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Tomatoes with a Delayed Ripening Gene

Summary

The Agricultural Group of Monsanto Company is submitting a Petition for
Determination of Nonregulated Status to the Animal and Plant Health
Inspection Service (APHIS) regarding tomatoes with a delayed ripening gene.
This petition requests a determination from APHIS that the delayed ripening
(DR) tomato line 8338 and any progenies derived from crosses between line
8338 and traditional tomato varieties no longer be considered a regulated
article under regulations in 7 CFR part 340.

Monsanto has developed tomato lines that are delayed in fruit ripening. These
tomato lines have been modified to express the enzyme l-aminocyclopropane-
1-carboxylic acid deaminase (ACCd), which catalyzes metabolism of ACC to
ammonia and a-ketobutyrate. Because ACC is an essential precursor for
ethylene biosynthesis and levels of ethylene initiate and control the rate of
tomato fruit ripening, removal of ACC in these lines reduces ethylene
production and delays ripening. Introduction of the delayed ripening trait into
fresh tomatoes will allow harvest of vine-ripened tomatoes with extended
market life, and supply good flavor quality fruit to the consumer nationwide.

The tomato line for which this determination is requested, DR tomato line
8338, contains a gene which encodes the enzyme ACCd from Pseudomonas
chloroaphis strain 6G5. The ACCd protein is found in many different
microorganisms that include several Pseudomonas sp. and Enterobacter sp., the
filamentous fungi Paecilomyces variotti and Penicillium verrucosum, and the
yeasts Hansenula saturnus and Hansenula polymorpha. Delayed ripening
tomato plants were produced by stable insertion of the accd gene into the
genome of tomato cultivar UC82B. Based on Southern blot analysis, it was
found that DR tomato line 8338 contains a single insert of DNA, and that this
insert contains single copies of the accd and neomycin phosphotransferase
(nptIl) genes. The DR tomato line has reduced ethylene synthesis and delayed
fruit ripening compared to the control line, but the DR and control lines are
similar in all other aspects of plant growth and development.

Tomato plants containing the delayed ripening gene will enable growers to
produce good taste quality fresh market tomatoes that have the market life
attributes for a national distribution system. Current agronomic practices
used for fresh market tomato production will not be changed for production of
DR tomatoes. The delay in fruit ripening of DR line 8338 and other lines
expressing ACCd is only observed after removal of the fruit from the plant.
Fruit of DR tomato lines will be harvested at the breaker stage (first
appearance of external fruit color), at most one to two days later than current
harvest practice. Therefore, there will not be any significant increase in
application of crop protection chemicals during production of DR tomatoes.
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DR tomato line 8338 has been field tested since 1992 at seven locations under
field release permits granted by APHIS (USDA # 92-049-01, 92-176-01, 93-
054-01N, 93-063-04, 93-203-01, 94-014-01N, 94-234-01N). Data collected
from these trials, literature references, and expert opinion letters presented in
the following petition demonstrate that DR tomato line 8338: 1) exhibits no
plant pathogenic properties; 2) is no more likely to become a weed than the
non-modified parental varieties; 3) is unlikely to increase the weediness
potential for any other cultivated plant or native wild species; 4) does not cause
damage of processed agricultural commodities; and 5) is unlikely to harm other
organisms that are beneficial to agriculture. Therefore, the Agricultural Group
of Monsanto Company requests a determination from APHIS that the DR
tomato line 8338 and any progenies derived from crosses between line 8338
and traditional tomato varieties no longer be considered a regulated article
under regulations in 7 CFR part 340. Recently, the USDA has granted a
determination of nonregulated status for a different tomato line that displays a
similar delay in ripening due to decreased ethylene production (APHIS- USDA,
1994).

Reference:

Animal and Plant Health Inspection Service - United States Department of
Agriculture (APHIS-USDA). 1994. Availability of Determination of
Nonregulated Status for Genetically Engineered Tomato Line. Federal Register
60, 15:4588-4589.
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ABBREVIATIONS AND SCIENTIFIC TERMS

AAD - aminoglycoside adenylyltransferase

ACC - 1l-aminocyclopropane-1-carboxylic acid
ACCd - ACC deaminase

APH(3)-1I - aminoglycoside-3’-phosphotransferase II
APHIS - Animal and Plant Health Inspection Service
bp - base pairs

DR- delayed ripening

ELISA - enzyme-linked immunosorbent assay

FDA - Food and Drug Administration

GLP - Good Laboratory Practices

kb - kilobase

kD - kilodalton -

mg - milligram

NPTII - neomycin phosphotransferase II

NTSS - natural tomato soluble solids

1g - microgram

U.S. - United States

USDA - United States Department of Agriculture
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1. Rationale for Development of DR Tomatoes

A. Rationale

Monsanto has developed tomato lines that are delayed in fruit ripening. These
tomato lines have been modified to express the enzyme 1-aminocyclopropane-
1-carboxylic acid (ACC) deaminase, which catalyzes metabolism of ACC to
ammonia and a-ketobutyrate (Honma and Shimomura, 1978). Because ACC
is an essential precursor for ethylene biosynthesis (Adams and Yang, 1979;
Yang, 1981), and levels of ethylene initiate and control the rate of tomato fruit
ripening (Taiz and Zeiger, 1991), removal of ACC in these lines reduces
ethylene production and delays ripening (Klee et al., 1991; Klee, 1993).

1. Benefits of DR Tomatoes

Two major types of tomato products are grown in the United States: fresh
tomatoes and processing tomatoes. Tomato varieties used for each of these
applications are significantly different as are the cultural practices for
producing each of these tomato products. However, both can benefit from the
extension of ripening provided by the delayed ripening trait.

" a. Fresh Tomatoes - The average annual per capita consumption of fresh
tomatoes is 17 pounds and is increasing approximately 2 percent per year
(Florida Tomato Committee Annual Report, 1991-1992). Sales of tomato, at
the retail and food service level, have surpassed those of potato and lettuce.
Annual sales of fresh tomatoes are valued at greater than $3.5 billion.
However, while tomatoes have a large share of the U.S. produce market,
tomatoes are universally considered by the consumer as having poor quality
(Stevens, 1986).

The poor quality tomato product can primarily be attributed to a production
system based on harvesting fruit at the mature green stage of development.
Mature green fruit are firmer and have the handling and market life attributes
necessary for a national distribution system. However, mature green fruit are
indistinguishable externally from immature green fruit and immature fruit do
not develop full flavor qualities when ripened by exposure to exogenous
ethylene (Grierson and Kader, 1986; personal communication, Dr. D. Gull,
Professor Emeritus, University of Florida, Appendix VII). During a typical
commercial harvest, immature fruit can constitute 50% (ranging from 30-
80%) of a total harvest (S. Chomchalow, 1991, Master's thesis, University of
Florida, Appendix VII). To avoid contamination with inferior immature green
fruit, many growers will harvest fruit showing color; (color formation indicates
the fruit has progressed beyond the immature stage). These fruit, which are
referred to as vine ripened, typically have a very short market life. To prolong
the life of a vine ripened or mature green fruit, the retailer and/or consumer
may refrigerate the tomato, which has been shown to destroy tomato flavor
(Kader et al., 1978; Buttery et al., 1987).
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Introduction of the delayed ripening trait into fresh tomatoes will allow the
following benefits to be realized:

e Growers will be able to harvest fruit at the breaker stage (first break
of color) eliminating the inferior immature green fruit from the
harvest.

o Packers, shippers and retailers will be able to transport and store
tomatoes at higher temperatures thereby saving energy and
preserving flavor qualities.

e Packers, shippers and retailers will reduce fruit loss due to soft and
over-ripe fruit thereby increasing the yield of marketable fruit.

e Packers and shippers will be able to expand the geographical
distribution of the tomato product.

All of which provide the consumer with a better tasting tomato.

b. Processing Tomatoes - Processing tomatoes are allowed to remain on the
vine until fully ripened. This allows the accumulation of flavor, texture and
color components needed for high quality processed products. Fruit which over-
ripen produce an inferior product. Once harvested, fruit are immediately
shipped and processed into the desired end product. The processing facilities
are generally designed to handle large volumes of tomatoes over a short period
of time. In this system, growers need more flexibility with their harvest date to
fit processing schedules and weather conditions that affect the harvest and
crop quality. Since the delayed ripening trait delays over-ripening, the trait
may provide greater vine holding capacity and allow the grower greater
flexibility with processing and weather constraints.
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II. The Tomato Family

Description of the Genetics and Breeding of Tomato and its Production in the
U.S.
Steven D. Tanksley, Cornell University, NY.

A. History of tomato

Lycoperiscon esculentum (cultivated tomato) originated in Latin America where
it was domesticated by native people in pre-Columbian times. While the exact
site of domestication is unknown, the bulk of the evidence points to Mexico
(Jenkins, 1948; Rick, 1976). Studies of morphological and enzymatic variation
show the greatest similarity between modern cultivated tomatoes and wild
forms of this same species (L. esculentum var. cerasiforme) from Mexico.

By the time Spanish explorers arrived in the New World, tomato was already a
well-developed cultigen and it was apparently from Mexico that Spanish
explorers obtained tomato seeds that were subsequently transported back to
Europe in the 1600’s. Acceptance of the tomato as a vegetable crop in Europe
was slow, due at least in part to the fact that tomato belongs to the
Nightshade family (Solanaceae) which contains a number of poisonous plant
species (e.g., black nightshade). While tomato fruit do not contain the toxins
found in many wild nightshades, the association with poisonous plants
remained an obstacle to general acceptance until the early 20th century (Rick,
1978).

Tomatoes were introduced into what is now the United States, not from Latin
America, but from Europe by colonists. The first references to this crop are
found in writings in the 1700’s and early 1800’s by the herbalist William
Salmon and by Thomas Jefferson (Rick, 1978). Production and consumption of
tomatoes remained at a fairly constant but low level until the mid 1900’s when
demand for the fruit increased, not only as a fresh vegetable, but also as the
primary ingredient of soups, sauces and catsup.

B. Taxonomy of the Lycopersicon genus

Tomato is a member of the genus Lycopersicon which is native to tropical and
subtropical Central America and western South America. The majority of the
Lycopersicon species are concentrated in the Andean region of Peru, Chile and
Ecuador and it is in this region that the genus likely originated. Under natural
conditions, all of the Lycoperiscon species persist as perennials. Lack of cold
tolerance dictates that the tomato now be grown as an annual in the
temperate regions where it is currently commercially produced.

The genus is split into two subgenera: Eulycopersicon and Eriopersicon.

Species belonging to Eriopersicon have small fruit which remain green at
maturity whereas Eulycopersicon have fruit that develop the familiar red and

11
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orange pigments (lycopene and f-carotene) at maturity. It is to Eulycopersicon
that the cultivated tomato (L. esculentum) belongs. Other members of the
Eulycopersicon include L. pimpinellifolium and L. cheesmanii. L.
pimpinellifolium has very small fruit and is found in large concentrations in
coastal regions of Peru and Ecuador and often occupies disturbed or abandoned
lands. It also occurs as a weed in fields of the same region (Rick et al., 1977).

L. cheesmanii is endemic to the Galapagos Islands off Ecuador and has never
been reported to occur any other place in the world (Rick and Fobes, 1975a).

The wild form of the cultivated tomato, L. esculentum var. cerasiforme,
typically bears fruit (and flowers) larger than those of L. pimpinellifolium but
is otherwise very similar in appearance to L. pimpinellifolium. It occupies a
broader range than L. pimpinellifolium and in pre-Columbian times was
common to the flora of western South America, Central America and Mexico.
Since the Spanish explorations of Latin America, seeds of cerasiforme have
been transported around the world and it now occurs as a weed in Africa and
parts of Southeast Asia (Rick, 1976; Rick and Fobes, 1975b).

All of the red-fruited species (L. esculentum, L. pimpinellifolium and L.
cheesmanii) are naturally self-pollinating, but are sexually compatible with one
another. Hybrids among these species can be readily obtained. Interspecific
hybrids are highly fertile as are subsequent progeny (e.g., Fg, F, etc.). L.
pimpinellifolium (and L. cheesmanii to a lesser extent) has been used
extensively by breeders as a source of disease resistance genes and other
genes of agronomic importance to tomato culture.

The green-fruited species (L. chmielewskii, L. parviflorum, L. hirsutum, L.
pennellii, L. peruvianum, L. chilense) are more distantly related to the
cultivated tomato. Most of these species are self-incompatible and occur as
highly variable populations in valley and coastal regions of Peru, Chile and
Ecuador. There are no known natural populations of any of these species
elsewhere in the world. Hybrids can be obtained between the cultivated
tomato and all of the green-fruited species; however in some instances
(especially with L. peruvianum and L. chilense) embryo rescue techniques are
required. Interspecific hybrids are vegetatively vigorous and display various
levels of fertility. Sterility is a common occurrence in progeny derived from
these interspecific hybrids and represents a barrier to natural gene flow
between these species and the cultivated tomato. Nonetheless, the green
fruited species have been a source of many disease resistance genes that have
been transferred into the cultivated tomato via backcrossing by breeders
(Rick, 1982).

Outside of the genus Lycopersicon, the closest relatives of cultivated tomato

are species in the genus Solanum. While Solanum and Lycopersicon species
share the same basic chromosome number (x=12), strong reproductive
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barriers prevent crossing (artificial or natural) except in a few rare instances.
Crosses have been obtained between L. esculentum and S. lycopersicoides and
S. rickii with the use of embryo rescue techniques, but the hybrids are
generally highly sterile.

C. Genetics of tomato

Tomato is a diploid species and contains 12 pairs of chromosomes. Among
crop species it has a relatively small amount of DNA (ca. 1000 megabases).
The genetics of this species is well characterized. A linkage map based on
morphological mutations was established by the middle of this century and it is
currently one of the most extensively mapped species (plant or animal) with
more than 200 morphological and 1000 molecular markers having been
localized to chromosomes (Tanksley, 1993). Numerous cytogenetic stocks
have also been developed for tomato, including a full set of primary trisomics,
which has greatly facilitated the genetics and cytogenetics of this species.

In recent years, tomato has been the focus of much molecular research and
genetic engineering. It is an ideal candidate for this activity, not only because
of its value as a vegetable crop, but because of excellent genetics, relatively-
small genome and the fact that it is readily transformed with foreign DNA
using Agrobacterium-based vectors. It was the first plant species in which the
exact chromosomal positions were determined for DNA introduced via
Agrobacterium (Chyi et al., 1986). Results from those and subsequent studies
have led to the conclusion that integration of foreign DNA is random, at least
at the gross chromosomal level.

More than 50 known genes have been isolated from tomato. The list includes
the genes encoding the small and large subunits of the carbon-fixing enzyme,
ribulose bis-phosphate carboxylase (Pichersky et al., 1987), the chlorophyll a/b
binding polypeptides (Pichersky et al., 1987), disease resistance (Martin et al.,
1993), ethylene biosynthesis (Picton et al., 1993), fruit ripening (Penarrubia et
al., 1993), and self-incompatibility (Murfett and McClure, 1993).

D. Breeding of tomato

Tomatoes have been deliberately bred and selected by humans for more than
200 years and the Italians were the first to begin this endeavor. Most of the
early selections emphasized variation in fruit size, shape and color and
probably relied largely on chance spontaneous mutations since only limited
natural variation existed in the European tomato germplasm. Cultivar
development began in the United States in the late 1800’s, but intensive
breeding of tomato did not begin until the 1920’s and was carried out at Land
Grant universities and USDA facilities. Much of the recent breeding work on
tomatoes (especially the past 25 years) has taken place in private breeding
companies although government institutions continue to play a supportive role
in germplasm development and local variety development.

13
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The cultivated tomato is naturally self pollinating. Under field conditions in the
United States, self-pollination occurs at a rate of approximately 99%
(Currence and Jenkins, 1942; Lesley, 1924). While many of the wild tomatoes
have stigmas that are exerted beyond the anther cone and experience high
levels of cross-pollination, modern tomato cultivars have been selected
(probably inadvertently for high fertility) for stigmas recessed inside the anther
cone and are therefore not available for receipt of outside pollen. The self-
pollinating nature of tomatoes make them ideal for the pedigree method of
breeding for improvement of yield and other quantitative horticultural
characteristics. Two plants (usually different varieties) are hybridized to
produce an F; which is allowed to self pollinate. Single desirable plants are
selected at the Fy generation and their progeny (Fs3) are similarly selected. The

- process is repeated for several generations until homozygous lines are
obtained.

Prior to 1960, almost all tomato cultivars were true breeding, homozygous
lines. In recent years, F; hybrids have gained in popularity. Currently, most
commercial tomato varieties, both fresh market and processing, are hybrids.
Most of the breeding efforts to develop F; hybrids has taken place in private
companies and details of breeding methods are not generally available.
However, it is common practice to test hybrid combinations using existing
inbred lines, including previously released inbred varieties, or to derive new
inbred lines from self-pollination and inbreeding of existing hybrid varieties.

Most of the qualitative improvement of tomatoes has been in the area of
disease resistance. More than 50 single gene disease resistances have been
identified in tomato, many having been introduced from the wild Lycopersicon
relatives. Wild species have also been used as a source of the j-2 gene (jointless
pedicels) which is important in mechanical harvest of field grown processing
tomatoes (Rick, 1982).

E. Life cycle of tomato

Tomato is an annual, day-neutral crop, requiring 4-6 months from seeding to
fruit harvest. Flowers are perfect and, due to recessed stigmas, they
automatically self-pollinate. Cross hybridization between tomato plants can
be accomplished by removing the anthers from immature flowers and placing
pollen from another plant on the exposed stigma surface. Ovules are receptive
to fertilization even before pollen of the same flower has matured. A single
tomato fruit will produce 20-150 seeds depending on the variety and
environmental conditions. Seeds mature 40-60 days after pollination and a
single plant can produce as many as 25,000 seeds.

Tomato pollen is binucleate and remains viable under room temperature for
several weeks. Pollen stored under low temperature and humidity can remain
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viable for 6 months or more. While cultivated tomatoes are typically self-
pollinating, occasional cross pollination can occur and, in the field, is usually
attributable to activity of common pollinating insects, especially bees. The
incidence of cross-pollination seldom exceeds 5% in field tomatoes grown in the
United States, but can be higher in areas of the world (i.e., Latin America)
where tomatoes originally evolved. The higher incidence of cross pollination is
probably attributable to greater natural populations of pollinating insects.

Tomato seeds experience no natural dormancy and are readily germinated
immediately after removal from ripe fruit. Seed viability is highly dependent on
conditions of storage. In warm, humid climates, viability can drop
substantially in a year or two. However, stored under dry, cool conditions,
tomato seeds retain viability for 10 years or more.

In addition to sexual propagation, tomatoes can also be propagated by
vegetative cuttings. Root formation occurs naturally on vegetative cuttings or
can be promoted by exogenous hormone applications (e.g., auxin). Rooting of
cuttings normally occurs in 1-2 weeks.

Commercially, nearly all tomatoes are propagated by seed. In the case of
fresh market tomatoes, seeds are usually germinated in greenhouses and
seedlings are then transplanted to the field. For processing tomatoes, direct
seeding to the field is common. However, as hybrids become more popular and
the price of seed increases, growers are also beginning to use transplants for
processing tomatoes.

F. Tomato production -- practices /geography

Tomato varieties can generally be divided into two categories: fresh market
tomatoes and processing tomatoes. Fresh market tomatoes are harvested
from the field or greenhouse, then packed and shipped to supermarkets where
they are consumed as a fresh vegetable. Processing tomatoes are harvested
from the field (usually by machines) and shipped directly to a cannery where
they are sorted, peeled and directed to one or more canned tomato products
(e.g., tomato juice, paste, catsup, sauce, salsa, diced or whole peeled tomatoes).

1. Processing tomatoes. In the past 30 years, California has become the
predominant location for production of processing tomatoes in the United
States. Warm sunny summer weather, fertile soils and low humidity
contribute to high yields and good tomato quality. Level fields and typical lack
of substantial summer rain also favor mechanical harvesting of tomatoes
which in turn reduces labor costs. The leading counties in California for
production of processing tomatoes are Fresno, Yolo and San Joaquin with a
combined production area in excess of more than 50,000 hectares. The total
production of processing tomatoes in California typically exceeds 5 million tons
and accounts for nearly 90% of the total U.S. processing tomato production.
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The remainder of processing tomato production occurs in isolated areas of the
Midwest (e.g., Ohio).

2. Fresh market tomatoes. Commercial fresh market tomatoes are grown
over a larger geographic area than processing tomatoes with production
occurring in more than 20 states. However, for most of these states,
production is limited to what can be consumed locally. Only California and
Florida have large acreages of fresh market tomatoes and both participate in
broad distribution throughout the U.S. Together these two states account for
nearly two-thirds of the U.S. fresh market tomato crop with Florida being the
larger producer (Anonymous, 1993).

Unless consumed locally, fresh market tomatoes are normally picked in the
mature-green state and transported to local packing houses from which they
are shipped to various locations throughout the U.S.

G. Potential for outcrossing

1. Out-crossing with non-transgenic cultivars. Cross pollination rates in
modern tomato cultivars is very low -- typically less than 1% (Currence and
Jenkins, 1942, Lesley, 1924). The risk of gene escape by outcrossing is further
reduced since tomatoes are grown in relatively isolated conditions as pure lines
(versus mixed populations). Under commercial growing conditions in the
United States and most of the rest of the world, it is unlikely that transgenic
tomatoes would cross naturally with other, non-transgenic cultivars. The only
possible exceptions to this situation would be in Mexico, Central America and
northwestern South America (Peru, Chile, Colombia and Ecuador) where
primitive cultivars and the wild forms of tomato (L. esculentum var.
cerasiforme) occur and can be found in or near commercial fields of tomatoes.
In these areas, outcrossing rates in tomato can also be higher, possibly due to
a greater abundance of pollinating insects (Rick, 1950).

2. Hybridization with species in the same genus. L. pimpinellifolium is the
only species in the tomato genus for which there is good evidence for natural
hybridization with the cultivated tomato (Rick, 1958). L. pimpinellifolium is a
weedy, short-lived perennial plant native to the coastal regions of Ecuador and
Peru. It produces small red fruit (< 1 cm diameter) and, although it is not
grown commercially, it is occasionally harvested from the wild for human
consumption. Botanically it is very closely related to the cultivated tomato,
and hybrids and hybrid progeny are readily obtained.

L. pimpinellifolium is restricted in its range to certain regions of Latin
America (predominantly Peru and Ecuador) and therefore does not present a
risk for gene exchange with transgenic cultivated tomatoes throughout most of
the world. However, in the regions where L. pimpinellifolium does occur
naturally, it is often found as a weed in commercial fields (including tomato
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fields) and the possibility for gene exchange cannot be excluded. L.
pimpinellifolium has not been reported in the United States, and, therefore,
the risk of outcrossing from the transgenic tomatoes is negligible under
commercial growing conditions.

3. Hybridization with species outside the genus. Solanum is the genus most .
closely related to the tomato genus (Lycoperiscon). Solanum is a large genus
comprised of hundreds of species including such agronomic species as potato
and eggplant. However only two Solanum species (S. lycopersicoides and S.
rickii) have been successfully crossed with the tomato and this was
accomplished only in the laboratory. Hybrids between the tomato and S.
lycopersicoides or S. rickii are almost always sterile, making further gene
introgression very difficult. S. lycopersicoides and S. rickii are found only in
restricted habitats of Peru and Chile and do not normally occupy agricultural
lands where tomatoes are commercially grown. This fact, combined with the
strong barriers to hybridization, make it extremely unlikely that gene transfer
would ever occur between transgenic cultivated tomatoes and these wild
species.

The Solanum species that occur naturally in the United States (e.g., S.
nigrum, black nightshade or S. elaeagnifolium, silver nightshade) do not
hybridize with the cultivated tomato and thus present no significant risk for
gene exchange.

H. References
Anonymous. 1993. Annual Vegetables. Agricultural Statistics Board, NASS,
USDA, p 34.

Chyi, Y.S., R.A. Jorgensen, D. Goldstein, S.D. Tanksley, and F. Loaiza-
Figueroa. 1986. Locations and stability of Agrobacterium-mediated T-DNA
insertions in the Lycopersicon genome. Mol. Gen. Genet. 204:64-69.

Currence, T.M. and J.M. Jenkins. 1942. Natural crossing in tomatoes as
related to distance and direction. Proc. Amer. Soc. Hort. Sci. 42:273-276.

Jenkins, J.A. 1948. The origin of the cultivated tomato. Econ. Bot. 2:379-92.
Lesley, J.M. 1924. Cross-pollination of tomatoes. J. Hered. 15:233-235.
Martin, G.B., S.H. Brommonschenkel, J. Chunwongse, A. Frary, M.W. Ganal,
R. Spivey, T. Wu, E.D. Earle, and S.D. Tanksley. 1993. Map-based cloning of a

protein kinase gene conferring disease resistance in tomato. Science 262:1432-
1435.

17




Tomatoes with a Delayed Ripening Gene

Murfett, J. and B.A. McClure. 1993. Self-incompatibility in the Solanaceae. In
to. J. Yoder, ed. Technomic Publishing, Lancaster
pp. 139-152.

Penarrubia, L., M. Aguilar, J. Deikman, S.-M. Pan, L. Margossian, and R.L.
Fischer. 1993. Regulation and function of the E8 fruit ripening gene in tomato.
In Molecular Biology of Tomato. J. Yoder, ed. Technomic Publishing, Lancaster.
pp. 205-218.

Pichersky, E., R. Bernatzky, S.D. Tanksley, V.S. Malik, and A.R. Cashmore.
1987. Genomic organization and evolution of the RBCS and CAB gene families
in tomato and other higher plants. In Tomato Biotechnology. D. Nevins, ed.
Alan Liss, Inc., New York.

Picton, S., R. Fray, A. Hamilton, J. Gray, H. Smith, S. Barton, and D. Grierson.
1993. Genetic control of ethylene and carotenoid production in transgenic
tomatoes. Technomic. Lancaster, PA. pp 185-196.

Rick, C.M. 1982. The potential of exotic germplasm for tomato improvement.

‘In Plant Improvement and Somatic Cell Genetics. D Evans, R. Sharp, eds.
Academic Press, NY. pp 1-27.

Rick, C.M. 1978. The Tomato. Scientific Amer. 239:76-87.

Rick, C.M. 1976. Tomato. In Evolution of Crop Plants. N.W. Simmonds, ed.
Longman, NY. pp. 268-272.

Rick, C.M. 1958. The role of natural hybridization in the derivation of
cultivated tomatoes of western Southern America. Econ. Bot. 12:346-367.

Rick, C.M. 1950. Pollination relations of Lycoperiscon esculentum in native and
foreign regions. Evolution 4:110-122.

Rick, C.M. and J.F. Fobes. 1975a. Allozymes of Galapagos tomatoes:
polymorphism, geographic distribution, and affinities. Evolution 29:443-457.

Rick, C.M. and J.F. Fobes. 1975b. Allozyme variation in the cultivated tomato
and closely related species. Bull. Torrey Bot. Club. 6:376-384.

Rick, C.M., J.F. Fobes, and M. Holle. 1977. Genetic variation in Lycopersicon
pimpinellifolium: evidence of evolutionary change in mating system. Plant
Syst. Evol. 127:139-170.

Tanksley, S.D. 1993. Linkage map of tomato Lycopersicon esculentum. In
Genetic Maps. S. O'Brein, ed. Cold Springs Harbor Laboratory Press, Cold
Springs Harbor, NY. pp 6.39-6.60.




Tomatoes with a Delayed Ripening Gene

1. Description of the Transformation System and Plasmid Utilized

The plasmid PV-LERP07 (pMON10117; Figure III.1), used to transform the
parental tomato line UC82B to generate line 8338, contains two genes driven
by plant promoters: the accd gene from Pseudomonas chloroaphis, strain 6G5
(Klee et al., 1991) that codes for the 1-aminocyclopropane-1-carboxylic acid
deaminase protein (ACCd), and the nptIl gene encoding the neomycin
phosphotransferase II protein, the kanamycin resistance marker gene (Beck
et al., 1982; Fraley et al., 1983). These genes were introduced into tomato line
UC82B using Agrobacterium tumefaciens as described below.

A. Agrobacterium Transformation System

The delayed ripening and marker genes were introduced into tomato using an
Agrobacterium tumefaciens transformation system (Klee and Rogers, 1989).
The intermediate vector, PV-LERP07, was assembled in E. coli K-12 cells and
mated into an Agrobacterium strain using a triparental mating system (Ditta
et al., 1980). The Agrobacterium strain contains a disarmed plasmid which
does not carry the T-DNA phytohormone genes. Therefore, the Agrobacterium
is unable to cause crown gall disease and does not present a meaningful threat
as a plant pest (Huttner et al., 1992). Upon cultivation of plant tissue with the
Agrobacterium, the T-DNA containing the delayed ripening and marker genes
is excised and transferred to the plant cells by the vir functions encoded by the
disarmed plasmid (Klee et al., 1983; Stachel and Nester, 1986). The disarmed
ABI Agrobacterium strain containing the PV-LERPO7 vector was used to
transform the tomato variety UC82B. T-DNA was transferred into individual
tomato cells which were selected by their growth in the presence of kanamyecin.
Procedures for Agrobacterium transformation and regeneration of tomato
tissue were performed as described by McCormick et al., (1986).

The scientific literature supports the view that usually only the T-DNA is
transferred and integrated into the plant genome (Fraley et al., 1986). The
sequence that is integrated includes only genes that are contained between the
short, well-characterized border sequences of the T-DNA which are themselves
essential for transfer and incorporation into the plant genome (Wang et al.,
1984; Gasser and Fraley, 1989) but are not precisely maintained during the
process of insertion of the T-DNA into the plant genome (Zambryski et al.,
1982). Thus, the inserted DNA is no longer a functional T-DNA; i.e., once
integrated, it cannot be remobilized into the genome of another plant even if
acted on again by vir genes that effect transfer. All evidence available since
the delineation of T-DNA in 1978, plus the accumulated epidemiology of crown
gall disease, indicate that T-DNA transfer into plant cells by Agrobacterium is
irreversible.
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Molecular analysis of the inserted DNA in line 8338 demonstrates that only the
delayed ripening and marker genes are present.

B. Recipient tomato variety, UC82B

Lycopersicon esculentum cv. UC82B is the tomato cultivar which was
genetically modified to have a decreased rate of ripening and is a commercial
variety developed at the Department of Vegetable Crops, University of
California, Davis CA. UC82B is a processing variety that has been grown
extensively in California (Stevens et al., 1976). UC82B is readily transformed
using Agrobacterium tumefaciens T-DNA vectors (McCormick et al., 1986). Our
commercialization strategy for DR tomato is to use traditional backcrossing
methods of breeding to transfer the delayed ripening locus from this cultivar to
a wide range of varieties of processing and fresh market tomatoes.

C. Description of the Plasmid Utilized for Transformation, PV-LERP07
The lead delayed ripening tomato line 8338, was produced with the
transformation vector PV-LERPO07 (plasmid pMON10117; Figure II1.1) which
contains two genes that may be expressed in plants, ACC deaminase (accd)
and the neomycin phosphotransferase (nptlI) selectable marker gene (Fraley et
al., 1983). The proteins produced by these genes are described in more detail in
following sections. PV-LERPO7 is a double border vector containing the DNA
sequences for the right and left borders of the T-DNA necessary for the
Agrobacterium Ti plasmid transformation system. The genes and DNA
components used to construct them are briefly described below and in more
detail in following sections.

The cauliflower mosaic virus (CaMV) 35S promoter region (Sanders et al.,
1987; Gardner et al., 1981) drives the expression of the nptIl gene (Beck et al.,
1982). The nucleotide sequence of the vector nptll gene (Keck, 1993) is
identical to the nptlI gene sequence reported by Beck et al., 1982, and differs
from that reported by Calgene (1993) for aph(3’)-1I by a single nucleotide at
position 180. This third position change does not alter the encoded amino acid
and the NPTII protein is identical to the APH(3’)-1I protein that is an approved
food additive (Food and Drug Administration, 1994). The marker gene is
completed by the nopaline synthase (NOS) 3’ region that directs
polyadenylation of the mRNA (Fraley et al., 1983; Depicker et al., 1982). The
gene encoding ACCd (isolated from Pseudomonas chloroaphis, strain 6G5; Klee
et al., 1991) is driven by a caulimovirus 35S promoter isolated from a cloned,
modified figwort mosaic virus adapted for growth on Datura stramonium
(Shepherd et al., 1987; Richins et al., 1987) and a 5’ nontranslated leader from a
Petunia hybrida HSP70 gene (Winter et al., 1988). The accd gene is followed by
a non-translated region of the pea rbc-E9 gene (Coruzzi et al., 1984; Morelli et
al., 1985) which directs polyadenylation of the mRNA. The caulimovirus 35S
promoter drives expression constitutively resulting in production of mRNA in
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most cells of the plant (Benfey et al., 1989)

The vector also contains the bacterial selectable marker gene,
aminoglycosideadenylyltransferase (ead), which confers spectinomycin
resistance. The aad gene is driven by its own bacterial promoter (Fling et al.,
1985) and therefore is not expected to express in the plant. More importantly,
direct analysis has shown that the aad gene is not present in the DNA of line
8338.

The vector PV-LERP07 is shown in Figure II1.1. The location and extent of
each genetic element that comprises plasmid PV-LERP07 (pMON10117) are

listed below. The origin for numbering the nucleotides of the plasmid is located
just inside the T-DNA Right Border at the 5’ end of the P-FMV fragment.

Nucleotides 1 to 574: P-FMV. The 35S promoter from a modified figwort
mosaic virus (Shepherd et al., 1987; Richins et al., 1987).

Nucleotides 575 to 681: PetHSP70-leader. The transcribed, nontranslated
leader sequence from the petunia HSP70 gene (Winter et al., 1988).
Nucleotides 682 to 1757: ACC deaminase. The ACC deaminase gene isolated
from Pseudomonas chloroaphis, strain 6G5 (Klee et al., 1991).

Nucleotides 1758 to 2416: E9 3. The 3’ end of the pea rbcS E9 gene which
provides the polyadenylation sites for the ACC deaminase gene (Coruzzi et al.,
1984; Morelli et al., 1985).

Nucleotides 2417 to 2786: P-35S. The 35S promoter from cauliflower mosaic
virus (Sanders et al., 1987).

Nucleotides 2787 to 3631: KAN. The neomycin phosphotransferase type 11
gene confers resistance to kanamycin in plant cells (Beck et al., 1982; Fraley et
al., 1983).

Nucleotides 3632 to 3898: NOS 3’. The 3’ end of the Agrobacterium
tumefaciens nopaline synthase gene which encodes the polyadenylation sites for
the KAN gene (Depicker et al., 1982).

Nucleotides 3899 to 4381: Left Border segment isolated from the octopine Ti
plasmid, pTiA6 and contains the direct repeat sequence (bases 4199 to 4222)
that delimits the T-DNA transferred.

All DNA located clockwise beyond the left border of pMON10117, Figure III.1,
up to the right border is not transferred to plant cells. The nontransferred
segment includes all of the genetic elements listed below up to the right border.
Nucleotides 4382 to 5170: ori-V. The vegetative origin of replication that
permits plasmid replication in Agrobacterium and was originally isolated from
plasmid RK2. The function of this origin in binary plasmid vectors such as
pMON10117 is described (Rogers et al., 1987). -

Nucleotides 5171 to 8136: DNA from pBR322 containing rop (the replication of
the primer region) and ori-322. Plasmid replication origin permitting
propagation of DNA in bacterial hosts such as E. coli (Sutcliffe, 1979).
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Nucleotides 8137 to 9197: Spc¢/Str. The bacterial gene encoding the Tn7 AAD
3’ adenylyltransferase conferring spectinomycin and streptomycin resistance
on bacterial cells that carry the plant vector (Fling et al., 1985).

Nucleotides 9198 to 9526: Right Border. This segment contains the nucleotide
direct repeat sequence (9451 to 9474) that acts as the initial point of DNA
transfer into plant cells and was originally isolated from pTiT37 (Depicker et
al., 1982).

All of the DNA segments from the right border clockwise toward the left border
sequence in Figure II1.1 are present in plant cells.

Extensive restriction analysis of the plasmid PV-LERP07 demonstrated that
all of the genetic elements and restriction fragments were correctly assembled
and produced the correctly sized DNA fragments when digested and separated
on a 1.0% agarose gel.
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Figure IIL.1. Plasmid PV-LERP07 (pMON10117)
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IV. The Genes Present in DR Tomato Line 8338.

A.ACCd and NPTII

Two genes were transferred from PV-LERP07 to the UC82B parent tomato
line that encode the enzymes ACCd and NPTII. The accd gene, which confers
the delayed ripening trait, was isolated from the soil bacterium Pseudomonas
chloroaphis, strain 6G5 (Klee et al., 1991). The ACCd protein contains the
coenzyme pyridoxal phosphate, and catalyzes deamination of ACC to ammonia
and o-ketobutyrate as shown below. Pyridoxal phosphate cofactor requiring
enzymes such as transaminases are involved in amino acid biosynthesis.
ACCd is found in several additional common soil bacteria including several
Pseudomonas sp., Enterobacter cloacae, Enterobacter agglomerans,
Xanthomonas maltophilia and Achromobacter sp. (Tran and Kretzmer, 1993).
The ACCd protein has also been found in the filamentous fungi Paecilomyces
variotii and Penicillium verrucosum and the yeasts, Hansenula saturnus and
Hansenula polymorpha which are in the same family as brewer’s and baker’s
yeast (Tran and Kretzmer, 1993). The Hansenula saturnus protein cross-
reacts with antiserum prepared against the Pseudomonas chloroaphis, strain
6G5 protein.

The biosynthetic pathway of the phytohormone ethylene, and the stimulatory
effect of ethylene on tomato fruit ripening have been well characterized (Taiz
and Zeiger, 1991; Grierson and Covey, 1988; Grierson and Kader, 1986). The
amino acid methionine is converted to ethylene in a series of reactions involving
S-adenosyl methionine (SAM) and ACC as metabolic intermediates.

H2C NH3+ O
/c + H20 —3> CH3CH2CCOO- + NH4+
H2C COO-
ACC a-ketobutyrate ammonia

Delayed ripening tomato plants were produced by stable insertion of the accd
gene into the tomato chromosome (Klee et al., 1991). ACCd metabolizes ACC
making it unavailable for ethylene production in the tomato. Consequently,
fruit ripening and over-ripening are delayed relative to controls (Klee et al.,
1991).

The Pseudomonas chloroaphis, strain 6G5 accd gene has been completely
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sequenced and encodes a 36.8 kD protein consisting of a single polypeptide.
Pseudomonas chloroaphis is commonly isolated from water (Palleroni, 1984)
and is a saprophyte which is not associated with any human, animal or plant
pathogenicity (Doudoroff and Palleroni, 1974). The products of ACCd
metabolism, ammonia and a-ketobutyrate, are natural metabolic
intermediates in plant amino acid biosynthesis (Goodwin and Mercer, 1990),
and, based on all available information, are expected to be rapidly re-
assimilated. The levels of ACC in tomato fruit are very low, increasing from 0.1
to 10 nmol/g fresh weight during ripening from green to red fruit (Hoffman and
Yang, 1980). Consequently, endogenous levels of ammonia and a-ketobutyrate
in tomato tissues are expected to be comparable in both delayed ripening and
control plants.

The NPTII protein catalyzes the transfer of a phosphate group from adenosine
5’-triphosphate (ATP) to a hydroxyl group of aminoglycoside antibiotics,
thereby inactivating the antibiotics. Therefore, the presence of the NPTII
protein in the plant genome allows selection of transformed tomato cells in the
presence of the antibiotic kanamycin. The nucleotide sequence of the vector
nptll gene (Keck, 1993) is identical to the nptII gene sequence reported by Beck
et al., 1982, and differs from that reported by Calgene (1993) for aph(3’)-II by a
single nucleotide at position 180. This third position change does not alter the
encoded amino acid and the NPTII protein is identical to the APH(3’)-II protein
that is an approved food additive (Food and Drug Administration, 1994).
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V. Genetic Analysis, Agronomic Performance, and Compositional
Analysis of Line 8338

A. Description, Hi