R.T. Fraley, and D.M. Shah. 1987. Expression of alfalfa mosaic virus
coat protein gene confers cross-protection in transgenic tobacco and tomato plants. EMBO J. 6:1181-1188.
Vaek, M., A.S. Reynaerts, H. Hofte, S. Jansens, M. de Beucketer, C.
Dean, M. ZaBeau, M. van Montagu, and J. Leemans. 1987. Transgenic
plants protected from insect attack: Nature (London) 328:33-37.
van der Krol, A.R., P.E. Lenting, J. Veenstra, I.M. van der Meer. R.E.
Koes, A.G.M. Gerats, J.N.M. Mol, and A.R. Stuitje. 1988. An antisense chalcone synthase gene in transgenic plants inhibits flower pigmentation. Nature (London) 333:866-869.
Vince-Prue, D. and J. Gressel. 1986. Pharbitis nil, p. 47-81. In: A.H.
Halevy (ed.). Handbook of flowering. vol. IV. CRC Press, Boca Raton,
Fla.
Wang, H. and W.R. Woodson. 1991. A flower senescence-related mRNA

from carnation shares sequence similarity with fruit ripening-related mRNAs
involved in ethylene biosynthesis. Plant Physiol. (In press.)
Woodson, W.R. 1987. Changes in protein and mRNA populations during
carnation petal senescence. Physiol. Plant. 71:445-502.
Woodson, W.R. and A.K. Handa. 1987. Changes in protein patterns and
in vivo protein synthesis during presenescence and senescence of hibiscus
petals. J. Plant Physiol. 128:67-75.
Woodson, W.R. and K.A. Lawton. 1988. Ethylene-induced gene expression
in carnation petals. Relationship to autocatalytic ethylene production and
senescence. Plant Physiol. 87:478-503.
Woodson, W.R., K.A. Lawton, R.C. Meyer, Jr., K.G. Raghothama, and
P.B. Goldsbrough. 1990. Regulation of gene expression in senescing
carnation petals, p. 203-212. In: A.B. Bennett and S.D. O’Neill (eds.).
Horticultural biotechnology, Wiley-Liss, New York.

Gene Transfer for the Genetic Improvement of Perennial Fruit
and Nut Crops
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Perennial fruit and nut crops thus far have been relatively poor
subjects for the application of gene isolation and gene transfer technologies. This is due to their long generation cycles, limited knowledge of their genetics and physiology, and the difficulty in regenerating
many of these species in vitro. In spite of these difficulties, perennial fruits and nuts may represent the crops that, in the long term,
could reap the greatest benefits from gene transfer technologies.
Long generation cycles and high levels of heterozygosity increase
the time required to synthesize new stress-resistant cultivars with
the qualities necessary for consumer acceptance. Genes for biotic
and abiotic stress resistance in perennial fruit and nut crops are, in
many cases, found in native or naturalized genotypes or in noncultivated species that generally produce poor quality fruits or nuts.
For many fruit and nut crops, cultivars carrying novel traits cannot
be developed within the span of a breeder’s career. Juvenility periods range from 1 year for raspberry to 15 years for pecan (Sherman
and Lyrene, 1983). Peach, a crop with a relatively short generation
time of 3 to 4 years, has generally required 20 years from first
fruiting to cultivar release.
The relatively large land areas necessary to grow segregating
populations of tree crops to maturity adds considerable expense to
breeding programs. High cost restricts the number of seedlings that
can be grown and thus reduces the chances of encountering the rare
combination of genes necessary to produce a superior cultivar. The
production of some of the most economically important temperate
and subtropical fruit crops relies on the use of a few cultivars.
‘Bartlett’ accounts for 76% of the commercial pear production in
North America. ‘Red Delicious’ and ‘Golden Delicious’ make up
60% of the U.S. apple production and 47% of the European production. Wine quality is, in large part, based on the use of traditional cultivars. The cultivation of wine grapes in some European
countries is tightly regulated, based on cultivar. Sour cherry production in the United States and Canada is based almost entirely on
‘Montmorency’. These major fruit cultivars are broadly adapted,
and a significant body of information exists concerning their production, storage, and marketing. New cultivars lack this information
base, making their introduction and use difficult and slow. Flavors
and textures of particular fruit cultivars, e.g., ‘Bartlett’ pear, are
recognized and desired in the market. New cultivars without these
particular characteristics may be at a disadvantage.
While breeders are aware of the problems of genetic vulnerability
and strive to combine unrelated germplasm to produce new cultivars
I thank Richard Bell, Ann Callahan, and Peter Morgens for their stimulating
and constructive discussions concerning topics covered in this paper.
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that will be accepted by the industry, it is clear that for some of
our fruit crops, particularly in certain regions, the industry simply
desires to have the same cultivars “improved.” This aspect of genetic improvement can be approached through gene transfer.
Problems and advantages for perennial fruit and nut crops
Gene transfer has relied for the most part on the use of Agrobacterium tumefaciens. The practical application of this vector for
gene transfer has depended on in vitro plant regeneration. Although
regeneration has been reported for various perennial fruit and nut
crops (Bajaj, 1988; Skirvin, 1981), efficient regeneration systems
that would allow for the consistent production of many regenerated
plants generally have not been developed. Regeneration efficiencies
for many species are low and regeneration has been achieved with
only a few cultivars or with seedlings. Low rates of regeneration
negatively affect transformation frequency and thus the use of gene
transfer techniques. Transformation of meristems through the use
of A. tumefaciens or particle acceleration (McCabe et al., 1988;
Ulian et al., 1988) could alleviate the problem of regeneration by
allowing for the direct transformation of cultivars without the intervening regeneration process. Transformation of meristems most
likely will result in the production of a high percentage of chimera1
transgenic plants with sectors or layers of transformed and nontransformed tissues. Chimeras will present problems for breeders, but
chimeras are not a new phenomenon (Pratt, 1983). Several important fruit cultivars are chimera1 (e.g., ‘Max Red Bartlett’ pear;
‘Starking’, ‘Redspur’, and ‘Starkrimson’ apples). Periclinal chimeras resulting from meristem transformation could present opportunities. Plants could be produced with transformed inner layers
that would have transgenic roots and normal fruit. Transformation
of the L-l layer with an insecticidal protein could provide adequate
insect resistance with only a relatively small proportion of the plant
producing the foreign protein. The color of the fruit epidermis could
be changed without affecting internal color.
While regeneration and transformation rates of fruit and nut crops
may be low when compared with some herbaceous species, vegetative propagation offers an advantage in the use of those transgenic
plants that are isolated. Once a fruit or nut cultivar is transformed
and tested, it can be multiplied indefinitely through axillary bud
proliferation in vitro, and in vivo through graftage or cuttage. The
expression of the transferred gene would not be subject to recombination, which is a normal part of the sexual cycle. Transgenic
isolates of a particular cultivar with different levels of expression
of the transferred gene could be identified and propagated. This
would, for example, allow growers to select a transgenic cultivar
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with a particular fruit color intensity, based on the level of expression of a transferred gene affecting fruit color.
While it is not yet possible to regenerate plants from clonal material of some fruit and nut species, plant regeneration from seedderived tissue has generally been more successful (Hammerschlag
et al., 1985; Lane and Cossio, 1986; Mante et al., 1989; Tulecke,
1987; Tulecke and McGranahan, 1985). Since many fruit and nut
cultivars are propagated by graftage onto seedling rootstocks, the
development of transgenic rootstock seed sources offers an approach
to the genetic improvement of rootstocks through gene transfer.
Traits of interest
Transgenic walnut, apple, an d Rubus plants that express foreign
reporter genes have been produced (Graham et al., 1990; James et
al., 1989; McGranahan et al., 1988). These successes allow breeders to consider the traits that may be most feasibly manipulated
through gene transfer. Few genes have been isolated from perennial
fruit and nut crops. The use of genes isolated in other crops as
probes for similar genes in fruit and nut crops will widen the scope
of available genes. RFLP mapping (Beckmann and Soller, 1986;
Helentjaris et al., 1985) and transposon tagging (Dash and Peterson,
1989) will also increase the availability of crop-specific genes. Currently, most genes being used for gene transfer have been isolated
from microorganisms. The availability of genes dictates the traits
that can be manipulated through gene transfer.
Insect resistance
The insecticidal protein gene isolated fro m Bacillus thurengensis
is the most common gene being tested for insect resistance (Fischoff
et al., 1987). While known initially to be effective against Lepidoptera, forms of the gene have been found that are effective against
Diptera and Coleoptera (Aronson et al., 1986; Herrnstadt et al.,
1986). The cowpea trypsin inhibitor isolated from cowpea has also
been shown to inhibit insect feeding (Hilder et al., 1989). The effect
of these genes to date has not been determined in fruit or nut crops.
The safety and acceptance of fruit containing these foreign proteins
will require study. Placing these genes under the regulation of promoters specific to leaves or stems would reduce levels of these
proteins in fruit or eliminate them entirely if they are not transported
into fruit. While such a strategy would make these genes ineffective
against fruit pests, placing them under the regulation of promoters
that were active only during early stages of fruit development may
be feasible and may offer protection against important fruit pests.
The potential for breakdown of resistance based on these proteins
will require study.
Disease resistance
The major class of disease organisms currently receiving attention
are viruses. The ability of viral coat protein genes, when expressed
in plants, to reduce or eliminate viral replication and thus disease
symptoms has opened up an exciting opportunity for controlling
virus diseases of fruits and nuts (Nelson et al., 1988). Again, the
safety of virus coat protein in foods will require research. Expression of these proteins in nonedible portions of the plant appears to
be feasible. The use of transgenic rootstocks in the case of nepoviruses is a promising approach that would reduce or eliminate the
presence of coat protein in the above-ground plant parts.
Lytic peptide genes, naturally occurring (cecropin) and synthetic,
have been tested for their antibacterial effects in plants (Cetiner et
al., 1989). It may be possible to use these genes for resistance to
bacterial diseases of fruit crops, e.g., fire blight of apples and pears.
Herbicide tolerance
The first potentially useful gene transferred into plants was the
gene for glyphosphate resistance isolated fro m Salmonella typhimurium (Fillatti et al., 1987). Transgenic herbaceous species and
poplar have been shown to tolerate levels of this herbicide that are
normally used to control weed species. The transfer of this gene
into tree fruits and nuts may be particularly useful for trees in the
nursery. Placing this gene under the regulation of promoters specific
1034

to nonfruiting portions of the plant, particularly leaves, would reduce or eliminate the presence of this enzyme in the fruit where it
is unnecessary.
Genes for resistance to existing herbicides (Streber and Willmitzer, 1989) and to herbicides being developed will be isolated
from microorganisms or herbaceous plants and may be available for
use in fruit crops.
Growth regulators
Agrobacterium species naturally contain growth regulator genes
on the Ti plasmid, which is transferred to the genome of the infected
plant. Vectors may be “disarmed” (i.e., the genes that code for
cytokinin and auxin production deleted from the Ti plasmid) or
manipulated so that they contain only auxin or cytokinin genes, or
the expression of these genes may be modified (Klee et al., 1987).
“Shooty” mutants, which overproduce cytokinin, or “rooty” mutants, which overproduce auxin, may be used as vectors to control
organogenesis in vitro (Smigocki and Owens, 1988). Such vectors
then may be used to induce recalcitrant fruit or nut species to regenerate in vitro. The use of this technique to promote regeneration
may require precise levels of gene expression. The levels of growth
regulator produced by the vector that would induce one cultivar to
regenerate may differ from the levels necessary to induce another
cultivar to regenerate. Further, it would be desirable to induce the
production of growth regulators only when necessary for regeneration. Continued growth regulator production in the regenerated
plant could undesirably alter growth habit or productivity. Control
of growth regulator production may be accomplished by using heat
shock or other promoters whose function can be artificially manipulated.
The use of “rooty” A. tumefaciens strains o r A. rhizogenes for
rooting of difficult-to-root fruit and nut species both in vitro and in
vivo offers promise (Patena et al., 1988; Strobel and Nachmias,
1985; Tepfer and Casse-Delbant, 1987).
The ORF 12 (rolC) locus on the Ri plasmid of A. rhizogenes,
when transferred to tobacco, has produced dwarf plants with shortened corollas (Oono et al., 1987). This gene may present possibilities for manipulating tree growth.
Fruit and nut quality traits
Ultimately, consumer acceptance of the product drives the production of a particular fruit or nut cultivar. The manipulation of
those characters that impact on consumer acceptance may offer
some exciting possibilities for perennial fruits and nuts. The ability
to manipulate fruit softening would have a major impact on the fruit
industry. Fruit softening indirectly affects most characteristics that
govern consumer acceptance. The inability to ship tree-ripe fruit of
most species demands that fruit be picked before peak color, flavor,
and aroma develops. While some characteristics, such as color, may
develop during shipping and storage, many characteristics will never
reach the levels that are attained in tree-ripe fruit. A common consumer complaint is that fruit are attractive but flavorless. Knowledge of the biochemistry of fruit softening and gene expression may
one day lead to the production of transgenic cultivars in which
softening can be delayed or controlled so that tree-ripened fruit with
the characteristic flavors and aromas can be harvested, stored, and
shipped, with softening induced in the market just before consumer
purchase. Isolation of the polygalacturonase gene, antisense construction, and gene transfer have provided useful insights into the
role of polygalacturonase in tomato fruit softening (Giovannoni et
al., 1989). Gene expression during peach fruit development and
softening is being studied with the objective of manipulating softening through gene transfer (Callahan et al., 1989, 1991).
The potential applications of gene transfer technologies to perennial fruit and nut crops are similar to those in herbaceous species.
Insect and disease resistance, herbicide tolerance, and modification
of vegetative and fruit characteristics are common goals for all plant
species. Many fruit and nut crops suffer the disadvantage of being
difficult to regenerate in vitro. It may be possible to overcome this
problem by the development of transformation technologies that do
not require regeneration. The dominance of a few major cultivars

HORT SCIENCE , VOL. 26(8), AUGUST 1991

