecuniary” costs
to growers from having to use chemical pesti-
cides are hard to quantify but are no doubt sig-
nificant. Similar patterns can be seen in the grape
industries in other countries: pests and diseases
are a major concern, as are the pesticides that
represent a significant share of costs of produc-
tion, and alternatives are being actively sought.

All of these problems invite genetic solutions.
Grape breeders in several places have recently
developed hybrid varieties that are resistant to
some of the currently most concerning diseases,
including powdery mildew and Pierce’s disease.
Further work is well underway to develop a
greater scientific understanding of the issues and
seeking to develop the means to extend the
number of resistant varieties and introduce
resistance genes to a wider range of grapes in
ways that will be commercially attractive to
growers (e.g., the VitisGen2 project: https:/
www.vitisgen2.org/). Until that happens, and
even afterward, at least some growers will remain
heavily reliant on the use of pesticides as
damage-mitigation technologies. In particular,
some growers may be reluctant to adopt
disease-resistant  varieties, or other novel
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varieties, for fear of market resistance from
consumers or market intermediaries who value
traditional V. vinifera varietal names or object to
the methods used to create new varieties.'?

Evidence from stated preference surveys,
market experiments, and consumer purchasing
behavior indicates that, everything else equal,
consumers prefer food and beverage products to
be produced without using pesticides that entail
risk to the environment, farmworkers, or food
safety and health (e.g., see Lusk and Briggeman
2009; Loureiro et al. 2005; Baker 1999).
Reflecting these concerns, governments around
the world are imposing regulations that restrict or
disallow the use of certain pesticides, and no
doubt the list of restricted chemicals will con-
tinue to grow. In addition, pesticides that have
been useful may become less useful as pests
develop resistance to them.

These forces reinforce the demand for alter-
native pest and disease control technologies to
supplement or replace the existing pesticides,
including resistant varieties. In addition to
demanding products made with varieties that
require less pesticide, consumers (and market
intermediaries) demand various fruit quality
traits (of which there are many that can be
changed through genetics), a lower product price
for a given quality of product (e.g., from
higher-yielding varieties that enable lower-cost
production), and extended seasonal availability
for fresh fruit. And growers demand varieties that
produce fruit with quality attributes that con-
sumers and intermediate buyers will value and
also have desirable agronomic attributes such as
high yield and low cost of production, tolerance
of abiotic stresses such as high and low temper-
atures and drought, and resistance to pests and
diseases.

>While we have focused on pest- and disease- resistance
traits in this section, the same issues arise in the
development of new varieties that are more tolerant of
environmental stresses such as heat, cold, or drought. We
are also conscious of the fact that we have paid scant
attention to the distinctions between traits that can be
introduced through genetic innovations in rootstocks
versus scions.
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However, a particular challenge with genetic
innovations in grape production (whether for
pest- and disease-resistance traits or for other
reasons) is that a new variety produced by con-
ventional cross-breeding cannot use a traditional
V. vinifera name. This can be a substantial dis-
advantage in wine production where varietal
names play a unique role in defining product
designations and can attract a large premium. In
many situations, growers will not find it prof-
itable to forego the premium for, say, Chardon-
nay and grow an otherwise identical grape
variety that cannot be called Chardonnay but has
some other desired trait such as powdery mildew
resistance. This problem arises in the wine
industry regardless of whether a new variety is a
hybrid or the result of crossing vinifera varieties,
but not to the same extent in other parts of the
grape industry. Indeed, many of the new and
popular table grape varieties are hybrids.

Methods of modern biotechnology such as
genetic engineering or gene editing might be
used to enable certain traits in existing varieties,
but it remains to be seen what these novel ver-
sions of existing varieties could be called, law-
fully, or how they would be received in the
marketplace.'® It would be reasonable to antici-
pate some political action by the NGOs that have
actively opposed other genetically engineered
products to discourage farmers from growing and
market intermediaries from selling genetically
engineered grapes and products made with them
if such varieties become available. Some
wine-producing jurisdictions (e.g., South Aus-
tralia, several counties in Northern California,
and much of Europe) have already regulated to
disallow production of genetically engineered
crops. These same jurisdictions tend also to be
ones where people appear to be actively

BIn the European Union, at least, the current indications
appear unfavorable. On July 25, 2018, the EU Court of
Justice ruled that plants created with new gene-editing
techniques should be regulated as genetically modified
plants. While the market worldwide has accepted the use
of non-vinifera rootstocks with V. vinifera scions, it
remains to be seen which parts of the market—if any—
will accept genetically modified rootstocks.
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concerned over the environmental and human
health consequences of pesticides, which leaves
producers in those regions (and consumers of
their products) facing a dilemma that may well
get worse if existing heavily used pesticides
become less effective or less acceptable in the
market or both.

1.1.5 Government Intervention

Governments intervene heavily in agriculture
worldwide, in a host of ways, but the production
of grapes for making wine attracts more regula-
tion than most of agriculture for two reasons.
First, the market for wine grapes is influenced
indirectly because they are used to produce
alcohol, the most heavily regulated and taxed
part of the food and beverage sector, whether as
sin taxes or as a source of revenue (see, e.g.,
Anderson 2010b). These indirect effects can be
quite substantial, since the taxes and regulations
entail significant impositions. Second, the wine
industry itself has sought specific rules and reg-
ulations governing the production and marketing
of wines and the varieties of grapes used to
produce them in particular places, and govern-
ments have legislated accordingly. Both kinds of
government intervention have had substantial
implications for the demand for varieties and for
varieties with particular traits at times.

In history, trade tariffs and excise taxes on
alcohol have been important as a source of
government revenue for financing government
and as a political issue. For example, prior to
1913 the USA did not have any permanent
income tax, and between about 1865 and 1915,
about 70% of internal revenue (and about 40% of
total government revenue) was raised as excise
taxes, mainly on alcohol (in particular, whiskey);
the rest was mainly from tariffs. In 1913, the 16th
Amendment to the Constitution was ratified,
permanently legalizing an income tax—a neces-
sary precursor for Prohibition (1920-1933),
which was to eliminate the main alternative
internal revenue source for the US government
(see, e.g., Okrent 2010). Both the excise taxes
and the Prohibition that made them irrelevant for
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13 years have had implications for the produc-
tion and consumption of other forms of alcohol,
as well as wine and the grapes used to produce it.
As discussed by Alston et al. (2018a, b) and
Lapsley (1996), Prohibition banned the sale of
alcohol but not the sale of grapes to be used for
home winemaking, which encouraged an
increase in production in California of grapes that
would be suitable for transportation to the major
East Coast markets and use in home winemak-
ing. It took some time after Repeal to replace
these varieties with others, better suited to mak-
ing high quality table wine. The same authors
discuss various other US tax policies that have
had consequences for the structure of the US
wine-producing industry and implicitly for the
pattern of wine grape production and the demand
for grape varieties and varietal traits.

Other countries offer different examples of the
role of government policies in shaping the mar-
kets for wine and the grapes used to produce
them. Writing in the eighteenth and nineteenth
centuries, the Classical economists, Adam Smith
and David Ricardo, developed important eco-
nomic ideas in the context of British trade tariffs
—including the concept of comparative advan-
tage. As discussed by Nye (2007) during the
seventeenth and eighteenth centuries, the exten-
ded conflict with France caused Britain to turn
away from French wine toward wine from Spain
and Portugal, and away from wine to beer and
spirits (especially, gin). At least partly as a source
of war finance, Britain imposed tariffs on
imported wine. The fact that these were specific
(per unit) tariffs rather than percentage (or ad
valorem) tariffs meant that they represented a
higher percentage tax on cheaper French wine, to
the advantage of the British brewers and distillers
and reinforcing the establishment of Britain as a
beer- and gin-drinking nation, especially among
the working class, but with relatively little con-
sequence for the wealthy British consumers of
fine claret from Bordeaux. Britain’s entry to the
European Common Market in the 1970s elimi-
nated remaining trade barriers between Britain
and Europe, facilitating the more recent growth
in the UK wine market, a pattern that may be
disrupted by Brexit, possibly to the advantage of
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non-European suppliers; likewise, the recent
introduction of tariffs in China on wine from the
USA.

While per unit taxes distort consumption in
one way, distort them in
another. In Australia, the “wine equalization tax”
(WET) is 29% of the wholesale value of wine
(Anderson 2010b), which amounts to a consid-
erable sum per bottle on fine wine compared with
the lowest priced wines. Economists have argued
that this tax is inefficient and distortionary if the
purpose is as a “sin tax” to discourage excessive
alcohol consumption (see, e.g., Freebairn 2010).
James and Alston (2002) compare the conse-
quences for the balance of production and con-
sumption—across market segments from
premium to bulk—between ad valorem and per
unit taxes in the context of the Australian wine
market. Another example of this phenomenon is
the encouragement to produce bulk wine created
by the US duty drawback policy (see, e.g.,
Sumner et al. 2012). Such policy-induced chan-
ges in the balance of types of wine produced
have indirect implications for the demand for
wine grape varieties and traits.

Producers and consumers of wine are not
numbered among the enthusiastic supporters of
wine taxes, let alone Prohibition. However, some
other forms of government intervention have
been introduced at the behest of producers, and
possibly to the benefit of consumers, and these
policies sometimes have direct connection to
grape varieties. Specifically, here, we are refer-
ring to Protected Designations of Origin (PDOs),
such as the French appellation d’origine con-
trolée (AOC), which was the first European PDO
system.'* The AOC was conceived as a geo-
graphic indication certified by the government:

ad valorem tariffs

“Laws passed in 1919, 1927, and 1935 allowed the
creation of the current system; the first French law on
viticultural designations of origin dates to 1905 (Chevet
et al. 2018, p. 69-73). Meloni and Swinnen (2013)
discuss the political and policy context in which quality
regulations were introduced, with their essential purpose
at the time being to create a barrier to entry and restrict
competition from surging imports, especially Algerian
wine. This situation arose in the aftermath of the “Great
French Wine Blight” from phylloxera, which led to the
development of the Algerian wine industry to replace the
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“Products covered by AOC labels are controlled
by the state to ensure both their territorial origin
and their conformity to precise rules for pro-
duction and processing that guarantee their
‘typicity,” or distinctive character” (Barham
2003, p. 128). Currently under the AOC system
over 300 different PDOs exist for French wines,
including 57 in Bordeaux alone.

Livat et al. (2018) discuss various perspec-
tives on the economic rationale for PDOs for
wine, all related to the economics of imperfect
information. Wine is an “experience” good (since
quality is difficult for the consumer to assess
prior to purchase) with a wide range of product
quality, wine markets exhibit imperfect infor-
mation, and it can be costly to acquire informa-
tion about quality. In such a setting, it can be in
the interests of a group of producers to create a
collective “brand” and to provide some assurance
to consumers that the branded product will meet
certain quality standards; consumers, too, stand
to benefit. PDO systems like the AOC apply this
concept where the “brand” applies to products (in
this case, wine) from a particular defined geo-
graphic origin. This has a particular logic, in the
case of wine, given the association of quality
with terroir."> Producers want to differentiate
their products from those of their competitors in
the eye of consumers and earn a premium from
doing so, but they also want to claim credit for
particular attributes and to enjoy the benefits
from collective reputation associated with their
region of production. Wine PDOs capture these
attributes that wine producers aim to use to dif-
ferentiate their products. In today’s wine market

great loss of production capacity in France during the
period of the 1850s—1870s.

'5In his provocatively titled book, Terroir and Other
Myths of Winegrowing, Matthews (2015) challenges some
of the conventional wisdom in this context. Hedonic
studies by economists have produced a mixture of results
on the value of terroir (see, e.g., the extensive listing of
studies and discussion by Haeck et al. 2018). Neverthe-
less, there appears to be a clear general association of
quality and price with the place of production for wine,
and producers perceive returns to creating a collective
reputation associated with a PDO. See Frick and
Simmoins (2013) and studies they cite regarding the
economics of collective reputation for wine.



18

as many as 1239 different wine PDOs exist, and
information about PDOs is included with other
information on wine labels (International Orga-
nization of Vine and Wine).16

In the case of wine, in addition to being pro-
duced in a defined geographic area, qualifying
for an AOC may also require wine to conform to
technological restrictions, such as the grape
varieties used to produce it, the maximum yields
per hectare, planting density of the vineyard, the
(minimal) alcohol percentage, or particular vini-
cultural practices used (see, e.g., Coates 2001).
Thus, for example, to qualify for the
Pomerol AOC (which is found within the
right-bank region of Bordeaux) the only permit-
ted grape varieties are Merlot, Cabernet Franc,
Cabernet Sauvignon, and Malbec—i.e., strictly
red wine varieties. Yields are restricted to a
maximum of 42 hectoliters/hectare, and the fin-
ished wine must contain at least 10.5% alcohol
by volume. Other regulations apply to the
planting density and the spacing between the
rows, and the wine may be subject to quality
tests.

The total planted area in the AOC is fixed, and
this, combined with the maximum yield for the
PDO, restricts the total supply from the PDO.
Even if the yield restriction and the limitation on
total quantity do not result in a price premium
compared with other wine, the quality assurance
should command a premium, if the AOC system
works as intended. The work by Livat et al.
(2018) finds that this does not appear to be so and
conclude that the 57 different PDOs for the
Bordeaux region may be too many for the system
to provide useful information to consumers.

Nevertheless, the system in France has been
emulated in the main wine-producing regions
throughout Europe, and, in the premium pro-
ducing regions in France, Spain, and Italy, to
qualify for the PDO growers must produce
according to the relevant rules and regulations; in
particular, this means producing the designated
varieties. That aspect of the PDO system imposes
severe strictures on the opportunities and

16See http://www.oiv.int/en/databases-and-statistics/
database.
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incentives for growers in those regions to stray
from the varietal mix that is typical for their
AQOC, let alone adopt new varieties that would
not qualify, a potentially serious problem in years
to come as the world warms. Moreover, the
imposition of yield limitations is a disincentive to
develop and adopt higher-yielding varieties from
among those that would qualify for the PDO.
Other countries have adopted PDO systems
that do not impose the same kinds of techno-
logical restrictions, aiming to capitalize on the
economics of collective reputation. For example,
in the USA, in 1983 the Federal Government
responded to industry desire to place more pre-
cise vineyard locations on wine labels by creat-
ing “American Viticultural Areas” (AVAs—see
US Treasury/TTB 2013). AVAs are defined
geographic areas that may be quite large and
cross state or county lines, or may be q