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Pre-publication
REVIEWS,
COMMENTARIES,
EVALUATIONS . . .

« Ithough many books have

Al)een published dealing with
plant biotechnology and transgenic
plants, the ones that focus on orna-
mental plants are rare. This book
FILLS THE GAP, and should be A
VERY USEFUL REFERENCE FOR
GRADUATE STUDENTS, FACULTY,
AND INDUSTRY SCIENTISTS work-
ing in and outside the field. The
chapters are well written by experts
all over the world in various research
directions of the field and provide
the updated knowledge in biotech-
nology of ornamental plants. . . . in
addition to the chapters that deal
with the current knowledge, such as

biotic and abiotic stresses, that can
be applied to all or most crops, the
book has some quite unique chap-
ters that deal with issues that only
apply to omamentals, such as ma-
nipulating flowering time, and the
color and scents of flowers, which
are very interesting to read. . . . Pro-
vides a view from industry regarding
the importance and concerns of bio-
technology to the horticultural in-
dustry, as well as a discussion on
economics of horticultural biotech-
nology. Another item [ found very
useful is the rables at the end of
many chapters that list all the ap-
proaches reported to alter a specific
trait, and the references.”

Dr. Rongda Qu

Associate Professor
Department of Crop Science
North Carolina State University




More pre-publication

REVIEWS, COMMENTARIES, EVALUATIONS . . .

(¢ A N EXTRAORDINARY COL-
LECTION. . .. Each chapter is
WELL WRITTEN by a world author-
ity on the subject matter, The editors
have done an excellent job keeping
a tight focus on each subject. Of par-
ticular note is the chapter on plant
pigment engineering by Rosati and
Simoneau and the chapter on the en-
gineering of scents by Dudareva and
Pichersky. Both of these areas will
likely have far-reaching benefits in
the years ahead. But whether they
do or not depends on public accep-
tance and this topic is more than ad-
equately examined in the chapter by
Klingeman and Hall with supporting
chapters by Meilan and by Alston et
al. This book is A MUST HAVE by
anyone working in the area of horti-
culture biotechnology and by regu-
lators and policy makers whose
decisions will impact everyone ev-
erywhere in the coming decade.”

Michael E. Horn, PhD
Director

Cell & Molecular Biology
Phyton Biotech Inc.

< THOROUGH REVIEW OF

ATHE RESEARCH, which em-
ploys genctic enginecring strategies
and biotechnology for ornamental
crop improvement. . .. Of interest to
any researcher involved in improv-
ing horticultural crops, such as gene
introcluction and increasing resistance
to pests and environmental stress.
Chapters also include reviews of re-
search with the goal of manipulating
developmental and aesthetic charac-
ters of omamental crops. Researchers
with projects having applied objec-
tives will find the chapters on ‘The
Economics of Horticultural Biotech-
nology,” ‘Challenges to Commercial
Use of Transgenic Plants” and ‘Risk,
Trust and Consumer Acceptance of
Plant Biotechnology: Implications
for Genetically Modified Omamen-
tal Plants’ insightful and helpful as
their projects and plants near fruition.
These last chapters discussing re-
sponsibilities, commercialization and
marketing of genetically enginecred
crops will be IMPORTANT FOR
RESEARCHERS AND STUDENTS TO
READ.”

Alan G. Smith, PhD

Associate Professor

Department of Horticultural Science
University of Minnesota

St. Paud, MN
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Preface

The ornamental horticulture industry is one of the fastest growing
segments of agriculture worldwide in recent decades. Transgenic plant
technology is rapidly emerging as a powerful tool to improve ornamen-
tal plants. This volume, Plant Biotechnology in Ornamental Horticul-
ture, provides an overview of the key scientific and technical advances,
issues and challenges in the area of ornamental plant biotechnology.
The volume contains 19 topics, beginning with an introduction of the
importance of biotechnology to the horticultural and ornamental plant
industry by Harriman et al., followed with Brand’s summary of the re-
cent advances in genetic transformation of ornamental plants. Handa et
al. then provide a detailed description of molecular phylogeny-assisted
breeding of ornamental plants. Because abiotic and biotic stresses cause
enormous economic and quality losses to the ornamental plant industry
and to consumers, this volume offers a series of reviews emphasizing
the current status in the use of molecular tools to create horticultural and
ornamental plants that exhibit increased tolerance to low temperatures
(Park and Chen), drought (Shen and Wang), and diseases (Hammond et
al).

Directed alterations in plant growth and development including root-
ing, flowering, reproduction and plant architecture are of major impor-
tance for the ornamental plant industry. Cheng et al. review the use of
transgenic technologies to enhance adventitious root formation in diffi-
cult-to-root woody species. Giovannini outlines the progress in char-
acterizing the genetic basis of signaling pathways that regulate the
transition from vegetative growth to flowering using Arabidopsis plant
as a model system and discusses molecular strategies to alter flowering

[Haworth co-indexing entry note|: “Prelace.” Li, Yi. and Yan Pei. Co-published simultaneously in Jour-
nal of Crop Improvement (Haworth Food & Agricultural Products Press. an imprint of The Haworth Press.
Inc.) Vol. 17. No. 1/2 (#33/34). 2006. pp. xxi-xxiii; and: Plunt Biotechnology in Ornamental Horticulture (ed:
YiLi. and Yan Pei) Haworth Food & Agricultural Products Press. an imprint of The Haworth Press, Inc., 2006,
pp- xvii-xix. Single or multiple copies of this article are available for a fee from The Haworth Document Delivery
Service [1-800-HAWORTH, 9:00 a.m. - 5:00 p.m. (EST). E-mail address: docdelivery @haworthpress.com].

Available online at http://jcrip.haworthpress.com
© 2006 by The Haworth Press, Inc. All rights reserved. xvii
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and flower architecture of ornamental plants. Kim describes the genetic
regulation of leaf shape, from the perspective of the spatial and tempo-
ral balance between cell division, cell enlargement, and cell differentia-
tion. Subsequently, Franklin and Whitelam provide a detailed review
for the recent progress in characterization of the phytochrome gene
family and examples of transgenic manipulation of phytochrome gene
expression to influence a variety of phenotypic traits such as plant
height, lateral branching and harvest yield to meet the market needs.
This volume also offers a review to discuss problems and challenges of
invasive ornamental plants and possible transgenic strategies to neutral-
ize the invasiveness of exotic ornamental plants (Li et al.).

Although traditional breeding methods have been used to alter floral
color and to enhance fragrance of major ornamental plants, impressive
progress has been made in the molecular cloning and characterization of
genes important in biosynthesis of secondary metabolites that may reg-
ulate floral color and scent. Rosati and Simoneau examine the recent ad-
vances in the area of plant pigment formation, from the pioneering
stages to fundamental and applied research with an emphasis on
flavonoids and carotenoids. Dudareva and Pichersky provide a detailed
review of the latest discoveries of genes and enzymes involved in the
synthesis of scent compounds, and their potential use for enhancing
fragrance of ornamental plants.

Synthetic growth regulators have been widely used in the ornamental
plant industry to produce desirable traits, but exogenous applications of
these regulators are often expensive and environmentally problematic.
Progress has been made in recent years regarding genes that can alter
the concentration of, or the plant response to plant hormones. Duan et
al. outline biosynthetic and catabolic genes for auxin, cytokinin, and
abscisic acid and their potential applications in ornamental crops.
Mino et al. offer a summary for molecular biology of the metabolism
and signal transduction of gibberellins and possible applications to crop
improvement. Finally, Shibuya and Clark provide a thorough review on
current status and future directions of using transgenic techniques to
manipulate ethylene biosynthesis and signaling for improvement of
flower longevity of ornamental crops.

Economics, government regulations, public perception and accep-
tance of transgenic plants will shape the commercial development of
transgenic plants for ornamental uses. Alston et al. discuss economical
aspects of commercialization of transgenic plants and their implications
for ornamental crops. Meilan outlines the federal regulations and the
process to obtain permission to release transgenic plants for experimen-
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tal field trials and for commercial purposes with a specific discussion on
ornamental crops. Finally, Klingeman and Hall summarize our current
knowledge about the anticipated rewards, potential risks, and reality
surrounding the public perception of transgenic plants.

We wish to thank the authors for their excellent contribution to this
collection. Their time and effort are gratefully acknowledged. We also
appreciate the scientists who reviewed the manuscripts. Their com-
ments and suggestions were very helpful and highly appreciated. We
would like to take this opportunity to thank Mr. William Smith, Mr. Wei
Deng, Mr. Litang Lu and Mr. Chandra Thammina for reading the manu-
scripts and converting them into the appropriate format.
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2 PLANT BIOTECHNOLOGY IN ORNAMENTAL HORTICULTURE

KEYWORDS. Ornamentals, flower, turfgrass, color, disease, drought,
ethylene, genetic modification, phytochrome, plant transformation, scent,
shape, temperature

INTRODUCTION

Horticulture is a branch of agriculture concerned with the cultivation
of garden crops, generally fruits, vegetables, flowers and ornamentals
such as plants used for landscaping (Encyclopedia Britannica, 1990).
Horticulture is a large industry that supplies consumers throughout the
world with edible and ornamental plants as well as the most popular
leisure activity (gardening) in the U.S. The horticulture industry is
financially big and logistically complex. The Food and Agriculture
Organization lists 160 fruits and vegetables with an export value of $57
billion for the top 30 nations that it tracks in international trade (Huang
et al., 2004). The global market for cut flowers is estimated at US$27
billion (Chandler, 2003). The U.S. turfgrass industry is estimated to be a
US$40 billion business. Market size in 2003 for the floriculture industry
represented sales of approximately $5 billion at the wholesale level
(USDA Floriculture Crops 2003 Summary). Overall covered produc-
tion area for production of flowers and plants comprised 929 million
square feet and overall ground usage covered 47,000 acres managed by
11,913 growers.

The horticultural market has expanded dramatically due to the many
benefits that plants, flowers, fruits and vegetables provide to enhancing
human health and the environment. Fruits and vegetables are the pri-
mary source of essential minerals and vitamins. As our awareness of the
health protecting importance of anti-oxidants continue to grow, the de-
mand for fresher, better tasting, more varied and nutritious fruits and
vegetables will continue to expand. Gardening will continue to play a
vital role in preserving our mental health, providing therapeutic and
physical value to our lives while promoting spiritual and physical heal-
ing. Flowers are the gift of choice for lifting the spirits of loved ones in
the hospital, consoling grieving friends on the loss of a family member
or to celebrate the birth of a child. Gardening is the number 1 outdoor
leisure activity in the U. S. with 74 million American households partic-
ipating. The urban and suburban sanctuaries provide food and shelter
for birds and insects, and stress release for our fast-paced society. Flow-
ering and foliage potted plants and fresh cut flowers allow us to bring
indoors many of the emotional benefits provided by garden plants.
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In our residential and commercial landscapes, public parks, gardens
and athletic fields, turfgrass not only provides an emotional enhance-
ment to our lives, it is often the foundation for many of our most popular
sports. Turfgrass protects our environment. Lawns limit soil erosion
and runoff. Grass blades filter pollen and dust, 12 million tons of dust
per year. Turfgrass effectively sequesters carbon through carbon diox-
ide conversion and protection of fixed carbon from erosion, and it is an
important source of oxygen; only 25 square feet provides enough oxy-
gen for one person for one day. Turfgrass reduces the use of energy; an
average lawn has the cooling effect of about ten tons of air conditioning
(Beard and Green, 1994).

-Most varieties of agricultural and horticultural crops have been de-
veloped by plant breeding. For centuries humans have been selecting
and breeding plants for food, fiber and aesthetics. The principles of
plant genetics, first established by Gregor Mendel in the 19th century,
laid the foundations for traditional plant breeding, in which desirable
traits are combined from different plants. These techniques resulted in
the introduction of hybrids that led the way to green revolution and im-
proving the efficiency of agriculture production throughout the world.
Biotechnology or recombinant DNA technology is the latest stage in the
development of plant breeding. Biotechnology is a process of selective
breeding that involves identification of one or a few known genes re-
sponsible for a particular trait and to precisely insert, delete or modify
them in a plant. This extends the range of traits at the breeder’s disposal,
and enables specific genes to be expressed in a crop plant without the
uptake of unwanted characteristics, which must then be selected out
(Prakash and Conko, 2004).

Agricultural biotechnology is a young science that has demonstrated
the opportunity to reduce pesticide use, reduce soil erosion and develop
plants with improved nutrition (Shelton et al., 2002; Herrera et al.,
2005). Ten years ago, the Flavr Savr™ tomato was commercialized.
During this time, biotechnology has become a key element of several
crops in many countries. In 2004, 8.25 million farmers in 17 countries
planted 200 million acres of biotech crops (James, 2004). During the
2004 growing season, 86% of soybeans, 76% of cotton and 46% of corn
planted in the US were biotech-enhanced varieties (Runge and Ryan,
2004). These market penetration numbers clearly show that farmers
have recognized the benefits of biotechnology. However, these benefits
go far beyond value to agriculture. Soybeans developed to be resistant
to the herbicide Roundup™ resulted in a six hundred million dollar re-
duction in the use of chemicals. Canola farmers who grow herbi-
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cide-tolerant crops saved 14 million gallons of fuel a year due to fewer
herbicide applications. Bt crops contains a gene obtained from Bacillus
thuringiensis that protects the plants from lepidoptoran pests. Bt cotton
and corn reduced insecticide use by 4.5 million pounds. Bt protected
corn has reduced insect pest damage and the resulting molds and myco-
toxins that are harmful to livestock and humans. No-till and conserva-
tion tillage is saving 1 billion tons of precious topsoil per year. These
increases in production, decreases in pesticides, elimination of tractor
runs, preservation of land and topsoil, and reduction in toxins benefits
us as consumers and the environment we all depend upon.

In spite of the size and importance of the horticultural market and the
astounding success of biotechnology in most of the world, the applica-
tion of biotechnology for horticultural crop improvement has lagged
significantly behind when compared to agricultural biotechnology
products. Unfortunately, we have only a few examples of biotechnol-
ogy application in horticulture, such as virus-resistant squash, Flavr
Savr™ tomato with increased shelf life, a blue colored carnation, in-
sect-resistant potatoes and transgenic papaya with enhanced resistance
to papaya ringspot virus. While the Flavr Savr™ tomato and insect-re-
sistant potatoes are no longer being commercialized, biotechnology-en-
hanced carnations, squash and papaya are in the market and performing
well (Sankula and Blumenthal, 2004). Products that are in the pipeline
include bentgrass that is resistant to glyphosate developed by The Scotts
Company and Monsanto, and a blue-colored rose by Suntory.

Why has horticultural biotechnology not had a higher level of suc-
cess? Although horticultural crops are of high economic importance,
each crop represents only a small segment of a market that consists of
hundreds of cultivars representing many different species. The lower
economic value of each horticultural crop has limited investment in re-
search for biotech improvements as compared to large acreage field
crops like corn, soybean, cotton, etc. (Alston, 2004; also reviewed by
Alston et al. and Meilan in this volume). While obvious traits are still
unexploited due to the lack of effective technology, proven technology
exists to develop biotechnology-enhanced products that would have
real producer and consumer value. However, the cost to develop a regu-
latory petition and commercial launch delays are particularly difficult
for those trying to develop specialty crops due to smaller market size.
Thus, the high cost of biotechnology (Alston, 2004) and smaller market
returns for individual crops make investing in horticulture biotechnol-
ogy a more difficult business decision. As mentioned in this review,
several highly efficacious and market-worthy products have already
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gained regulatory clearance, but are not commercially available. Con-
cerns of consumer acceptance may have influenced market launch of
such biotechnology products as Bt potato, Bt apple and Bt sweet corn.
Transgenic papaya with enhanced resistance to papaya ringspot virus
has been enthusiastically adopted by farmers and stably integrated into
consumer markets in Hawaii, Canada, and the U.S. mainland (Gonsalves
et al., 2004). The success of transgenic papaya demonstrates that con-
sumers appear ready to buy biotechnology products that improve per-
formance and result in more sustainable production. Industry needs
committed champions to bring the benefits of biotechnology to the
marketplace.

While market complexity, technology, regulatory costs and concerns
of public acceptance may be slowing product introductions (reviewed
by Klingeman and Hall in this voume), a tremendous amount of highly,
promising research is underway. This volume reviews many of these ar-
eas of discovery that may have commercial application in the future.
Researchers are elucidating genes, defining pathways and developing
molecular techniques that can improve horticultural crops. With the
substantial number of plant categories and vast number of improvement
potentials, this review will focus on introducing areas of biotechnology
research that could result in the development of superior, value-added
plants for the marketplace. While the long-standing agricultural en-
hancement targets such as disease resistance, insect resistance, stress
tolerance and herbicide tolerance are also important opportunities for
horticulture, there are many unique opportunities to provide plants with
improved performance not applicable to row crops. Flowering orna-
mental plants with more fragrance, unique color or petal form, modified
plant architecture or leaf structure could generate heightened demand
by satisfying the core desire for “new and unusual” plants. More nutri-
tious fruits and vegetables with more color and better shelf-life are
achievable in the future. Also, thicker, greener lawns that require less
water, fertilization and mowing will improve the quality of our lives and
the environment around us. This text lays the foundation for an exciting
look into the future value that biotechnology will add to horticultural
products.

THE TOOLS OF BIOTECHNOLOGY

Biotechnology has evolved to include three interdependent applica-
tions important to horticulture: (1) cloning of elite germplasm using
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techniques of micropropagation and regeneration; (2) genetic improve-
ment of existing germplasm using molecular techniques of gene inser-
tion, and (3) use of molecular assisted breeding to identify specific
genes for selecting desirable phenotypes (reviewed by McCown, 2003).

One of the early applications of biotechnology in the horticulture in-
dustry has been the micropropagation of crops. Several techniques have
been developed based on the source and/or type of explant tissue. Also,
disease-free healthy plant propagules are produced for use as starting
material. In addition, androgenesis or haploid plant generation, which
has an advantage of producing homozygous lines in one generation, has
found limited use in the breeding of asparagus and some woody crops
(Ferrie, 2002). The techniques of somatic hybridization have had lim-
ited impact on the commercialization of new cultivars due to complex
cell manipulations, change in ploidy, and the necessity for further
extensive breeding (Johnson and Veilleux, 2001).

In recent years, the term biotechnology has become synonymous
with genetic transformation or the process of inserting DNA into the
host cell. One of the most widely used tissue culture techniques for plant
transformation is the regeneration of whole plants from individual cells.
Regeneration exploits the fundamental physiology of plant cells “toti-
potency,” where any plant cell, given the right set of conditions, has the
inherent genetic capacity to develop into a whole plant. Therefore, a re-
liable regeneration system is a key component for successful plant
transformation. The process of introducing genes into plant cells can be
grouped into vector-mediated gene transfer and direct gene transfer
(Lorence and Verpoorte, 2004). Agrobacterium is the most commonly
used vector for gene transfer (Gelvin, 2003). Several methodologies
have been developed for direct DNA delivery (Rakoczy, 2002), the
most common being microprojectile bombardment (Taylor and Fauquet,
2002). Plant transformation systems will be further reviewed by Brand
in this volume. Regeneration and transformation techniques are now
routinely being used for many crops. However, since there are many
species and cultivars that have economic value in the horticulture and
ornamental sector, it becomes a challenge to develop an efficient system
for each one of these crops.

Advances in molecular biology have rapidly changed the techniques
that are used for plant breeding. DNA marker technologies and genome
analysis has increased the precision and efficiency in the manipulation
of traits by facilitating the tagging of genes. Several techniques have
evolved, including amplified fragment-length polymorphisms (AFLPs)
that may give the largest number of markers while restriction fragment
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length polymorphism (RFLP) and simple sequence repeats (SSRs) can
be used to tie together the loci into a single map (Abbott, 2002). DNA
marker technologies may be useful as marker-assisted selection, partic-
ularly for qualitative traits. Mapping of quantitative trait loci (QTLs)
has been used to identify locations of chromosomes of loci having ma-
jor effects on crop performance. Although most of these technologies
have been developed with non-horticultural crops, they have immense
potential for genetic improvement of horticultural crops (McCown,
2003). The current status in molecular assisted breeding of ornamental
crops has been reviewed by Handa et al. in this volume.

The availability of entire genomic sequences of Arabidopsis and rice
has strongly boosted plant molecular biology research. DNA micro-
array and other high-throughput technologies have enabled whole-ge-
nome expression analysis (Zhu, 2003). Bioinformatics is an integral
aspect of plant and crop science research. Developments in data man-
agement and analytical software are reviewed with an emphasis on
applications in functional genomics. Bioinformatics facilitates the anal-
ysis of genomic and post-genomic data and the integration of informa-
tion from related fields of transcriptomics, proteomics, metabolomics,
and phenomics. Such integration enables the identification of genes and
gene products and can elucidate the functional relationships between
genotype and observed phenotype (Edwards and Batley, 2004). Knowl-
edge gained from functional analysis of Arabidopsis and rice sequences
promises to lead to major advances in our understanding of desirable
traits in horticultural crops. The development of technologies that allow
the introduction and functional expression of heterologous genes in
plant cells has extended to the production of transgenic plants with im-
proved insect and disease resistance, seeds and fruits with enhanced
nutritional qualities, and plants that are better adapted to adverse envi-
ronmental conditions (Herrera et al., 2005).

ABIOTIC STRESS

Increasing tolerance to abiotic stresses, such as drought, heat, freezing,
salt and low light, would improve the performance of many horticul-
tural plants. Abiotic stress is the primary cause of crop loss worldwide,
reducing the average yields for most crop plants by more than 50%
(Boyer, 1982; Wang et al., 2003). The consumers desire to grow a wider
selection of ornamentals has driven the industry to look for species and
cultivars that have better adaptability to a range of temperature, moisture
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and light conditions. Extensive research is being conducted to elucidate
molecular mechanisms involved in plant response to environmental
stress, which would result in developing plants with better adaptability
to these stresses. Several reviews highlight recent studies on gene ex-
pression in response to environmental stress and on the signaling path-
way that are either common or specific to the stress response (Seki et al.,
2003; Wang et al., 2003; Park and Chen; Shen and Wang in this vol-
ume). Stress-inducible genes have been classified into two groups:
(1) genes that protect against environmental stress and (2) genes for the
regulation of expression and signal transduction in the stress response.
Since several of these genes interact with each other and are part of dif-
ferent networks of response, engineering pathways may be necessary
rather than single gene regulation.

It would be hard to argue that the rate-limiting element for productiv-
ity and quality is the availability of water. Restrictions on plant type and
watering days are being enacted in several parts of the U. S. Develop-
ment of low water requiring ornamental and turfgrass plants would be
beneficial to the environment. Fruit and vegetable growers would bene-
fit from varieties that maintain yield under water deficit conditions. Our
understanding of the process underlying plant response to drought, at
the molecular and whole-plant level has progressed rapidly. Hundreds
of genes that are induced under drought have been identified. Several
new tools that operate at molecular, plant and ecosystem levels are be-
ing used to study the specific function of these genes and their role in
plant acclimation or adaptation to water deficit (reviewed by Chaves et
al., 2003).

Soil salinity is a major abiotic stress in plant agriculture, strongly in-
fluencing plant productivity worldwide. Drought and salinity are be-
coming particularly widespread in many regions, and may cause serious
salinization of more than 50% of all arable lands by the year 2050
(Wang et al., 2003). Soil salinity can also be an issue in horticulture. For
example, golf courses and large landscapes that rely on use of reclaimed
water could benefit from having salt tolerant plants. Frequent irrigation
and dry climates could result in salt buildup in the soil. Improving salt
tolerance would increase the adaptability of these horticultural crops.
Research towards improving the salt tolerance in transgenic plants can
be grouped into five categories: synthesis of osmolytes, protection of
cell integrity, oxidative stress, ion homeostasis, and transcription fac-
tors (reviewed by Borsani et al., 2003). Under drought or salt stress,
glycine betaine is accumulated in cells of some higher plants and ani-
mals as an osmoprotectant. Transgenic turfgrass overexpressing the
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gene encoding betaine aldehyde dehydrogenase (BADH) had increased
tolerance to salinity and drought conditions compared to the controls
(Chen et al., 2004). Overexpressing AtNHX1, a vacuolar Na(+)/H(+)
antiport from Arabidopsis thaliana significantly improved the salinity
tolerance of transgenic Brassica napus plants (Zhang et al., 2001). Ad-
vances in mechanisms and applications leading to drought and salt
tolerance in plants will be further reviewed by Shen and Wang in this
volume.

Ongoing research on the genetic mechanisms associated with plant
response to low temperature has resulted in identification of several
genes. Hsieh et al. (2002) improved chilling tolerance in tomato by con-
stitutively expressing an Arabidopsis C-repeat/dehydration responsive
element-binding factor 1 (CBF1). The CBF1 transgenic tomato plants
also exhibited considerable tolerance against oxidative stress. Park et al.
(2004) transformed tomato with a chloroplast-targeted codA gene of
Arthrobacter globiformis, which encodes choline oxidase to catalyze
the conversion of choline to glycinebetaine (GB). These GB-accumu-
lating plants were more tolerant to chilling stress than their wild-type
counterparts. Alpha-galactosidase is involved in many aspects of plant
metabolism, including hydrolysis of the alpha-1,6 linkage of raffinose
oligosaccharides during deacclimation. Down-regulating alpha-galact-
osidase resulted in an increase in freezing tolerance in transgenic petu-
nia plants (Pennycooke et al., 2003). Malik et al. (1999) demonstrated
the ability to both increase and decrease thermotolerance in carrot by
manipulation of expression of a single small heat shock protein gene,
hsp17.7. Recent advances in engineering cold tolerance for a number of
plant species are summarized by Park and Chen in this volume.

Low-light or shady conditions and infrared signals from neighboring
plants often lead to a significant reduction in plant performance, and un-
der higher shade competition, it can prevent growth. Over-planted
flower beds often have stretched plants or plants that have been knocked
over by the elements. Color opportunities for shady landscapes are lim-
ited to a few species such as hostas, impatiens, camellias and hydran-
gea. One of the most common questions we get at The Scotts Company
concerns growing turfgrass in shady environments, such as the northern
exposure of a home or under trees. A number of genes have been identi-
fied that control plant response to light quantity and duration (Fankhauser
and Staiger, 2002). In the future, will we have a greater selection of hor-
ticultural specimens to plant around our homes and lawns that survive
the summer competition from neighboring trees and shrubs? Franklin
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and Whitelam (this volume) outline encouraging research that would
certainly suggest these products will be developed.

DEVELOPMENT OF DISEASE RESISTANCE

Plant disease resistance from pathogens, such as viruses, bacteria or
fungi is one of the major factors that influences not only the yield of hor-
ticultural plants, but also the quality and aesthetic appeal. Apples with
scab or strawberries with Botrytis are rejected by most U. S. consumers.
The constant challenge of controlling black spot (Diplocarpon rosea) is
turning consumers away from growing garden roses. Commercially,
golf course superintendents aggressively manage dollar spot, brown
patch and snow mold to provide true playing surfaces for their clients.

Several disease control options are available to growers and consum-
ers, such as resistant germplasm, chemical control and cultural prac-
tices. Routinely, the horticulture plant industry uses many aspects of
plant disease control. Breeders select germplasm not only for aesthetic
value but also for outdoor performance, which can include disease re-
sistance or reduced incidence of diseases. Many germplasm companies
produce disease free stock through the use of micropropagation tech-
niques, e.g., Xanthomonas-free geranium stock material and virus-free
strawberry plants. Growers apply cultural practices that favor plant
growth without favoring plant pathogens, i.e., clean greenhouse condi-
tions, steam-sterilized potting media, plant spacing, controlled environ-
mental conditions, etc.

Starting with clean propagation material that has inherent genetic re-
sistance to a pathogen would be beneficial. However, genetic resistance
to diseases is not available in all the key commercial varieties of horti-
cultural crops. Biotechnology offers another tool to improve disease re-
sistance. To date, horticultural crops with genetically engineered pest
resistance are limited (e.g., virus resistant squash, papaya and melons;
Gonsalves, 2002; Fermin et al., 2005; Fuchs et al., 2004). All of the ex-
amples of transgenic improvement of horticultural crops to other dis-
eases are either in the research phase in labs or field trials. For instance:
an antimicrobial peptide (AMP) gene, Ace-AMP1, was introduced into
Rosa hybrida cv. Carefree Beauty. These transgenic lines showed en-
hanced resistance to powdery mildew in both a detached-leaf inocula-
tion assay and an in vivo greenhouse whole-plant assay (Li et al., 2003)
(Figure 1). Similarly, transgenic Impatiens wallerana expressing a
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ing time have been identified (Simpson et al., 1999). Regulation of
flowering in Arabidopsis is mediated by two main pathways in response
to environment (photoperiod/long-day and temperature/vernalization
pathways) and two pathways that function independently of environ-
mental cues: (1) the autonomous pathway, which promotes flowering
under all conditions, and (2) the gibberellins pathway, which is needed
for flowering under non-inductive short-day conditions. These path-
ways converge in the induction of floral meristem identity genes and the
floral transition (Blazquez et al., 2001). It is likely that the same genes
identified as controlling flowering in Arabidopsis are involved in con-
trolling flowering time in other plant species and hence would allow us
to genetically regulate their reproductive traits.

A molecular understanding of the genes and pathways responsible
for perceiving and transducing environmental stimuli could be used to
manipulate the plant response. Several photoreceptors play important
roles in the transduction of light to endogenous clock and flower-
ing-time genes, each being activated by specific qualities and quantities
of light and their interactions with each other. Overexpression of phyto-
chrome A (PHYA) in transgenic aster shortened the critical day length
for inflorescence development from 14 to 8 h. Overexpression of PHYB
shortened the length of the night break needed to induce inflorescence
development from 2h to 15 min. Under commercial conditions, from
autumn through spring, the overexpression of either PHYA or PHYB in
transgenic asters substantially increased the yield of flowering shoots
(Wallerstein et al., 2002). This potential application of manipulation of
the phytochrome family of plant photoreceptors has been reviewed by
Franklin and Whitelam in this volume. Alteration of the phytochrome
genes can modulate not only the timing of reproductive development,
but also plant architecture.

MODIFYING PLANT ARCHITECTURE

To satisfy consumer’s desire for something ‘new,’ breeders are con-
stantly challenged to produce novel ornamentals with different shapes
and sizes for the whole plant and flower or fruit. Traditionally, this has
been achieved mainly by selective breeding. Also, exogenous applica-
tions of compounds that regulate plant hormones and help change or
modify plant architecture are being used in production. However, these
compounds are not commonly used at the consumer level.
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In the chrysanthemum industry, one of the major goals is to produce
small, well-branched compact pot plants. Removing apical meristems
to promote branching (eliminates apical dominance) and the use of
growth retardants are used to promote branching and to control height,
respectively. Gibberellin biosynthesis inhibitors applied to plants re-
stricts stem elongation. Production costs are increased and timing is
critical in the use of the chemicals. Recently, a number of GA-insensi-
tive genes have been cloned, including spindly (spy), short internodes
(shi), and GA insensitive (gai) (Teixeira da Silva and Nhut, 2003). Petty
et al. (2003) introduced the gai gene into the chrysanthemum cultivar
1581 and reported that the majority of the transgenics had reduced
height and more compact growth habit. Reducing height of turfgrasses
could result in reduced water use and reduced mowing. Growth regula-
tors, such as paclobutrazol, have been used to increase turfgrass color
and density, reduce mowing and clipping production and enhance shade
tolerance. The Scotts Company and Monsanto are developing bluegrass
and St.-Augustinegrass cultivars that reduce the level of active GA. When
approved for commecialization, these grasses will reduce mowing time,
yard waste and emissions, and likely reduce water and fertilizer usage,
while increasing the color, density and product quality.

Another method to control excessive internode elongation in green-
houses is to use photoselective filters that selectively attenuate far-red
wavelengths. As a genetic approach, Zheng et al. (2001) ectopically ex-
pressed in chrysanthemum a tobacco phytochrome B1 (Phy-BI) gene
resulting in growth reduction, which has the same effect as commercial
growth retardants. Since light rich in red wavelengths inhibits stem
elongation, the expression of Phy-BI (a sensor for red light) probably
increased the sensitivity to red wavelength resulting in inhibition of
stem elongation. Kim’s review in this volume describes on-going
research towards modifying the shape of plants.

Several commercially important traits were altered in transgenic pe-
tunia by the introduction of the rolC gene from Agrobacterium rhizo-
genes: reduction in plant height, leaf and flower size, a break in apical
dominance and decreased male and female fertility (Winefield et al.,
1999). Time to flowering was also reduced in these transgenic plants.
Similarly, Mercuti et al. (2001) observed desirable ornamental traits
such as dwarfness and early flowering in transgenic limonium carrying
the rol A, B and C genes. An A. rhizogenes based transformation of
Angelonia salicariifolia plants with wild type strains of the bacterium
resulted in plants exhibiting dwarfness and smaller leaves. There were
no apparent alterations observed in the number, shape and size of the
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ous pigment pathways, pigment localization, and pH (Mol et al., 1999;
Yamaguchi et al., 2001; Davies, 2004).

Modifying flower color has been the poster child of unique products
that could be developed with biotechnology. In 1996, Florigene brought
this vision to the market in the form of blue carnations under “Moon”
series brand names: Florigene Moondust™ and Florigene Moonshadow™
(Tanaka et al., 2005). By introducing flavonoid genes, in particular
delphinidins, from petunia, Florigene was able to produce carnations
ranging in color from light purple to an intense violet that appears black.
Several selections are currently being marketed in Japan, Australia, the
U.K. and the U.S. Recently, Suntory Ltd., a Japanese based flower
breeding company, reported the development of the world’s first geneti-
cally modified blue rose (Associated Press, 2004). As with carnations,
roses do not contain delphinidins. Suntory Ltd chose pansy as the
source of delphinidin genes. While additional enhancement is needed to
bring the performance to a commercial level, we are looking forward to
the day the Blue Rose will be on the market.

A chalcone reductase (Chr) gene from Medicago sativa was used to
alter chalcone biosynthesis in petunia resulting in a change from white
to yellow flowers (Davies et al., 1998). The orange pigment pelargonidin
is not found in petunias, as the dihydroflavonol 4-reductase (DFR) en-
zyme from petunia is unable to convert dihydrokaempferol into the sub-
strate for pelargonidin, kaempferol. Researchers at Novartis were able
to produce uniformly colored orange petunias by introgression of the
maize Dfr gene into the multiflora petunia plant type (Oud et al., 1995).
Elomaa et al. (1995) obtained similar results of stable orange in petunia
using the gerbera Dfr gene.

Anthocyanins in plants make complexes with copigments such as
flavones or flavonols, and thus make the flowers look more blue. Inacti-
vation of the Dfr gene in torenia caused the accumulation of flavones,
which made the flowers more blue (Aida et al., 2000). Davies et al.
(2003) were able to redirect the flavonoid biosynthesis away from pro-
duction of colorless flavonols towards the production of colored antho-
cyanins. They were able to change white-flowered ‘Mitchell’ petunia to
a pink-flowered phenotype by down-regulating the flavonol synthase
(Fls) gene. To modify flower color in carnation ‘Eilat’, Zuker et al.
(2002) used antisense suppression to block the expression of a gene en-
coding flavanone 3-hydroxylase, a key step in the anthocyanin path-
way. The transgenic plants exhibited flower color modifications ranging
from attenuation to complete loss of their original orange/reddish color.
Transgenic plants with severe modifications were more fragrant than
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control plants, suggesting a possible interrelation between the pathways
leading to anthocyanin and fragrance production.

Cytochrome P450 enzymes play important roles in biosynthesis of
flavonoids that determine flower color. Ueyama et al. (2002) of Suntory
Ltd. were able to modify flower color of torenia by regulating the P450
genes. The phenotypes of the transgenic flowers ranged from pale pink
to red from the original blue color. Mori et al. (2004) expressed the
flavonoid 3',5’-hydroxylase gene of Vinca major (VmFHL1) in trans-
genic Petunia hybrida and showed a drastic flower color alteration from
red to deep red with deep purple sectors. Antisense expression of
flavonol synthase gene (FLS) in transgenic purple colored lisianthus
produced flowers with more red than the original untransformed plant
(Nielsen et al., 2002).

Marigolds are popular ornamentals grown for their showy flowers. In
addition, they are a good source of natural colorants such as carotenoid
and are used as a feed in the poultry industry to intensify the yellow
color of egg yolks and broiler skin. Hauptmann et al. (2003) were able
to genetically alter the carotenoid compositions and ratios in marigold
as a potential commercial application to the poultry feed industry. Our
current understanding and future potential for enhancing flower and
plant color for ornamental purposes have been further reviewed by
Rosati and Simoneau in this volume.

INCREASING FRAGRANCE

Ornamental plants have been valued for flower color, architecture
and plant habit. However, non-visual benefits are also commercially
important, especially the fragrant volatiles emitted by both flower petals
and foliage. Many plants primarily emit floral scent to attract a variety
of pollinators. Nevertheless, humans find an aesthetic value in certain
types of floral scent, especially of moth-pollinated flowers, which is of-
ten described as sweet smelling. A large number of commercial flower
varieties have lost their scent during the selection and breeding pro-
cesses due to the breeders focus on enhancing visual aesthetic values
(reviewed by Dudavera and Pichersky, 2000; Vainstein et al., 2001;
Blowers, 2003).

Two approaches can be used to genetically enhance flower fragrance.
One is based on the introduction of heterologous genes encoding en-
zymes with activities that are absent in the target plant. The genes allow
new branching of existing pathways or the generation of a novel path-
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way. The second approach is based on regulating the expression of na-
tive genes within the plant, either by up-regulating a desirable volatile
or blocking the production of an undesirable volatile (Vainstein et al.,
2001). Several genes are being cloned which encode floral scent bio-
synthetic enzymes and the underlying molecular mechanisms are being
uncovered that control floral scent production and emission. In some in-
stances, the mechanism involved in the loss of fragrance by particular
varieties or species is being studied.

To evaluate the possibility of producing monoterpenes in ‘Eilat’ car-
nation, transgenic plants expressing the linalool synthase gene isolated
from Clarkia breweri were produced. GC-MS analysis revealed that
leaves and flowers of the transgenic carnation emit linalool and its de-
rivatives. However, this did not lead to detectable changes in flower
scent for human olfaction (Lavy et al., 2002). Metabolic engineering of
floral scent for ornamentals is further reviewed by Dudareva and Pichersky
in this volume.

CONCLUSION

Horticulture plays a vital role in maintaining both environmental and
human health. Commercially, horticulture production is large and com-
plex. The complexity of the horticultural market and various obstacles
has resulted in a significant lag of biotech products making an impact in
the marketplace. We are confident that with horticulture’s growing im-
portance, the development of new value-added traits, continued refine-
ments in the regulatory system, increased public acceptance, and the
continued dedication of many talented scientists, any remaining obsta-
cles to bring biotechnology-enhanced horticultural products to the tables,
lawns and gardens of consumers throughout the world will be over-
come. -
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SUMMARY. Ornamental plant transformation has advanced consider-
ably in the last decade. Now over 40 genera have been reported to be
transformed. The primary methods of creating transgenic ornamental
species have been Agrobacterium tumefaciens-mediated transformation
and microprojectile bombardment. The vast majority of reports indicate
the use of Agrobacterium-mediated transformation employing binary
vectors and vir helper plasmids or supervirulence genes. Many reports
are of transformation with the uidA reporter gene driven by the 35S cau-
lifflower mosaic virus promoter, but recent efforts are now focusing on
trait genes including disease resistance, flower color, flower longevity,
floral scent and plant habit. Greater use of tissue specific and inducible
promoters promises to enhance the functionality and usefulness of intro-
duced trait genes. While technical challenges for production of transgen-
ic ornamental plants still exist, the greatest challenges to realizing the
potential benefits of transgenic ornamental plants are questionable
public acceptance of transgenic plants and the prohibitive costs of gen-
erating environmental impact data needed to gain regulatory clearance.
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Transformation of ornamental plants has lagged behind transforma-
tion of important food and fiber crops, primarily due to economic rea-
sons. With major agronomic crops there are relatively few species to
focus on and large acreages of each crop, so the substantial economic
costs of transgenic plant development can be justified. With ornament-
als, there are numerous plant species grown, and no one species repre-
sents the same economic potential as corn or cotton, for example. A
1991 review of floricultural crop biotechnology (Woodson, 1991) indi-
cated that only petunias were routinely transformed by Agrobacterium.
Currently, over 40 ornamental genera have been transformed and several
are routinely transformed (Table 1).

There are some compelling reasons to make transgenic ornamentals.
Mol et al. (1995) discuss how traits such as flower color, plant size,
plant architecture, flower vase life and fragrance are suitable targets for
transgenic ornamental plant improvement. Table 1 shows that these
traits are indeed those that researchers have focused on with orna-
mentals. In addition, considerable effort has been expended to create
transgenic ornamental plants with enhanced disease resistance. The
most commonly inserted trait gene in ornamentals, as with all plants,
has been the uidA, GUS reporter gene.

Efficient tissue culture systems are a requirement for ornamental
plant transformation. Again, because there are so many ornamental
plant species, development of tissue culture systems for all species of
interest has progressed more slowly than for major agronomic crops.
Nonetheless, there now exist regeneration systems for a number of im-
portant ornamental species (Geneve et al., 1997). The most widely used
approach for ornamental species has been either direct or indirect ad-
ventitious shoot formation (Zucker et al., 1998; Table 1). For some im-
portant ornamental species, such as rose, embryogenesis has been the
regeneration pathway that was necessary (Xianquian et al., 2003; Marchant
et al., 1998a). The most commonly used explants for ornamental plant
transformation via adventitious shoot regeneration have been leaves or
leaf pieces, or stem pieces (Table 1). These can be harvested from estab-
lished in vitro shoot cultures or from greenhouse-grown plants. Use of
greenhouse explants can only be applied to species where surface steril-
ization can be done with high success and little contamination. This
method is generally not successful with recalcitrant species. Other com-
monly used explants for transformation include hypocotyls, protocorm-
like bodies (orchids), nodules, bulb scales and petioles (Table 1).

In addition to tissues that are competent for regeneration, transforma-
tion systems need an efficient DNA delivery system, agents for selec-
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tion of transgenic tissues, a reasonable transformation rate, genotype
independent reproducibility, cost effectiveness and a tight time frame to
avoid somaclonal variation (Hansen and Wright, 1999). The selection
agent reported for the vast majority of ornamentals has been neomycin
transferase Il (npt II) (Table 1). Hygromycin phosphotransferase (hpt)
and phosphinothricine-N-acetyl transferase (bar) have also been em-
ployed, but to a much lesser extent. The promoter used to drive trait
gene expression in transgenic ornamentals has been almost exclusively
the 35-S cauliflower mosaic virus promoter (35S CaMV) (Table 1). In
the last few years there has been increased use of some additional pro-
moters, such as ubiquitin (UBQ), actin (Actl) and a variety of tissue
specific, species specific or inducible promoters.

The most used methods of DNA delivery for ornamental plants have
been I-mediated transformation and microprojectile bombardment
(Table 1). Alternative methods of DNA delivery, such as infiltration
(whole plant transformation), silicon carbide fiber-mediated transfor-
mation, electroporation of cells and tissues, electrophoresis of embryos,
microinjection, transformation via pollen-tube pathway and liposome-
mediated transformation have seen little use with ornamentals (Rakoczy-
Trojanowska, 2002; Zucker et al., 1998). Both Agrobacterium-mediated
transformation and microprojectile bombardment are patented and those
patents have implications for the potential commercialization of an or-
namental species that has been improved or altered by either transgenic
method. A patent with broad claims to transformation of dicots in gen-
eral with a non-oncogenic Agrobacterium was issued to Washington
University in 2000, but it has an initial priority date of 1983 (Barton et
al., 2000). This patent probably applies to the general practice of using
“disarmed” Agrobacterium lacking functional tumorigenic genes to
produce transgenic ornamental plants. There are other patents that claim
dicot transformation using binary vectors and co-integrated vectors that
may also apply to creation of transgenic ornamental plants (www.
cambiaip.org/Whitepapers/Transgenic/AMT/books/whole.html).

Several patents have also been granted to John Sanford and his
coinventors for microprojectile bombardment, with the first one awarded
in 1990 (Sanford et al., 1990). Again, these patents likely apply to im-
proved transgenic ornamental plants produced via microprojectile bom-
bardment. Researchers must be aware of the need to secure “freedom to
operate” with either of these two popular transformation methods if
they hope to commercialize a transgenic plant resulting from their ef-
forts. In addition, most, if not all, genetic components (promoters,
selectable markers and trait genes) are protected intellectual property
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and arrangements will need to be made for access if eventual commer-
cialization is anticipated.

There are several review articles that describe the process of plant
transformation using Agrobacterium tumefaciens and microprojectile
bombardment, as well as other methods of plant transformation (Walden
and Wingender, 1995; Hansen and Wright, 1999; Veluthambi et al.,
2003; Zucker et al., 1998; Rakoczy-Trojanowska, 2002). These reviews
should be consulted for general information on plant transformation
methods since ornamental plant transformation is principally similar to
that of other groupings of plants.

AGROBACTERIUM-MEDIATED TRANSFORMATION

This transformation method takes advantage of the natural ability of
the soil microorganism Agrobacterium tumefaciens to transfer DNA to
plant cells. During transformation, a specific segment of the vector, the
T-DNA, is transferred to the plant cell and is inserted into the plant’s nu-
clear genome. The T-DNA region can be substituted with engineered
DNA sequences coding for selectable markers and/or genes of interest.
DNA transfer functions are mediated by a set of virulence genes located
separately from the T-DNA region. Parts of the vir gene set sense the
existence of wounded plant tissue and phenolic compounds and activate
other vir genes. These vir genes replicate and process the DNA to be
transferred and facilitate its movement to the plant cell nucleus.

Agrobacterium transformation has several advantages for plant trans-
formation, including its simplicity and low cost, precise transfer and in-
tegration of DNA with defined ends, linked transfer of marker and trait
genes, a high frequency of stable transformation with single-copy inser-
tions, a low incidence of gene silencing and the ability to transfer large
T-DNA pieces (Velethambi et al., 2003). The vast majority of ornamen-
tal plant transformations reported in the literature were made using
Agrobacterium (approximately 80%), with a much smaller percentage
made by microprojectile bombardment.

Agrobacterium tumefaciens strains used for ornamental pldnts are bi-
nary vector systems where the recombinant T-DNA and the vir region
reside on separate plasmids. The most commonly used Agrobacterium
tumefaciens for ornamental plant transformation has been 1.B4404,
comprised of an octopine-type vir helper plasmid, a disarmed Ti plasmid
and a binary vector plasmid carrying the trait gene(s) (Hoekema et al.,
1983). The L, L-succinamopine-type EHA 101 and EHA 105 (Hood et
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al., 1993), also with vir helper plasmids and *“supervirulent” genes have
also seen wide use in ornamental species. Other binary vectors seeing
common use are AGLO and GV3101. While Agrobacterium has histor-
ically been considered a poor transformation method for monocot
plants, the development of improved supervirulent vectors and vir
helper plasmids has largely overcome this limitation. Table 1 shows
that monocot ornamental genera including Agapanthus, Alstroemeria,
Anthurium, Dendrobium, [ris, Lilium, Muscari, Oncidium, and Phal-
enopsis have been successfully transformed using Agrobacterium tume-
faciens.

MICROPROJECTILE BOMBARDMENT

This transformation method is also known as biolistics, particle bom-
bardment or particle acceleration. The equipment used for micropro-
jectile bombardment is often referred to as a “gene gun.” It gets this
name because heavy, DNA-coated particles are “shot” into target plant
tissues, directly through cell walls and membranes (Klein et al., 1987;
Sanford, 1988). Gold or tungsten particles between | and 4 uM are sur-
face coated with DNA by precipitation with spermidine. The particles
are accelerated at target cells using compressed gas, electrical discharge
or gun powder. The PDS 1000/He Particle Delivery System has been
commonly used with ornamental species. It uses high-pressure helium,
released by a rupture disk, and a partial vacuum to propel a macrocarrier
coated with microcarrier particles toward target cells. A partial vacuum
is needed to allow the microscopic microcarriers to travel straight to the
target and maintain velocity. The macrocarrier is stopped by a screen
and the microcarriers detach and continue their progress into target
cells. The accelerated particles pass through the cell wall and cell mem-
brane and land in various parts of the cell. The DNA dissociates from
the microcarrier and moves into the nucleus where it is integrated into
the genome of the plant (Yamashita et al., 1991).

The advantages of microprojectile bombardment are the ability to
transform plants not infected by Agrobacterium, specialized vectors are
not needed, multiple DNA fragments/plasmids can be simultaneously
co-bombarded, elimination of false positive reporter gene expression
seen with Agrobacterium, and transformation can be applied to plants
where high efficiency regeneration systems are lacking and organelle
transformation is a possibility (Veluthambi et al., 2003). On the other
hand, biolistics requires specialized and expensive equipment, has a
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low efficiency of transformation relative to Agrobacterium and needs
adjustments to be made to the firing protocol for each plant species or
tissue type (Sanford, 1988). Perhaps the biggest drawback to the gene
gun is high copy number and rearrangement of transgenes, often lead-
ing to gene silencing or genomic rearrangements (Hansen and Wright,
1999; Veluthambi et al., 2003).

Despite the limitations of microprojectile bombardment, it has been
used successfully to transform several ornamental monocot genera in-
cluding Alstroemeria, Gladiolus, Lilium, and several orchid genera (Ta-
ble 1). In addition, the dicot genera Chrysanthemum, Dianthus, Euphorbia,
Eustoma, Gentiana, Liquidambar, Pelargonium, Petunia, Rhododen-
dron and Rosa have been transformed by microprojectile bombardment
(Table 1). Due to patent issues and potential future commercialization
of transgenic plants, microprojectile bombardment was utilized instead
of Agrobacterium for transformation of Rhododendron (Knapp et al.,
2001). With Dianthus, microprojectile bombardment was used in com-
bination with Agrobacterium to enhance transformation efficiency (Zucker
et al., 2000; Lavy et al., 2002; Zucker et al., 1999).

Clearly, transformation of ornamental plants has progressed dramati-
cally in the last decade, to the point where it is realistic to expect that al-
most any species can be transformed if sufficient time and resources are
directed at the task. Still, most transformed ornamentals contain only
single genes that are coupled to a selectable marker. As with other
groups of plants, transferring multiple foreign genes, such as those for a
biosynthetic pathway, remains a challenge. Two ways to achieve this
are: (1) to introduce several genes in a single step, or (2) cross different
transgenic plants containing individual genes. The second option is gen-
erally not possible with most ornamental species due to their high degree
of heterozygosity. Crossing phenotypically superior single transgene
plants would undoubtedly unravel combinations of desired ornamental
traits that took years of traditional breeding to assemble in one geno-
type.

Initially, most ornamental plants were transformed with uidA driven
by the CaMV 358 promoter (Table 1). More recently, trait genes for dis-
ease resistance, floral scent, flower longevity, flower color and plant
habit have become the focus of transformation efforts, marking a matu-
ration of ornamental plant transformation. In addition, tissue specific
and inducible promoters are beginning to be employed to improve the
function and usefulness of trait genes in ornamentals. One example of a
transgenic ornamental crop that has been commercialized is various
color-modified blue, lavender and purple carnations (www.florigene.
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com). These carnations possess transgenic alterations in the delphinidin
pigment and petal pH. These transgenic carnations are available in Aus-
tralia and in North America as cut flowers, but North American cut
flowers are grown in Ecuador and Columbia.

Although technical challenges exist for transgenic ornamentals, per-
haps the bigger challenges are consumer acceptance of transgenic
plants, intellectual property issues and government regulatory require-
ments. Public resistance to genetically modified plants is strong in
Western Europe and North America (Zucker et al., 1998). Ornamental
plants may actually face less public resistance than food and fiber crops
because the focus will be on environmental aspects rather than human
safety issues. In reality, the single most substantial hurdle that must be
cleared to bring a new transgenic ornamental plant to market is the cost
of developing the necessary environmental impact data required by reg-
ulatory agencies. This is especially true for perennial ornamental spe-
cies that will be marketed as whole, live plants intended for outdoor
growing and use. The development of the information needed to obtain
regulatory approval is on the order of millions of dollars. For most orna-
mental crops, the market value of the entire crop simply does not justify
such a substantial expenditure.
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logical parameters have been evaluated as key characters, and hence,
have often caused confusion in classification and induced many con-
flicts among taxonomists. On the other hand, recently developing mo-
lecular phylogeny provides more accurate and stable information for the
relationship within each taxon level.

In this article, we show some examples to apply molecular phylogen-
ctic data on exploitation of ornamental germplasm in introducing novel
resources with genus Rhododendron (Ericaceae) and on selection of
closely related species for the introgression of horticulturally interesting
traits with genus Dendrobium (Orchidaceae). doi:10.1300/J411v17n01_03
[Article copies available for a fee from The Haworth Document Delivery Ser-
vice: 1-800-HAWORTH. E-mail address: <docdelivery@haworthpress.com>
Website: <http./fwww.HaworthPress. com> © 2006 by The Haworth Press, Inc.
All rights reserved. |
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INTRODUCTION

Regarding the reproductive or breeding system, most ornamental
plant species are cross-pollinated or preferentially cross-pollinated (Horn,
2002). Interspecific hybridization plays a major role in developing new
floriculture crops and cultivars. The success or failure of producing
interspecific hybrids depends on the cross ability which is generally
correlated to the genetic relationship or distance between parental spe-
cies. Traditionally, the morphological or reproductive characters are
utilized as taxonomic key characters, i.e., position, number and shape of
floral organs, which have determined the genetic relationship within each
taxon level such as family, genus and species.

Breeding selection has been mainly based on the analysis of these
morphological and physiological parameters, because these parameters
are relatively easy to obtain in their visible nature, but only a small num-
ber of traits can be evaluated for practical use and they are not stable
within different age, different habitat or cultivation and varied by cli-
mate of each year. Morphological taxonomy or phylogeny have often
caused confusion in classification and induced many conflicts among
taxonomists due to this obscure information.

Recent progress of molecular approaches has revealed more accurate
relationships in plant phylogeny. Instead of ambiguous morphological
characters, molecular information is directly obtained from genetically
inherited substance, DNA, and which is much more stable and neutral
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with some exceptions. Besides a limited number of visible morphological
traits, molecular data can be provided from an enormous number of ge-
netic loci in 3 distinct genomes (nuclear, mitochondria, and chloroplast)
within the plant cell. Their number is virtually unlimited; their only lim-
itation being the genome size of the organism and the resources which
can be devoted to the analyses. Their resolution can be high enough to
detect single base pair differences between genomes (Debener, 2002).
Thus the molecular data allows much more detailed analyses of the
structure of plant genomes (Paterson et al., 1991) and hence, is more
adaptable to distinguish each taxon precisely such as family, genus,
subgenus, section, species, varieties and even population or individuals.
The analysis of genetic diversity between populations, individuals, va-
rieties and species has been a major task in modern plant breeding
(Allard, 1988).

From these advantages, during the past two decades, study method of
phylogeny and selection method of breeding have been increasingly
complemented, and to some extent replaced by molecular analyses (Pat-
erson et al., 1991; Gebhardt and Salamini, 1992; Mohan et al., 1997;
Savolainen and Chase, 2003). The information about the genetic dis-
tance between ornamental plant genotypes or species obtained from
molecular analyses may be applied in several ways. In the case of
phylogenetic information about the relationships between different or-
namental taxa, the data is used to infer the evolutionary history of the
cultivated varieties. And this information is also useful for the exploita-
tion of novel breeding material in that either hybrid ornamental species
may be re-synthesized or in selecting closely related species for the
introgression of horticulturally interesting traits (Debener, 2002).

In this article, we show some examples to apply molecular phylogen-
etic data on exploitation of ornamental germplasm in introducing novel
resources with genus Rhododendron (Ericaceae) and on selection of
closely related species for the introgression of horticultural interesting
traits with genus Dendrobium (Orchidaceae).

METHODS OF MOLECULAR PHYLOGENY

In plant molecular phylogeny, the chloroplast genome has been
extensivley analysed due to its large amount of copies and relatively
slow evolution. Within chloroplast genome, two of the genes have been
often sequenced for constructing evolutionary trees, rbcL. (RuBisCO
large subunit) and matK (maturase K). Between them, the matK is
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known to evolve approximately 3 times faster than rbcL., and is there-
fore a powerful tool for phylogenetic reconstruction within angiosperm
families and genera (Hilu and Liang, 1997).

On the other hand, sequence analysis of nuclear genome has been fo-
cused on the neutrally-evolved regions such as the internal transcribed
spacer region (ITS) between ribosomal DNA genes.

Besides these sequence analyses, several molecular markers, such as
restriction fragment length polymorphism (RFLP), amplified fragment
length polymorphism (AFLP) and microsatellites (SSR) can be also
very effective to study diversity, especially within species or the rela-
tionships between closely related species. General descriptions of dif-
ferent methods and their application to plant genetics are reviewed by
Avise (1994), Staub et al. (1996), Karp et al. (1998) and Weising et al.
(1998). The application of molecular information to ornamental plant
breeding occurred later than in the major agricultural crops, thus reflect-
ing the general delay in the adoption of advanced breeding strategies
(Arus, 2000).

Selected studies on molecular phylogeny or genetic distances among
ornamental plants are listed in Table 1.

APPLICATION OF MOLECULAR PHYLOGENY
TO ORNAMENTAL PLANT BREEDING

Rhododendron and Menziesia (Ericaceae)

The genus Rhododendron of the heather family (Ericaceae) is well
known for its attractive flowers as garden shrubs and pot plants. They
have developed predominantly in East to Southeast Asia and comprise
over 1,000 species (Chamberlain et al., 1996). This large genus has
posed systematic problems in terms of infrageneric circumscription and
ranks. Such unstable circumstances are caused by the great diversity of
vegetative organs and the relatively uniform floral morphology.

We analyzed matK with trnK intron sequences of chloroplast (cp) ge-
nome of the genus Rhododendron and its closely related genera (Kurashige
etal., 1998, 2001), and elucidated a substantial part of the phylogenetic
relationships (Figure 1). Recently, we also analyzed sequences of inter-
nal transcribed spacer region (ITS) of the 18S-26S nuclear (nr) ribo-
somal DNA (Kurashige et al., 2001).
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TABLE 1. Selected studies on molecular phylogeny or genetic distances among

ornamental plants.

Genus or Subfamily

Method

Reference

Aconitum
Anemone
Aquilegia
Arachis

Banksia
Bidens-Coreopsis
Cattleya

Clivia
Coelogyne
Cyclamen
Cypripedioideae

Dendranthema (Chrysanthemum)

Dendrobium

Diseae

Euphorbia (Poinsettia)
Gentian

Geranium

Hedera

Hemerocallis

Litium

Magnolia

Malva, Lavatera

Nympaea
Orchididinae-Habenariinae
Orchis

Paeonia

Petunia

Phiox

Rhododendron

Rhododendroideae
Rosa

Sidalcea
Stanhopea
Tritlium
Viola

ITS sequence

RFLP

ITS sequence

RAPD

RAPD, trnL-F sequence

ITS sequence

RAPD

RAPD

RFLP, matK, ITS sequence
ITS sequence

ITS sequence

DAF

rbcL, ITS sequence

ITS sequence

RFLP

trnL sequence

DAF

ITS sequence

AFLP

ITS sequence

trnT-L-F, atpB-rbcL sequence
matK, psbA-trnH, atpB-rbcL sequence
ITS sequence

rbecl, matK, 18SrDNA sequence
ITS sequence

ITS sequence

psbA-trH, trnL-F, matK, ITS sequence
DAF

TS sequence

matK sequence

AFLP

matK sequence

RAPD

ETS, ITS sequence
ITS sequence
matK sequence
RAPD

Utelli et al., 2000

Hoot et al., 1994

Ro et al., 1997

Gimenes et al., 2000
Maguire et al., 1997

Kim et al., 1999

Benner et ai., 1995

Ran et al., 2001
Gravendeel et al., 2001
Anderberg et al., 2000
Cox et al., 1997

Scott et al., 1996
Yukawa et al., 2000
Douzery et al., 1999

Ling et al., 1997

Gielly et al., 1996
Startman and Abbit, 1997
Vargas et al., 1999
Tomkins et al., 2001
Dubouzet et al., 1999
Nishikawa et al., 2002
Azuma et al., 1999

Ray, 1995

Les et al., 1999

Bateman et al., 2003
Aceto et al., 1999

Sang et al., 1997

Cermny et al., 1996
Ferguson et al., 1999
Kurashige et al., 2001

de Riek et al., 2001

Kron, 1997

Ben-Mier and Vainstein, 1994
Debner et al., 1996

Jan et al., 1998
Andersen and Baldwin, 2003
Williams and Whitten, 1999
Osaloo et al., 1999

Ko et al.,, 1998

Total DNA was extracted from fresh leaf tissues following the meth-
ods of Kobayashi et al. (1998) or Yukawa et al. (2000). Sequences were
determined by first PCR-amplifying either the cp matK gene with its
flanking trnK introns or the nr ITS region from a total DNA. Single-
stranded DNA for dideoxy sequencing was produced in a second round
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FIGURE 1. Strict consensus of most parsimonious Fitch trees based on maiK
and trK intron sequences for Rhododendron and Menziesia.
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of amplification using the double-stranded product as a template. Both
the forward and reverse strands were sequenced for all taxa.

All parsimony analyses were conducted with PAUP, Phylogenetic
Analysis Using Parsimony, Version 3.1 (Swofford, 1993). The heuristic
search option with 100 random replicates (Maddison, 1991) was used to
perform Fitch parsimony analyses (Fitch, 1971). Branch lengths for trees
were calculated by ACCTRAN optimization (Swofford and Maddison,
1987). For assessment of the relative robustness for clades found in each
Fitch parsimony analysis, the bootstrap method (Felsenstein, 1985) was
used.

All the results of these studies revealed the nested position of genus
Menziesia in the genus Rhododendron.

Menziesia is a small genus in Ericaceae which includes 9 species
composed of 2 North American and 7 Japanese species. The flower is
small and bell-shaped, and is white, yellow, pink or brick red colors
blossoming in spring-summer time. They are relatively dwarfed and
have soft branches. They also have cold and shade tolerance. From the
horticultural point of view, these traits are desirable new characters to
improve Japanese azalea which is included in the subgenus Tsutsusi
group. Interspecific pollinations within genus Rhododendron are usu-
ally only successful when both parents belong to the same subgenus;
however, several inter-subgeneric hybrids were successfully obtained
(Noguchi, 1932; Akabane, 1971). Therefore, it has a possibility to cre-
ate new intergeneric hybrids between Menziesia and Rhododendron,
according to the result of close relationship between them by molecular
phylogenetic data. If Menziesia could be hybridized with Rhododen-
dron, hybrid progenies will have novel characters such as large bell-
shaped flowers with various colors and cold tolerant shrub.

For this purpose, we tried to make intergeneric hybrids between
Menziesia and Rhododendron (Kita et al., 2004). In our understanding,
this is the first approach to make intergeneric hybrids between these two
genera.

We tried to make intergeneric hybrids by hand pollination between
Menziesia multiflora and 7 Rhododendron species (Table 2). Menziesia
multiflora is the most popular Menziesia species in Japan that is distrib-
uted widely and has attractive pendulous flowers. Some of the inter-
generic combinations between M. multiflora and Rhododendron species
were crossed reciprocally.

Capsule sets were observed 60 days after pollination. Capsules were
collected 120 days afte pollination and sterilized in 1% sodium hypo-
chlorite solution for 10 min followed by three washes in sterile distilled
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TABLE 2. Frequency of capsule set and number of immature seeds per cap-
sule in reciprocal crosses between Menziesia multiflora and Rhododendron
species.

Cross combination (female x male) Number of capsule set/ Average number of immature
number of crosses seeds per capsule
(% of capsule set*}

M. multifrora X Rhododendron spp.

M. multiflora R. kaempferi 26/132 (19.7) 3.46
M. multifiora R. kiusiamun 32/165 (19.4) 7.81
M. multifiora R. tashiroi 60/79 (75.9) 3455
M. muittiflora R. wadanum 5/22 (22.7) 0
M. multiflora R. pentaphylium 15/27 (55.6) 0
M. muitiflora R. quinquefolium 4/16 (25.0) 0
M. multiflora R. ovatum 5112 (41.7) 0

Rhododendron spp. X M. multifrora

R. kaempfen M. multifiora 0/23

R. kiusiamun M. muiltiflora 18/26 (69.2) 1044
R. tashiroi M. multifiora 0/30 -
R. wadanum M. muitifiora 017

R. pentaphylium M. multiflora 0/20

R. quinquefolium M. muttifiora 0/10

R. ovatum M. multifiora 0/12

* Number of capsule set/number of crosses < 100

water. When Rhododendron species were used as maternal parents for
crossing, capsule set was observed only in a cross of R. kiusianum X M.
multiflora (Table 2). On the contrary, in crosses when M. multiflora was
used as a female parent, capsule sets were observed in all 7 cross combi-
nations. Immature seeds were obtained in crosses of R. kiusianum X M.
multiflora, M. multiflora X R. kaempferi, M. multiflora X R. kiusianum
and M. multiflora X R. tashiroi. The greatest number of immature seeds
per capsule was obtained in a cross of M. multiflora X R. tashiroi.
After sterilization, immature seeds were dissected from capsules, and
then cultured on Anderson’s rhododendron medium (Anderson, 1984)
supplemented with 50 mg * 1~ gibberellic acid (GA;), 30 g * 17! su-
crose, and solidified with 3 g * 17! gellan gum after adjusting at pH 5.0.
Obtained immature seeds could germinate in all cross-combinations.
Germinated seedlings were then transferred to the same medium with
10 mg * 1-! N6-[2-isopentenyl] adenine (2ip), 30 g * 1-! sucrose and
3 g * 1~ 1 gellan gum, pH 5.0 to induce multiple shoots. Germination ra-
tio was calculated one month after cultivation on the medium. Vigor-
ously grown seedlings were transferred to the same medium with 30 g *
1= sucrose and 3 g * 1! gellan gum, without phytohormone, pH 5.0 to
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induce roots under the same condition. Rooted plants were potted in soil
and acclimatized.

Leaf color of the seedlings was classified into 4 classes which were
green, pale-green, sectional chimera variegated both green and albino
leaf segments, and albino (Table 3). Most of the seedlings in any crosses
showed pale-green or albino leaf colors. Green seedlings could be ob-
tained only in crosses when M. multiflora was used as a maternal parent
although the frequency of green seedlings was still low (Figure 2).

For intergeneric hybrid confirmation, PCR-RFLP analysis was con-
ducted. Total DNA was extracted from fresh leaf tissues following the
methods of Kobayashi et al. (1998). ITS region of nrDNA was ampli-
fied by polymerase chain reaction (PCR). The PCR products were di-
gested by 0.1-0.5 units of appropriate restriction enzymes for each
parental combination at 37°C for 2 hours. Banding patters of restricted
fragments in ITS region were different between M. multiflora and Rho-
dodendron spp. used in this study. The ITS region of M. multiflora was
digested into two fragments (400 and 500-bp) by NspV restriction en-
zyme, whereas those of Rhododendron species were digested into
750-bp and 150-bp bands by Af! Il enzyme. Therefore, hybrid seedlings
possessed 4 bands (750, 500, 400 and 150-bp) after double digestion
with NspV and Afl Il enzymes (Figure 3). All of the investigated seed-
lings had both specific restricted fragments, confirming intergeneric hy-
brids between Menziesia and Rhododendron (Figure 4).

The success of intergeneric hybridization of Menziesia with Rhodo-
dendron reflects a close relationship between two genera, Menziesia
and Rhododendron. This result indicates molecular phylogenetic data
can be used as a guide for a breeding program.

TABLE 3. Germination rate of immature seeds and leaf colors of progenies by
crossing between Menziesia multiflora and three Rhododendron species.

=z z Number of % of Number of seedlings (% of seedlings®))

immature  germination(?)

seeds

cultured Gt PG Sec Albino
M. multifiora R. kaempferi 90 344 7(17.1)  19(46.3) 249 13 (31.7)
M. muttifiora R. kiusiamun 250 472 10 (8.5) 8 (6.8) ¢} 100 (84.7)
M. multifiora A. tashiroi 2073 336 96 (13.8) 77 (11.0) 107 (15.4) 417 (59.8)
R. kiusiamun M. multifiora 188 17.6 0 9(27.3) 0 24 (72.7)

(2): Number of germinated seeds/number of cultured seeds x 100
(y): Leaf colors are G; green, PG; pale-green, Sec; sectional chimera of green and white, and albino
(x): Number of seedlings in each color/total number of seedlings X 100
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FIGURE 2. Hybrid seedlings between Menziesia multiflora X Rhododendron
tashiroi.

A: green; B: chimera, arrow indicates green segment; C: albino

Dendrobium (Orchidaceae)

We also applied this molecular strategy on Dendrobium, which is the
largest genus in orchid family, by using cp matK with truK introns and
ITS region (Yukawa, 2000, 2001; Wongsawad et al., 2001, 2002). In
these studies, more concrete relationships in subtribe Dendrobinae was
established and relatedness or relationships among species were clarified
(Figure 5).

For Dendrobium, we chose section Callista to improve their charac-
ters by crossing. Because most of species in section Callista are easily
recognized by their attractive inflorescences, which are pendent like
bunches of golden grapes from the dark green upright stems. Although
section Callista bears such an attractive flower character and thus has a
great potential for pot plants, its short vase life within a week prevents
commercialization so far.
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FIGURE 3. Restriction sites of ITS region of M. muitiflora, Rhododendron spp.
and their hybrids, Menziesia multifiora.
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: 900bp ;
~—| 400bp > - 500bp
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< 750bp :;E150bp }
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From our molecular results, we have tried to cross some species of
section Callista with related sections such as Pedilonum and Calyptro-
chillus that have flowers with quite a long vase life

We crossed by hand pollination between section Callista and its re-
lated sections which have long-lasting flowers, according to the results
of molecular phylogeny in Dendrobium. Seeds were collected from
seed pods and sterilized in 1% sodium hypochlorite solution for 5 min
followed by 5 washes in sterile distilled water. After sterilizing, seeds
were germinated on the medium with 2 g * 1=! Hyponex 6.5-6-19
(Hyponex), 0.25 mg * 1! Ca(NO,),4H,0, 2 g * 1! Bacto tryptone
(Difco), 10 g * 1-! sucrose having pH 5.0 and solidified with 8 g * 1~!
agar and cultured under fluorescent light with a 16 hour photoperiod
with a light intensity of 50 yumol * m=2 * s~1 at 25°C. Then the seedlings
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FIGURE 4. Profiles of PCR products (A) and restriction fragments of the prod-
ucts digested with Afl Il and Nsp V (B). Lanes 2 and 4, M. multifiora; Lanes 3
and 5, R. tashiroi; Lanes 6-10, hybrid from M. multiflora X R. tashiroi, Lanes 6
and 7, green hybrid; Lane 8, pale-green hybrid; Lanes 9 and 10, albino hybrid;
Lanes 1 and 11, 100-bp ladder.

900bp
/

«— 750bp

*— 500bp

400bp

‘\\\ 150bp

derived from intersectional crosses were transplanted in a flask on the
modified Vacin and Went medium (Sagawa and Kunisaki, 1984; Sagawa,
1990) and cultured under the same condition.

We have obtained seedpods between section Callista and its related
sections in molecular phylogeny (Table 4). Finally, we successfully got
many seedlings from 4 intersectional crosses: D. victoria-reginae (sec.
Calyptrochilus) X D. palpebrae (sec. Callista), D. mohlianum (sec.
Calyptrochilus) X D. lindleyi (sec. Callista), D. palpebrae X D. pseudo-
glomeratum (sec. Pedilonum), and D. kuhlii (sec. Pedilonum) X D.
amabile (sec. Callista). After transplanting to the pots, we are going to
check their hybridity by PCR-RFLP analysis as mentioned earlier. All
of the results indicate proof of hybridity. We have obtained many seed-
lings in several combinations and continue to culture at the moment.

CONCLUSION

In our results of sequence analysis for genus Rhododendron and its
closely related genera, all the species of genus Menziesia were nested
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FI_GURE 5. Strict consensus of most parsimonious Fitch trees based on matK
with trnK introns and ITS region sequences for Dendrobium.

Species Section
D.momdiforme Dendrobian
D sp. Chim Dendroluym
D fizedericksianunt Dendrobium
D signatum Dendrobiam
Diornle Dendrobiym
D heroglossim Breviflores
Dl D
D.nohite Dendrobuun
D aphrodite Dendrobman
D Denidroh
D alt mitriferum Dendyobum
Psitcklandsanim Dendrohaum
Ddunytiue Dendsobum
Dunicum Dendrohium
D tepioc lacum Dendrobrun
Dchnocreps Dendrobam
D.henryr Dendrobum
D falconeri Dendrobun
Diamocnum Dendrobum
D irans Dendrot
D veards I A
D Dendrob
D Juteolim Dendyobum
D pendduluen Dendrobium
D bensamac Dendrobum
D erystalinum Dendrobum
D muccarthiae Dendrcrbrm
n Dendrob,
D afl anosmun Dendrabnn
D purishii Dendrobivm
D anosomum Dendrobsun
D.oresaceun Dendrobum
Dy Dendroh
Diaphytlum Dendrobaun
macrostuchyum Dendrobiym
D.loddigesit Dendiohum
Tgm D.chrvsanthion Dendrobuim
Yo D crepudarint Dendrabum
8t 53 D prvmerianem Callista
— D chryotesum Callistat
D pulcheliom Dendrmbnon
D chrysein Dendrabium
D.moschatum Dendrobivnn
D pinecitlormm Breviflons
D spegidogtossum Breviflores
— D hancockn Dendrotiun
D hoakermuom Dendrounn
1) o hrecium Dendrobrum
= 1) ditanthum Dendmbium
L 1 hacveranum Cativte
D gibsonn Dendrobium
g D tm Peditorom
T Denile Dencyarbium
Y5 D D
L Decnru Dendrobrium
D capillipe: Dendrobrum
1 D ddelacourn Stacheabm
2 dioudon St heobism
42 e D sarigmntoentim Fediionum
Dpuddor: Platycaulon
D sceundum Ped:lanum
D amahde Catlisty
D of micragluph s Ambisanthus
D denslonan Callsta
D sp o Culltaa
D eriflithianim Callnia
Dgutbedtit Callista
D tarmens Calhisi
r1 D pilpeisrae Cailo
D ihvesiform Cailisig
0 szie arum Callsia
D metanosticium Ambhanthus
1) stochert AmMyunthu.
D awricudatum Pedilonion
D goldschnudtanum Pedilonum
D bru icnsim Ped,fonum
D withertsonis Curhbectsonia
D erosum Calvptin bilus
D rolaceum Oniglossum
D furearum Dol kocentrum
Crumcnatum Crummata
D puchyphitue Bothrdim
D konzrophy liwn Sirongyle
D levarrs Aporrtam
D bitariem Disticiphy ium
D by Connalic
D sanderay Tormacae
Dchuerzor Formosge
Ll D for negsum Formasae
Dsuiepinie Formos e
m_c D genbmi Cullisty
D indieyi Callsia
D Fuichranche

Cande
Deracrum
D suiuccense

cpin it Out group
Dip.aff jadunae
D mronoph

D miuriconem

Numbers above internodes indicate bootstrap values from 200 replicates.
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TABLE 4. Cross combination between section Callista and other sections suc-
cessfully bearing seedpods.

Female Male
D. amabile (sec. Callista) D. pseudoglomeratum (sec. Pedilonum)
D. amabile D. kuhiii (sec. Pedilonum)
D. chrysotoxum (sec. Callista) D. victoria-reginae {sec. Calyptrochilus)
D. palpebrae (sec. Callista) D. pseudoglomeratum
D. palpebrae D. victoria-reginae
D. lindleyi (sec. Callista) D. mohlianum (sec. Calyptrochirus)
D. mohlianum D. lindleyi
D. lawesii (sec. Calyptrochillus) D. guibertii (sec. Callista)
D. pseudoglomeratum D. palpebrae
D. pseudoglomeratum D. thyrsiflorum (sec. Callista)
D. kuhlii D. amabile
D. victoria-reginae D. paipebrae

within Rhododendron species. Without this molecular information, we
couldn’t image making intergeneric hybrids between these two genera.
Fortunately, we could get intergeneric hybrid seedlings by several com-
binations. Thus, molecular information allowed us to exploit the new
germplasm for breeding of Rhododendron.

In the case of Dendrobium, section Callista has attractive flowers al-
though the flower longevity is quite short. From the result of molecular
analysis, we have tried to make new hybrids between section Callista
and its related sections that have longer flowering time. This means the
molecular information was useful to select the closely related species
for the introgression of horticulturally interesting traits.
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INTRODUCTION

Low temperature (LT) is a major limiting factor in the geographical
distribution of horticultural plants, often adversely affecting crop devel-
opment, growth, and productivity. This results in huge losses to eco-
nomic yield around the world. Furthermore, many important species are
often cultivated in areas where temperatures fall below the optimum
required for their normal growth and development (McKersie and
Leshem, 1994). For example, the growing season of annual plants is
generally established by the length of the frost-free period, so that eco-
nomic losses often occur in tropical and sub-tropical species due to un-
seasonable episodes of LT stress. The performance of perennial species
can also be affected by cold conditions (Wisniewski and Bassett, 2003).
These may include extremely low midwinter temperatures, frost that
occurs early in the fall before plants have become fully acclimated to the
cold, or frost in the spring when deacclimation, i.e., the loss of cold har-
diness, has occurred. The result is damage to over-wintering buds,
developing blossoms, or even vegetative tissues.

In addition to the direct effects of LT on plant survival and productiv-
ity, susceptibility to injury limits the areas in which woody ornamentals
and perennial fruit crops can be planted. Therefore, LT-stress tolerance
has been one of the primary considerations in deciding which horticul-
tural species can be established in a particular geographical region. Re-
cent advances in plant molecular biology have not only allowed a better
understanding of the adaptive responses to LT but also have led to the
development of new approaches for improving cold tolerance.

In this review, we first present the current understanding of both
LT-induced injury and how some species adapt to cold temperatures.
We then focus on various attempts to protect higher plants against LT
stress through genetic engineering, with special emphasis being placed
on a few cases in which transgenic horticultural crops with enhanced
cold tolerance have been developed.

LOW-TEMPERATURE STRESS IN HORTICULTURAL CROPS

Chilling and freezing are the two major types of LT stresses in plants.
Chilling stress occurs at temperatures either above 0°C or below 0°C in
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the absence of ice formation. In contrast, freezing stress is associated
with temperatures below 0°C and always involves the formation of ice
crystals in the tissues.

Chilling Injury

Chilling injury occurs in many tropical and sub-tropical horticultural
plants, such as banana, beans, cucumber, melon, tomato, and citrus. In
temperate regions, these crops are commonly exposed to low, but
non-freezing temperatures (0~ 15°C) during the growing season (Paull,
1990). The extent of chilling injury depends on the species, variety, part
of the plant affected, and its developmental stage, as well as the severity
and duration of the cold period (Saltveit and Morris, 1990). In chill-
ing-sensitive plants, injury can occur at all stages of development, ex-
cept for seeds that are dormant and dry (Saltveit and Morris, 1990).
Seeds of some sensitive plants, such as soybeans, sweet corn, and cot-
ton, are particularly vulnerable during the initial stages of imbibition,
when low temperatures can result in seed death, decreased germination
rates, increased decay, and the production of low-vigor or abnormal
seedlings (Herner, 1990). If exposure to chilling occurs after a sensitive
plant has become established, it may exhibit wilting and/or low leaf
water potentials (Pardossi et al., 1992). These symptoms are caused pri-
marily by the uncontrolled opening of the leaf stomata while the perme-
ability of the roots to water is simultaneously reduced (McWilliam et al.,
1982).

The reproductive stage, which includes the development of floral or-
gans, flowering, fruiting, and seed formation, is most sensitive to LT
(McKersie and Leshem, 1994). Although storage at low temperatures is
the most effective means for maintaining fruit viability, the refrigera-
tion of chilling-sensitive commodities, e.g., tomato, cucumber, or banana,
often results in a loss of quality, as manifested by pitting, discoloration,
abnormal ripening, and weakening of the tissues, thereby rendering the
product susceptible to pathogenic decay (Wang, 1990).

Many different mechanisms have been explored to describe the pro-
cess of chilling injury; the phase transition of membrane lipids has been
suggested as the primary cause. Lyons (1973) has proposed that LT is
first perceived by the acyl tails of the phospholipid molecules in cell
membranes. This results in a membrane phase transition, i.e., the lateral
phase separation of membrane lipids to form distinct domains of gel and
liquid-crystalline phases. These changes are purportedly dependent on
lipid composition, with a greater level of unsaturated lipids being corre-
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lated with a lower number of phase transition events (Lyons and Raison,
1970). For example, an analysis of the molecular species of individual
phospholipid classes has shown a negative relationship between chill-
ing tolerance and the sum of the relative contents of the 16:0/16:0 and
16:0/16:1 fatty acids in the phosphatidylglycerol of the thylakoid mem-
branes (Murata, 1983). Many efforts to alter the degree of unsaturation
have resulted in modified chilling sensitivity (Murata et al., 1992;
Kodama et al., 1994; Moon et al., 1995). Ultimately, changes in the
membrane lipid phase transition prevent proper functioning of integral
membrane proteins. This results in increased leakiness of the mem-
branes, which then leads to a loss of compartmentation, decreased rates
of mitochondrial oxidative activity, reduced energy supplies and utili-
zation, lowered photosynthetic rates, disrupted metabolism, the accum-
ulation of toxic substances, cell autolysis, and death (Wang, 1982).
The inhibition of photosynthesis is the first of the secondary events
following membrane phase transition. This failure to maintain photo-
synthesis is associated with steps involved in regulating stomatal aper-
ture (McKersie and Leshem, 1994). In chilling-tolerant species, the size
of the stomatal opening is generally reduced at LT, in part because
water conductivity through the root plasma membrane is decreased
(McWilliam et al., 1982). For example, some tolerant plants can main-
tain steady water potentials by closing their stomata and preventing ex-
cessive transpirational water loss, whereas chilling-sensitive species
often exhibit wide-open stomata at LT (Emaus et al., 1983). Cold-in-
duced stomatal closure might also occur through the direct effects of
temperature on the guard cells themselves (Honour et al., 1995). In ad-
dition, LT may affect the enzymes and ion channels responsible for the
active maintenance of guard-cell osmotic potential (Ilan et al., 1995).
Stomatal aperture is also influenced by plant growth regulators, such as
abscisic acid (ABA). ABA binds to receptors on the outside of the
stomatal guard-cell plasma membrane, and induces a signal trans-
duction cascade involving increases in cytoplasmic calcium (Assmann
and Shimazaki, 1999). This action eventually reduces guard-cell os-
motic potential via loss of K* and Cl—, causing the stomata to close.
When chilling-sensitive plants are exposed to LT under strong illu-
mination, electron transport through Photosystem II (PS II) is inhibited.
McKersie and Leshem (1994) have presented several hypotheses to ex-
plain the causes of such ‘photoinhibition.” First, LTs promote excessive
excitation of the photosystems by reducing the demand for chemical en-
ergy in processes such as CO, fixation. Consequently, over-excitation
favors the transfer of energy from light to oxygen molecules, causing
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photo-oxidative damage to the reaction center D1 protein. Second, the
activity of enzymes that scavenge reactive oxygen species (ROS) de-
creases at LT (Richter et al., 1990); the accumulated ROS subsequently
“escape” to other sites in the chloroplast or cytosol where they initiate
degradation reactions. Third, turnover of the D1 protein in the reaction
center is slow at LTs (Gong and Nilsen, 1989) and, therefore, its assem-
bly into new PS II complexes is blocked. Finally, LTs inhibit the forma-
tion of zeaxanthin that quenches excitation energy and dissipates it as
heat, further reducing the cells’ ability to rid themselves of excess
energy (Demming-Adams, 1990).

Another major contributing factor to chilling injury is oxidative
stress. In addition to this chilling-induced photoinhibition in sensitive
plants, membrane phase transition and dysfunction of other metabolic
and repair processes, including a potential decrease in scavenger system
capacities, can all contribute to the proliferation of ROS. For example,
catalase activity can decrease in response to LTs in various crop plants
(Fadzillah et al., 1996; Hsieh et al., 2002). This decline is likely caused
by the failure of repair synthesis and suppressed translation (Feierabend
etal., 1992), as well as reduced expression of the catalase gene (Hsieh et
al., 2002).

Transgenic tomato plants overexpressing the antisense catalase gene
show a 2- to 8-fold reduction in total catalase activity, and a 2-fold in-
crease in levels of H,O, in leaf extracts (Kerdnaimongkol and Woodson,
1999). These plants are more sensitive to exogenous applications of
H,0, and also become more susceptible to chilling stress. Suppression
of catalase activity in these plants likely leads to a failure to scavenge
the ROS that accumulate, resulting in increased sensitivity to oxidative
stress. In contrast, transgenic tobacco, genetically engineered with
chloroplastic CuZn-SOD from pea, retains higher rates of photosynthe-
sis under intense light and LTs, compared with wild-type (WT) plants
(Gupta et al., 1993). Moreover, overexpression of a mitochondrial
manganese superoxide dismutase (MnSOD) and superoxide dismutase
(FeSOD) in the chloroplasts of transformed maize enhances foliar toler-
ance to chilling and oxidative stress when leaf discs are incubated in the
pro-oxidant herbicide methyl viologen (van Breusegem et al., 1999a,
1999b).

Freezing Injury

Freezing injury occurs when the external temperature drops below
the freezing point of water (0°C). Some plants susceptible to chilling in-
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jury can be killed by the first touch of frost, while many that are native to
cold climates can survive extremely low temperatures without damage
(Levitt, 1978). When plant tissues freeze, ice forms in their intercellular
spaces, reducing water potential and leading to a loss of water from the
cells. At —10°C, more than 90% of the osmotically active water will
generally move out of the cells into those spaces (Thomashow, 1998).
Therefore, freeze-induced dehydration has a number of damaging ef-
fects on cells, e.g., multiple forms of membrane lesions and the denatur-
ation of proteins (Thomashow, 1998). Upon thawing, freezing-damaged
protoplasts lose turgor and are unable to prevent cellular water and
osmolites from leaking into their surroundings.

At the whole-plant level, symptoms of freezing injury may include
desiccation or burning of foliage; water-soaked areas that progress to
necrotic spots on leaves, stems, or fruit; and death of portions or the en-
tire plant (Ingram et al., 2001). The various effects of such stress include
freezing of citrus fruits; midwinter damage to deciduous crops; and
early-frost injury to flowers, vegetables, and developing fruit; as well as
limiting the potential number of perennial species that can be planted
within a particular cold hardiness zone (Ashworth, 1986). Spring frost
damage in reproductive organs usually causes internal and external
morphological abnormalities that affect normal fruit development or
even cause abscission. In several of the early-blooming members of
Rosaceae (e.g., strawberry, cherry, peach, almond, and apricot), floral
damage is the main form of freezing injury (Rodrigo, 2000). Varying
levels of freezing tolerance are associated with different plant organs: in
cabbage (Brassica oleracea L. var. capitata), the relative tolerance is
petiole < upper pith (stem) < middle pith < lamina < lower pith (Manley
and Hummel, 1996). It has been suggested that the cold hardiness mech-
anism in the foliar portions of cauliflower (Brassica oleracea L. var.
boytis) is not expressed in the curd because freezing always proves fatal,
as evidenced by florets having a flaccid and water-soaked appearance
upon thawing (Fuller et al., 1989).

Plants have evolved two major means for surviving freezing stress.
The first, supercooling of the cellular water, is an avoidance mechanism
by which protoplasmic water can remain unfrozen to its homogeneous
ice nucleation point of approximately —40°C, when the source of the
nucleation agent is absent (Thomashow, 1998). Deep supercooling has
been observed in the dormant flower buds and ray parenchyma cells of a
number of deciduous fruit crops, including grape, blueberry, and sev-
eral Prunus species (Ashworth, 1989). In some woody plants, anatomi-
cal and biochemical adaptations to their cell walls and vascular systems
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are believed to limit the spread of ice-frozen tissues into supercooled ar-
eas (Fujikawa et al., 1997). For example, the degree of esterification of
pectins is modified in tissues that experience deep supercooling. Such
modifications may change the pore size of the cell walls and inhibit ice
penetration into supercooled compartments (Wisniewski and Davis,
1995). Nevertheless, supercooled plant tissues can suffer irreversible
damage once ice nucleation occurs.

The second, and most common, mechanism for survival is the devel-
opment of tolerance to freezing temperatures. Cold acclimation is the
process by which plants acquire tolerance through their exposure to low
but non-freezing temperatures (Thomashow, 1998). Our current under-
standing of cold acclimation will be explained in more detail below.

Approaches and Their Limitations in Overcoming LT Problems

To overcome the problems associated with low-temperature stress
and to improve production efficiency, more stress-tolerant crops must
be developed. Traditional breeding strategies that have attempted to uti-
lize the natural genetic variation within a species, interspecific or
intergeneric hybridization, or induced mutation using tissue culture
techniques, have met with only limited success (Flowers and Yeo,
1995). Those approaches are confounded by the complexity of stress-
tolerance traits, low genetic variance in yield components under stress
conditions, and a lack of efficient selection techniques (Cushman and
Bohnert, 2000). Furthermore, quantitative trait loci (QTL) that are
linked to tolerance at one stage of development can differ from those as-
sociated with tolerance at other stages (Foolad and Yin, 2000). Once
identified, these useful QTLs not only require extensive breeding to re-
store the desirable traits but also prove time-consuming when removing
the chromosomal segments that interfere with the recurrent parent ge-
nome. That is, when conventional breeding programs try to introduce
such a single cold-tolerance trait into a high-yielding variety, many un-
desirable attributes (which often decrease crop values) are also trans-
ferred to the offspring. Therefore, an expensive and time-consuming
process of backcrossing is required to develop a high-quality variety
with one additional feature. Moreover, crossing is limited only to
individuals of the same or closely related species.

In contrast to traditional breeding, genetic engineering with a small
number of stress-tolerance genes appears to be a more attractive and
rapid approach. First, it allows the introduction of isolated genes, i.e.,
single traits, into a crop without affecting other desirable attributes.
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Second, genetic engineering empowers breeders to transfer genetic ma-
terial between unrelated plant species or even genes from phylogeneti-
cally distant species, such as a virus, bacteria, or animals. Thus breeders
can more precisely produce a plant variety with a single new trait.

Present engineering strategies rely on the transfer of one or a couple
of genes that encode either biochemical pathways or endpoints of sig-
naling pathways (Nelson et al., 1998). These gene products can protect,
directly or indirectly, against LT stresses. Such strategies invariably are
based on the existence of correlations between a specific stress-protec-
tive function and a consequence of that stress. Some of the approaches
reported in the literature (Tables 1 and 2) include the overexpression of
biosynthetic enzymes for protein kinases, transcription factors, and
cold-regulated, oxidative stress-related, lipid-modifying, or compatible
solute-synthesis genes.

MOLECULAR BIOLOGY OF COLD ACCLIMATION
Cold Acclimation

To survive winter, most species living in temperate regions undergo
adaptive changes in the fall. Some plants acquire tolerance to freezing
temperatures via prior exposure to low, nonfreezing temperatures, a
process called cold acclimation (Hughes and Dunn, 1996). For exam-
ple, non-acclimated rye is killed at about —5°C, but after being cold-ac-
climated, can survive freezing to about —30°C (Thomashow, 1999).
This acclimation process is correlated with a number of cellular and
metabolic changes. Recent studies have started to define the molecular
basis of these changes, which has led to the characterization of a large
number of genes upregulated by LTs (reviewed by Thomashow, 1999;
Shinozaki and Yamaguchi-Shinozaki, 2000; Browse and Xin, 2001;
Zhu, 2001; Chinnusamy and Zhu, 2002; Shinozaki et al., 2003). Al-
though the regulatory means for controlling LT responses are not fully
understood, a better knowledge of cold-acclimation mechanisms would
undoubtedly provide new strategies for improving freezing tolerance in
horticultural plants.

Morphological, Anatomical, and Physiological/Biochemical
Changes During Cold Acclimation

The process of cold acclimation is very complex, involving a number
of morphological, physiological, and biochemical alterations. The most
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TABLE 1. Summary of engineered chilling tolerance in plants

Gene Origin Transgenic References
species

Protein kinase

OsCDPK7 Rice Rice Saijo et al. (2000)

(Ca-dependent protein

kinase)

OsMAPKS Rice Rice Xiong and Yang
2003

(Mitogen-activated protein ( )

kinase)

AtDBF2 Arabidopsis Tobacco Lee et al. (1999)

(Protein kinase)

Transcription factors

ICE1 Arabidopsis Arabidopsis Chinnusamy et al.
(Inducer of CBF (2003)

expression1)

CBF1 ) Arabidopsis Tomato Hsieh et al. (2002)
(CRT/CRE binding factor) - - Lee et al. (2003)
SCOF-1 Soybean Tobacco Kim et al. (2001)
(Soybean cold-inducible

factort)

DREB1A Arabidopsis Tobacco Kasuga et al. (2004)

(Dehydration-responsive
element binding protein)

Osmyb4 Rice Arabidopsis Vannini et al. (2004)

(Myeloblastosis binding

factor)

OSISAP1 Rice Arabidopsis Mukhopadhyay et al.
L . (2004)

(Zinc-finger protein)

Cold-regulated (COR) genes

CuCOR19 Citrus Tobacco Hara et al. (2003)

RCi3 Arabidopsis - Arabidopsis Liorente et al. (2002}

(Rare cold-inducible gene)
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TABLE 1 (continued)

Gene Origin Transgenic References
species
Compatible solute
synthesis genes
COD/codA Arthrobacter Arabidopsis Alia et al. (1998);
lobiformis Hayashi et al. (1997
(Choline oxidase) g y ( )
Rice Sakamoto et al.
(1998)
Tomato Park et al. (2003,
2004)
BADH Barley Rice Kishitani et al. (2000)
(Betaine aldehyde
dehydrogenase)
beta and bet b E. coli Tobacco Holmstrom et al.
o (2000)
(Choline dehydrogenase
and betaine aldehyde
dehydrogenase)
ApGSMT andApDMT Aphanothece Arabidopsis Waditee et al. (2005)
. . halophytica
(Glycine sarcosine
methyliransferase and
dimethyltransferase)
TPSP E. coli Rice Garg et al. (2002);
Jang et al. (2003
(Trehalose-6-phosphate g ( )
synthase/phosphatase)
GS2 Rice Rice Hoshida et al. (2000)
(Chloroplastic glutamine
synthetase)
Lipid-modifying genes
GPAT Arabidopsis Tobacco Murata et al. (1992)
(Glycerol-3-phosphate Rice Yokoi et al. (1998)
acyltransferase
y ) Arabidopsis and Ariizumi et al. (2002)
Spinach
Squash Tobacco Sakamoto et al.

(2003)
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Gene Origin Transgenic References
species
fad7 Arabidopsis Tobacco Kodama et al. (1994)
(Chioroplast »-3 fatty acid
desaturase)
des9 Anacystis Tobacco Ishizaki-Nishizawa et
o nidulans al. (1996)
(Acyl-lipid A9 desaturase) .
Synechococcus Orlova et al. (2003)
vulcanus
Oxidative stress-related
genes
Cu/Zn-SOD Pea Tobacco Gupta et al. (1993)
(Cu/Zn superoxide
dismutase)
Mn-SOD Tobacco Maize van Breusegem et al.
1999a
(Mn-superoxide dismutase) ( )
Fe-SOD Tobacco Alfalfa McKersie et al.
. . (2000)
(Fe-superoxide dismutase)
Arabidopsis Maize van Breusegem et al.
(1999b)
GST/GPX Tobacco Tobacco Roxas et al. (2000)
(Glutathione S-transferase/
peroxidase)
GPX Chlamydomonas Tobacco Yoshimura et al.
) . (2004)
(Glutathione peroxidase)
CAT Wheat Rice Matsumura et al.
2002
(Catalase) ( )
Nt107 Tobacco Tobacco Roxas et al. (1997)
(Glutathione S-transferase)
APX Tobacco and Tobacco Yabuta et al. (2002)
Spinach
(Ascorbate peroxidase) P
Pea Cotton Kornyeyev (2003)
ALR Alfalfa Tobacco Hegedus et al. (2004)

(Aldose/aldehyde reductase)
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TABLE 2. Summary of engineered freezing tolerance in plants

Gene Origin Transgenic References
species
Protein kinases
AtNDPKs Arabidopsis Arabidopsis Moon et al. (2003)
(NDP kinase)
ANP1 Arabidopsis Tobacco Kovtun et al. (2000)
(Mitogen-activated protein
kinase kinase kinase)
NPK1 Tobacco Maize Shou et al. (2004)
(Mitogen-activated protein
kinase kinase kinase)
Transcription factors
ICE1 Arabidopsis Arabidopsis Chinnusamy et al.
(2003)
(Inducer of CBF
expressiont)
CBF1 Arabidopsis Arabidopsis Jaglo-Ottosen et al.
(1998);
(CRT/DRE binding factor)
Kasuga et al. (1999);
Gilmour et al. (2000)
Canola Jaglo-Ottosen et al.
(2001)
Strawberry Owens et al. (2002)
Canola Canola Gusta et al. (2002)
Flax
Sweet cherry Arabidopsis Kitashiba et al. (2004)
SCOF-1 Soybean Tobacco Kim et al. (2001)
(Soybean cold-inducible
factor1)
ABI3 Arabidopsis Arabidopsis Tamminen et al.
2001
(Seed-specific ( )
transcriptional activator)
OsDREB1A Rice Arabidopsis Dubouzet et al. (2003)

(Dehydration-responsive
element binding protein)
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Gene Origin Transgenic References
species

ZmDREB1A Maize Arabidopsis Qin et al. (2004)

Osmyb4 Rice Arabidopsis Vannini et al. (2004)

(myeloblastosis binding

factor)

CBF4 Arabidopsis Arabidopsis Haake et al. (2002)

CaPF1 Hot pepper Arabidopsis Yi et al. (2004)

(ERF/AP2 transcription

facton)

Cold-regulated (COR) genes

COR15a Arabidopsis Arabidopsis Artus et al. (1996);
St kus et al.

(Cold-regulated gene) (1388;‘ useta

CuCOR19 Citrus Tobacco Hara et al. (2003)

(Dehydrin gene)
Wes19 Wheat Arabidopsis Ndong et al. (2002)

(Late embryogenesis
abundant protein)

RAB 18 and COR47 Arabidopsis Arabidopsis Puhakainen et al.
(2004)

LTI29 and LTI30

Compatible solute-synthesis

genes
COD/codA Arthrobacter Arabidopsis Sakamoto et al.
lobiformis 2000
(Choline oxidase) gloor ( )
Tobacco Konstantinova et al.
(2002)
COD/cox Arthrobacter Arabidopsis Huang et al. (2000)
pascens
P5Cs Vigna Tobacco Konstantinova et al.
aconitifolia 2002
(Pyrroline-5-carboxylate- ot ( )
synthetase) Arabidopsis Tobacco Konstantinova et al.
(2002)
AtProDH Arabidopsis Arabidopsis Nanjo et al. (1999)

(Antisense proline
dehydrogenase)




82 PLANT BIOTECHNOLOGY IN ORNAMENTAL HORTICULTURE

TABLE 2 (continued)

Gene Origin Transgenic References
species
Lea-Gal Tomato Petunia Pennycooke et al.
] ) (2003)
(Antisense o-galactosidase)
SPS Arabidopsis Arabidopsis Strand et al. (2003)
(Sucrose phosphate
synthase)
wft1/wft2 Wheat Ryegrass Hisano et al. (2004)
(Fructosyltransferase)
SacB Bacillus subtillis  Tobacco Konstantinova et al.
(2002)

{Levan sucrase)

Oxidative stress-related

genes
Mn-SOD * Tobacco Alfalfa McKersie et al. (1999)
{(Mn-superoxide dismutase) Wheat Canola Gusta et al. (2002)
Fe-SOD Tobacco Alfalfa McKersie et al. (2000)

(Fe-superoxide dismutase)

obvious changes are morphological, involving the partial or total loss of
aerial organs and the formation of specialized organs, such as buds and
tubers (Ferullo and Griffith, 2001). For example, the prostrate or rosette
growth form is assumed to be a morphological consequence of develop-
ment at LT, and can serve as a selection criterion for cold hardiness
(Roberts, 1984). Anatomical analyses have also been used to find mor-
phological “markers” for an effective breeding program. In the case of
the potato, hardier species, such as Solanum acaule and S. commersonii,
have smaller cells, a thicker palisade, and two to three times greater
stomatal indices than do non-hardy species, such as S. tuberosum (Li
and Palta, 1978).

The effect of cold temperatures on the ultrastructure of plant cells has
been long studied (see review by Kratsch and Wise, 2000). The extent
of the alterations in cell components is apparently related to the degree
of chilling and the length of exposure. Studies have suggested that cold
temperature-related changes involve a wide range of components. Garber
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and Steponkus (1976) have reported the formation of a paracrystalline
array of proteins in the thylakoid membranes of cold-acclimated spin-
ach plants. In a comparison with particles in the membranes of non-ac-
climated thylakoids, they have also noted a decreased number of particles,
representing the PS 1l complex, on the inner fracture face of acclimated
thylakoid membranes and a homogenization of two sizes of particles.

Cold-hardening temperatures cause both univacuolated and multi-
vacuolate mesophyll cells to form in acclimated plants, whereas only
univacuolate cells exist in non-acclimated plants (Huner et al., 1983).
The chloroplast ultrastructure in the former exhibits an increase in
smaller granal stacks while the size of the photosynthetic unit remains
the same. O’Neill et al. (1981) have found that the vesiculated smooth
endoplasmic reticulum enlarges in cold-hardened leaf cells, suggesting
that freezing tolerance is enhanced because more substrate is available
for vesicle formation and subsequent extension of the plasma mem-
brane. Consequently, this allows the plant to adapt to the reduction in
membrane surface area that occurs during freeze-induced dehydration
and later rehydration during thawing.

Cellular and metabolic changes during cold acclimation include a
rise in the levels of sugars, soluble proteins, proline, and organic acids,
as well as the appearance of new isoforms of proteins and an altered
lipid membrane composition (Hughes and Dunn, 1996). In early fall, all
perennial plants accumulate carbohydrate reserves in the form of starch
or fructan, which is converted into soluble sugars when the cold period
begins (Levitt, 1978). Their principal forms are oligosaccharides, such
as sucrose, raffinose, and stachyose (Bachmann et al., 1994; Olien and
Clark, 1995; Hill et al., 1996). The storage of soluble sugars is concomi-
tant with an increase in the activities of several enzymes associated with
carbohydrate metabolism, i.e., amylase, sucrose phosphate synthase,
sucrose synthase, ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco), and others (Hurry et al., 1994; Nielsen et al., 1997; Reimholz
et al., 1997). In fact, this accumulation of free sugars seems to involve
the enhancement of all photosynthetic pathways (Hurry et al., 1994). In
addition, increased amylase and sucrose synthase activities are related
to the appearance of new, cold-specific isozymes (Nielsen et al., 1997;
Reimholz et al., 1997). A rise in the steady-state levels of mRNAs that
encode sucrose phosphate synthase has also been observed in potato
(Reimholz et al., 1997). This indicates that changes in carbohydrate me-
tabolism, with respect to cold acclimation, are under transcriptional
and/or post-transcriptional control.
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Other compatible solutes, such as proline (Pro) and glycinebetaine
(GB), are also accumulated in response to LTs. An increase in the con-
tent of those solutes under stress conditions has been found in a number
of species; their levels have, in some cases, been positively correlated
with freezing tolerance (Bohnert et al., 1995; Rhodes and Hanson,
1993). A causal relationship between Pro accumulation and tolerance to
freezing stress has been demonstrated in Arabidopsis thaliana (Nanjo et
al., 1999). Transgenic Arabidopsis plants with an antisense construct of
proline dehydrogenase (AtProDH), which catalyzes Pro degradation,
accumulate higher levels of Pro and show enhanced tolerance to freez-
ing stress (Nanjo et al., 1999). In contrast, Xin and Browse (1998) have
found that, under normal growing conditions, a freezing-tolerant Ara-
bidopsis mutant, eskimol, can accumulate a 30-fold higher level of Pro
due to greater expression of the Al-pyroline-5-carboxylate synthetase
(P5Cs) gene, which catalyzes Pro biosynthesis, compared with WT
plants.

Glycine betaine accumulates naturally in distantly related plant spe-
cies in response to various stresses (Rhodes and Hanson, 1993). In
strawberry leaves, levels of GB can rise nearly two-fold after four
weeks of cold-acclimation treatment, during which time their cold toler-
ance increases from —5.8 to —17°C (Rajashekar et al., 1999). Naidu et
al. (1991) have reported that the concentration of GB can more than
double (from 7.9 to 17.9 pmol/g dry weight) in cold-acclimated wheat
seedlings in response to 5 d of cold stress (4°C). Likewise, GB in the
winter type of barley accumulates to five times the basal level over three
weeks at 5°C, but is only doubled in some spring types (Kishitani et al.,
1994). In that barley research of near-isogenic lines of the same cultivar,
accumulated levels of GB in leaves at LTs are well correlated with the
percentage of green leaves that survive freezing injury (—5°C). Further-
more, the exogenous application of GB improves freezing tolerance in
plants that are not natural accumulators (Harinasut et al., 1996; Chen et
al., 2000; Makela et al., 2000; Sakamoto et al., 2000; Park et al., 2003).
Studies in vitro have shown that GB is effective in stabilizing the struc-
tures of enzymes and proteins, as well as in protecting membrane
properties (Papageorgiou and Murata, 1995).

Temperature and water availability affect both physical and biologi-
cal properties of cell membranes. Therefore, it is assumed that plasma
membranes undergo chemical alterations during cold acclimation so as
to adjust to stress. During freezing, the formation and growth of extra-
cellularice crystals can cause lesions in the plasma membrane, resulting
in the loss of osmotic responsiveness during subsequent thawing
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(Steponkus, 1984). Cold-acclimated plants manifest not only a rise in
the degree of lipid unsaturation, but also changes in lipid composition
and the ratio of lipid to protein in membranes (Palta et al., 1993).
Steponkus et al. (1988) have shown that increased levels of unsaturated
species of phosphatidylcholine mimic the behavior of protoplasts from
acclimated plants, and suffer less expansion-induced lysis during thaw-
ing. In Arabidopsis thaliana, the lipid composition of the plasma mem-
brane changes significantly as plants acclimate (Uemura et al., 1995).
The proportion of phospholipids increases from 46.8 to 57.1 mol% of
the total lipids, with little change in the proportions of the phospholipid
classes. Although the proportion of di-unsaturated species of phos-
phatidylcholine and phosphatidylethanolamine rises, mono-unsaturated
species are still the predominant species. The proportion of cerebrosides
decreases from 7.3 to 4.3 mol%, with only small changes in the propor-
tions of the various molecular species. Finally, the proportion of free
sterols decreases from 37.7 to 31.2 mol%, but with only small changes
in the proportions of sterylglucosides and acylated sterylglucosides
(Uemura et al., 1995).

Cold-Regulated (Cor) Genes

Biochemical and physiological changes that occur during cold accli-
mation are regulated by LTs through modifications in gene expression.
Cold-regulated (COR) gene expression is critical to plants for imparting
tolerance to both chilling (Gong et al., 2002; Hsieh et al., 2002) and
freezing (Thomashow, 1999). Moreover, the expression of specific
genes up-regulated by LT is highly correlated with the development of
freezing tolerance (Thomashow, 1999).

Because tolerance is inducible, it has been commonly assumed that
this induction involves the synthesis of novel peptides, which, by means
of their enzymatic activity or structural properties, confer tolerance to
the tissue. A number of COR genes have been characterized from different
plant species (Hong et al., 1988; Houde et al., 1992; Lin and Thomashow,
1992; Monroy et al., 1993). For example, Lin and Thomashow (1992)
have isolated four COR genes from Arabidopsis thaliana. Their North-
ern hybridization has indicated that the level of mRNA from each of
these genes increases dramatically during the first 4 h of treatment at
5°C. The level then remains high for the duration of the acclimation pe-
riod, and declines after the plants are transferred to warm temperatures.
All four COR genes are ABA-responsive and accumulate if plants are
sprayed at room temperature with that growth regulator. The peptides
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from these genes are boiling-stable, in contrast to most peptides that are
denatured and form a precipitate if an aqueous solution is boiled (Guy,
1990; Thomashow, 1999).

Crt/Dre Binding Factors (Cbfs)

Many COR genes have in their promoter regions one or several cop-
ies of the CRT (C-repeat)/DRE (Dehydration Responsive Element)
cis-element, which has the core sequence CCGAC that is responsive to
LT as well as dehydration (Yamaguchi-Shinozaki and Shinozaki, 1994;
Stockinger et al., 1997). Stockinger et al. (1997) have isolated CBF1
(CRT-binding factor 1), a cDNA clone for CRT/DRE-binding protein. It
contains a DNA binding motif (AP2 domain) that is found in the
Arabidopsis APETALA2 (AP2) protein, where it functions in floral
morphogenesis, as well as in the tobacco EREBP] family, where it is in-
volved in ethylene-responsive gene expression (Jofuku et al., 1994;
Ohme-Takagi and Shinshi, 1995). More recently, Liu et al. (1998) have
used a yeast one-hybrid program to isolate five CRT/DRE, which they
have named DREBs (DRE-binding proteins) and have classified into
two groups—DREB] and DREB2. Although each group contains similar
AP2 domains, it has low sequence similarity outside that domain. Three
DREBI proteins are encoded by genes tandemly repeated in the order
DREBIB (= CBF1), DREBIA (= CBF3), and DREBIC (= CBF2). Two
DREB? proteins, DREB2A and DREB2B, also exist (Stockinger et al.,
1997; Gilmour et al., 1998; Liu et al., 1998). Expression of DREBIA
and its homologues, DREBIB and DREBIC, is induced by LT stress,
whereas expression of DREB2A and DREB2B is induced by dehydra-
tion and salt stresses (Liu et al., 1998). Therefore, two independent
DREB proteins, DREBI and DREB2, function as transcription factors in
LT and dehydration signal transduction pathways, respectively, to acti-
vate CRT/DRE cis-elements.

Zarka et al. (2003) have recently found the transcription factors in-
volved in CBF2 expression, and have identified a 125-bp promoter seg-
ment containing two regions, designated /CEr1 and ICEr2 (induction of
CBF expression region 1 or 2). By themselves, the regions are only
weakly responsive to low temperatures, but in combination, impart a ro-
bust cold response.

Further analysis of the cold-sensing mechanism involved in CBF
regulation has revealed that a cold shock is not required for bringing
about the accumulation of CBF transcripts, but instead, the thermo-
sensing circuitry is likely monitor absolute temperature and act like a
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rheostat increasing output (i.e., the levels of CBF transcripts), with
greater degrees of input (i.e., lower temperatures) (Zarka et al., 2003).
Even though this cold-sensing mechanism becomes desensitized within
a few hours of exposure to a given LT, e.g., 4°C, this desensitization
does not preclude a robust response to a further decrease in temperature.
Plants that have been adapted to 4°C for 14 d and that have low levels of
CBF transcripts produce more transcript when transferred to 0°C or
—5°C. In contrast, resensitizing to that temperature requires between 8
and 24 h of exposure to 22°C.

Inducer of Cbf Expression (Ice)

The CBF/DREBI genes are themselves induced by LTs. This induc-
tion is transient, preceding that of downstream genes with the DRE/CRT
cis-element (Thomashow, 1999). Gilmour et al. (1998) have proposed
that a transcriptional factor, present at warm temperatures, recognizes
the CBF promoters and is activated in response to LTs by a signal
transduction pathway that also exists at warm temperatures. Recently,
Chinnusamy et al. (2003) also have identified a transcriptional activa-
tor, ICE (Inducer of CBF Expression), that can recognize the promoters
of the CBF genes and induce their expression.

ICE] encodes a MYC-like helix-loop-helix (bHLH) transcriptional
activator (Chinnusamy et al., 2003). A dominant-negative ice!/ muta-
tion blocks expression of CBF3 and decreases the expression of many
genes downstream of CBFs, such as RD29A, CORI5A and COR47.
This leads to a significant reduction in plant chilling and freezing tol-
erance. Interestingly, transgenic Arabidopsis lines that constitutively
overexpress /ICE] do not show CBF3 expression at warm temperatures,
but have a higher level of CBF3 transcript at low temperatures, suggest-
ing that cold-induced modification of the /CE/ protein or a transcrip-
tional cofactor is necessary for ICE] to activate the expression of CBF's
(Chinnusamy et al., 2003).

Finally, in contrast to CBF3 expression, the icel mutation produces
somewhat greater levels of cold-induced CBF?2 transcripts, indicating
that the mechanisms for expression differ within the CBF/DREBI gene
family (Chinnusamy et al., 2003).

Mutational Analysis of Freezing Tolerance in Arabidopsis thaliana

Many Arabidopsis mutants with increased or decreased freezing tol-
erance have been isolated and have proven very useful in identifying the
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genes and proteins involved in cold acclimation. A classical mutagene-
sis approach has enabled the isolation of sfr (sensitivity to freezing) mu-
tants that fail to gain tolerance after cold acclimation (Warren et al.,
1996). Based on an analysis of these mutants for cold-induced gene ex-
pression, the sfr6 mutants are deficient in the genes kinl/, corl5a, and
cor78/rd29A, all of which contain the CRT/DRE motif in their promot-
ers (Knight et al., 1999). Further study with the sfr6 mutant has found
that the expression of cold-induced genes is activated post-transcrip-
tionally by the interaction of CBFI/DREBI and DREB?2 with the CRT/
DRE promoter element (Boyce et al., 2003). In contrast, the freezing
sensitivity of cold-acclimated sfr4 has shown the greatest deficit among
the sfr mutants (Warren et al., 1996), due to its continued susceptibility
to membrane lesions that are caused by lyotropic formation of the hex-
agonal II phase, and which are also associated with the low sugar con-
tent in this mutant’s cells (Uemura et al., 2003).

A constitutively freezing-tolerant mutant, eskimol, exhibits greater
tolerance than WT plants in the absence of cold acclimation (Xin and
Browse, 1998). These mutant plants accumulate a 30-fold greater level
of Pro due to higher expression of the P5Cs gene compared with WT
plants under normal growing conditions. However, the expression of
several cold-regulated genes involved in freezing tolerance is not in-
creased. This suggests that ESKIMOI may activate a different signal
transduction pathway from the CRT/DRE-related pathway (Xin and
Browse, 1998).

Ishitani et al. (1997) have isolated a large number of mutants with de-
regulated cold-responsive gene expression, including cos (constitutive
expression of osmotically responsive genes), los (low expression of os-
motically responsive genes), and hos (high expression of osmotically
responsive genes). Xiong et al. (1999) have characterized an Arabidopsis
mutant, hos5, which exhibits increased expression of the osmotic stress-
responsive rd29A gene under osmotic stress but not when under cold
stress. Moreover, this osmotic-stress hypersensitivity found in hos5
does not affect the aba or abi mutants, suggesting that its sensitivity
only in the #os5 mutant is ABA-independent. The hos/ and hos2 mu-
tants show enhanced induction of both CBFs and their downstream cor
genes only under cold stress (Ishitani et al., 1998; Lee et al., 2001).
Non-acclimated hos] and hos2 mutants are less cold-tolerant than WT
plants, whereas the expression of CBF's is maintained at a higher level
for up to 24 h during this stress. HOSI and HOS?2 are, therefore, as-
sumed to be negative regulators of cold signaling pathways by modulat-
ing the expression level of the CRT/DRE binding factors. HOS/ encodes
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a RING finger protein as a possible E3 ubiquitin ligase that is present in
the cytoplasm at normal growth temperatures, but accumulates in the
nucleus upon LT treatment. Therefore, Lee et al. (2001) have proposed
that HOS! displays cold-regulated nucleo-cytoplasmic partitioning,
which may play an important role in communicating cold-generated
signals in the cytoplasm to the nucleus by targeting certain positive reg-
ulators of CBF's for ubiquitination and degradation.

The los1 mutant, in which the COR genes are no longer induced by
LT, enhances the expression of CBF/DRERB Is but fails to develop freez-
ing tolerance. This mutant, defective in the translation elongation factor
2 gene, blocks new protein synthesis specifically at low temperatures,
indicating that cold-induced transcription of CBF/DREBIs is feed-
back-inhibited by either their gene products or the products of their
downstream target gene (Guo et al., 2002). Another mutant, los2, is also
destructed in the accumulation of cold-responsive gene transcripts. The
LOS2 gene encodes a bi-functional enolase involved in the glycolytic
pathway. LOS2 protein can bind to the promoter of STZ/ZATI0, a zinc
finger transcriptional repressor. Induction of STZ/ZATI0 is strongly in-
creased and sustained in the los2 mutant whereas its expression is rapid
and transient in WT plants (Lee et al., 2002). The los4 mutant plants are
very sensitive to chilling stress, particularly in the dark; their chilling
sensitivity is reversed by constitutive expression of the CBF3 gene
(Gongetal., 2002). The LOS4 gene, considered the first positive regula-
tor in the expression of CBFs, encodes a DEAD-box RNA helicase,
suggesting that RNA metabolism is involved in cold acclimation.

Stockinger et al. (2001) have proposed that transcriptional activation
of a COR gene by Arabidopsis CBF I might be mediated by homologs
of the yeast histone actyltransferase (HAT) GCN5 and the transcrip-
tional adaptor proteins Ada2. In Arabidopsis, the AtADA?2 proteins in-
teract with the AtGCN5 protein. Moreover, both those proteins are
found to interact with CBF'1. Recently, Vlachonasios et al. (2003) have
reported that isolating the Arabidopsis mutants, which are disrupted by
T-DNA insertion of ADA2 and GCN3J, leads to induced expression of
CBFs, as is seen in WT plants. However, subsequent transcription of the
COR genes is reduced in both mutants. Non-acclimated ada2b- 1 mutant
plants are more freezing-tolerant than the non-acclimated wild-types,
suggesting that ADA2b may directly or indirectly repress a tolerance
mechanism that does not require the expression of CBF or COR genes.

Another series of freezing-sensitive mutant plants, frs/ (freezing sen-
sitive 1), show a wilty phenotype and excessive water loss in both
cold-acclimated and non-acclimated plants, but they recover after treat-
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ment with exogenous ABA (Llorente et al., 2000). Complementation
analysis has revealed that the frs/ mutation is a new allele of the ABA3
locus, and that gene expression in those mutants is altered in response to
dehydration. Therefore, the freezing tolerance triggered by ABA-regu-
lated proteins probably protects plants mainly from freezing-induced
cellular dehydration.

The involvement of P, (inositol 1,4,5-trisphosphate) has been dem-
onstrated in the stress signal pathway (Xiong et al., 2001). A mutation,
fieryl (fryl), shows enhanced expression of ABA- and stress-respon-
sive genes when treated with ABA, cold, drought, or salt. FRY I encodes
an enzyme with inositol polyphosphate 1-phosphatase that is involved
in the catabolism of IP;. In response to ABA and osmotic stress, there is
a transient increase of inositol 1,4,5-trisphosphate (IP;) in WT plants
(Lee et al., 1996), whereas the fry/ mutant accumulates a significantly
hlgher level of IP;,. In contrast to the greater induction of cold-respon-
sive genes, the fry] plants are defective in their cold acclimation and
germination. Hence, FRY! is a negative regulator of cold-responsive
gene expression through the modulation of IP; levels (Xiong et al.,
2001).

GENETIC ENGINEERING
FOR COLD TOLERANCE IN PLANTS

Genetic engineering, with either one or a small number of genes be-
ing introduced into a crop species, has achieved considerable progress
toward improving tolerance to LT stresses, including chilling and freez-
ing. Among the LT-induced genes already isolated, several major
groups have been adopted for enhancing tolerance. These include pro-
tein kinases, transcription factors, cold-regulated genes, oxidative stress-
related genes, lipid-modifying genes, and compatible solute-synthesis
genes (Tables 1 and 2).

Protein Kinase

In early cold signaling, low temperatures are sensed via alterations in
membrane fluidity or through cytoskeletal reorganization that affects
the calcium channels (Knight and Knight, 2001). Under cold stress,
these transient increases in cytosolic Ca2* are mainly perceived by Ca?+
binding proteins, e.g., calmodulin and Ca?+-dependent protein kinases
(CDPKSs) (Zielinski, 1998). Overexpression of a rice calcium-dependent
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protein kinase (OsCDPK?7) results in increased chilling- and osmotic-
stress tolerances in rice (Saijo et al., 2000). Expression of OsCDPK7
also induces some stress-responsive genes in response to high-salt or
drought conditions, but not the cold, suggesting that the downstream
pathways leading to such cold or salt/drought tolerance differ (Saijo et
al., 2000).

In plants, various stresses, including the cold, stimulate the accumu-
lation of reactive oxygen species (ROS), such as superoxide, hydrogen
peroxide, and hydroxyl radicals (Hasegawa et al., 2000). These ROS
serve as a signal that induces scavengers and other protective mecha-
nisms, as well as the damaging agents that contribute to stress injury in
plants (Prasad et al., 1994). Mitogen-activated protein kinase (MAPK)-
signaling pathways are actively involved in transducing oxidative sig-
naling (Ligterink and Hirt, 2001). Kovtun et al. (2000) have shown that
the Arabidopsis mitogen-activated protein kinase kinase kinase (ANP1)
can be induced specifically by H,O,. Furthermore, transgenic tobacco
plants that express a constitutively active tobacco ANPI (NPK1) dis-
play elevated tolerance to multiple environmental stress conditions and
repressed expression in auxin-inducible promoters (GH3). NDP kinase
(NDPK) is believed to be a housekeeping enzyme that maintains the
intracellular levels of all dNTPs except ATP (Moon et al., 2003). This
enzyme is also associated with H,O,-mediated MAPK signaling in
plants. Proteins from transgenic Arabidopsis plants that overexpress
Arabidopsis NDPK2 (AtINDPK?2) show high levels of autophosphoryl-
ation and NDPK activity, and have fewer ROS than the wild-type. In
contrast, mutants that lack AsINDPK2 have higher levels of ROS than do
WT plants. Constitutive expression of AtNDPK?2 in Arabidopsis plants
confers enhanced tolerance to multiple environmental stresses that
elicit ROS accumulation in situ (Moon et al., 2003).

Transcription Factors

Transgenic expression of the CBF genes leads to improved cold tol-
erance in many species (Tables 1 and 2). Constitutive expression of the
CBF ! or CBF3 genes in transgenic Arabidopsis plants not only induces
multiple COR genes without prior cold treatment, but also renders those
plants more freezing-tolerant than the controls (Liu et al., 1998; Jaglo-
Ottosen etal., 1998; Kasuga et al., 1999; Qin et al. 2004; Kitashiba et al.
2004). However, use of the strong constitutive 35S cauliflower mosaic
virus (CaMV) promoter to drive expression of CBF3 results in severe
growth retardation under normal conditions. In comparison, the over-
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expression of CBF3, as driven by the stress-inducible promoter such as
RD29A or ABRCl, gives rise to only minimal effects on plant growth,
with greater tolerance to stress (Kasuga et al., 1999, 2004; Lee et al.,
2003). Jaglo-Ottosen et al. (2001) have reported that overexpression of
the Arabidopsis CBF ] genes in canola increases tolerance in both accli-
matized and non-acclimatized plants. Furthermore, they have found
that transcripts encoding CBF-like proteins also accumulate in response
to LT in wheat and rye (which cold-acclimate), as well as in tomato, a
freezing-sensitive species that does not cold-acclimate. Hence, compo-
nents of the CBF cold-responsive pathway are believed to be highly
conserved in flowering plants, and are not limited only to those that
cold-acclimate. Furthermore, transgenic expression of CBFI in tomato
plants induces a higher level of the CATALASE] (CAT]I) gene, resulting
in improved chilling tolerance with less H,O, under either normal or LT
conditions (Hsieh et al., 2002). Those research results have suggested
that heterologous CBF] expression in transgenic tomato may induce
several oxidative stress-responsive genes to protect plants from chilling
stress. Finally, Arabidopsis plants that overexpress CBF3 not only have
elevated levels of COR proteins, but also higher Pro and total sugar con-
tents (Gilmour et al., 2000). Increased levels of the latter two occur with
cold acclimation in a wide variety of plants, and are thought to contribute
to the enhancement of freezing tolerance, in part, by stabilizing mem-
branes.

In addition to CBFs, analysis of the expression patterns of genes in-
duced by both dehydration and LT have demonstrated broad variations
in the timing of their induction and in their responsiveness to ABA (re-
viewed by Bray, 1997; Shinozaki and Yamaguchi-Shinozaki, 1997).
The transient increase in ABA during cold stress as well as the enhance-
ment of freezing tolerance by its exogenous application indicates that
this growth regulator must play a critical role in cold acclimation
(Thomashow, 1999). Analysis of the promoter regions of corl5a,
rd29a, and cor6.6 has revealed the presence of ABREs (ABA-respon-
sive elements), or PYACGTGGC (Baker et al., 1994; Yamaguchi-
Shinozaki and Shinozaki, 1994; Wang et al., 1995). Gene expression
through these ABRE's is regulated in plants by the transacting protein
that comprises the basic domain/leucine zipper (bZIP) structure (Aguan
etal., 1993; Kusano et al., 1995; Lu et al., 1996; Choi et al., 2000). Kim
etal. (2001) have cloned a novel cold-inducible zinc finger protein from
soybean, SCOF I, containing two C,H,-type zinc fingers and a putative
nuclear localization signal, KRKRSKR. SCOFI is weakly induced by
ABA as well as LT. Its level of transcription is increased up to 3 d after
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cold stress; in contrast, expression of DREB] decreases to a minimum
level within 1 d (Liu et al., 1998). This temporal sequence in the expres-
sion pattern of DREB] and SCOF I indicates that the initial induction of
COR gene expression by DREB] is synergistically increased by SCOF'1
during cold stress (Kim et al., 2001). Constitutive expression of SCOF I
in Arabidopsis results in the expression of multiple COR genes (corl5a,
cord7, and rd29b) and freezing tolerance. Although it does not directly
bind to ABRE or CRT/DRE motifs, it does enhance the DNA binding ac-
tivity of SGBFI, a bZIP transcription factor. Thus, SCOF1 interacts
with SGBFI to regulate COR gene expression through activation of
ABRE in the ABA-dependent pathway of cold-stress signal transduction
(Kim et al., 2001).

Microarray analysis has been used to monitor the complex changes in
response to LT in the Arabidopsis transcriptome. Seki et al. (2001) iden-
tified 40 transcriptional factors that belong to AP2/EREB, zinc-finger,
ERF, WRKY, bZIP and MYB families and Fowler and Thomashow
(2002) have provided a direct evidence for the activity of at least 15
cold-regulated transcription factors not participating in the CBF cold-
response pathway. Arabidopsis plants expressing the pepper ERF (eth-
ylene-responsive factor)/AP2 affected expression of genes that contain
either a GCC or a CRT/DRE box in their promoter region and displayed
tolerance against freezing and pathogen stresses (Yi et al., 2004). In ad-
dition, the expression of Osmyb4 or zinc-finger protein from rice in
Arabidopsis transgenic plants also increases LT tolerance, suggesting
that the existence of cross-talk between the LT stress and other stresses
(Vannini et al., 2004; Mukhopadhyay et al., 2004).

cor Genes

LT induces the expression of many cor genes (reviewed by Thomashow,
1999; Shinozaki and Yamaguchi-Shinozaki, 2000; Browse and Xin,
2001; Zhu, 2001; Chinnusamy and Zhu, 2002; Shinozaki et al., 2003).
In Arabidopsis, these include the /i (low temperature-induced), kin
(cold-induced), rd (responsive to desiccation), and erd (early dehydra-
tion-inducible) genes. Their products help plants adapt to subsequent
LT stress.

Overexpression of corl5a, which encodes a polypeptide, modestly
increases the freezing tolerance of chloroplasts in non-acclimated Ara-
bidopsis plants (Artus et al., 1996; Steponkus et al., 1998). This effect
appears to result from the mature corl5a-encoded polypeptide, corlSam,
decreasing the propensity of membranes to form deleterious hexagonal
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IT phase lipids upon freeze-induced dehydration (Artus et al., 1996;
Steponkus et al., 1998). Furthermore, Hara et al. (2003) have suggested
that a citrus corl5a, dehydrin (a Group-2 LEA protein), improves toler-
ance in transgenic tobacco plants by scavenging radicals to protect
membrane systems. Transgenic Arabidopsis plants constitutively ex-
pressing multiple dehydrin genes including RABI8 and COR47 or
LTI29 and LTI30 exhibited lower LT50 values and improved survival
under freeing stress compared to the control plants (Puhakainen et al.,
2004). They also found that the acidic dehydrin LTI29 was translocated
from cytosol to the vicinity of the membranes during cold acclimation
in transgenic plants. However, the overexpression of individual cold-in-
duced genes has provided little improvement in tolerance at the whole-
plant level (Artus et al., 1996; Kaye et al., 1998; Steponkus et al., 1998).
Therefore, those individual components of freezing tolerance perhaps
can work only within the context of a broader cold-acclimation re-
sponse (Browse and Xin, 2001). Ndong et al. (2002) have reported that
the wheat wesl9 is a stromal protein belonging to a new class of
organelle-targeted Group-3 LEA proteins. Its constitutive expression in
Arabidopsis can protect only cold-acclimated leaves from freezing-in-
duced damage.

Compatible Solute-Synthesis Genes

Compatible solutes, or osmoprotectants, are highly soluble com-
pounds that are nontoxic at high concentrations and which are accumu-
lated at elevated levels by many plant species in response to abiotic
stresses (Rhodes and Hanson, 1993). These solutes include polyols and
sugars, €.g., mannitol, sorbitol, and trehalose; amino acids, such as
proline; and betaines and related compounds (Rhodes and Hanson,
1993; McNeil et al., 1999). With advances in plant molecular genetics,
the roles of compatible solutes have been strengthened by the perfor-
mance of transgenic plants that overexpress or express genes related to
their biosynthesis under various stress conditions (reviewed by Chen
and Murata, 2002).

Sugars

In the plant kingdom, most species do not seem to accumulate detect-
able amounts of trehalose, a non-reducing disaccharide of glucose, with
the notable exception of the highly desiccation-tolerant “resurrection
plants” (Wingler, 2002). Genetic transformation for enhanced accumu-
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lation of trehalose in dicot species has resulted in undesirable pleio-
tropic effects, including stunted growth and altered metabolism under
normal conditions (Goddijn et al., 1997; Romero et al., 1997). On the
other hand, overexpression of E. coli trehalose-6-phosphate synthase/
phosphatase (ots A/B) inrice is driven by either a constitutive promoter
(Jang et al., 2003) or a stress-inducible or tissue-specific promoter
(Garg et al., 2002). As a result, trehalose is accumulated in amounts of
up to approximately 1 mg per gram fresh weight (FW), which contrasts
with the negligible levels seen in non-transgenic controls. Transgenic
lines produced by both groups (Garg et al., 2002; Jang et al., 2003) ex-
hibit enhanced tolerance to various stresses without growth retardations
or morphological alterations. In addition, increased trehalose levels are
correlated with higher soluble carbohydrate contents and an elevated
capacity for photosynthesis under stress and non-stress conditions.
These observations are consistent with a suggested role in modulating
sugar sensing and carbohydrate metabolism, rather than in osmoregu-
lation (Garg et al., 2002).

In addition, Arabidopsis plants with increased expression of sucrose
phosphate synthase (SPS) mitigate the inhibitory effect of cold stress on
photosynthesis, and maintain the mobilization of carbohydrates from
source leaves to sinks, leading to improved freezing tolerance (Strand et
al., 2003). Antisense expression of a tomato Lea-Gal gene, which en-
codes a-galactosidase to catalyze the hydrolysis of raffinose, results in
an increase in endogenous raffinose and enhanced tolerance by both
non-acclimated and cold-acclimated plants (Pennycooke et al., 2003).
Transgenic expression of genes, which are involved in fructan synthesis
such as bacterial fructan polymerase (SacB) or wheat fructosyltrans-
ferase (wft/ and wft2) increased freezing tolerance in tobacco and
perennial ryegrass, respectively (Konstantinova et al., 2002; Hisano et
al., 2004).

Proline (Pro)

In many plants, the stress-inducible accumulation of free proline
(Pro) is caused by both the activation of Pro biosynthesis and the inacti-
vation of Pro degradation (Kiyosue et al., 1996). Transgenic Arabid-
opsis plants with an antisense proline dehydrogenase (AtProDH), which
catalyzes Pro degradation, accumulate higher levels of Pro (~ 0.6 mg/g
FW) and show enhanced freezing tolerance, with a 33% survival rate
and 59% ion leakage, versus a 100% mortality rate in WT plants (Nanjo
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et al., 1999). In addition, Konstantinova et al. (2002) have introduced
Al-pyroline-5-carboxylate synthetase, as derived from Arabidopsis
thaliana and Vigna aconitifolia (Lines AtP5Cs and VacP5Cs), into to-
bacco plants. In that research, Pro contents have increased up to 8- and
15-fold, respectively, under cold stress. After the transgenic tobacco is
exposed to freezing temperatures under field conditions, they show
higher survival rates (50 to 90%), compared with the WT plants (0%
survival).

Glycine Betaine (GB)

Glycine betaine (GB) is among the common betaines most widely
distributed in higher plants. However, several taxonomically distant
species, e.g., Arabidopsis, rice, and tobacco, are considered non-accu-
mulators (Rhodes and Hanson, 1993), such that exogenous GB applica-
tions to these species actually improve their growth under various
stresses (Harinasut et al., 1996; Chen et al., 2000; Makela et al., 2000;
Sakamoto et al., 2000). Genes that encode the enzymes involved in GB
biosynthesis have been cloned from higher plants, E. coli, and microorgan-
isms (Rozwadowski et al., 1991; Deshnium et al., 1995; Rathinasabapathi
etal., 1997; Nyyssola et al., 2000). Furthermore, genetic engineering of
the GB biosynthetic pathway into non-accumulators has proven effec-
tive in enhancing stress tolerance (see review by McNeil et al., 1999;
Sakamoto and Murata, 2000, 2002; Chen and Murata, 2002).

Rice plants have been transformed with the codA gene, which en-
codes choline oxidase (COD) that converts choline to GB, with or with-
out the target sequence for chloroplasts (Sakamoto et al., 1998). When
COD is designed to remain in the cytosol, GB levels are five times
greater (~5 umol/g FW) than when it is targeted to the chloroplasts. Un-
der stress conditions, the content of GB in transgenic plants appears to
be much lower (up to 5 pmol/g FW) than in GB accumulators (up to 40
umol/g FW), regardless of the host plant species. For example, trans-
genic tobacco plants, engineered to produce GB, accumulate that com-
pound in quantities of no more than 0.1 pmol/g FW (Holmstrom et al.,
2000; Huang et al., 2000). On the other hands, transgenic utilization of
two bacterial N-methyltransferase enzymes, such as glycine sarcosine
methyltrasferase (ApGSMT) and dimethylglycine methyltransferase
(ApDMT), in Arabidopsis plants accumulated much higher levels of GB
than that of choline monooxigenase (CMO) transgenic Arabidopsis
plants (Waditee et al., 2005).
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In contrast, exogenous application of choline as a substrate to several
species of transgenic plants can greatly increase GB levels (Nuccio et
al., 1998; Huang et al., 2000). Nevertheless, modeling of the kinetics for
labeled choline metabolites, after ['*C]-choline has been applied to
transgenic tobacco that expresses a spinach gene for CMO, has demon-
strated that choline import into the chloroplasts is a major constraint on
the synthesis of GB in these organelles (McNeil et al., 2000). Hence,
two major limiting factors have been hypothesized for the accumulation
of GB in transgenic plants—substrate availability and the transport of
choline across chloroplast membranes (Nuccio et al., 1998, 2000; Huang
et al., 2000; McNeil et al., 2000). In particular, the availability of sub-
strate can be increased by the engineering of phosphoethanolamine
N-methyltransferase (PEAMT), a key enzyme in the choline-biosyn-
thetic pathway (McNeil et al., 2001). When PEAMT is introduced into
transgenic tobacco plants already engineered to produce GB, its over-
expression enables plants to accumulate up to 50 times more free
choline and 30 times more GB than those transformed with vector alone
(McNeil et al., 2001).

Recently, transgenic plants expressing the codA gene show reduced
oxidative damage under LT stress (Park et al., 2004). Despite having
higher levels of H,0, the transgenic lines were phenotypically normal
and recorded higher activities of H,O, scavenging enzymes under both
normal and stress conditions (Park et al., 2004). It has suggested that
H,0, produced by COD activity in transgenic lines stimulates the ex-
pression of antioxidantenzymes to maintain safe levels of H,0,, result-
ing in enhanced tolerance to oxidative stress induced by LT stress.

Lipid-Modifying Genes

Because membranes are critical sites of LT-induced injury, the engi-
neering of more stress-tolerant cell membranes has attracted much at-
tention. Increased levels of unsaturated membrane lipids lead to higher
fluidity, improved cold tolerance, and greater photosynthetic ability in
transgenic plants (Tables | and 2). For example, tobacco plants have
been transformed with acyl-ACP:glycerol-3-phosphate acyltransferase
(GPAT), from both a chilling-sensitive squash plant and chilling-toler-
ant Arabidopsis (Murata et al., 1992). Levels of saturated phosphatidyl
glycerol decline in the transgenic tobacco containing the Arabidopsis
enzyme, in contrast to plants with the squash enzyme. Correspondingly,
transformants with the Arabidopsis enzyme are more chilling-tolerant
than those with the squash enzyme. The cDNAs for either Arabidopsis
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GPAT or spinach GPAT have also been introduced into rice (Yokoi et
al., 1998:; Ariizumi et al., 2002). Under LT conditions, both the level of
unsaturated fatty acids and the rate of net photosynthesis in the leaves of
transgenic plants are much higher than in the controls.

A chloroplast -3 fatty acid desaturase has been shown to increase the
amount of dienoic and trienoic fatty acids and, consequently, enhance
resistance (Kodama et al., 1994). A broad-specificity A9-desaturase
gene (Des9) from the cyanobacterium Anacystis nidulans or Synecho-
coccus vulcanus has also been inserted into tobacco plants, resulting in
enhanced chilling tolerance (Ishizaki-Nishizawa et al., 1996; Orlova et
al., 2003). The enzyme introduces a cis-double bond in specific satu-
rated fatty acids of various membrane lipids. Because lipid biosynthetic
activities in higher plants are localized to the plastid and endoplasmic
reticulum, the enzyme is fused to a transit peptide of the pea Rubisco
small subunit in order to achieve correct targeting. As a result, the
amount of affected A9-monosaturated fatty acids in the transgenics is
increased up to 17-fold (Ishizaki-Nishizawa et al., 1996). Furthermore,
when tobacco plants are exposed to 1°C for 11 d, those expressing Des9
show no signs of chlorosis compared with the WT plants.

Oxidative Stress-Related Genes

Reactive oxygen species (ROS), including the superoxide (O,7),
hydroxyl radicals (OH~) and hydrogen peroxide (H,0,), cause oxida-
tive damage to cells during several important metabolic processes, in-
cluding the mitochondrial electron transport system and the chloroplast
photosystems (Foyer et al., 1994). The amount of ROS increases when
plants are exposed to various environmental stresses (reviewed by
Foyer et al., 1994; Mittler, 2002). Under such stresses, PS T uses oxygen
as an alternative electron acceptor. This oxygen reduction results in the
production of superoxide and its dismutation product H,O,. Hydrogen
peroxide and superoxide cooperate in the formation of highly toxic oxy-
gen species, such as hydroxyl radicals (Wise, 1995). Furthermore,
peroxidation of the membrane lipids or photoinhibition of PS I can be
observed in chilling-sensitive plants (Gupta et al., 1993). These symp-
toms typically occur in plants suffering from oxidative stress. There-
fore, this enhanced protection is also advantageous under LT conditions.

To scavenge ROS, plants have developed enzyme systems that in-
clude superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase
(CAT), monodehydroascorbate reductase (MDAR), dehydroascorbate
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reductase (DHAR), and glutathione reductase (GR). Recent studies have
demonstrated that plants produce ROS as signaling molecules to control
their biological processes in response to abiotic stress (Neill et al., 2002;
Vranova et al., 2002). In addition, researchers have attempted to de-
velop transgenic plants with modified ROS-scavenging mechanisms as
a means of increasing the functional capacity of such enzymes against
LT-induced stress (Tables 1 and 2).

Manipulation of the expression of enzymes involved in ROS-scav-
enging systems has focused on SOD, APX, and GR, all isoenzymes that
are mainly targeted into the cytosol, mitochondria, or plastids (Gupta et
al., 1993; McKersie et al., 1993; Kornyeyev et al., 2003; Foyer et al.,
1995; Yoshimura et al., 2004). For example, transgenic tobacco, which
is genetically engineered with chloroplastic CuZn-SOD, shows im-
proved resistance to intense light and LTs, even though the elevated ac-
tivity of the native APX associated with higher SOD activity in these
plants may be most critical to their recovery of photosynthesis (Gupta et
al., 1993). Overexpression of Mn-SOD from tobacco also confers pro-
tection against freezing damage in alfalfa (McKersie et al., 1993) as
well as chilling damage in cotton (Allen, 1995) and maize (van Breusegem
etal., 1999a, 1999b). During field trials, transgenic alfalfa that potently
expresses Mn-SOD and Fe-SOD in the chloroplasts has higher winter
survival rates and herbage yield than do the control plants, with no de-
tectable difference in the pattern of primary freezing injury, as shown
by vital staining (McKersie et al., 1999, 2000). Transgenic overproduc-
tion of APX in cotton increases four-fold higher activity of APX than
that of WT during exposure to 10°C and 500 pmol photons/m?/s!
(Kornyeyev et al., 2003). These plants did not exhibit as large of an in-
crease in cellular H,O, that was evident in WT shortly after the imposi-
tion of the chilling treatment, together with showing less PS 1 and PS 11
photoinhibition. Transgenic tobacco that expresses both Glutathione
S-transferase (GST) and glutathione peroxidase (GPX) genes in the cy-
toplasm also shows improved tolerance to chilling temperatures and
salt stress during germination and seedling development (Roxas et al.,
1997, 2000). This improvement in growth appears to depend on in-
creased oxidation of the glutathione pool, which is necessary for the ef-
fective scavenging of toxic H,O, by GPX and for the maintenance of
other antioxidants, such as ascorbate and tocopherols. Furthermore,
transgenic tobacco plants overexpressing Chlamydomonas GPX in
chloroplast seems to be more tolerant to several stresses, including
chilling, salt and oxidative stress, than the cytosol-targeted lines
(Yoshimura et al., 2004). This can be explained by the fact that the ma-
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jor sites of ROS production in the plant cell are the organelles with
highly oxidizing metabolic activities or with sustained electron flows:
chloroplasts, mitochondria, and microbodies. In addition, transgenic to-
bacco plants overproducing alfalfa NADPH-dependent aldose/alde-
hyde reductase also show higher tolerance to LT photoinhibition and
cadmium stress (Hegediis et al., 2004).

GENETIC ENGINEERING FOR COLD TOLERANCE
IN HORTICULTURAL CROPS

Even though many species have been transformed for enhanced tol-
erance to chilling (Table 1) and freezing (Table 2), the number of trans-
genic horticultural crops with such traits is relatively small.

The CbfI Transgenic Tomato

The CRT/DRE binding factor | (CBFI) induces expression of the
COR genes, resulting in enhanced tolerance to chilling (Table 1) or
freezing (Table 2) without cold acclimation. CBF/ homologues have
been isolated from various chilling-tolerant and -sensitive species, indi-
cating that cold-regulated CBF-like genes are not limited only to plants
that can be cold-acclimated (Jaglo-Ottosen et al., 2001). Constitutive
expression of the Arabidopsis CBFI gene in tomato increases tolerance
to chilling, but not to freezing stress (Hsieh et al., 2002). Moreover, us-
ing known Arabidopsis COR cDNAs, such as COR47, COR15a, and
KIN1, as probes with CBF] transgenic tomatoes does not hybridize to
any tomato transcripts, implying that alternative tomato protein(s) may
be functioning as stress protectants (Hsieh et al., 2002).

Hsieh et al. (2002) have also found that the CBF/ gene induces
higher levels of the CATALASE] (CAT1) gene and catalase activity, re-
sulting in improved oxidative tolerance with lower H,O, content under
either normal or LT conditions. In chilling-sensitive maize, CAT3 gene
expression and its enzymatic activities are increased during cold accli-
mation; the improvement of chilling tolerance conferred by acclimation
is correlated with up-regulation of this gene (Prasad, 1997). Transgenic
tomato plants that overexpress antisense CAT/ are also more sensitive
to oxidative stress and chilling injury (Kerdnaimongkol and Woodson,
1999). Hsieh et al. (2002) have proposed that a putative CRT/DRE bind-
ing site may exist on the maize CAT3 and rice CAT-A promoter, based
on DNA sequence analysis. Recently, Seki et al. (2001) have reported
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that the Arabidopsis CAT3 gene is induced by cold, drought, and the
overexpression of DREBla (= CBF3). Therefore, based on all these
studies, Hsieh et al. (2002) have concluded that the enhancement of
chilling tolerance in CBF I transgenic tomato may be due to the induc-
tion of the CAT/ gene.

CBF I transgenic tomato plants exhibit apparent dwarfism along with
reductions in fruit set and number of seeds per fruit. Similar growth re-
tardation has been observed in Arabidopsis transformed with the DREBIa
construct (Kasuga et al., 1999). However, the application of GAj to
transgenic tomato plants can reverse this phenomenon while not affect-
ing their chilling tolerance. This suggests that overexpression of CBF/
may interfere with GA biosynthesis in transgenics. Kasuga et al. (1999)
have achieved enhanced tolerance without harming growth by replac-
ing the CAMV 35S promoter with an inducible promoter in transgenic
Arabidopsis. Their results demonstrate the potential benefit of using a
stress-inducible promoter, such as RD29A, as a way to overcome the
problem of dwarfism in CBF transgenic plants.

The Cbf1 Transgenic Strawberry

Floral damage is a serious consequence of exposure to freezing tem-
peratures, particularly in early-blooming species, such as strawberry,
cherry, peach, almond, and apricot (Rodrigo, 2000). In strawberry
plants, their early bloom and extreme mid-winter temperatures may in-
crease the occurrence of injuries to flower and crown tissues, respec-
tively. Therefore, Owens et al. (2002) have cloned orthologs of the
Arabidopsis CBF1 gene from strawberry (Fragaria Xananassa Duchesne)
and sour cherry (Prunus cerasus L.), and have studied the expression of
CBFI in both species. They have also used Agrobacterium-mediated
transformation in strawberry, with the Arabidopsis CBFI gene driven
by a constitutive CaMV 35S promoter. This has led to enhanced freez-
ing tolerance in transgenic leaf tissues, but not in the receptacle tissues,
although the level of CBF1 transcript is similar in both (Owens et al.,
2002).

In Arabidopsis transformed with reporter genes driven by the corl5a
and cor78 promoters, Horvath et al. (1993) have noted that the reporter
is not expressed in the ovaries following cold acclimation, despite re-
porter gene expression being detected in many vegetative and reproduc-
tive tissues. Moreover, the Arabidopsis sfr6 mutant, which is deficient
in freezing tolerance, shows no expression of the COR genes in re-
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sponse to LTs, even though their expression of CBF 3 following cold ex-
posure is normal (Knight et al., 1999). Altogether, these observations
raise the possibility that either (1) different signal transduction path-
ways lead to the induction of CBF in strawberry floral tissues, or
(2) cold acclimation can be induced by an alternative pathway or by a
CBF paralog that has yet to be detected in such experiments (Owens et
al., 2002).

The A-Gal Transgenic Petunia

Transcriptome-profiling experiments in Arabidopsis indicate that ex-
tensive changes in gene expression occur during cold acclimation, and
that a substantial number of the genes that are up-regulated during that
time are involved in metabolism under cold conditions (Fowler and
Thomashow, 2002). In addition to COR gene expression, one notable
biochemical/physiological alteration during cold acclimation is the ac-
cumulation of compatible solutes, such as soluble sugars (Guy, 1990).
In Arabidopsis, transcripts and enzyme activity are strongly up-regu-
lated for sugar biosynthesis at LTs (Strand et al., 2003), which suggests
that such an accumulation may be related to carbon storage and a role as
a cryoprotectant. Uemura et al. (2003) have studied the sugar-deficient
mutant (sfr4), and have shown that this defect in its cells during cold ac-
climation is largely responsible for the impaired increase in freezing tol-
erance. However, supplementing those mutant plants with sucrose
restores their tolerance to a level similar to that found with the wild-
types after cold acclimation. Moreover, Castonguay and Nadeau (1998)
and Taji et al. (2002) have reported that variations in freezing tolerance
are more closely related to a plant’s capacity to accumulate raffinose
family oligosaccharides (RFOs) than to its ability to store sucrose.

In response to environmental conditions, the endogenous concentra-
tion of soluble sugars in higher plants is controlled through synthesis,
degradation, and transport (Strand et al., 2003). RFOs, particularly
raffinose, accumulate as a reaction to cold stress, with altered rates of
raffinose biosynthesis (Taji et al., 2002). This biosynthesis is regulated
by two enzymes, galactinol synthase (GolS) and raffinose synthase
(RafS) (Pennycooke et al., 2003). Raffinose degradation proceeds by
the action of «-galactosidase (t-Gal), which hydrolyzes Gal-contain-
ing oligosaccharides (Pennycooke et al., 2003). In addition, at least
three putative GolS genes in Arabidopsis are members of the CBF
regulon (Fowler and Thomashow, 2002), while one of them is induced
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in response to LTs and the overexpression of CBF3/DREBIa (Taji et
al., 2002).

The tomato Lea-Gal gene (oi-galactosidase) has been introduced into
petunia in the sense and antisense orientations (Pennycooke et al.,
2003). The content of total soluble sugars in non-acclimated antisense
lines is approximately three to five times higher than that in the non-ac-
climated WT and sense lines. More than 50% of the increase in total sol-
uble sugars is due to the accumulations of raffinose in cold-acclimated
antisense lines and sucrose in cold-acclimated WT and sense lines
(Pennycooke et al., 2003).

The raffinose content of non-acclimated antisense plants is up to
22-fold higher than in the wild-types, and up to 53-fold greater after
cold acclimation. Under non-acclimated conditions, all except one
antisense line are significantly more freezing tolerance (up to a 2°C in-
crease) than the WT plants. Freezing tolerance is about —5°C for
cold-acclimated WT plants, whereas the cold-acclimated antisense lines
range from —6 to —8°C. Thus, down-regulating o-Gal in petunia re-
sults in an elevated level of raffinose and increased tolerance at the
whole-plant level for both non-acclimated and cold-acclimated plants.
In contrast, overexpression of the a-Gal gene causes endogenous
raffinose to decrease, along with the impairment of freezing tolerance.
Moreover, differences in the maximum level of tolerance between the
antisense and sense lines are more closely related to the capacity of
plants to accumulate raffinose rather than sucrose (Pennycooke et al.,
2003). These results, therefore, suggest that engineering for raffinose
metabolism via transformation with the antisense construct of «-Gal
provides an additional method for improving freezing tolerance.

The Coda Transgenic Tomato

Tomato plants, which normally do not accumulate glycine betaine
(GB), are susceptible to chilling stress. We have transformed tomato
(Lycopersicon esculentum Mill. cv. Moneymaker) with the codA gene,
which encodes choline oxidase (COD), using the transit peptide se-
quence of a small subunit of the tobacco Rubisco gene to target the
COD into chloroplasts (Park et al., 2003, 2004). These transgenic plants
can accumulate up to 0.23 mmol of GB per gram FW in their leaves. Af-
ter exposure to stress conditions, GB levels in their leaves are lower
than those reported in Arabidopsis (0.8~1.2 mmol/g FW; Hayashi et al.,
1997), Brassica juncea (0.64~0.82 mmol/g FW; Prasad et al., 2000), or
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