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SUMMARY. Technological change has driven economic progress in
agIiculture and will continue to playa crucial role in the 21st century.
The latest wave of technological change in agriculture is based on the
ability to specifically modify crop genetics through recombinant DNA
techniques. Biotech crop varieties have been adopted on a wide scale in
some agronomic crops, but horticultural crops face hurdles for commer­
cialization. Market barriers are blocking the production of biotech horti­
cultural crops that have already been developed. High costs for research,
development and regulatory approval combined with the small acreages
planted and the diversity of varieties limit the potential for profitable ap­
plications of biotechnology for many fruits and vegetables, tree fruits
and nuts, and nursery and landscape crops. Like most technological
changes in agriculture, the introduction of modem biotechnology has
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met with spiritedpolitical opposition from some quarters. Such opposi­
tion could discourage adoption of biotech products that are wanted by
some consumers,can be profitable for growersand could reduce the en­
vironmentalimpacts of crop production. doi: 10.1300/J4lIv 18nOL06 [Ar­
ticle copies available for a fee from 77leHaworth Document Delivery Sel1l;ce:
1-800-HA WORTH. E-mail address:<docdelivel~v@haworthpress.col11> Web­
site: <Ilffp://.•.vww.HaworthPress. com> © 2006 by The Haworth Press, Illc. All
rights reserved.]
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INTRODUCTION

Agriculture has been an important engine of economic development
in the United States. The mainspring of economic progress in agricul­
ture has been productivity improvements driven by technological change
that is fueled by research and development (R&D). Since World War II,
agricultural productivity has more than doubled in the United States, as
in many other countries. These gains can be attributed to new biologi­
cal, mechanical and chemical technologies, including improved genetic
materials, machines, pesticides, fertilizers and agronomic knowledge.
The current wave of technological progress, especially biotechnology,
promises continued expansion of the tools available to farmers to main­
tain productivity and profitability.

·Biotechnology has transformed the production systems of major
field crops such as soybeans, corn, cotton and canola. Since the first
large-scale introduction in 1996, the global area planted to transgenic
crops grew to 167 million acres in just seven years (James, c., 2004).
Over sixty percent of those acres were in the United States. In 2004,
biotech varieties represented 85 percent of the soybeans, 76 percent of
the cotton and 45 percent of the corn acreage grown in the United States
NationalAgricuItural Statistics Survey (NASS).

To.date, the most successful biotech crop varieties have emphasized
"input traits" associated with crop production, such as genetic resis­
tance to herbicides and to insects, rather than "output traits" related to
product quality. High adoption rates suggest that biotechnology has of­
fered significant economic benefits to farmers. Such benefits come
from increased yields, lower risks, reduced use of chemical pesticides,
savings in management, labor and capital equipment, and gains from re-

duced tillage and other modified production practices (Kalaitzandonakes,
2003).

Economic studies confirm that the farmer benefits from biotech
crops have been large. Gianessi et al. (2002) conducted 40 detailed U.S.
case studies of biotech cultival'Sto examine their actual or potential im­
pacts on pest management. They estimated that in 200 I, eight biotech
cultivars adopted by U.S. growers provided a net value of$1.5 billion to
growers, reflecting increased crop values and cost savings. They further
estimated that the 32 other case-study cultivars, which are in the devel­
opment pipeline but not yet commercialized, would have generated an
additional $1 billion in benefits if they had been adopted, bringing the
total potential benefit in 2001 to $2.5 billion. Of this annual total, the
lion's share was for herbicide-tolerant crops ($1.5 billion per year), fol­
lowed by insect-resistant crops ($370 million per year). These estimates
do not represent the total economic impact because the geographic anal­
ysis was limited in scope, and they do not include any benefits to the
seed and biotech firms that produced the technology. Similarly large
benefits have been confirmed in other studies (e.g., Alston et al., 2003;
Falk-Zepeda et al., 2000; Marra et aL, 2003; Trigo and Cap, 2003).

In addition to direct economic benefits, research also suggests that
biotechnologies have yielded a number of health and environmental
benefits. For instance, insect-resistant crops have been found to reduce
the number and volume of synthetic insecticide applications, thereby re­
ducing farm-worker exposure and negative impacts on non-target spe­
cies (e.g., Gianessi et a1., 2002; Traxler et aL, 2003). Likewise, some
herbicide-tolerant crops have been shown to lead to significant reduc­
tions in potential negative environmental impacts from herbicide use
(Nelson and Bullock, 2003). Herbicide-tolerant crops have also been
found to facilitate the adoption of minimum tillage practices which,
in turn, lead to reduced soil erosion and improved water quality
(Kalaitzandonakes and Suntornpithug, 2003). Farmers attach signifi­
cant value to these various nonmarket benefits (e.g., Alston et aL, 2003;
Phaneuf et aL, 2004) but they may be of even greater value to others, in­
cluding farm neighbors, farm workers, and others far away.

While biotechnology has been adopted rapidly in certain field crops,
it has had limited commercial success in horticultural crops. Even
though the first biotech crop to reach the market was the Flavr Savr™
tomato, and sweet corn, potato, squash and papaya varieties engineered
to resist insects and viruses have been approved for commercial use and
marketed, papaya is the only horticultural crop for which transgenic va­
rieties have achieved a significant market share (about 70 percent of the
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Hawaiian crop shipped to the U.S. mainland is transgenic). A number of
technical, regulatory, and market factors combine to create hurdles for
the utilization of biotechnology in horticultural crops. In this paper we
discuss the influence of such factors on horticultural biotechnology in­
vestment and commercialization and offer an assessment of the future
of horticultural biotechnology. We also discuss how public policy could
facilitate the use of biotechnology in horticultural crops.

KEY INFLUENCES ON THE DEVELOPMENT
OF CROP BIOTECHNOLOGIES

Teclmical and market factors explain the early focus of biotechnology
R&D on herbicide-tolerant and insect-resistant field crops. Technologi­
cally, these first-generation agronomic traits were rather straightfor­
ward, as they required expression of only a single gene coding for one
enzyme or toxin protein. Such single-gene events caused discrete and
dramatic changes in phenotypes, and accordingly, they were relatively
easy to further select and breed into commercial cultivars (McElroy,
1999), The $45 billion global crop protection industry provided a ready
target market for these agronomic traits, and their rapid adoption has
confirmed that the demand for alternatives to current pest control meth­
ods was strong.

Second generation enhanced quality traits are technically more com­
plex. Quality traits are generally associated with many genes or gene
complexes acting in concert (Mazur, 1999). To systematically advance
such second generation crop biotechnologies, scientists have had to
learn how to coordinate expression of several genes and target them to
the proper tissues. For example, the development of rice grains with en­
hanced beta-carotene (vitamin A precursor) required the transfer of
three genes and the targeting of their expression to the endosperm tissue
of the seed (Ye et aI., 2000). Similarly, engineering canola seeds to ac­
cumulate higher levels of beneflcial omega-3 fatty acids required the
transfer of three genes and their expression during seed development
(Ursin, 2003). As a result of this greater technical difficulty, quality
traits have Jagged behind the development of agronomic traits, which
account for the vast majority of biotech traits that have been field tested
to date (Figure 1).

Other technical factors, beyond biotechnology, also contributed to
the early application of first generation agronomic traits to major field
crops rather than horticultural crops. Over the years, much greater re-

FIGURE 1. Field Trials by Phenotypic Category: Agronomic VS. Product Quality
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search attention and resources have been directed to the major fielc
crops, so their genetics and physiology are better understood than fOJ
most horticultural crops, Experimentation with perennials such as grapes
nuts and fruit trees is also more difficult and more expensive because
the experimental unit is larger and requires longer periods of time fOJ
evaluation, as some species require several years of growth before fruit·
ing begins. Similarly, the diversity of propagation and marketing mech·
anisms also presents challenges, since many horticul tural crops are
vegetatively propagated from cuttings or grafting rather than by seed, OJ
are'perennial, bringing different issues for transformation, containment,
and ste'Yardship.

In addition to technical factors, market potential also drove the early
focus of crop biotechnology R&D on agronomic traits for large acreage,
pesticide-intensive crops such as corn, soybeans, cotton and canola. It is
important to note that identifying, inserting and validating any genetic
modiilcation, as well as guiding a modified crop through the regulatory
process is a lengthy process that typically lasts 7~10 years. R&D and
regulatory costs are essentially the same across crops and traits. Such
fixed costs must therefore be incurred by the innovator whether the
technology could be adopted on one or a million acres, but the benefits
are directly proportional to the number of acres on which the variety is
adopted. This is why biotech companies have focused on developing
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technologies for those traits that offer the largest value potential among
the most widely planted field crops, especially feed-grain and fiber
crops.

Consider, for instance, the economic opportunities for various first
generation traits in the United States. The horticultural industry encom­
passes a diversity of fruit and vegetable crops, as well as many nonfood
species, such as ornamentals, flowers and recreational turf grass. Table I
illustrates that collectively horticultural crops compare well with major
field crops in terms of total value-producing output roughly equal to
that of row crops. In contrast, the total area planted to horticultural crops
is small relative to field crops. For example, each year the U;S. corn
acreage alone is almost seven times the acreage of all fruits and vegeta­
bles combined. As such, even the vegetable crops with the largest gross
revenues, such as lettuce or tomatoes, are minor crops compared to ma­
jor field crops in the eyes of biotechnology developers.

The comparati vely minor consumption of agrochemicals by horticul­
tural crops has similarly been a limiting factor. Table 2 shows the use of
pesticides for major field and horticultural crops in 2003. Corn, soy­
beans, and cotton dominate in herbicide use, indicating the significant
pressures for effective weed control in these crops. Similarly, corn and
cotton dominate insecticide use. The large acreage and many pest pres­
sures meant that field crops represented a significant economic opportu­
nity for improved weed and insect control, and that is exactly where
most R&D attention for herbicide tolerance and insect resistance was
first directed. In contrast, most horticultural crops offer insufficient po­
tential either because of small total acreage or significant fragmentation
and diversity in pest control needs among varieties or regions where the
crop is grown-a key issue for the larger acreage tree fruits (e.g., apples)
and grapes. This difficulty in attracting commercial research and devel­
opment of chemical pest controls for small-market crops has long been
recognized and led to the establishment of the USDA IR-4 program,
which supports research required to gain registration or special Iim­
ited-use permits for agrichemicals for those crops (Holm and Kunkel,
2004). The small market potential for many horticultural crops is exac­
erbated by the abundance of niche varieties within crop species. While
locally adapted varieties are also important for commodity field crops,
horticultural markets are much more highly segmented by factors such
as location, season, and consumer preferences, which drive the choice
of variety. Diseases vary by location, so the types of resistant varieties
required also vary. Diverse growing conditions and seasons require
multiple adapted varieties to assure availability in the market every day

TABLE 1. Market Size of Various Crops in the US, 2003

Value ($1000)Area (1000 Ac)World (1000 Ac)

Fruit and Tree nuts Almonds
1,419,4325504,282

Apples

1,729,94939612,995

Apricots

34,72918985

Avocados
390,86867940

Grapes, all types

2,534,26495118,570

Grapefruit

258,006129624

Kiwi
18,0975143

Oranges

1,611,8127929,056

Peaches
466,6811463,510

Strawberries
1,329,77948523

Total
12,876,7324,059139,298

Vegetable and Melons

Artichokes
73,9878296

Asparagus

160,892693,109

Bell Peppers

491,459562,086
Carrots

632,469952.548
Cauliflower

267,867442,131
Garlic

147,745372,820

Lettuce
2,089,4613122,455

Melons
812,22827511,695

Onions
958,0321667,437

Potatoes
2,679,9021,27346,675

Tomatoes
1,782,00712010,647

Dried Peas & Beans
497,3922,01083,097

Total
110,754,3355,331336,36

Field Crops

Corn
24,803,56678,736352.432

Rice
1,485,0313,022379,200

Wheat
7,954.89961,700515,650

Soybeans
17,465,39473,404206,728

Cotton
3,777,13213,47979,455

Total
74,977,924398,6443,100,671'

Sources: USDA NASS 2004, FAOSTAT 'includes all oil crops, fiber crops, coarse grains

of the year. Introducing a trait into a horticultural species likely requires
its introduction into multiple varieties to achieve market success.

In addition to the upfront R&D costs, the technology developer
must also obtain regulatory approvals for a trait in a particular crop. It
is difficult to obtain precise information on costs of regulatory approval




