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The production and use of floricultural crops represents an ex-
panding area in U.S. agriculture. Currently, the wholesale value of
the U.S. floriculture industry exceeds 2 billion dollars. The pro-
duction of plants solely for their aesthetic value represents a unique
form of agriculture. As a result of their ornamental value, efforts
to improve flower crops center around quality attributes such as
flower color, flower form, plant architecture, and postharvest keep-
ing quality (vase life). In addition, improved agronomic traits, such
as disease and insect resistance, are sought in flower breeding pro-
grams, as with other crop species. Traditionally, the breeding of
flower crops has been more art than science. Typically, breeders
will cross two plants with little knowledge of their genetic makeup
and screen the resulting progeny for desirable characteristics. The
parents of such a cross are often heterozygous, thus resulting in a
myriad of phenotypes in the seedling population. It is for this reason
that selections are maintained through vegetative propagation to
ensure genetically identical individuals. Due to the high value of
flower crops, it is economically feasible to propagate plants vege-
tatively rather than by the less expensive seed propagation method.
Clearly, most flower breeding programs are less sophisticated than
those for agronomic crops, where inbred lines of known genetic
makeup exist. While such an approach has yielded many valuable
flower cultivars, it certainly has its limitations. The extreme het-
erozygosity in many valuable floricultural crops (rose, chrysanthe-
mum, and carnation) limits the advances in breeding. For example,
as a result of the lack of inbred lines, directed breeding efforts for
individual traits are very difficult. In addition, the improvement of
flower crops by traditional breeding is hampered by a limited gene
pool. Certainly, this is an explanation for the lack of desirable blue
pigments in roses and carnations.

GENETIC ENGINEERING FOR THE IMPROVEMENT OF
FLORICULTURAL CROPS

Recent advances in the isolation, characterization, and transfer
of genes between species makes genetic engineering an attractive
technology to be used in conjunction with traditional breeding for
the improvement of flower crops. Certainly, genetic engineering
has the capability of increasing the gene pool available for crop
improvement. Thus, genes conferring desirable traits, such as blue
pigmentation, potentially can be transferred to species where these
genes previously did not exist. An advantage of such a genetic
engineering approach lies in the ability to alter a single trait without
altering other genetic traits of the plant. Therefore, a much more
directed approach to flower crop improvement is possible using
these techniques. Currently, the major limitations in the use of
genetic engineering to improve flower crops include: 1) the iden-
tification and isolation of genes conferring desirable traits and 2)
the development of efficient techniques for transformation of im-
portant flower crop species.

The insertion and stable integration of foreign DNA into plant
cells is becoming routine for several species. Transformation of
plants is generally accomplished by two techniques. These include
the use of Agrobacterium tumefaciens as a natural gene transfer
system and the delivery of free DNA into plant cells. It is beyond
the scope of this paper to review in detail these transformation
techniques, which are covered by several excellent reviews (Gasser
and Fraley, 1989; Klee et al., 1987; Schell; 1987). To date, petunia
is the only floricultural crop that is routinely transformed using
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Agrobacterium (Gasser and Fraley, 1989). Current efforts are aimed
at developing techniques for high-value flower crops, such as car-
nation (R. Woodson, A. Brandt, and P. Goldsbrough, unpublished
results), chrysanthemum, and roses. It is expected that early suc-
cesses in flower crop genetic engineering will occur in these species.
Much of these efforts involve several plant biotechnology compa-
nies in the United States, Europe, and Australia. Transformation
technology is developing at such a pace that insertion of DNA into
most plants should be routine in a few years. This is particularly
true with the recent development of the free DNA delivery technique
of particle bombardment (McCabe et al., 1988). Given the advances
in this technology, it is clear that much of the current research
emphasis should be placed on the isolation and characterization of
genes controlling desirable traits for the improvement of flower
crops.

TARGETS FOR IMPROVEMENT OF FLOWER CROPS BY
GENETIC ENGINEERING

Production efficiency

The ability to transform flower crop species efficiently will result
in the desire to use this technology to improve these crops. Most
likely, initial efforts in this regard will focus on the use of previously
identified and characterized genes that control general agronomic
traits, such as disease and insect resistance. Progress in these areas
has been rapid, particularly with regard to insect resistance. The
transfer and expression of insect control protein genes from Bacillus
thuringiensis (Bt) has resulted in an increased resistance to lepi-
dopteran larvae (Fischhoff et al., 1987; McPherson, 1988; Vaek et
al., 1987). The advantage of the Bt toxin is in its insect specificity,
with the protein exhibiting limited toxicity to other insects and no
toxicity to animals, including humans. In addition to the Bt toxin
gene, recent tests have shown that the expression of a cowpea tryp-
sin inhibitor gene in transgenic tobacco resulted in resistance to
herbivorous insect pests (Hilder et al., 1988). Clearly, the isolation
and characterization of other natural insecticidal molecules will re-
sult in new genetic engineering approaches to the improvement of
insect resistance in crop plants.

One of the most exciting advances in biotechnology is the po-
tential for genetically engineering virus resistance in plants. Losses
of flower crops due to virus infection are severe, especially given
the cultural practices of vegetative propagation and extensive prun-
ing. This resistance is often referred to as “coat protein-mediated”
protection and involves the transfer of the coding region for the
coat protein of a given virus to the target crop (Abel et al., 1986).
The expression of the coat protein gene of tobacco mosaic virus
(TMV) in transgenic tomato plants resulted in substantial resistance
to infection by the TMV virus (Abel et al., 1986). A similar ap-
proach has resulted in resistance to various plant viruses, including
cucumber mosaic virus (Hoekema et al., 1989) and alfalfa mosaic
virus (Turner et al., 1987). The availability of cloned and sequenced
plant viruses will undoubtedly extend the use of this technology to
the protection of flower crops against viral infection.

Only limited success has been reported in the area of resistance
to fungal diseases through genetic engineering. Recently, Broglie
et al. (1989) reported on the cloning and characterization of a gene
for chitinase from beans. Chitinase is a protein that hydrolyzes
chitin, a component of fungal cell walls, and is believed to play a
role in the plant’s defense against fungal attack. Indeed, this enzyme
has been shown to inhibit the growth of fungi in vitro (Schlumbaum
et al., 1986). Recently, Broekaert et al. (1989) reported that a
purified, chitinase-free plant lectin showed antifungal properties.
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The expression of genes encoding such antifungal proteins may
increase the plant’s resistance to fungal attack.

Quality improvement

Flower crops are marketed based on their ornamental value. The
color and form of the flower, the architecture of the plant, and the
postproduction life of the flower are all viable targets for improve-
ment by genetic engineering. Certainly the identification of genes
controlling these traits will be of great importance in the improve-
ment of flower crops. The following is a summary of current re-
search, much of which uses “model” systems to identify genes that
control several traits targeted for improving flower crops.

Flower color. The floriculture industry is driven by the availa-
bility of novel flower crops. In recent years, flower markets world-
wide have seen increasing demand for unusual plants, frequently
imported from foreign countries. Because of this desire for novel
flowers, there is tremendous interest in using genetic engineering
to introduce genes for new flower colors. This is particularly true
for rare shades of blue and purple, which are absent in many of the
major flower crops.

The most common compounds resulting in flower pigmentation
are flavonoids. While carotenoids lead to pigmentation in several
flowers, much less is known about the genes involved in this path-
way as compared to that of anthocyanins. As a result of extensive
research into the genetics of anthocyanin biosynthesis using maize
(Dooner, 1983), petunia (de Vlaming et al., 1984), and Antirrhinum
(Martin et al., 1987), much is known about the genes encoding
enzymes of this pathway. The basic anthocyanin biosynthesis path-
way is illustrated in Fig. 1. The first published reports of modifying
flower pigmentation by genetic engineering involve the manipula-
tion of this pathway. A research group at the Max-Planck Inst.,
Germany, successfully created a novel flower color in petunia by
inserting a gene from maize (Meyer et al., 1987). In petunia, cyan-
idin and delphinidin derivatives, but no pelargonidin derivatives,
are produced as pigments, apparently because the enzyme dihydro-
flavonol 4-reductase shows substrate specificity and cannot reduce
dihydrokaempferol, leading to the production of pelargonidin. The
A1 gene from maize (Schwarz-Somner et al., 1987) encodes di-
hydroquercetin 4-reductase, which normally converts dihydroquer-
cetin into leucocyanidin, thus leading to the production of cyanidin
derivatives. However, this enzyme does not show the same substrate
specificity as does the petunia enzyme. These researchers trans-
formed a mutant petunia line (RL01) that accumulates dihydro-
kaempferol and, thus, shows no pigmentation. They inserted the
Fig. 1. The flavonoid biosynthetic pathway. Enzymes are: phenylalanine
ammonia lyase (PAL); chalcone synthase (CHS); chalcone isomerase
(CHI); dihydroflavonol-4-reductase (DFR); and dihydroquercetin 4-re-
ductase (DQR). Pigmentation occurs only in the presence of naringenin
chalcone (yellow), pelargonidin derivatives (orange-red), cyanidin deriv-
atives (scarlet red), and delphinidin derivatives (purple-blue).
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maize AI gene as a chimeric gene construct using the CaMV 35S
promoter. The overexpression Al gene from maize, coupled
with the abundant substrate petunia mutation, resulted in
the synthesis of pelargonidin deribatives and a novel brick-red pig-
mentation.

Another genetic engineering approach to modifying flower color
is to reduce the expression of endogenous pigment biosynthesis
genes, thus altering the pattern of pigmentation. This has recently
been accomplished in petunia using a technique referred to as an-
tisense RNA (van der Krol et al., 1988). This procedure involves
the insertion of a reverse orientation copy of the endogenous gene
(Fig. 2). The expression of this inserted gene gives rise to a com-
plementary mRNA or antisense RNA strand that forms a duplex
with the sense strand. This duplex likely is unstable and is not
available for translation. The approach of the Dutch group was to
insert and express an antisense chalcone synthase (Fig. 1) gene in
petunia. They reported that this procedure had dramatic effects on
the pigmentation of the normally red variety of petunia. When the
endogenous chalcone synthase gene was completely inhibited, no
coloration would be expected since the substrate for this enzyme is
colorless. As expected, such plants were observed. However, un-
expectedly, they also found pigmentation patterns as a result
of antisense gene expression, suggesting some developmental reg-
ulation.  The reason for these patterns is unclear. These examples

1989), and Antirrhinum (Coen and Carpenter, 1986).  Many of these

opmental processes such as plant height and leaf and flower shape

in petunia (de Vlaming et al., 1984) Arabidopsis (Meyerowits,
controlling flower morphology have been identified by mutations
nipulation of plant form for flower crop improvement.  Several genes
and development, but also would be potentially useful in the ma-
would contribute not only to our basic understanding of plant growth

genes direct developemental processes, such as petal number and

floriculture industry.  The identification of genes controlling devel-
ture by genetic engineering could have a tremendous impact on the

Plant architecture. The manipulation of plant form and architec-
colors will be created in flower crops.
give reason to believe that in the not too distant future other novel
of initial success in the genetic engineering of flower color certainly

petal shape, which could be potentially important for plant improve-
ment. While these genes have been identified through the genetic
Fig. 2. Inhibition of gene expression by antisense RNA. Possible sites of
inhibition.
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analysis of mutations, their cloning and isolation will prove diffi-
cult. Clearly, the greatest potential for isolating these genes is through
the use of Arabidopsis. Because of its small genome, Arabidopsis
is well suited for the identification of genes through mutation and
the subsequent isolation of the mutated gene by gene tagging or
chromosome walking (Meyerowitz, 1989). Recently, Feldman et
al. (1989) reported on the mutation and tagging of genes in Ara-
bidopsis by the random insertion of T-DNA into the plant genome
as mediated by Agrobacterium transformation. This process offers
a unique opportunity to isolate a mutated gene by virtue of the
presence of T-DNA sequences. Using this process, they have iden-
tified several interesting mutants, including a dwarf plant architec-
ture mutant. Of course, the control of plant height is of great
importance in flower crop production. It is also possible to identify
and isolate genes from Arabidopsis by chromosome walking due to
the small genome. This effort will be aided by the recent devel-
opment of an extensive genetic map of the Arabidopsis genome
(Chang et al., 1988; Nam et al., 1989).

Molecular biology of flowering. The control of the flowering
process is critical in the production of many floricultural crops.
Indeed, research conducted in the 50s and 60s by floricultural sci-
entists not only resulted in the development of procedures for con-
trolled flowering of many flower crops, but also contributed to our
basic understanding of the physiology of flowering. Several re-
searchers recently have initiated studies on the molecular mecha-
nisms underlying the regulation of flowering. Pharbitis nil is a
short-day plant that has served as a model for photoperiodic induc-
tion of flowering (Vince-Prue and Gressel, 1986). Pharbitis nil
seedlings are receptive to short-day induction in the seedling stage,
with the cotyledons serving as the photoreceptive tissue (O’Neill,
1989). The short-day inductive treatment was recently shown to be
associated with changes in gene expression based on the appearance
of a new mRNA encoding a 28 kDa polypeptide in the induced
cotyledons (Lay-Yee et al., 1987). Efforts to clone genes potentially
involved in the perception and transduction of the flowering stim-
ulus are underway (O’Neill, 1989).

Another intense area of research on the molecular biology of
flowering involves the characterization of those genes that play a
role in the transition from vegetative to floral development. Re-
Fig. 3. Schematic representation of differential hybridization approach to
screening a petal senescence cDNA library for senescence-related cDNA
clones. A portion of the Agt10 library is plated out and duplicate nitro-
cellulose filter lifts taken. These lifts are hybridized with 32P-labeled
cDNA synthesized from mRNA isolated from preclimacteric or climac-
teric petals. Those plaques hybridizing specifically to cDNA from senes-
cent petals were picked as containing senescence-related cDNA inserts.
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cently, Meek-Wagner et al. (1989) have taken advantage of the
tobacco “thin cell layer” system of Tran Thanh Van (1973), in
which hormone manipulation results in direct flower formation, to
isolate genes expressed specifically in tissue during flower devel-
opment. They reported the isolation of several cDNAs that represent
mRNAs expressed in thin cell layer explants undergoing flower
initiation and not in explants undergoing the initiation of vegetative
structures. Furthermore, they found that these genes occur at low
levels in several plant organs and at high levels in the roots of
tobacco plants, with maximum expression in roots occurring just
before the formation of floral meristems. While the role of these
genes is not currently understood, the pattern of their expression
indicates a role in flower development. The expression of floral-
specific genes in the roots of tobacco plants is particularly inter-
esting, given the evidence of the roots’ role in flower formation in
this plant (McDaniel, 1980).

Flower longevity. The postharvest longevity of flowers is of crit-
ical importance in determining the value of the crop. This is par-
ticularly true, given the global nature of the flower industry and the
necessity for lengthy handling and transportation times. Research
in postharvest physiology of flower crops (Borochov and Woodson,
1989; Halevy and Mayak, 1979, 1981), coupled with effective ed-
ucation programs, such as the “Chain of Life,” has resulted in vast
improvements in the longevity of flower crops. The discovery that
in several cases flower senescence is regulated by the phytohormone
ethylene has lead to the identification and use of chemicals, such
as silver thiosulfate, which inhibits ethylene action and delays se-
nescence (for review see Borochov and Woodson, 1989; Halevy
and Mayak, 1981). Development of new treatments that delay se-
nescence or of new cultivars with improved postharvest longevity
is currently limited by our basic understanding of the molecular
events underlying the regulation of flower senescence.

It is clear that flower senescence is a highly regulated develop-
mental event requiring active gene expression and protein synthesis
(Lawton et al., 1989; Woodson and Handa, 1987). Identification
of genes involved in the regulation of senescence could result in
the development of genetic engineering strategies to control senes-
cence. I have chosen to study the molecular biology of flower se-
nescence in carnation since much is known about the biology and
physiology of senescence in this plant. Previously, I reported that
the senescence of carnation petals is associated with both the ap-
Fig. 4. Northern blot analysis of senescence-related mRNA abundance.
One-microgram poly(A+)RNA portions isolated from flower petals at
anthesis (lane A) or at the climacteric (lane B) were separated electro-
phoretically under denaturing conditions, transferred to nitrocellulose,
and hybridized with various cDNA clones. RNA size markers are shown
in kilobases (Kb) to the left of sample RNAs (from Lawton et al., 1989).

1031



pearance and disappearance of several polypeptides (Woodson, 1987).
The isolation and in vitro translation of mRNAs at different stages
of petal development revealed that the onset of senescence is as-
sociated with changes in gene expression, including the appearance
of new mRNAs (Woodson, 1987). Furthermore, similar changes in
mRNA populations occurred in young flowers treated with the phy-
tohormone ethylene, which induces premature senescence (Wood-
son and Lawton, 1988). To analyze these changes further, cDNAs
were isolated from a library constructed using mRNAs from se-
nesting carnation flower petals (Lawton et al., 1989). The approach
used to isolate these senescence-related cDNAs involved differential
hybridization (Fig. 3). The selected cDNAs represent genes that
increase in expression during the senescence of carnation petals
(Fig. 4). The increase in senescence-related mRNA level during
senescence is at least partially due to increased gene transcription
(Lawton et al., 1990; Woodson et al., 1990). These senescence-
related genes are expressed specifically in senescing flowers and
show no evidence of expression in other organs of carnation. While
the function of these genes is unclear, the pattern of their expression
indicates a role in senescence. The insertion and expression of an-
tisense senescence-related genes in carnation may give some clues
as to the function of the proteins these genes encode. More recently,
we have isolated cDNA clones representing mRNAs for a putative
ethylene-forming enzyme (Wang and Woodson, 1991) and 1-ami-
nocyclopropane-1-carboxylate synthase (K.Y. Park and W.R.
Woodson, unpublished results). Expression of antisense mRNAs
for these enzymes should effectively block ethylene biosynthesis
and inhibit flower senescence. We have developed an Agrobacter-
ium -mediated transformation system for carnation that will allow
us to test this strategy for altering petal senescence.

CONCLUSION

Recent developments in plant molecular biology open the way
for unprecedented opportunities to use the techniques of genetic
engineering for the improvement of flower crops. I have attempted
to review a few exciting areas of current research activity that un-
doubtedly will be put to practical use with our crops. Research on
several traits of specific importance to the flower industry, such as
flower longevity and flower color, is nearing the stage of applying
genetic engineering for their improvement. It should also be noted
that in addition to the application of molecular biology to crop
improvement, we are witnessing the use of this technology to un-
derstand plant growth and development as never before. At the very
least, this is as important as our goals of crop improvement. The
ability to selectively mutate genes of known and unknown function
using antisense RNA (van der Krol et al., 1988) and to alter en-
dogenous hormone levels using the T-DNA genes of Agrobacterium
(Klee et al., 1987; Medford et al., 1989) offers exciting possibilities
for the control of plant development. As horticultural scientists, we
should not wait for developments in molecular biology to reach the
stage of application, but, rather, initiate research programs to begin
to address questions of fundamental importance to the efficient,
cost-effective, and environmentally sound production of our 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 tech-
nologies. This is due to their long generation cycles, limited knowl-
edge of their genetics and physiology, and the difficulty in regenerating
many of these species in vitro. In spite of these difficulties, per-
ennial 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 noncul-
tivated 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 pe-
riods 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 pro-
duction. Wine quality is, in large part, based on the use of tradi-
tional cultivars. The cultivation of wine grapes in some European
countries is tightly regulated, based on cultivar. Sour cherry pro-
duction 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 pro-
duction, 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
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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 ge-
netic 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 Agro-
bacterium 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 in-
tervening 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 nontrans-
formed tissues. Chimeras will present problems for breeders, but
chimeras are not a new phenomenon (Pratt, 1983). Several impor-
tant fruit cultivars are chimera1 (e.g., ‘Max Red Bartlett’ pear;
‘Starking’, ‘Redspur’, and ‘Starkrimson’ apples). Periclinal chi-
meras resulting from meristem transformation could present oppor-
tunities. 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, vege-
tative 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 recom-
bination, 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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