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T Introduction to Flower Seeds and the
Flower Seed Industry

Miller B. McDonald! and Francis Y. Kwong?
'Seed Biology Program, Department of Horticulture and Crop Science,
Ohio State University, 2021 Coffey Road, Columbus, OH 43210-1086, USA;
2PanAmerican Seed Company, 622 Town Road, West Chicago, IL 60185-2698, USA

Floriculture is a small, but significant,
component of the global economy. A recent
European study (Hannover University, 2003)
estimated the worldwide production value
of flowers to be around €60 billion. The
North American production totalled about
10% of this amount. The retail floriculture
industry has been steadily increasing in size
and importance. For example, in the USA,
retail sales of flowers have increased from
US$4.7 billion in 1980 to US$19 billion in
2002 (Fig. 1.1). In comparison with overall

20

agricultural income, the floral industry
represented 7.3% in 1994 and increased to
9.8% in 2002 (Fig. 1.2).

Great diversity exists in the use of flowers
both from a geographical and from a historic
perspective. The incorporation of bedding
plants into our gardens can be traced back to
the early 19th century when colourful annu-
als and tender ornamentals were imported
to Europe from the Americas, South Africa
and Asia. From the onset, domestication of
exotic plant species has been a mainstay in the
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Fig. 1.1.

The value of the American retail floral industry in US dollars from 1980 to 2002.
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Fig. 1.2. The percentage contribution of the floral industry to American agriculture from 1994 to 2002.

development of garden designs (Hobhouse,
1992).

Seeds are perfect natural packages that
facilitate the migration of plant species across
land and sea. Early developments of the
flower and seed industries generally involved
importing exotic plant materials and improv-
ing them through selection in accordance
with local climates and prevalent tastes.
Starting in the 18th century, mass migration
of peoples throughout the world contributed
to the broader distribution of novel ornamen-
tal varieties. New trends in desirable flower
types and how flowers are used continue to
develop, and the flower seed trade evolves to
accommodate these trends. The vast diversity
of flower crops is an important, unique
feature of the flower seed industry and this
presents greater technical challenges to it than
to other agricultural industries.

Special Features and Challenges of
the Flower Seed Industry

The flower seed trade developed from
small-scale sales of selected wvarieties by
speciality nurseries two centuries ago to a
highly technical, vibrant segment of the
seed industry today. There are a number of
unique characters that set the flower seed

trade apart from its crop and vegetable seed
counterparts:

1. Product range. There are hundreds of
species commonly used as flowers, compared
with only a few major food staples and tens of
vegetables. Existing flower seeds come from
a broad botanical taxonomic base, and new
crops are being introduced every year. Most of
the popular flowers are annuals, but there are
also many biennials and perennials. They are
commonly used as bedding plants, pot plants
and cut flowers. Some flowers are edible and
are often used in regional gourmet cuisines or
as garnishes in salads. This very broad product
range demands a very broad knowledge base
for those involved in the industry.

2. Continual quest for new products. New
flowers are selected mainly for their orna-
mental value rather than crop yield, which is
the primary selection factor in food crops.
Being a qualitative trait, ornamental value
is largely subjective and depends greatly on
cultural changes in society. Novelty captures
the attention of the consumers and there is a
continual need for a different look, a newer
colour. Flower breeders have to keep abreast
of significant cultural changes in society and
the successful ones are trendsetters, much like
designers in the fashion industries. Identify-
ing exotic plant materials from foreign
countries and adapting them to local
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requirements through breeding techniques is
just as important today as it was more than
200 years ago.

3. Serving highly sophisticated customers.
The growth of the greenhouse industry is an
important factor contributing to the growth of
the floricultural industry. Indoor production
under a controlled environment allows many
of the warm-climate plants to be produced out
of season in colder climates. Since greenhouse
production is capital intensive, successful
operators are generally both skilful growers
and businessmen. It is a highly industrialized
segment of the agricultural sector today and
greenhouse growers have very exact product
requirements for their seed suppliers. Many of
these requirements can be summarized in
one phrase: programmable production. The
growers need to know the technical details of
the crop culture and information on how to
force a flower crop for special holidays when
the demands for fresh flowers are high. The
seed companies must ensure that seeds of the
desirable varieties are available at the required
time. They also need to develop cultural
guidelines for optimal crop performance and
provide information on how to induce flower-
ing at the desired period. This information is
particularly key to the successful introduction
of new crops.

4. High seed germination requirement. For
the flower seed industry, the single most
important development in greenhouse pro-
duction in the last 20 years is the emergence
of ‘plug’ growers. These are growers who
specialize in the production of young plants
that are then sold to ‘finishers” who bring
the young plants to flower for the market.
Standardized sized trays containing different
numbers of individual cells (‘plugs’), each
planted with one seed, are used for young
plant production. The plug growers sell these
trays to finishers with a guaranteed minimum
plant count. The finishers then transplant
the young plants into larger containers
by hand or, more commonly, by computer-
driven automatic transplanting machines.
To optimize production efficiency, growers
demand that each seed must germinate and
produce a seedling, otherwise valuable green-
house space and nutrients are wasted. Trans-
planting labour is a major cost in production.

Moreover, these seeds must germinate
uniformly because bedding plant operations
function by ‘staging’ trays containing the
plugs. Everything is moved on schedule and a
non-uniform tray is both visually undesirable
and less valuable from a production perspec-
tive. Seed companies have to produce flower
seeds of the highest quality in order to satisty
these growers. Seed viability testing proce-
dures that were developed decades ago are
no longer sensitive enough to differentiate
seed lots of varying quality. Vigour tests that
correlate well to practical conditions have
been developed for this purpose. But the
diversity of crops has made it difficult to
forge agreement that one universal vigour test
functions ideally for all ornamental crops.

5. Advances in seed technology. Because
growers have high expectations for flower
seed performance, they are willing to pay
increased seed costs that are relatively high
compared with their agronomic and vegetable
counterparts. Fortunately, these increased
prices also allow the industry to practise seed
enhancement technologies not commonly
encountered in other crops. For example,
many flower seeds are routinely primed for
improved performance or pelleted to either
permit greater ease of handling or increase
precision planting using mechanical seeders.
Each of these techniques must be researched
for optimum performance according to crop,
which requires specific equipment, expertise
and knowledge.

Why this Book?

The ornamental industry has changed
substantially in the last 20 years. The science
of flower seed technology has also advanced
rapidly to keep up with new market
demands. There is much information
scattered in various scientific and trade
publications, and more is being kept in
the proprietary domain of seed companies.
Anyone searching for information on flower
seeds finds it in short supply and seldom
collated into one comprehensive reference.
The objective of this book is to update the
reader on the current state of knowledge
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about flower seeds in one common resource.
Because the topic is broad and complex, no
one individual could have authored such
a treatise. As a result, we have taken the
approach of identifying experts knowledge-
able in specific areas of flower seeds. As
editors, our role has been twofold: (i) to
ensure that each author provided com-
prehensive technological detail about each
subject; and (ii) to ensure a consistency in
editing style and presentation for the reader.

The book is arranged in three sections.
The first section (Chapters 2-4) provides
an introduction to the flower seed industry
and identifies the users of flower seeds. These
chapters provide a historical treatment of the
industry and emphasize the challenges and
opportunities for the ornamental and bedding
plant and wildtflower industries. The second
section (Chapters 5-10) considers the science
of flower seed production. How do seed com-
panies establish successful breeding program-
mes? What factors control flower induction so
that not only the highest quality seeds are
produced, but yields are maximized? What is
the structure and anatomy of flower seeds?
What physiological events govern seed germi-
nation, dormancy imposition and release, and
seed deterioration? These important topics
are considered in detail. The third section
(Chapters 11-17) discusses the technology
of flower seeds. This includes chapters on
cleaning, enhancements, germination, viabil-
ity and vigour testing of flower seeds. Here,
for the first time, are specific guidelines
and information to accomplish these tasks.
A chapter is also provided describing the
activities of the Ornamental Plant Germplasm
Center — the only governmental organization
dedicated to conserving germplasm for the
future genetic improvement of flower crops.

We are pleased with the new, compre-
hensive, and detailed discussions concerning
flower seeds presented in this text. As editors,
however, we acknowledge a major deficiency
in the lack of coverage of flower seed
pathogens. This is an important topic that
must be incorporated in future books on this
subject. Seeds can be major carriers of disease
organisms. As a result, it is important to
provide information on common pathogens,
their epidemiology, disease traits and

approaches to testing for pathogen presence.
Increasingly, as flower seeds are produced in
one country and used in another, certification
standards for seedborne infections will be
necessary. These should be established on
the basis of sound scientific principles and
knowledge.

Another challenge for this book was
the inherent diversity of ornamental crops.
Should we consider all ornamental crops or
emphasize specific ones? Fortunately, a select
committee composed of industry representa-
tives, growers and academics was formed to
identify the 20 priority genera for the Orna-
mental Plant Germplasm Center. These were
selected on the basis of their potential eco-
nomic value and impact for the ornamental
industry in the future. When authors were
uncertain which ornamental crops to empha-
size, we encouraged them to select from
this list. By so doing, the chapters permit
the development of common concepts and
themes rather than a compilation of disparate
bits of unrelated information.

Throughout, we have kept our audience
in mind. This book is intended as a reference
resource written at the advanced level.
Authors were encouraged to provide compre-
hensive literature citations in each chapter
so the reader could have the opportunity to
glean additional information when desired.
Anyone interested in flowers will find this
book useful. However, it is those directly
involved with the utilization of flower seeds,
their production and quality control who
will find this reference most beneficial. This
includes students, growers and researchers in
both the public and private sectors as well as
seed technologists.

Much of the information presented in
this text is derived from original research.
Where feasible, authors were encouraged
to develop high quality figures depicting
important points. This comes at increased
publication cost. Royalties generated from the
purchase of this book will be used to offset
these costs and reduce the purchase price to
the reader. Any remaining royalties will be
donated to the Research Committee of the
International Society of Seed Technologists to
support continued research in flower seeds.
By so doing, further advancements in our
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understanding of the biology and technology
of flower seeds will be possible. We thank
each author for his or her outstanding
contributions in time and knowledge to this
initiative. We hope the reader enjoys these
presentations and learns more about flower
seeds.
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2 History of the Flower Seed Industry

Nona Koivula
Executive Director, All-America Selections® and the National Garden Bureau,
1311 Butterfield Road, Suite 310, Downers Grove, IL 60515, USA

American Seed Industry

The origins of the United States” flower seed
industry can be traced back to 1784 when the
David Landreth Company opened a retail
store in Philadelphia, Pennsylvania. It was
the first store offering seed, bulbs and related
garden supplies to consumers.

In addition to retail stores, there are
three branches of the flower seed industry in
the USA. While related, they serve different
customers. The oldest two branches serve
home gardeners as customers. The first
branch is the mail-order seed catalogue group,
which sells flower seeds to gardeners. The
second branch is the packet seed industry,
which buys flower seed, puts it in a packet and
sells the packets through retail stores. The
third branch is the most recently founded:
the branch consisting of seed companies that
sell to the professional bedding plant or pot
plant growers. The three branches are not
mutually exclusive. For example, W. Atlee
Burpee distributes seed through mail-order
catalogues, in packets at retail stores, and
another division serves the professional
bedding plant grower.

Origins of the American Seed Industry

The focus of this chapter is to provide
information about the professional growing

industry and this branch will be emphasized
in this brief history. The origins of the packet
seed industry are unique and are included as
a reference.

One of the oldest branches was born of a
distinct religious group, the Shaking Quakers,
aka Shakers. The Shakers were an industrious
group of religious separatists from Manches-
ter, England, whose spiritual leader was
Ann Lee, a factory worker and infirmary cook
(Beale and Boswell, 1991). Shakers settled in
New Lebanon, New York, in 1784. This village
was selling herb seed in 1789. The network of
17 independent villages across the north-east,
Ohio and Kentucky gave the Shakers a dis-
tinct advantage in the seed business. They
learned various seed growing, harvesting and
marketing techniques from each other. The
American seed packet industry began with
Shakers placing seeds in small hand-made
paper envelopes. The labelled envelopes were
assembled into wooden boxes and placed
on horse-drawn wagons. The men travelled
extensively from town to town dropping off
the Shaker box of seed at general stores. There
was an agreement that the store did not have
to pay for the seed until packets were sold. At
the end of the growing season, the Shaker
would return to the store. The store owner
would then pay for the seed packets sold and
return the unsold seed. Amazing as it may
sound, the packet seed industry remains the
same today — a cash flow nightmare for any
seasonal business.

©CAB International 2005. Flower Seeds: Biology and Technology
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The Shakers had the packet seed industry
all to themselves until about 1888. The mar-
ket shifted from plain hand-made envelopes
to packets printed with wood engravings of
flowers or vegetables. This new marketing
style led to other seed companies gaining
market share in the home garden packet
seed business.

Brief History of Major Seed Companies
American seed companies

George W. Park

Seven existing seed companies trace their
origins to between 1868 and 1905. In 1868
George W. Park published his first home
garden mail-order catalogue, which con-
tained only eight pages and two illustrations.
He grew his business in Libonia, Pennsylva-
nia, until he married a South Carolinian and
moved his business to Greenwood, South
Carolina. The Geo. W. Park Seed Company
is well known for offering unusual flower
species to home gardeners and bedding
plant growers. The trial ground covers
9 acres where varieties are tested before
being added to their product line. Geo. W.
Park Seed Company has grown into a strong
merchandizing company. It is still owned
and operated by the founding family. Karen
Park Jennings leads the company into the
21st century.

W. Atlee Burpee

In 1876, W. Atlee Burpee began his mail-
order business in Philadelphia, Pennsylvania.
While offering flower and vegetable seed, a
large part of the business was farm livestock.
The 1888 Burpee catalogue was entitled
‘Burpee’s Farm Annual’ (Fig. 2.1). The Rural
Free Delivery system, recently formed by the
federal government, helped Mr Burpee sell
his wares, since it ensured mail delivery to
almost every family. Burpee was a consum-
mate seedsman, looking for new varieties
around the world. Unlike tlowers, several of
the Burpee vegetable varieties introduced in
the 1880s are still available on the market,

such as the sweetcorn ‘Golden Bantam’. This
variety single-handedly changed the favour-
ite edible corn kernel colour from white to
yellow. Still available are Burpee’s ‘Bush’
Lima bean (1890), ‘Rocky Ford’ melon (1881)
and the now famous ‘Iceberg’ (1894) lettuce.
In 1888, Burpee offered the petunia ‘Black-
throated Superbissima’ as a new variety
(Fig. 2.2). It looks like a relative of dianthus.

Vaughan’s Seed Co.

In the basement of a building on LaSalle
Street in downtown Chicago, J.C. Vaughan
established a store selling nursery stock and
vegetable seed. In 1876, vegetable farmers
raised crops on the outskirts of Chicago and
sold fresh vegetables to the city markets.
Vaughan’s Seed Company supplied the
vegetable seed to local farmers. At the
Columbia Exposition in Chicago, Vaughan's
gained international recognition by winning
23 awards for its horticultural displays
(Whitmore, 1990). Vaughan’s diversified
into mail-order catalogue sales and packet
seed sales. After World War II, the company
expanded into the greenhouse grower trade.
The Vaughan family sold the business to
Sandoz. It evolved into Syngenta and S&G
Seeds, a strong company in the bedding plant
business today.

Joseph Harris Company

Joseph Harris travelled from England to the
Genesee Valley near Rochester, New York.
He found the area agreeable and sent for his
family. He rented a farm and in 1863 bought
property, which he named Moreton Farm
after his birthplace in England (Harris Seeds,
1979). Mr Harris operated a highly diverse
farm and, as a gifted writer, edited or pub-
lished numerous magazines and textbooks.
In 1879, the writer/farmer issued a 44-page
seed catalogue offering hundreds of flower
and vegetable varieties as well as purebred
sheep and pigs. The seed business grew and
ownership was transferred to Selah Harris,
the founder’s son. Joseph Harris, grandson of
the founder, became president in 1949, the
third generation to own the business. Under
his direction the seed business expanded into
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flower and vegetable breeding. A network of
salesmen sold Harris Seeds to bedding plant
growers. A gifted plant breeder, Fred Statt,
became one of the major petunia breeders in
the 1960s. As a flower and vegetable seed
breeder and producer, Harris Seeds was an
important seed supplier in the 1970s and
1980s. While ownership changed, the Harris
Seed Company remains in Rochester, New
York, selling seed to bedding plant growers,
market gardeners and consumers.

Bodger Seeds, Ltd

In Santa Paula, California, John Bodger was
working for a seed company and later began
his own, Bodger Seeds, Ltd, in 1890. Bodger
Seeds contributed significantly to the flower
seed industry as a flower seed breeding
and producing company. Working with the

Fig. 2.1. ‘Burpee’s 1888 Farm Annual’ -
W. Atlee Burpee catalogue cover.

University of Wisconsin, Bodger Seeds intro-
duced the first wilt-resistant asters, which were
an important cut flower crop. In 1919, Bodger
Seeds introduced the first dahlia-flowered
zinnia. The founder’s son, John C. Bodger,
spotted an unusual, sweet-smelling double
nasturtium in a bouquet of flowers on his
table. His wife informed him that the flowers
were a gift from her friend. Mr Bodger inves-
tigated the source of the double nasturtium
and secured some seed from his wife’s friend,
who was a gardener. The double nasturtium
was bred and entered into the new testing
programme, All-America Selections®. The
variety was clearly superior to other nastur-
tiums as a double bloom. It was introduced in
1933 as a Gold Medal AAS winner, ‘Gleam
Mixture’. Even during the depths of the
Depression, this new variety was in demand
and sold for up to 5 cents per seed (Fig. 2.3).
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Bodger Seeds, Ltd remains firmly rooted
in southern California. The company is still
owned and managed by the Bodger family,
continuing the tradition of breeding and
producing improved flower seeds for the
bedding plant market and home gardeners.

Henry F. Michell

Henry F. Michell began a seed company in
the 1890s originally in Philadelphia, Pennsyl-
vania. His company conducted business in
German or English and targeted home gar-
deners (Nau, 1999). He assisted their garden
planning and actually planted estate gardens
in the area. The company exists today in King
of Prussia, Pennsylvania, focusing the busi-
ness on sales to bedding plant and nursery
companies. It remains within the Michell
family with Rick Michell as president.

GCeo. J. Ball, Inc.

Born in Milford, Ohio, George Jacob Ball
began working in Galloway’s Greenhouse,
Cincinnati, Ohio, when he was 14 years old.

Fig. 2.2. Petunia ‘Blackthroated
Superbissima’ — sample of petunias available
in 1888.

He moved to the Chicago, Illinois, area, con-
tinuing to work in greenhouses. He realized
there were improvements that could be
made to florists’ crops such as sweet peas
grown as cut flowers. In 1905, he began his
seed business but with a different group
of customers. Most other seed companies
opened their businesses with home garden-
ers as the immediate customers but not
Mr Ball. He focused entirely on growers.
At that time, greenhouse growers produced
cut flowers for the numerous florist shops in
the developing urban area. Mr. Ball selected
flowers and produced seed specifically for
growers’ needs, focusing on crops such
as asters and calendula. The small company
grew, selling improved cut flower seed. In
1927, he purchased land and established
the Geo. J. Ball business in West Chicago,
Tllinois. The founder’s son, George K. Ball,
joined the company and became president
in 1949 after the founder’s death. In the
1960s, the company diversified, purchasing
PanAmerican Seed Co. and Petoseed Co.
Two companies were formed to serve
the bedding plant growers better. They were
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Fig. 2.3.

PanAmerican Plant Company and Ball
Pacific. Today, Ball Horticultural Company
breeds, produces, distributes and markets
seed and other horticultural products
worldwide. Anna Caroline Ball is the third-
generation leader of the Ball Corporation.

International flower seed companies

Some diplomats, like Henry Kissinger, achieve
international fame and recognition. Seed
companies are similar. Some have world-
class breeding programmes or marketing
accomplishments that are noticed in a global
community. There are five seed companies
that have achieved this global status in the
bedding plant seed industry.

Nasturtium ‘Gleam Mixture’ — introduced in 1935; the first all double flowered nasturtiums.

S&G Flowers

A significant flower seed breeding company
traces its origins back to Nanne Jansz Groot
who began selling cabbage seed in the
Netherlands in 1818. Joined by his grand-
sons, Nanne Sluis, Nanne Groot and Simon
Groot, a cooperative was formed to sell
vegetable seeds. The company was named
Sluis and Groot (S&6G) and was founded in
1867. Their export business expanded inter-
nationally with seed sales to the USA and
Russia. In 1872, S&G moved their offices
and warehouses to Enkhuizen, where S&G
headquarters remain today. At the turn of
the 19th century, S&G initiated a flower seed
department, which contributed significant
new varieties to the bedding plant industry in
North America.
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After World War II, there was a housing
boom and the economy strengthened. S&G
identified a growing consumer demand for
flowers in bloom. Their research was focused
on uniformity, hybridization and seed quality.
Breeding flowers in Enkhuizen, the new
varieties were tested across North America
and were well received by seed companies
and bedding plant growers. S&G Flowers
introduced geraniums propagated from
seed, and commands a large proportion of
that market today. In addition, new varieties
of pansy, impatiens, petunia, begonia and
verbena poured into the North American
bedding plant market during the 1970s, 1980s
and 1990s. S&G Flowers grew into the global
horticulture marketplace with improved
flower cultivars, seed production and quality.

Sakata Seed Corporation

Sakata was founded by Takeo Sakata in
1913 and, like the Sluis and Groot grandsons,
he began his business venture by exporting
seeds. The original office headquarters
were in Yokohama, Japan, and remain there
today. Sakata Seed Corporation began breed-
ing flowers in the late 1920s and 1930s. An

ambitious breeding goal was formulated to
breed a genuine fully double petunia propa-
gated from seed. In the seed business, breed-
ing is half the picture. Once a new variety is
bred, the seed must be produced to complete
the picture and the transaction — the seed
sale. In 1933, Sakata Seed Corporation
entered into a newly founded testing organi-
zation, All-America Selections®. A fully
double flowered petunia was entered and
Sakata won an AAS award in 1934 for their
breeding achievement. They also received
international recognition for this breeding
accomplishment. The variety was introduced
as petunia ‘All Double Victorious Mix’ (see
Fig. 2.4).

Sakata Seed Corporation focused on
breeding improved cultivars for the bedding
plant industry. The varieties introduced by
Sakata Seed Corporation gained a reputation
in the USA for high quality, meeting the
bedding plant growers’ needs. Sakata Seed
continued breeding petunias, but added new
classes such as dianthus, primula polyanthus
and celosia to their product line. The owners
of Sakata Seed Corporation, the Sakata fam-
ily, understood the value of an award given to
a new variety, particularly in North America

Fig. 2.4.

Petunia ‘All Double Victorious Mix’ (courtesy of Sakata Seed Corporation).
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where the bedding plant industry developed
rapidly. Sakata Seed Corporation entered
celosia into AAS trials and received seven AAS
awards. Sakata Seed bred all three carnation
AAS award winners. In 1966 a large flowered
pansy was introduced as ‘Majestic Giants
Mix’, an AAS winner, bred by Sakata Seed
Corporation. Bedding plant growers have
grown this class of pansy for the last 40 years.
This is an example of world-class breeding
that withstands the test of time. Recently,
Sakata won three Gold Medal AAS awards
for their breeding breakthrough in zinnias,
‘Profusion Cherry, Orange and White’. As a
result of innovative breeding and interna-
tional recognition, Sakata Seed Corporation is
one of the top four flower breeding companies
in the world.

Takii Seed

The history of Takii Seed began in 1835 when
Mr Jisaburo Ohmoriya grew vegetables and
distributed seed to farmers. The seed business
expanded and a mail order catalogue was
published in 1905. Breeding plants became
a priority in 1935 when an experimental
station was established in Kyoto, Japan.
Takii was an innovator and led the way
in breeding hybrid brassica. Hybrid cabbage
and cauliflower varieties received interna-
tional recognition with AAS awards. Takii
expanded by establishing breeding stations
and adding scientists to their staff.

North American recognition for their
hybrid flower breeding began in 1978 with
two AAS awards. Dianthus ‘Snow Fire” and
zinnia ‘Red Sun’ achieved award-winning
status. Takii expanded their flower breeding
programmes into celosia, pansies, snapdrag-
ons, stock, ornamental cabbage, ornamental
kale, osteospermum and nierembergia.
Bedding plant growers accepted these
flower classes as the industry produced
more flowering plants.

Colegrave Seeds

Some people refer to the UK as a country of
gardeners. David Colegrave began his English
flower seed business in 1962. It grew from
a humble garage operation in the village of

West Adderbury, England, to a global family-
owned horticultural business. Mr Colegrave
introduced hybrid flower seeds to com-
mercial bedding plant growers in the UK. He
realized the value of plant uniformity and
consistency. He thought the growers would
pay more for hybrid flower seed, and they
did. Colegrave Seeds grew rapidly and
expanded distribution operations into France
and Australia. Expansion continued with
Colegrave Seeds purchasing Waller Flower-
seeds in Guadalupe, California, and establish-
ing a breeding/research station in the
Netherlands with friends Glenn Goldsmith
and Johan Meewisse. When David Colegrave
died on 3 May 1992, the flower seed industry
suffered a great loss. Colegrave Seeds contin-
ued expansion with joint ventures and acqui-
sitions in Germany, France, Italy, China and
Portugal. In 2001, Ball Horticultural Com-
pany, a company Mr Colegrave had used as a
pattern almost 40 years earlier, purchased
Colegrave Seeds.

E. Benary Seed Growers

Since 1843 E. Benary Seed Growers has bred
and produced flower seed. More remarkable
— the company is still owned by the Benary
family. Established in Enfurt, Germany,
E. Benary Seed Growers became an inter-
national player early in 1845. There was an
emphasis on flowers, not vegetables. The first
Benary-bred cultivar was a perennial flower,
the Lychnis hybrid ‘Haageana’.

Customer service has always been a
primary business goal. They note that Gregor
Mendel, the scientist, was a Benary customer
in 1873. Friedrich Benary established a sub-
sidiary in Hann Mtinden, Germany, which is
the corporate headquarters today.

Benary has long been associated with
annual wax begonias, tuber begonias and
perennials. In 1972, the introduction of
‘Nonstop” tuberous rooted begonias placed
Benary in a strong position in the North
American bedding plant industry. These were
the first tuberous rooted begonias that were
true-to-type from seed. The cocktail series
of wax begonias, ‘Gin’, ‘Vodka’, ‘Whiskey’,
‘Brandy’, and ‘Rum’, were market leaders for
decades. Benary expanded their breeding
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programme into pansies, rudbeckia, sunflow-
ers, verbena, zinnias, and other cut flowers.
They sell more than 2000 varieties to seed
companies in 100 countries. They have
achieved international recognition and
accepted 19 AAS awards since 1939.

Associations serving the seed trade

American Seed Trade Association

As seed companies grew, they needed a voice
to address common problems and find solu-
tions. The American Seed Trade Association
(ASTA) was founded in 1883. Its motto, ‘First
— the Seed’, was a reminder to all in agri-
culture or horticulture that the origins traced
back to seed. The Association remains strong
today, headquartered in the Washington, DC
area, since ASTA is involved with regulatory
and legislative issues.

National Garden Bureau

In the wake of World War I, James H.
Burdett convinced several home garden seed
companies, such as Vaughan'’s, Bodger Seeds
and Northrup King Seed Co., that a central
office for garden communications would
benefit the industry. Mr Burdett was a news-
paper journalist and knew the importance
of press releases to the media. In 1920, the
National Garden Bureau was founded to dis-
seminate accurate information on gardening
to the garden media. The seed companies did
not have their own public relations depart-
ments and allowed the Bureau to represent
the seed industry to the garden media. The
Bureau exists today with approximately 55
seed company members supporting the
media campaign.

All-America Selections®

A southern gentleman, W. Ray Hastings grew
up in the family business, Hastings Seed Co.
He had an idea to conduct an independent
testing programme that would encourage
breeders to select innovative traits and
receive recognition for this breeding with a
national award. He proposed his idea to the

Southern Seedsman’s Association in Atlanta,
Georgia in 1932. With approval and seed
money from this Association, the All-
America Selections® testing organization
was born. The non-profit organization exists
today and developed in a parallel course with
the bedding plant seed industry.

Three Major Influences - Breeding,
Plugs and Universities

There were three major influences on the
budding bedding plant seed industry. They
were innovative breeding, greenhouse plug
production systems and university research.
During the last 100 years, the bedding plant
industry germinated, grew slowly, and then
built rapidly during the 1970s, 1980s and
1990s to approach maturity in the new
millennium.

Breeding

The first major influence that helped grow an
industry was innovative breeding. ‘Mendel’s
laws were published in 1866 but their appli-
cation to plant breeding was not generally
recognized until 1900, commented Lyman
N. White in his book Heirlooms and Genetics
(White, 1981). As with many other innova-
tions, the universities were the first to apply
the new science and the first hybrid was a
vegetable not a flower. The first hybrid was
a sweetcorn cryptically named ‘Redgreen’,
which was released by the Connecticut Agri-
cultural Experiment Station in 1924. The first
commercially successful hybrid sweetcorn
was ‘Golden Cross Bantam’ introduced in
1932 by Purdue University. Vegetables led
farmers to understand hybridization and the
resulting benefits of the controlled cross.

Petunias

Early innovative flower breeding leads to
Japan where people had been selecting
chrysanthemums for thousands of years.
Breeding flowers was an ancient Japanese
tradition and art. Sakata Seed Corporation in
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Yokohama, Japan, bred the first consistently
double flowered petunia prior to 1931. Lyman
White (White, 1981) noted, ‘Sakata had
made a major breakthrough, leading the
way to our modern hybrid grandiflora and
multiflora petunias’. The variety was petunia
hybrid ‘All Double’. Sakata won the presti-
gious All-America Selections® award in 1934
for ‘All Double Victorious Mix’ (1997) (Fig.
2.4). The importance of these early achieve-
ments was that the excitement generated
newspaper publicity and spurred sales of
seed to home gardeners. Not many home
gardeners had the ability to grow petunias
from seed, since the bedding plant industry
was only just beginning. These new flowers
created a consumer demand for plants.

If one had to pick a time period for the
origins of the bedding plant industry, it would
have to be the 1950s. If one crop had to be
chosen to signify the development, petunia
was that crop. Petunias led the way to new
colours and flower forms and coined the term
‘pack performance’ for the neophyte bedding
plant industry. In 1950, Bodger Seeds was
recognized for their innovative breeding of an
orange/red petunia, ‘Fire Chief’, winner of
an AAS award.

Charlie Weddle was breeding petunias
and became an important American breeder.
Mr Weddle and W.D. Holly formed Pan-
American Seed Company (PAS) in 1946. The
first truly red petunia, ‘Comanche’, was intro-
duced in 1953 as an AAS winner (Fig. 2.5). It
was bred by PanAmerican Seed Co., located
in Paonia, Colorado (Ball Catalog, 1953).
Lyman White (White, 1981) provides insight
into the early years of PanAmerican Seed. He
remarked, ‘They [PAS] went on from there to
produce a broad line of hybrid doubles and
singles, both grandiflora and multiflora, that
revolutionized the bedding plant industry in
the early 1950s".

Fred Statt, breeder for the Joseph Harris
Seed Co., bred many petunia varieties with
excellent qualities. The ‘Pearl’ series were
extremely free-flowering plants, exhibiting
exceptional recovery from severe weather.
It was noted that the Harris petunias were
selected under low light conditions in Roches-
ter, New York, which may have influenced
the plant response when grown under

mid-western spring conditions. The Harris
petunias were not necessarily early to bloom
in packs but, overall, the garden performance
was superior.

Breeding company cooperation

The flower seed industry was small in the
1960s. If a person worked in the industry for
2 or 3 years, that was sufficient time to meet
everyone. There were probably no more than
150 people in the business. Most companies
were family owned and operated. Owners of
companies, even if competitors, knew each
other. It was a time when people became
friends for life and it didn’t matter if friends
worked for competing companies. Gentle-
men’s agreements could be relied upon as if
in writing. William John Park, of Park Seed
Co., and John Gale, owner of Stokes Seeds,
sat down to share stories and refreshments
during American Seed Trade Association
conventions in spite of their companies’
rivalry.

Charlie Weddle and Fred Statt were
friends and maintained their relationship over
many years. Both were using florist quality
forcing snapdragon hybrids as breeding mate-
rial to improve garden performance of snap-
dragons. As colleagues, they probably shared
information about inbred lines. In 1958,
PanAmerican Seed entered six snapdragons
in the AAS trials. They all won AAS awards
for garden performance and Charlie Weddle
decided to share the glory of the award with
Fred Statt. PanAmerican Seed and Harris Seed
Company sold the new AAS winners. The
‘Rocket” snapdragons were a symbol of the
spirit of cooperation within the seed industry
based on the strength of the Weddle and Statt
friendship (NGB, 1994) (Fig. 2.6).

New breeding companies

LINDA VISTA. In the same year that Smithers
Laboratory introduced ‘OASIS® floral foam’,
a young Texan, Claude Hope, founded his
production facility ‘Linda Vista’ in Cartago,
Costa Rica (Martinez, 1997). It was 1953 and
international travel was stressful at best. Mr
Hope was intimately aware that F; hybrid
production of any flower seed was extremely
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labour-intensive. The USA had an educated
workforce but it was becoming increasingly
expensive. His production farm in Costa Rica
had a local, less expensive, labour pool that
was searching for work. Linda Vista was the
first offshore seed production facility. Most
other seed companies followed Mr Hope’s
lead, establishing offshore production sites in
the 1960s and 1970s.

GOLDSMITH SEEDS. In the 1960s, another
plantbreeder, Glenn Goldsmith, was breeding
for PanAmerican Seed. When PanAmerican
Seed was purchased by the Geo. Ball Seed Co.
in 1962, Mr Goldsmith saw this as a perfect
opportunity to begin his own breeding seed
company, Goldsmith Seeds. He started his

Fig. 2.5. Petunia ‘Comanche’ sales and
promotional flyer, 1953 — first red petunia.

company at Hirasaki Ranch in the remote
cowboy town of Gilroy, California. He found
other seed companies willing to invest in his
company. He began breeding petunias and
selecting plants for traits specifically designed
for pack performance; traits such as earliness
to bloom, compact branching habit, and over-
all attractive plants in packs. His breeding
objectives were tied to the needs of the
bedding plant industry.

Goldsmith Seeds grew rapidly as the
bedding plant industry developed. In 1968,
Mr Goldsmith decided to grow his new variet-
ies in packs and pots until they flowered. He
invited his customers to look at the Goldsmith
products in bloom in the Gilroy greenhouses.
He called this event ‘Pack Trials’, which
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Fig. 2.6. Snapdragon ‘Rocket Mix’, 1960 — example of cooperation among friends in the flower seed

industry.

continue every spring in a slightly more
elaborate venue. Goldsmith Seeds is owned
and managed by the founder’s three sons:
Joel, Richard and Jim Goldsmith.

In the 1960s there were basically four
major American flower plant breeding
companies for the emerging bedding plant
industry. They were Bodger Seeds, Goldsmith
Seeds, Harris Seeds and PanAmerican Seed
Co.

As previously mentioned, the most
popular and important crop for bedding plant
growers beginning in the 1950s was the petu-
nia. In the 1960s, every colour of the rainbow
was introduced, yellow being one of the latest.
After breeders expanded the colour range,
they moved on to white star shapes and other
bicolours. Petunias reigned supreme during
the 1960s and 1970s but within 10 years a
relatively unknown class would knock petu-
nias out of the number one spot as the most
popular bedding plant.

Impatiens

Bob Rieman of PanAmerican Seed Company
was breeding Impatiens walleriana. In the
1960s, Mr Rieman bred hybrid impatiens
‘Salmon Jewel’, ‘Red Jewel” and ‘Pink Sprite’

(NGB, 1995). He gave the inbred parent lines
to Claude Hope since most of the Pan-
American Seed product line was produced
at Linda Vista. Claude Hope was no stranger
to impatiens. He noticed wild impatiens
growing in Costa Rican fencerows in 1944.
He and Mr Rieman had both been breeding
impatiens plants. The magic of their breeding
programmes combined at Linda Vista. Mr
Hope’s primary breeding goals were to select
symmetrical plants that produced flowers like
a canopy completely covering the mounded
plant. Mr Hope sent his hybrid test lines to
two universities for trial before introduction.
Both universities tested the lines and
informed Mr Hope that they were worthy
of introduction. In 1968, the ‘Elfin’ series
of eight colours was introduced by Pan-
American Seed Co. (Ball, 1968b).

The ‘Elfin’ series was improved and
expanded to 15 colours and bicolours. Popu-
larity increased since the plants were fairly
easy for bedding plant growers to produce in
packs for spring flowering. The plants were
even easier for home gardeners to grow.
‘Elfin” impatiens flourished in almost every
shade garden. Vic Ball remarked in 1977 that
impatiens were vying for the number one spot
held by petunias (Ball, 1977). By the 1980s,



18 Nona Koivula

impatiens had pushed petunias out of the way
and took the ‘top” position as the most popular
bedding plant grown.

Claude Hope has become a legend and is
known as the ‘father of the modern impatiens’
but that does not recognize his numerous
innovations in seed breeding and production.
Mr Hope had an insatiable scientific curiosity,
which resulted in continuous innovation in
breeding and production. For example, he
created an enclosed plastic growing chamber
for the female impatiens parent lines. The
enclosure was necessary to capture the
impatiens seed as it was thrown in all
directions by the ‘spring loaded’ seedpod. The
propulsion of the seedpod is the reason for
the genus name, Impatiens, and the common
name, busy Lizzie.

Perennials

Another trend became apparent in the 1980s:
an increasing consumption of perennials.
While the most popular perennials, day lilies
and hostas, were vegetatively propagated,
some could be grown from seed. In 1989,
an AAS Gold Medal winner was introduced,
coreopsis ‘Early Sunrise’ (Fig. 2.7). It was a
breeding breakthrough because it was the
first perennial coreopsis that consistently
bloomed the first year from seed. This variety
was bred by W. Atlee Burpee Company at its
Santa Paula, California, research station. The
significance was that a perennial could be
improved to flower consistently and early the
first year from seed. This was a new breeding
objective that transformed a perennial into
performing as if it were an annual. This
objective has been used by many seed com-
panies to improve and introduce perennials
as annuals.

During the 1990s, impatiens continued
to hold the number one spot in the popularity
charts. There were thousands of cultivars on
the market and designer colour blends. Even a
light blue impatiens was introduced.

Petunias — a new wave

In 1992, a purple spreading petunia was
entered into the AAS trial. The habit was
unique, a virtual ground cover plant that

Fig. 2.7. Coreopsis ‘Early Sunrise’ — 1989 AAS
Gold Medal winner; example of breeding objective

to change a perennial into an annual.

rooted at nodes. The plant flowered continu-
ously regardless of severe weather conditions
and it was tough; some AAS Judges even
walked on it. This new petunia earned
sufficiently high points to be considered
for an award. It was a holdover, waiting for
introduction. The breeder came as a complete
surprise to the bedding plant industry; it
was Kirin Brewery Co. Ltd, Plant Laboratory,
Tochigi-Ken, Japan. The largest brewery in
Japan bred an innovative new petunia that
rocked the North American bedding plant
seed industry. One can never predict where
competition will enter the market.

After three years of negotiations, Pan-
American Seed Company (PAS) came to an
agreement with Kirin Brewery to market the
new AAS winner as Petunia ‘Purple Wave’ in
North America (Fig. 2.8). PAS realized that
the plant, introduced in 1995, was not easy
for bedding plant growers to produce. After
research, they published cultural information
to grow ‘Purple Wave’ in pots. Most petunias
were still produced in packs or 10-cm pots
but ‘Purple Wave’ needed larger pots such as
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12.5-cm. PanAmerican Seed decided to invest
in a pull-through marketing campaign to con-
sumers. Consumers were already informed of
this new product as an AAS winner because
of AAS consumer publicity. ‘Purple Wave’
became the first annual to have its own
website: www.wave-rave.com. PAS commis-
sioned a spokesperson to be a guest on TV
news programmes to promote ‘Purple Wave’,
again reaching more consumers with the
Wave story. PAS invested in a purple pot
designed to hold ‘Purple Wave’ plants and
expanded the point-of-purchase promotional
materials. Growers soon felt the tug of
consumer demand and larger numbers of
‘Purple Wave’ pots were produced. PAS
continued the campaign by informing the
bedding plant growers of their marketing to
consumers. PanAmerican Seed developed the
first exceptionally successful consumer and
grower trade marketing campaign for a new
petunia. They established a new standard for
marketing annuals. Other companies have
imitated this programme but PanAmerican
Seed deserves recognition as the first to
accomplish a well-executed consumer and
trade marketing programme.

All-America Selections
1311 Butterfield Rd . Ste 310
Downers Grove, IL 60515

Petunia ‘Purple Wave’ — 1995 AAS winner; the first petunia ground cover, bred by Kirin Brewery

Breeding for disease tolerance

Another major breeding objective that has
been only moderately successful in floricul-
ture is disease tolerance or resistance. This
seems to have been a major obstacle for
many breeding programmes. One company
attained a giant leap forward with zinnia
disease tolerance. Sakata Seed Corporation
introduced two new varieties as AAS Gold
Medal winners in 1999 (Figs 2.9 and 2.10).
They were ‘Profusion Cherry” and ‘Profusion
Orange’, the first zinnias with disease toler-
ance to powdery mildew and bacterial leaf
spot. AAS judges recognized these and other
improvements, including continuous flower
production and ease of growing. The new
varieties were embraced by bedding plant
growers who in the past had had such
difficulty growing zinnia plants due to
disease that many had dropped them from
their product line.

The breeding developments of petunias,
impatiens, pansies and other annuals encour-
aged bedding plant growers to introduce
new varieties. These new classes or species
held the consumers’ interest as they learned
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Fig. 2.10. Zinnia ‘Profusion Cherry’ — 1999 AAS Gold Medal winners; varieties bred with disease tolerance
to powdery mildew and bacterial leaf spot.

to grow these new plants and decorate their Greenhouse plug production
outdoor living spaces with easy-to-grow

annuals. The bedding plant market enjoyed Equally as important as innovative breeding
continued growth from the 1950s through to is the development of automated machinery
the 1990s. and advanced products to grow bedding
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plants more efficiently. A starting point to
understand the ‘dark ages” of growing is to
consider the growing media. It may be diffi-
cult to imagine, but growers actually used
‘dirt’” from land and had to steam-sterilize it
to kill pathogens before using it to grow plants.
There were numerous difficulties in growing
plants in soil, inconsistency being one of
the most obvious. An innovation that greatly
improved the quality of plants was the intro-
duction of a commercial, soilless medium
named Jiffy Mix. The mix was a collaborative
effort by Cornell University, W.R. Grace and
Jifty Products of America. The first coast-to-
coast distribution of Jiffy Mix, a uniformly
balanced medium, occurred in 1964.

Development of plugs

SPEEDLING. At about the same time,
expandable polystyrene was invented. A
young vegetable grower, George K. Todd,
started experimenting with moulded contain-
ers made from polystyrene to grow tomato
transplants. He tried different shapes and
found the square ‘V’-shaped cell produced
transplants that resulted in an earlier harvest
and higher yield. In 1969, he founded Speed-
ling, Inc. in Sun City, Florida and called his
transplants ‘speedy seedlings’ or ‘speedlings’
(Onofrey, 2001). The first crops he grew were
tomatoes, peppers, celery and sugarcane.
Many innovations were first used in vegeta-
bles and then applied to flowers later. Mr
Todd created growing systems to produce
vegetables but these systems were easily
applied to growing annual flower trans-
plants as well. One of the first important
Speedling flower crops was geraniums grown
from seed.

BLACKMORE CO. In Belleville, Michigan,
another company was experimenting with
small cells in which to grow plants. Blackmore
Co., another family-owned business, created
vacuum-formed rigid plastic ‘waffle’-like
trays in which to sow seed. Fred Blackmore
knew one of the most difficult tasks was
placing one or two seeds into the small sized
walffle. He engineered a seed-sowing machine
that matched the waffle trays. In 1970, Mr
Blackmore introduced the singulated seedling

tray and seed-sowing machine to mechanize
the process. The idea of growing a singulated
seedling that could easily be picked up by
hand and transplanted into the pack was
innovative. Only a year later, Mr Blackmore
introduced another equally innovative
machine, the automatic transplanter, which
punched the small seedlings through the
walffle tray into the flat below. While this
mechanical transplanter caught the eye of
many bedding plant growers, it was slow to be
utilized. Vic Ball noted in 1977 that 95% of all
bedding plants were still transplanted by hand
(Ball, 1977).

Seed technology

Both Fred Blackmore and George Todd
looked closely at individual seeds as sown
one at a time in a single cell. The seed
was fairly inconsistent in size, germination
time and seedling vigour. Some seed never
germinated, which caused skips in the cell, a
labour-intensive problem to solve. These two
engineering innovators approached the seed
companies, at different times, with the same
message, ‘Clean up your seed!”

Flower seed companies looked to the
vegetable seed industry for help in cleaning
the seed. The vegetable seed breeding and
producing companies had already developed
the techniques to size seed and test for seed-
ling vigour. The technology existed to coat or
pellet seed for uniform size and to improve
visibility. Many seed companies hired seed
technologists from vegetable seed companies
to begin to solve the tflower seed problems.
No-one realized the seed-sowing machine
would result in the birth of flower seed
technology and seed quality control.

Most flower seed companies jumped
into seed quality and treatments based on the
demand from growers using the mechanized
sowing systems. Seed technologists learned
how to expertly clean the seed by removing
dead seed, which is not easy when the seed,
such as petunia, is the size of dust. There are
about 100,000 petunia seeds per gram (Fig.
2.11). An innovative idea based on improving
seed quality was an assurance of germination.
PanAmerican Seed was one of the first seed
companies to guarantee 90% usable seedlings
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from their seed. Seed technology grew rapidly
to offer growers pregerminated seed, film-
coated seed and pelleted seed of a uniform
size and seedling vigour (S&G Flowers, 2002).
The seed quality assurances inform growers
how many usable seedlings to expect from
a variety. This helps growers predict the
number of flats or pots that can be grown
from an amount of seed.

Emerging plug industry

John Holden, flower seed manager for Ball
Seed Company, predicted that growers could
not place seed into individual cells, expect
excellent germination and grow plants. He
was proven incorrect. The waffle cells or
speedling flats created a new industry to be
coined: the ‘plug’ industry. These growers
became specialized to sow seed, germinate
in chambers and grow a seedling or young
plant. The plants were called plugs and
Speedling was one of the first to offer plugs
for sale to growers. Plug growers now use the
most automated growing systems and com-
puter technology to produce young plants.
The list of automated equipment is long.
There are seeders, flat fillers, transplanters,
taggers, potting machines, conveyor systems,
watering systems and robotics to grow plants.

Fig. 2.11. Petunia seed — 10,000 seeds per gram (courtesy of National Garden Bureau).

In 2001, one grower produced over 380
million plugs. This advanced technology
resulted in the ability to grow billions of bed-
ding plants, which was exactly what the mass
merchandizers such as Wal-Mart, K-Mart
and Home Depot wanted.

Universities

The third critical influence on the develop-
ment of the bedding plant flower seed indus-
try was scientific research and education.
Many universities conducted tlower research
in the 1950s and 1960s, but three provided
the most significant research and were the
most influential in the industry: Pennsylva-
nia State University, Michigan State Univer-
sity and Ohio State University; all land grant
colleges. There were many unknowns in the
early days of growing annuals. Fertilization,
soil media, water quality, light levels and
temperatures had to be determined in the
correct combination to grow a quality annual
crop. Each crop had its own pathogens, pests
and ‘things that went bump in the night’.
There were thousands of ways to kill a crop.
The horticultural scientists had to find a way
to keep the plants alive.
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Michigan State University

The Department of Horticulture at Michigan
State University (MSU) stepped into this
educational vacuum by conducting the first
National Bedding Plant Conference in East
Lansing, Michigan, 16-18 September 1968
(Ball, 1968a). Vic Ball attended the confer-
ence and reported that the educational
sessions were excellent but only 170 people
attended (Ball, 1968c). William H. Carlson,
professor of horticulture at MSU, was a
driving force for research and education. The
second national conference was held in 1969
and the same year a new trade association
was founded: Bedding Plants, Inc. (BPI). This
association grew rapidly. Within 10 years
there were 2900 members who were bedding
plant or pot plant growers, educators or
allied trade people (BPI, 1979). By 1980,
there were 3600 members (BPI, 1980).

Development of BPI

The annual educational programme evolved
into the BPI International Conference. The
BPI objectives became multifaceted. There
were six primary objectives. The first was
critical to the association and emphasized the
educational component. It was ‘the sponsor-
ship of an annual meeting to provide a forum
for public discussion, lectures, seminars,
research reporting, and whenever practical, a
tradeshowing of the products and services
allied to this industry.” Another objective was
‘the collection and preservation of valuable
and useful information relating to the busi-
ness of growing and selling bedding and con-
tainer plants’. The association also promoted
‘the economic studies and the fostering of
research into the production, marketing,
sales, and distribution of these floricultural
crops’. Lastly, the formulation and passage of
usetful legislation and leadership were also
objectives.

The BPI list of officers, directors, and past
presidents reads like a ‘who’s who’ in the
bedding plant industry. George K. Todd was
president from 1976 to 1978. In the 1970s and
1980s, everyone in the bedding plant industry
attended the international conference. For
example, in 1980, the conference and first

trade show held in Atlanta, Georgia, were
organized by a local arrangements committee
consisting of 38 people. Volunteers were
everywhere to help build and grow the
organization. There was no other meeting
that offered so much information and
networking for bedding plant growers. Every
new trend was identified and discussed at the
conference.

Because of successful conferences, the
association was financially strong. In 1985, the
BPI office was located in the historic Turner
House on Hamilton Road in Okemos, Michi-
gan (BPI, 1985). The staff of eight included
Will Carlson as executive vice president and
Terry Humfeld as executive director. The asso-
ciation provided leadership for the rapidly
growing number of growers. One of the BPI
educational programmes utilized computers.
Computers were not in every household in
1985, but BPI created a computerized infor-
mation system named Spartan Ornamental
Network. The purpose was to offer a growers’
guide containing up-to-date information on
the cultural requirements for 40 floricultural
crops. The network also offered technical
advice on chemical treatments, rate of appli-
cation and schedule of use for diseases that
affected floricultural crops. It was an innova-
tive approach to disseminating information to
all growers, not exclusive to members.

In the late 1990s the wind started to
diminish from the BPI sails. For many reasons,
the association began to lose members and
the international conference attracted fewer
people. Many regional educational program-
mes were available, such as the Southeast
Conference. Numerous growers could easily
attend a conference within driving distance,
which further reduced attendance at BPI con-
ferences. The organization was dissolved in
2001 but led to the birth of America in Bloom.

OFA

Another organization born from a university
horticulture department was the Ohio Flo-
rists” Association (OFA). Originally started in
1928-1929, graduates from the Ohio State
University horticulture department met
annually to remain current. Later, faculty
and students organized OFA and planned
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a formal educational activity known as the
Ohio State Short Course. Membership con-
sisted primarily of growers in Ohio and the
surrounding states. The Short Course was
regional in nature at first and expanded into
cultural and technological issues common to
all greenhouse growers. The Ohio State Short
Course grew in the 1970s and 1980s.

At the turn of the millennium, OFA was
the premier grower trade association. There
were 3504 members of the association. After
11 September 2001, business travel was
greatly reduced. This did not affect the 2002
OFA Short Course, which attracted 10,499
attendees, breaking another attendance
record. Every July, everyone who is involved
in the bedding plant or pot plant growing
business travels to Columbus, Ohio, for the
educational programme and trade show held
there annually.

Economics
History

Like a heavily loaded wheelbarrow being
pushed downhill, the bedding plant industry
gathered momentum from 1959 to 2000.
This industry relied on a Professor of Agricul-
tural Education, Alvi O. Voigt, Pennsylvania
State University, to gather data and report
statistics. In 1976, Mr Voigt reported on the
‘Status of the Industry’. ‘Between 1949 and
1959, the wholesale value of bedding plants
increased 94% from US$16.9 million to
US$32.8 million. Between 1959 and 1970,
another 88% value increase was registered
from US$32.8 to US$61.6 million” (Mast-
alerz, 1976). He used the Census of Agri-
culture special reports as the basis for the
data. From 1970 to 1974, Mr. Voigt relied
on BPI member surveys to report that
‘production intentions each year seemingly
have moved higher by about 10% per year’.

These reports indicate unbridled sales
increasing annually. There was continuously
increasing consumer demand for bedding
plants from 1949 to 2000. There are many
reasons for this continued growth: lifestyles,
economic growth, and media personalities

such as Martha Stewart. Often overlooked
are the progressive improvements of bedding
plants by breeders. Annuals are easier to
grow. Breeders have created hybrid or
improved plants that exhibit more tolerance
to heat, drought and disease. Plants produce
more flowers but need less care so that even a
neophyte gardener can derive great pleasure
and satisfaction from the gardening
experience.

Recent statistics

The industry now uses the US Department of
Agriculture’s National Agricultural Statistics
Service (USDA/NASS) Floriculture Crops
Summary for statistical information. It is
published annually. The 2001 summary
showed that the wholesale value of flori-
culture sales was US$4.739 billion for the
36 leading states (Miller, 2002). When
unfinished plants are removed the value
drops to US$4.129 billion, which is an
increase of 2.9% over the corresponding
value for 2000. Sales of bedding/garden
plants, while measured in billions of dollars,
have slowed. While bedding plants and
garden plants remain the largest segment of
floriculture sales at 52.7%, the overall mar-
ket demand for live plants experiences only
modest growth.

There are many reasons for modest
growth. They include the sluggish economy,
fear of war, terrorist acts and abnormal
weather patterns. Seed sales are declining for
three primary reasons. Seed technology has
greatly improved seed quality so growers con-
sume less seed. They can produce more plants
with less seed. There is less waste. The increas-
ing size of containers consumes less seed.
Packs/flats production is declining. Growers
are producing hanging baskets, combination
planters and 12.5- to 20-cm pots overflowing
with summer annuals. There is a market trend
towards summer plants that are vegetatively
propagated, not grown from seed. These
factors have reduced seed consumption in
the last 5 years.

Under current market conditions, all
companies need to be marketing orientated
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to distinguish themselves and their products
from others. The emphasis on point-of-
purchase materials is an example of the
shift from sales to marketing.

Conclusion

Small but statistically measurable industry
growth will occur. Consumers want large
plants in full bloom so that the trend towards
larger plants in larger containers will
continue.

Two related influences will be major
factors in the next few decades; they are plant
pathogens and government agencies. As plant
material is shipped globally, pathogens travel
for free. There will be outbreaks of pathogens
identified as biohazardous, not the result of
terrorism but due to the lack of sanitary condi-
tions. The threat of pathogens can damage the
entire industry. The safety systems to protect
plant crops will require significant resources
in the future.

Governmental agencies such as USDA,
Animal Plant and Health Inspection Service
(APHIS) and the Department of Homeland
Security, as well as equivalent agencies in
other countries, will have to coordinate their
efforts to identify pathogens and quarantine
areas, and inspect and certify compliance on a
timely basis. The industry relies on agency
oversight and intervention to protect crops
from venturesome, hazardous pathogens.
The industry has been relatively free from
government intervention. I suggest this will
not be the case in the future. Working closely
with governmental agencies will be necessary
for most companies in the business of selling
or growing plants.

Consumers will always want to buy
plants regardless of size or shape, flowers or
vegetables. The bedding/garden industry will
continue with slower growth.
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3 Ornamental Bedding Plant Industry
and Plug Production

Debbie Hamrick
FloraCulture International, 2960 Claremont Rd, Raleigh, NC 27608, USA

The world of flowers from seed evolved
rapidly. What started decades ago with
packet and bulk seed sales of mail-order
seeds, mainly to home gardeners, exploded
into the multinational, multibillion-dollar
bedding plant industry of today. Growing
flowers from seed is an important component
of commercial floriculture production. Com-
mercial sales of flower seeds drive the flower
seed industry. Within flower seed sales,
bedding plant crops are the most important
seed-raised crops as a total worldwide.

Why would a commercial flower grower
choose to produce a crop from seed rather
than a vegetatively propagated clone? There
are a number of reasons.

First, for many crops, seed is the only
or best alternative. For example, marigolds
(Tagetes) are generally not produced by cut-
tings. They are seed grown. Sometimes grow-
ers even direct-sow marigolds into the final
growing container. In other instances, seed is
superior to a vegetatively produced crop. For
example, pot gerbera may be produced from
tissue culture or from plug seedlings. How-
ever, in nearly every instance, the grower will
choose the seed crop because, while plants
may be a bit more uniform in time to flower
from tissue culture, the expense is high and
the resulting uniformity does not offset the
economics under most conditions. Cut flower
gerberas are almost exclusively propagated
from tissue culture since the plants can be

cropped for 1 to 2 years, making the input cost
less significant to the economics of the crop.

Second, seed-raised crops get their start
‘clean’. Plants that are grown from seed initi-
ate growth free of latent viruses, mycoplasmas
or bacterial disease. Not necessarily so for
a vegetatively propagated crop, which must
be maintained in a rigorous clean stock
programme that involves indexing of elite
stock and maintenance of stock plants in a
clean environment.

The third reason a grower would choose
to grow a crop from seed rather than cuttings
is ease of handling. Seed is portable, takes up
little space, can be easily transported from one
location to another and has a shelf life. Every
day, flower seed travels across and between
continents. Growers routinely access flower
seed genetics from around the world simply
by ordering from their local distributor sales
representative. All of this means that a small
bedding plant or pot plant grower in Portland,
Oregon, can produce varieties that were bred
in the UK, Germany, Japan, the Netherlands
and the USA. The hybrid seed produced from
this breeding may have been grown and har-
vested in Chile, Costa Rica, Guatemala, India,
Indonesia, Kenya, France, the Netherlands or
the USA.

Fourth is the basic premise that flower
growers will chose to grow a crop from seed
whenever they can because it’s cheaper to do
so. In general, a crop grown from seed will

©CAB International 2005. Flower Seeds: Biology and Technology

(eds M.B. McDonald and F.Y. Kwong)
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always be less expensive to produce than a
crop grown from cuttings.

Other reasons growers choose to grow
seed crops include inherent plant characteris-
tics such as plant habit. Seed-raised crops
branch more freely than the same crop pro-
duced from cuttings. An excellent example of
this is verbena, where vegetative crops need
pinching or treatment with a branching agent
such as Florel to cause them to branch. There
are even some seedsmen who argue that
with proper crop culture, a seed-grown crop
allowed to obtain its genetic potential will out-
performa vegetative crop of the same species.

Floriculture Production from Seed

World wholesale floriculture production is
estimated to be about US$22 billion (USDA,
2003; VBN, 2002). The three leading pro-
ducing countries, Japan, the USA and the
Netherlands, produce about 55% of the
world’s production value (Table 3.1). Figure
3.1 provides a look at the type of floriculture
production value in the three leading
producers. The USA’s industry is primarily
composed of bedding plant production
(53%), while in Japan and the Netherlands
cut flower and cut foliage production is
more prevalent. Interestingly, over the past
decade, the American floriculture pie has

Table 3.1. Comparison of the top three
floricultural production countries.

Production  Value/ha

ha* (US$) (US$)
USA? 24,092 4,880,000,000 202,556
Japan® 24,525 4,309,547,000 175,720
The 8,898 4,069,800,000%* 457,383
Netherlands®

2USDA Floriculture Crops 2002 Summary, April
20083.

"MAFF, Japan. www.maff.go.jp, accessed
February 2003. ‘Planted area and shipment of
flowers in 2000’, and ‘Summary of the wholesale
market for flowers 2000’.

°Flower Council of Holland. Facts & Figures 2002.
*1 ha (hectare) = 2.4 acres.

**Euros 3,420,000,000 converted at a rate of
US$1.19.

become more and more dependent on
bedding plants, rising to 53% of all flori-
cultural production in 2002 — up from 35%
of all floricultural production in 1991 (Fig.
3.2). The exact percentage of total flori-
cultural crops originating as a seed, a cutting
or other propagation forms is unknown.

Bedding plants

Bedding plants are the most important
commercial floricultural crop produced from
seed. In the world’s three most important
floricultural production countries, Japan, the
Netherlands and the USA, bedding plant pro-
duction is valued at approximately US$3.5
billion wholesale. The US bedding plant
production market is by far the largest,
valued at about US$2.5 billion wholesale
for all growers with US$10,000 or more
in wholesale production. Figure 3.3 shows
the rapid rise of bedding plant production in
the USA from 1988 to 2002.

The Netherlands

15%
O Cut flowers/cut foliage
@ Pot plants
[J Bedding plants
30% 55%
Japan
6%
25% [ Cut flowers/cut foliage
@ Pot plants
[J Bedding plants
69%
USA
12%
[ Cut flowers/cut foliage
@ Pot plants
53% [0 Bedding plants
35%
Fig. 3.1. Floriculture production for top three
countries.
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The most often produced bedding plant
is pansy (Viola X wittrockiana, Fig. 3.4). It
unseated Impatiens walleriana (Fig. 3.5) in
most units produced recently. While pansies
have been the most important bedding plant
in the UK market for years, it wasn’t until the

Floricultural crop production pie 2001

@ Bedding plants

20%

® Foliage plants

O Cut flowers/cut
greens

13% 53%

O Flowering pot

14%
plants °

Floricultural crop production pie 1991

m Bedding plants

26%
m Foliage plants 35%
O Cut flowers/cut
greens
. 22%
O Flowering pot 17%
plants
Fig. 3.2. Floricultural crop production. Source:

United States Department of Agriculture Floriculture
Crops Summary.
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1990s that Americans discovered how well
pansies overwintered. In the USA, pansy
production is valued at US$140 million.

Impatiens are the next most important
bedding plant worldwide. The USA consumes
more impatiens than any other country, with
a wholesale crop valued at about US$157
million, making it the most important US
seed-grown bedding plant (Table 3.2).

Other important bedding plants grown
from seed include petunias, marigolds,
begonias, salvia, dianthus and catharanthus.
While seed crops have dominated bedding
plant production in the past, the trend is that
seed crop production of bedding plants is
stagnant, while clonal varieties are increasing
in importance.

Cut flowers

At the turn of the last century, the most
important cut flower crops were produced
from seed. Crops like calendula, sweet peas
(Lathyrus odoratus), godetia (Godetia whitney/
Clarkia amoena) and snapdragons (Antirrhinum
majus) were the rage in Victorian flower
arrangements. Over time, clonally propagated
crops edged them out and carnations (Dianthus
caryophyllus) and roses became the leaders.
As commercial floriculture continued to
evolve, seed-grown cut flower crops have

2284
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1280
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Fig. 3.3.
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Growth in US bedding plant production ($US millions).
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Fig. 3.4.

Pansies (Viola x wittrockiana) have become the most valuable bedding plant from seed world-

wide thanks in part to the fact that they enjoy dual seasonality: growers produce pansies for autumn and
spring sales. Seed enhancements such as priming have also raised the value of worldwide pansy seed sales.

Fig. 3.5.
flower pattern is shown here.

reemerged as important crops for domestic
and local producers and as an important way
for flower producers in developing nations to
expand their export flower product assortment.

Today, many cut flower growers world-
wide routinely produce seed-grown crops
such as asters (Callistephus chinensis), snap-
dragons (A. majus), delphinium (Delphinium
X belladonna/Delphinium X elatum), lisianthus
(Eustoma  grandiflorum) and sunflowers

Impatiens wallerina, the most popular bedding plant grown from seed worldwide. The Stardust

(Helianthus annuus). In addition to these, there
are a number of smaller crops produced
indoors under minimal cover or outdoors as
‘summer flowers’.

Potted plants/foliage plants

Several important flowering potted plants
are grown from seed. The most important of
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Table 3.2. Breakdown of bedding plant crops
produced in the USA.

US$1,000s
(Total)
Begonias 94,550
Geraniums (seed) 48,970
Impatiens 156,765
Marigolds 57,631
Pansies 139,664
Petunias® 141,444
Other bedding? 729,953

2Also includes vegetatively propagated plants.

these in value is cyclamen. This autumn and
winter flowering pot plant is important to
holiday sales in both the North American
and European markets and is an important
plant for the winter gift season in Japan.
Crop time is very long (24 weeks or longer),
making plants among the highest in value at
wholesale.

Other flowering potted plants grown
from seed enjoy seasonal popularity such
as gloxinia (Sinningia speciosa), cineraria
(Pericallis cruenta), calceolaria, and primula
(Primula sp.).

Foliage plants are primarily grown from
clones propagated via cuttings or tissue cul-
ture. A few crops, however, are routinely
grown from seed. For example, many palm
species, such as the areca and kentia palms,
are grown for their stately fronds. Asparagus
fern (Asparagus sprengerii) and dracaena spike
(Cordyline indivisa) are popular seed-grown
foliage plants for use with annuals in combi-
nation planters. Other crops, such as hypo-
estes or coleus, are seed crops grown for their
colourful foliage. While both may also be
propagated by cuttings, propagating the crop
from seed is less costly. Many cacti and
succulents are propagated from seed by
specialist growers.

Perennials

While perennial production is growing
quickly in the USA, the Netherlands and
Japan, only a few perennial species are
routinely produced from seed, as clones tend

to be more stable and produce true-to-type
plants. Other factors limit the number of
perennials grown from seed too, such as
difficulty in germination. Perennials as a class
of floricultural plant encompass hundreds
of genera. Germination techniques range
from cold stratification to scarification. It
has only been recently, as perennial
production has expanded, that breeding
companies have begun to focus on improving
perennial germination and marketing culti-
vars and seed treatments to improve germi-
nation percentages for growers. As a result,
more perennials are being produced along-
side bedding plants for spring and summer
sales. Researchers have also gained better
understanding of the flowering mechanisms
of a wide range of perennials, which has
helped increase perennial production. The
phenomenon of producing perennial crops
and selling them in flower as you would
an annual has helped make perennials
the fastest growing segment of floricultural
production in the USA.

The other main limiting factor for
perennial production from seed is the need
for commercial producers to offer plants that
flower in their first year. Many perennials do
not flower in the first year from seed. Other
perennial cultivars may flower in the first
year from seed but might have lower garden
performance than their cloned relatives.
Other seed perennials, while marketed as
perennials, are better treated as annuals.

The three leading perennials, hosta,
hemerocallis and iris, are all vegetatively
propagated for commercial production,
although breeders frequently grow seedlings
as they strive to develop improved cultivars.
Once the breeder finds a plant with desirable
traits, the plant is propagated vegetatively and
slowly makes its way into commercial trade as
plants are multiplied each year.

Some perennials, such as coreopsis, del-
phinium and rudbeckia, are routinely grown
from both seed and cuttings. In this case, the
seed varieties tend to be restricted for produc-
tion in smaller container sizes such as bedding
plant packs or 10-cm pots. The vegetatively
propagated varieties are produced as liners or
bareroot plants that might be used for 4-litre
or larger containerized production or even
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planted in the field or greenhouse for cut
flower production.

The outlook for seed-grown perennials is
bright as more and more traditional flower
seed hybridizers focus on developing cultivars
that flower in their first year from seed and
germinate in quantities that allow them to be
grown economically.

Food uses of flower seed

Several flowers grown from seed are edible!
Increasingly, speciality grocery stores and
upscale restaurants offer seed-grown flowers
such as nasturtium, marigolds or pansies/
violas as plate or salad garnishes. These edible
flowers are produced pesticide-free.

The largest non-ornamental use of flow-
ers grown from flower seed is for processing
into an additive for chicken feed. The lutein in
African marigolds (Tagetes erecta) makes the
yolks of eggs bright and gives chicken skin its
golden glow. Marigold farmers produce the
blossoms from select open-pollinated variet-
ies. The blossoms are then sold for processing
where the lutein is chemically extracted.

The fastest growing edible segment
of marigold lutein use is in the dietary
supplement industry. Research has revealed
that lutein slowed age-related macular
degeneration in humans. As a result, dietary
supplement manufacturers have begun to
incorporate lutein extracted from African
marigolds into their supplements.

Plugs/Plug Industry

The most important single driver that has had
an impact on flower seed use in the past
century has been the development of the
‘plug” as a propagation unit. Plugs were first
used for vegetable transplants (cauliflower).
It was a new way to grow field transplants
pioneered by George Todd at Speedling Inc.,
Sun City, Florida, in the late 1960s (Miller
and Smith, 1980).

While plugs got their start in vegetables, it
was the application of this concept to flowers
that caused the boom in plug technology and

later propelled the development of bedding
plant production. This flower seed plug indus-
try technology has spread to other areas of
agriculture such as forestry, back to vegetables
and even to tobacco seedling production.

In just 10 years after George Todd’s first
cauliflower plugs made history, the Florida
plug industry grew to US$6.25 million in
sales across 19 companies who produced 346
million plug units in 1978/79. Seven of these
firms also began growing ornamental plugs.

The first commercial floricultural green-
house in the USA to adapt plugs to production
of flowering crops was not in Florida, but in
the north-east. Kube-Pak, Allentown, New
Jersey, began researching a ‘Precision Seed-
Feeding machine’ to sow seeds (the world’s
first drum seeder) back in 1969 with inventor
and engineer J.V. Bertrand. The model Kube-
Pak developed was capable of sowing 1200
flats per hour into 50x34cm (19% X
13%-inch) trays with 600 cells 1x1 cm
(Y2 x Y5-inch) tall (Swanekamp, personal
interview and correspondence). That original
machine was in use until the late 1990s, when
it was retired in favour of newer models
that were more flexible in the tray sizes they
accommodated. Kube-Pak is credited with
taking the idea of the plug and developing
it into a system for growing bedding plant
transplants.

As bedding plants increasingly were sold as F,
hybrids, seed became so expensive that growers
could no longer afford to broadcast-sow their
crops. As a result, growers rapidly shifted their
bedding plant production out of open fields from
which plants were ‘dug and wrapped’, and into
cell packs, which allowed one seedling or a
seedling clump the space it needed to grow and
develop.

About the time that plugs were making
their way into larger production operations, seed
companies continued steaming ahead on the F,
track, further increasing the price of seed, which
further fuelled the shift to plugs.

Today, the revolution continues. With some
hybrid varieties selling for $0.05 per seed, growers
continue to increase the size of the finished
product. High-end seed crops are often produced
in 10-cm (4-in) or larger containers for the best
economic returns.




Ornamental Bedding Plant Industry and Plug Production

33

What is a ‘plug’?

A plug is a seedling that has been produced
in a small container called a ‘cell’ in a plug
tray (Styer and Koranski, 1997). One plug
tray can contain hundreds of these cells, or
‘plugs’. Seed is sown in plug trays that may
contain from 72 to 800 cells per standard
55x28 cm (21%x11-in) or common
element (CE) 25x 51 cm (10 X 20-in) tray.
Different plug (cell) sizes are selected for
varying reasons. For example, bedding plants
that will be grown in flats are typically
produced in smaller cell sizes such as 512s,
384s or 288s. Bedding plant plugs that can be
used to plant hanging baskets might be 288s,
162s, 105s or even 72s. Perennials tend to be
grown in larger cells. Some growers choose
their plug tray because they will be using it
for automatic transplanting, or in the case of
the X-tray produced in Europe by Syngenta,
because of superior root development and
faster plant establishment in the final
growing container.

Whenever two growers speak to one
another about their production systems, cell
size of the plug seedlings they use is always
included in the conversation because it has
important implications for finishing time and
how the crop will be produced. For the plug
producer, the smaller the cell size, the faster
the plug will finish out as a plug. For example,
a 512-impatiens crop can take from 34 to 43
days. A 288 of that same crop would take
about 14 days longer.

Bedding plant growers who use plugs to
finish the crop also talk widely about the plug
sizes they prefer. A general rule of thumb is
that for every decrease in plug cell size, if
all other factors are the same and growing

temperatures and light are ideal, crop time
will increase by 1 week. So, a 512 plug will
take 1 week longer to finish than a 384, which
will take 1 week longer to finish than a 288,
and so on. Most bedding plant growers would
begin their first crop of bedding plant flats
from 512 plugs about 6-8 weeks betfore the
sale date. This crop is the most expensive crop
to produce as transplanting occurs in the late
winter, the crop requires heat, and additional
light must be supplied since ambient outdoor
light levels are low. A second crop can be
planted from larger plugs such as 288s and
turned in just 2-3 weeks. A third turn, or 10,
15,20 cm (4, 6 or 8-in) pot annual production
for sales in the summer, can be grown from
162s or 105s and also turned in 2-3 weeks.
The plug size affects not only finishing
times for the final grower, but also the ease
with which the crop is finished. Smaller
celled bedding plants have more delicate roots
as plants are not as mature. Starting off a
bedding plant crop with small-celled plugs
such as 512s requires more grower attention
to detail than starting the same crop from 288s
or 128s. The decision on which size plug to use
is based primarily on economics. In general,
many bedding plant growers will plant their
first bedding plant turn using the smallest
celled plugs they can because they are less
expensive to purchase. As the season pro-
gresses, temperatures warm up and growers
strive to maximize the turns from their space
by increasing their plug sizes to 384s and/or
288s, which will finish faster. The best grow-
ers use various sized plugs for different crops
through the year. In general, using larger
sized plugs means shorter crop times and
higher turns, which results in greater protit
per area of production. Figure 3.6 shows that
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Fig. 3.6. Begonia crop space requirement per 1000 flats (36-cell pack). From: Gary Szmurlo, Ball Seed

Co., West Chicago, lllinois.
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1000 flats of begonias in 36-cell packs grown
from seedlings takes 17,600 sq. ft weeks. The
same number of flats produced from 390 plugs
takesjust 12,500 sq. ft weeks—30% less time.
Plugs revolutionized bedding plant
production, gaining rapid and widespread
acceptance for the following reasons:

® Speedier transplanting. Old-style
bedding plants were produced by sowing
seed into open seed trays, allowing the
seedlings to attain a size that could be
handled, and then painstakingly and
gently pulling them apart and planting
them into the packs and trays filled with
medium. Plugs simplified and speeded
this process, perhaps by much as 50%
depending on the crop. Instead of work-
ing to pull apart seedlings, workers could
simply pop out a plug, dibble a small
hole using their finger or a dowel and
plant it.

e Less transplant shock. Plugs allow
growers to achieve a higher quality,
more uniform finished crop. Disease can
also be less of a factor because roots are
not damaged during transplant.

e Better overall space use. Plugs can be
held at a high plant density for weeks
during the plug production cycle, which
means better space use economics.
Although plug trays take up significantly
more space than open seed flats, seed-
lings from open seed flats take much
longer to finish. Figure 3.7 shows that
growing out a begonia crop in 36-cell
packs takes about 15 weeks in total.
However, using plugs, most of that time
is pre-transplant growing as a plug. From
bareroot seedlings, a begonia crop takes
about 10 weeks finishing. However,
from 390s, that same crop spends only
6 weeks finishing.

20
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The plug ‘industry’

Plug production has morphed into a
mini industry within the overall auspices
of the floriculture/ornamental horticulture
industry. Several dozen plug producers
worldwide form the manufacturing base for
the majority of all flower plugs produced.
These growers sell their plugs to other grow-
ers who in turn finish the crop. Table 3.3
presents a list of the top ten plug growers in
the USA.

When the idea of plugs first spread
through the bedding plant industry, growers
everywhere rushed to give plug production
a try. However, growing plants in what
are in essence ‘miniature containers’ is very
difficult. Due to the small size of the medium
and root mass, any problems with water, pH
or nutrition are magnified.

Over time, most growers abandoned
growing plugs in favour of buying plugs
from specialist growers. Even those growers
who continued their own plug production
purchase plugs of difficult-to-grow or slow-
growing plug crops such as begonias, pansies
(V. wittrockiana) or vinca (Catharanthus roseus).

While the plug production industry
began with bedding plants, it has spread
to other crops within floriculture/ornamental
horticulture. Cut flower plugs have enabled
cut flower producers to have a regular, high
quality year-round supply of crops such as
asters, snapdragons, lisianthus and delphin-
ium without the difficulty of growing their
own seedlings. Many pot plant growers found
that they also could produce potted plug crops
from seed such as cyclamen, gloxinia, calceo-
laria, hypoestes and gerbera. More recently,
plug production has been widely adapted to
perennials. Several perennial plug growers
offer multiple plug sizes and even cooled
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Table 3.3. Top ten US plug growers.

Production units (millions)
Grower 2002 2001
1. Tagawa Greenhouses, Colorado and California 500 350
2. Green Circle Growers, Ohio 350+ 380
3. The Plug Connection, California 275 250
4. Speedling Inc., California, Florida and Georgia 250-300 250
5. C. Raker & Sons Inc., Michigan 165 165
6. Plainview Growers, New Jersey 155 155
7. Floral Plant Growers, Wisconsin and Maryland 150 2102
7. Wagner Greenhouses, Minnesota 1502 150+
9. Knox Nursery, Florida 130-150° 130-150°
10. Kube-Pak, New Jersey 130 130
10. Van de Wetering, New York 130 150+

2Estimates.

Reprinted with permission from Greenhouse Grower, ‘Making Choices: Top 10 Plug Growers’,
mid-September 2002, Volume 20, No. 11, page 14. Meister Publishing Co., Willoughby, Ohio.

(vernalized) plugs that are ready-to-pot and
force for spring sales.

The switch to bought-in plugs from
open seed flats sown by each grower has not
been entirely positive. Probably the biggest
negative is that plug producers limit the
assortment of varieties and species on
the market simply because they do not grow
them. There are two major negative ramifi-
cations regarding this. First, a new variety
from a breeder must have distribution by
being offered as a plug before it will be widely
adapted by a large number of growers. While
most plug producers offer several series
of each main crop on their plug list, it is
impossible to offer all cultivars. Growers
who wish to request specific varieties
not on the supplier’s list can place a special
order, provided they meet minimum order
requirements. Second, many miscellaneous
crops have such a small market share that
seed companies cannot economically justify
investing in higher seed quality. As a result,
germination rates can be as low as 30%
or 40%, making them very expensive as
potential plug crops.

Plug grower suppliers address each of
these limitations with ‘custom sowing’. Most
plug suppliers will grow just about any
seed-grown crop as long as the grower meets
a minimum order (usually ten or 12 trays,
although some require less). Unfortunately,

the minimum order is too large for smaller
and medium sized growers.

Technology development

The development of flower plug production
had ripple effects throughout the entire flori-
cultural industry, spurring booms in technol-
ogy. Because producing plugs is so technical,
it also spurred development of more sophisti-
cated environmental controls and equipment
designed to aid growers in manipulating
the environment. Typically, the plug range
is heavy on equipment and sophisticated
under-bench heating, boom irrigation or
sophisticated mist, overhead curtains and
high intensity discharge lamps. For most
greenhouses producing plugs in addition to
finished crops, the plug range has the highest
per square foot capital outlay, with prices
ranging from US$12 to US$25 or more per
square foot.

Over time, as plugs became more and
more popular, equipment suppliers in the
industry developed special equipment for
sowing, handling and transplanting plugs (see
Fig. 3.8). Until plugs became commonplace,
mechanization for bedding plant growers
was virtually non-existent. Today, specialized
seeders, automatic tray and flat fillers and
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Fig. 3.8. Plugs enabled development of automatic transplanters to plant bedding plants and pot plants,
thus eliminating much of the handwork involved in bedding plant production.

watering conveyors are standard head house
production equipment in plug greenhouses.
When plugs are ready to transplant, machines
such as dibblers press holes in the medium,
so all that remains is for the worker to place
the plug into the dibbled hole. Transplanting
lines, which consist of a conveyor belt with
planting stations set up on either side, allow
workers to sit as they work, and significantly
speed the transplanting process. Watering
conveyors irrigate newly planted flats before
they are taken to the greenhouse for finishing.
Today’s largest bedding plant operations
now use automatic transplanters that remove
plugs from the plug tray and place them into
the finishing flat insert or pot. The process is
not without flaws since workers still must
‘patch’ skips in automatically transplanted
pots and trays as they emerge from the trans-
planter. However, using a modern trans-
planter, growers can transplant as many
as 1200 or more flats of 36-cell packs (606)
per hour. Smaller, manually operated trans-
planters have been introduced which enable
growers to transplant 300 flats per hour.

The most advanced technology intro-
duced for plug production to date is ‘patching’
plug trays during plug production to increase
crop uniformity and thus final per square
foot yield. Many of the world’s largest flower
plug specialists use special plug transplanters

during the plug production process. The
machines first scan plug trays with video cam-
eras that send a digitized signal to a computer.
The computer instructs the transplanter to
literally ‘blow out” skips or under-performing
seedlings and place a good plant in its place
(see Figs 3.9 and 3.10). Trays are returned to
the greenhouse to tone and finish. After auto-
matic grading during the plug crops’ final
days, bench space yield for the plug growers is
100%. The rationale for the extra expense is
strictly economic. Typically, plugs are sold by
count. For example, a 288-plug tray that has
288 holes for plugs may be sold as 250 or
more. For plug growers supplying the plugs,
by patching to 100%, the plug grower adds
38 plugs to the tray, increasing the sale by
increasing the value of the box (four plug
trays) by 15%. If the tray is sold as a 270, yield
is an additional 6%. The economics are also
better for the grower buying in the plugs:
freight charges are less expensive per unit
since there are now more plugs per box.
Patching allows the plug producer to
maximize both the greenhouse production
bench and the shipping carton.
Development of plug technology did
not stop with equipment. Plugs forced seed
suppliers to focus on seed technology as well.
Germination rates of 90% on blotting paper
in a laboratory did not correlate with real
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Fig. 3.9. Grading seedlings during plug production
enables plug growers to make more efficient use

of their production space and to ship higher value
boxes or racks. This photo shows a plug tray in

the Netherlands after it passed through one of the
earliest commercial plug grading machines in 1989
at Zaadunie De Lier (Syngenta). Underperforming
seedlings were literally blown out.

world experience on the plug bench. Because
seed was singulated into a single growing cell,
growers became painfully aware of every cell
that was empty. Not only that, but some
seedlings were underperforming and lagged
behind others. Seedling vigour and germina-
tion on soil became the new paradigm for
seed suppliers. ‘Usable plants’” became more
important to the plug grower than overall
germination. Leading suppliers supplanted
germination on blotting paper in a laboratory
chamber and replaced it with soil germination
under controlled growing conditions and
sophisticated seedling rating systems, such
as the Ball Vigor Index (BVI) and others.

Advances in seed technology also
facilitated production increases for some
crops. Pansies, for example, are difficult
to germinate in the summer due to heat.
As a result, only growers with specialized
cooling chambers or in cool regions of
the country were able to grow high quality
pansy plugs. As pre-germinated seed was
introduced, more and more plug growers
were able to produce pansies, thus increasing
the supply of high quality plugs to finishing
growers.

Other improvements also increased ger-
mination at the grower level. Many plug pro-
ducers were building their own germination
chambers in which near ideal environmental

Fig. 3.10. At this plug grading line at Hamer Bloemzaden in the Netherlands workers manually patch the

empty cells before trays are returned to the greenhouse.
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conditions were duplicated to germinate ditfi-
cult crops. At the same time, seed handling
knowledge and techniques improved at the
breeder, distribution and grower levels.
Today, refrigerated seed storage is standard at
any plug production facility.

The cultural knowledge base that
was established because of plug production
extended into other crops as well. Principles
on how plugs respond to water, media and
nutrition apply equally as well to crops such
as poinsettias or chrysanthemums. The most
interesting application for the seed industry of
the cultural technology developed through
plug production was that it made entry into
rooted cuttings for plug producers almost a
seamless transition. Each year, floricultural
crops grown from seed decline in total market
share in favour of vegetatively propagated
Crops.

Conclusion

While seed-grown floricultural crops con-
tinue to be an important part of the total
floricultural supply, they are experiencing

a declining total market share in well-
developed bedding plant consumption
markets such as the USA. The floriculture
industry owes much of the advancements
in production technology and cultural
techniques made over the past two decades
to the invention of the plug seedling.
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4 The Uses and Potential of Wildflower
Seed in Landscaping

Gene P. Milstein
Applewood Seed Company, 5380 Vivian Street, Arvada, CO 80002, USA

History of the Industry

In the 1960s, many forces were at work that
influenced the development of the wild-
flower seed industry. The environmental
movement was just beginning. An awareness
of air and water pollution in the big cities
motivated people to look around and con-
sider the condition of the world their chil-
dren would inherit. They also began to see an
accelerating loss of plant and animal species
that would leave a sterile environment for
future generations. As a result, there was
an increased use of wild flowers with the
intention of improving and enhancing our
environment.

Prior to that time, the sale of wildflower
seed and plants occurred through mail order
catalogues of seed collectors such as, in the
USA, Clyde Robin Seed Company, and mail
order nurserymen such as Mid-West Native
Plants. Retail native plant nurseries were few
and wildflower seed packets in garden centres
rare. Occasionally, Alaskan seed collectors
would travel to the lower 48 states and offer
their seed to garden centres and nurseries.
In 1967, Applewood Seed Company began
collecting wildflower seeds and offered them
in retail packets to the gift and garden markets
around the USA. In 1973, Bodger Seed estab-
lished a new division, Environmental Seed

Producers (ESP). Environmental Seed Pro-
ducers, Applewood and other California seed
companies such as S&S Seeds began offering
bulk wildflower seed to the landscape market.
In the 1970s and 1980s, more companies
entered the market and wild flowers, along
with grass, shrub and tree seeds, were
included in the increasingly common re-
vegetation and reclamation projects. Various
niches developed such as prairie restoration
and highway beautification. In 1982, Lady
Bird Johnson opened the National Wildflower
Research Center in Austin, Texas.! She was
instrumental in assuring the inclusion of a
provision into a Federal Highway Act that
required a percentage of all federal highway
funds to be spent on re-vegetation with
wild flowers. This caused a surge in highway
beautification and a commensurate increase
in wildflower seed demand.

Retail sales of wildflower seed in packets
and other products expanded rapidly with
many large companies entering the market,
including Burpee, NK Lawn and Garden,
Ferry-Morse, Pennington and others. The
retail market grew from independent retailers
to include mass merchants and discount
chains. Nearly everyone selling packet seed
began offering wildflower seed as well.

During the 1980s, substantial quantities
of wildflower seed were sold in retail markets

! In 1989, the National Wildflower Research Center’s Wildflower Handbook was published.

©CAB International 2005. Flower Seeds: Biology and Technology

(eds M.B. McDonald and F.Y. Kwong)
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in various containers besides packets,
including bags, pouches, boxes and cans.
Meadow-in-a-Can was probably the best
known of these products. This marketing
effort peaked with the introduction of the
‘mulch bag concept’, which used hundreds of
thousands of kilograms of wildflower seed per
year. This product included a small amount of
seed mixed with a large quantity of recycled
paper mulch as a spreading agent. It was very
popular with the home gardener for planting
areas of 5-10 square metres (approximately
50-100 square feet).

Wwild flowers are now used in a very
wide range of situations including habitat
restoration, parks, residential and commercial
developments, golf courses and amusement
parks, to name a few (see Plate 4.1). The con-
cept has spread to most developed countries in
varying degrees. Europe and Japan have been
significant users for 10-20 years.

Wild flowers represent one of the most
colourful and attractive aspects of nature. They
symbolize a part of the natural environment
that we do not often see in our daily lives, par-
ticularly in the suburbs and inner city. They
are a form of beauty that home gardeners can
easily replicate in their backyards. For some,
wild flowers represent a sense of simplicity,
freedom, a casual life-style, a feeling of wild-
ness in a complex, demanding, fast-paced
society. Above all, they provide colour and
beauty in a world of glass, brick and concrete.
There is nothing more refreshing on the front
page of a magazine or a website than a field or
a bouquet of wild flowers.

Current Issues in the Wildflower
Seed Industry

There are many issues confronting the
wildtlower seed industry. For example, what
is the definition of a wild flower? No-one
agrees and the question has been discussed
for hours. Webster’s Dictionary defines a wild
flower as the flower of a wild or uncultivated

Webster’s 3rd New International Dictionary.

plant.? This seems simplistic in today’s
complex world.

One definition by a botanist is, ‘Any
showy or attractive flowering plant that occurs
naturally in a given geographical area or region;
it could be either native or introduced.> Apple-
wood Seed Company defines a wild flower
as ‘any flower that has not been hybridized
or chemically altered’. Still other definitions
exist depending on the point of view. For
example, ‘It’s not an American wild flower
unless it’s indigenous or endemic here.’

The use of natives vs. non-natives is
also the source of controversy, especially
in discussions with botanists and ecologists.
Historically, there have been three categories
of wild flowers: native, non-native and natu-
ralized. The term ‘native’ is as hard to define as
‘wild flower’. Webster defines native as ‘living
or growing naturally in a given region; indige-
nous or endemic’.2 But since the true origin of
most species is generally unknown, the term
native is often applied to species present prior
to ‘the arrival of white man or Europeans’.
Non-native according to Webster means
‘exotic, foreign or introduced’. Dr Hartman?
defines native as ‘any plant found in a
given geographical area or region which was
there prior to any recent modification of the
environment caused by humans (that is, prior
to AD 1600). A naturalized species refers to
one that comes from another state, country or
region and has been able to establish itself and
reproduce outside of cultivation without the
aid of man. Recently, environmental groups
have preferred not to recognize this category
and refer to naturalized species as introduced”
or exotic species. This would mean that in
places where only ‘wild flowers’ are allowed,
such as highways, commonly planted species
like Achillea millefolium (white yarrow),
Daucus carota (Queen Anne’s lace) and Linum
perenne lewisii (wild blue flax, APAR) could no
longer be planted.

In recent years, a number of wild flowers
in the USA have been labelled invasive species
and this issue has become so important that
President Clinton established the National

Dr R.L. Hartman, Director of the Rocky Mountain Herbarium, University of Wyoming.
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Invasive Species Council in Washington, DC
in 1999. Which species should go on an
invasive or a state ‘Noxious Weed List’ is a
question that has consumed many hours of
discussion with government officials. This has
caused much confusion in the public arena
because many people have treated invasive
as synonymous with noxious. However,
‘noxious’ is a legal term since each state has a
Noxious Weed Law that lists ‘noxious’ species
that are controlled or prohibited by law.
Invasive weeds and lists of invasive species
are at present only the subjective opinions of
the individuals or organizations that prepare
them. They have no legal standing and cannot
be enforced by any governmental agency.
State agencies may decide that a species is so
invasive that it should be put on the Noxious
Weed List. But, until that occurs, no ‘invasive’
species can be regulated or prohibited.

Industry has been impacted because
many consumers, companies and public
agencies believe they cannot plant species
that are on an invasive list, even though they
have been planted regularly in landscaping
for generations. Therefore, the sale of many
commonly used species has been prohibited
or reduced. Some lists include crops such
as wheat, rye, oats, Kentucky blue grass and
California poppy, crown vetch, dame’s rocket,
vinca and blue flax.

The latest issue involves both the state
and federal governments who are entering
the business of producing wildflower seed and
competing with private industry. Some states,
for example, Iowa, Minnesota, Florida and
Missouri, and federal agencies such as the
Forest Service and the Bureau of Land
Management have been using government
employees or prison inmates to produce spe-
cies or ecotypes they say they cannot procure
from industry. The wildflower seed industry
believes that the demand for local ecotypes is
inappropriate because there have been no sci-
entific studies to prove that local ecotypes are
necessary with wild flowers. The industry is
small and even regional ecotypes are uneco-
nomical to produce. From experience, it is
clear that the cost of collection or of producing
small quantities of locally grown seed lots will
be so high that no-one will be able to afford
them. If the government produces them, it

will be an extravagant misuse of taxpayers’
money.

The American Seed Trade Association
and the American Association of Nurserymen
have taken an active role in almost all of these
issues, especially because they affect major
segments of both industries.

Current Challenges Facing the
Wildflower Seed Industry

Key challenges facing the wildtflower indus-
try involve keeping up with the diverse
markets that use wildflower seed, including
the many niche markets. Providing adequate
personnel to address these small markets is
difficult and the cost of travel to the majority
of the customers becomes prohibitive. Main-
taining profitability in a maturing, highly
competitive market is also a significant chal-
lenge. Thirty years of increasing competition
has made the wildflower business like any
other highly competitive business. Smaller
margins mean that companies must become
smarter and more efficient. As more compa-
nies compete for a limited amount of busi-
ness, maintaining high quality seed in the
industry also becomes a challenge.

In addition, producing popular regional
items at competitive prices is an ongoing chal-
lenge. Highway departments are a source of
substantial contracts. Especially when there
are large budgets, the contracts go to the
lowest bidder. Other governmental business
comes from the Park Service, Forest Service,
the Bureau of Land Management, and city,
county and state landscaping projects.

Balancing the demand for low-priced seed
with the request for locally grown ecotypes can
be a significant challenge. Locally grown seed
or local ecotypes are generally very expensive
and low-cost seed can be produced in other
countries with low labour costs. Trying to
satisfy both of these demands can be difficult.

Uses of Wildflower Seed

Many different individuals and organiza-
tions use wildflower seed, including home
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gardeners, landscapers, landscape architects,
golf courses, amusement and theme parks,
city, county, state and federal parks, highway
departments, grass, flower and packet
seed companies, universities, conservation
groups, zoos, botanic gardens and restora-
tion, re-vegetation and reclamation projects
such as mined lands, prairie and wetlands
restoration (see Plate 4.1).

There are 300-500 individual species of
wild flowers in the US landscape trade, and
still more are listed in some mail order
catalogues. Altogether the listed species make
up no more than 3-5% of those native to
North America. There are many thousands
more around the world. The listed species
represent only a small fraction of those in the
wild. In this respect, the industry has a large
untapped resource. However, less than 100
species account for the majority of the seed
sold each year. These species are primarily the
low-cost, easy-to-grow species with a wide
range of versatility.

A typical wildflower seed -catalogue
provides the information a landscaper needs
to make good decisions concerning seed selec-
tion. This information includes: scientific and
common plant names; plant type: annual,
biennial or perennial; cultural requirements
such as sun exposure and moisture needs, e.g.
full sunlight or shade; moist conditions, which
require over 75 cm (30 inches) rainfall per
year, or dry conditions requiring 25-75 cm
(10-30 inches) rainfall per year; bloom
colour; blooming period; seeds per pound
(x 2.2 for seeds/kg).

Even though the number of species
is small compared with the potential, many
different mixtures are developed from 100
to 200 individual species. From specialized
mixtures for golf courses to highway depart-
ments to knee-high to bird and butterfly
mixtures for home gardeners, there are
blends for almost every conceivable purpose
or theme. Custom mixtures are an important
service of the industry. Most seed companies
have a large selection in their computer, since
it is not uncommon for customers to request
custom mixes reserved for their use only.

Table 4.1 illustrates some common
regional mixtures in the USA and elsewhere,
frequently offered special use mixtures, and
various theme mixtures in the trade.

Some of these mixtures are ‘kitchen
sink’” mixes with every inexpensive species
included, while others are refined blends
that have required years to perfect a desirable
balance of species. Some companies conduct
extensive field trials every year to develop
new mixtures for new purposes. These can
take several years to perfect. Each application
has special needs, and if the volume of seed
required is large enough, a special mixture
will be designed. For example, a golf course
might use a different blend near a tee or green
from what it would use in the rough or out-
lying areas. Available irrigation is also a
consideration in determining which seeds
to include in the mixture.

The seed quality of individual species or
mixtures is important. Table 4.2 lists the mini-
mum state germination standards for many
wildflower species. Minimum standards were
primarily established for the packet seed trade
and they are quite low. Most seed sold in the
landscape trade is usually 10-20% higher.

The main uses of wild flowers are for
beautification and erosion control. Wild-
flower seed is planted by home gardeners as
an alternative to bedding plants because they
are less formal, more economical and require
less water and maintenance. Annuals are
effective for a 1-year display, while perennials
are planted as long-term flower gardens. The
seed may be planted as individual species for
blocks or swaths of colour or alternatively
as mixtures in different themes: tall, low
growing, shade, sun, moist or dry conditions,
mountains, coastal areas, regional, colour
blends and many other parameters. Plate 4.1
illustrates different mixtures and various
types of projects where wildflower seed is
used.

Landscape contractors and architects use
wildflowers in residential and commercial
projects to bring the native look back into the
urban environment. Golf courses use them
around tees and greens for a touch of colour,
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Table 4.1. Regional, special use and theme and they use them in out-of-play areas to rec-
mixtures common in the wildflower industry. reate the natural environment. Wild flowers
are especially helpful in reducing water use.
Amusement and theme parks often use wild

Common regional mixtures in the USA:

Pacific Coastal Mix

Gulf Coast/Caribbean Mix
High Plains Mix

Midwest Mix

Northeast Mix

Northwest Mix

Rocky Mountain Mix
Southeast Mix

Southwest Mix

Western Mix

Other regional mixtures:
Central Japan Mix
European Flower Mix
Israeli Flowers
Mediterranean Flowers
Northern China Mix

North American Flower Mix
South African Flowers
South India Mix

South Korea Mix

Selected special use mixtures:

Annuals for Sun

Bird and Butterfly Mix
Deer Resistant Mix
Golf Course Mix
Hummingbird Mix
Knee-Hi Mix

Low Growing Mix
Native Perennial Mix
Salt Tolerant

Shade Mix
Super-short Mix
Xeriscape Mix
Wildlife Mix

Theme mixtures:

Beneficial Insect Mix
Cool Colors Mix
Cottage Garden Mix
Cutflower Mix
Fragrant Mix

Jewel Tones Mix
Moonlight Garden
Orange Flowers
Pastel Colors Mix
Red, White & Blue Mix
Red & Gold Mix
Warm Colors Mix
White Flowers Mix
Yellow Flowers

flowers to provide inexpensive, colourful
displays to enhance the look of their
entertainment facilities.

City, county, state and federal parks
frequently use native flowers to enhance or
replicate the native species, often requesting
local ecotypes. Maintaining the natural ecol-
ogy is a common goal of many public and
non-profit organizations. Prairie restoration is
a focus of many of these entities, particularly
in mid-western states. But a number of
private individuals and corporations also
wish to recreate the natural prairie or native
landscape. Highway departments request wild
flowers for erosion control and beautification.
Some use natives to create an authentic local
ecosystem, others focus on beautification to
make the highways exciting and interesting
for the traveller. Many newspaper articles
have been written about these beautiful dis-
plays. Conservation groups such as the Nature
Conservancy and various habitat groups have
botanists on their staff to recommend the use
of particular native species and local ecotypes
to enhance the appearance of their land.

Universities, botanic gardens, zoos and
other institutions have created wildflower
display gardens to show the public how wild
flowers can be used in home and commercial
landscapes. Retail garden products often
incorporate wildflower seeds to satisfy
the home consumer’s desire for a native
environment in their backyard.

Wwild flowers have their own cultural
needs and maintenance requirements. Many
people still assume that scattering wildflower
seed will result in a beautiful display with little
or no effort. In most cases, this does not occur.
Wildflower installations, like all horticultural
plantings, require care and attention, but less
than many other types of plantings. Attention
must be paid to weed control, water
availability, and balance of species, especially
when mixtures are used. The care and
maintenance of wild flowers is different from
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Table 4.2. Minimum germination standards for wild flowers.?

Species % Germination
Achillea spp. 50
Dimorphoteca aurantica, Dimorphoteca sinuata 55
Lobularia maritima 60
Anagallis arvensis 60
Arabis alpina 60
Aubrieta deltoidea 45
Rudbeckia hirta 60
Brachycome iberidifolia 60
Calendula officinalis 65
Eschscholzia californica 60
Campanula rotundifolia 50
Iberis umbellata 65
Iberis sempervirens 55
Centaurea cyanus 60
Cerastium biebersteinii, Cerastium tomentosum 65
Chrysanthemum carinatum, Chrysanthemum coronarium 40
Chrysanthemum leucanthemum 60
Chrysanthemum maximum, Chrysanthemum superbum 65
Clarkia unguiculata 65
Aquilegia spp. 50
Echinacea purpurea 60
Coreopsis lanceolata 40
Coreopsis tinctoria (Caliopsis bicolor) 65
Cosmos bipinnatus, Cosmos sulphureus 65
Delphinium ajacis (Consolida ajacis) 60
Dianthus deltoides 60
Dianthus barbatus 70
Bellis perennis 55
Linum grandiflorum, Linum lewisii, Linum perenne 60
Gaillardia aristata, Gaillardia pulchella 45
Gila spp. 65
Heliopsis helianthoides 55
Hesperis matronalis 65
Linaria spp. 65
Lupinus spp. 65
Myosotis spp. 50
Nemophila menziesii 70
Nemophila maculata 60
Penstemon spp. 60
Phacelia campanularia 65
Phlox drummondii 55
Papaver rhoeas, Papaver nudicaule 60
Saponaria ocymoides, Vaccaria hispanica 60
Helianthus spp. 70
Machaeranthera tanacetifolia 60
Thunbergia alata 60
Vinca roseus (Catharanthus rosea) 60
Zinnia linearis 50

@These standards are found in many state seed laws and are adopted from the RUSSL Amendments
prepared by the AASCO (American Association of Seed Control Officials).
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traditional bedding plants because they are
usually planted in large areas where intensive
care is unavailable or impractical. In general,
wildflowers thrive and produce a colourful
display if they receive over 75 cm (30 inches)
of rainfall during the growing season. If this
is not available, 1.25 cm (% inch) per week
of irrigation will suffice. Wild flowers are
usually planted in areas requiring a colourful
display but a lower degree of expense and
maintenance. They meet this expectation as
long as the appropriate cultural practices are
followed.

Wildflower Seed Usage Globally

Wild tlowers are used widely in developed
countries that have the resources, especially
the time and money, for beautification and
maintenance of the natural environment.
Less developed societies tend to focus on
food, housing and survival. Highly populated
regions in developed countries are more
conscious of wild flowers because they are
aware of the loss of natural habitat. Therefore
they attempt to incorporate wild flowers into
their surroundings. In addition, people living
in cooler, more temperate climates are more
interested in growing and cultivating tlowers
of all kinds. In tropical and sub-tropical areas
where many plants grow easily, there is less
interest in wild flowers. The USA and Can-
ada, in general, show more interest in wild
flowers than Europe partly because there is
still more undeveloped land on which to
recreate the native ecosystem. Wild flowers
are used in varying degrees in other devel-
oped countries such as Japan, South Korea
and China, mostly for parks and highway
plantings. Plate 4.2 shows a canal restoration
project using wild flowers in Tokyo, Japan.
The use of wildflower seed in Asia has
been much slower to develop than in North
America and only a few countries are active at
this time. The countries planting wild flowers
from seed include Japan, China, South Korea,
Australia and New Zealand. Australia and

New Zealand have shown much interest in
the concept because of their close cultural
connection with the USA and Europe and
because of their interest in preserving the
natural environment.

In general, people in Australia and New
Zealand have observed the usage of wild flow-
ers in western countries for the last 30 years
and have used wild flowers in similar ways.
Australia, in particular, has been especially
sensitive to the introduction of alien species
because introduced species can get established
and spread so easily in its mild climates. Thus,
Australia has tended to use its native species
more for re-vegetation and reclamation pro-
jects. Since New Zealand has a great diversity
of climates, a much broader range of species of
wild flowers has been used in this country and
in similar markets as the USA. Australia’s
plant species, as with its animal species, are so
unusual and unique in the world that the
seeds of many of them have been sold to
tourists and gardeners around the world.

In Japan, China and South Korea the
concept of gardening and landscaping with
wild flowers is relatively new. Japan began
using wildflower seed within the last 20 years
because they provided a ‘new look” for parks,
commercial developments, golf courses and
along the highways. On roadsides, wild flow-
ers provided a source of colour as well as ero-
sion control. They have been used extensively
in residential and amusement parks because
they provide a less formal, casual look
compared with traditional bedding plants.
Recently there has been an increasing interest
in using Japanese natives as protection for the
native environment.

The market for wildflower seed in China
and South Korea has started to grow in the
last 5 years mainly because it provides an
inexpensive source of colour in the landscape
along roadsides, on golf courses and in parks.
Particularly in China, horticulture is being
relearned through the university system,
since the art was almost wiped out during the
Cultural Revolution. South Korea’s market is
primarily on golf courses at the present time,
because wild flowers provide an inexpensive
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method for bringing colour around greens,
tees, the clubhouse and along {fairways
especially in out of-play areas. Many golf
courses are being built in these countries for
the emerging middle class and tourists from
Japan.

The markets for wildflower seed in
Europe are similar to the markets in the USA,
except smaller. Wild flowers have been
used for several decades, but there is less
undeveloped land in Europe; therefore recla-
mation and re-vegetation are less important
markets.

Wwild flowers are defined differently
in most western European countries. Flower
seeds sown along the highways, in parks, on
golf courses and in residential and commercial
developments are referred to as ‘meadow
flowers’. These same flowers are offered in
retail products such as packets, cans, boxes
and bags for the home gardener. The uses and
markets for ‘meadow flowers’ are similar to
the markets for wild flowers in the USA and
Canada, but smaller because people own less
land around their homes. The species used
here are more native to Europe, whereas
those in the USA and Canada tend to be more
North American natives. However, there is
considerable overlap because the flower seed
breeders and the bedding plant trade have
introduced many of the same species to both
markets over the last 150 years.

In Europe, the term ‘wild flowers’ is
reserved for species collected in the wild, often
at high elevations in the mountains. They
are very expensive seeds and only limited
quantities are available. Thus, these species
are generally offered only in small seed
packets primarily for the tourist trade. Seeds
grown on seed farms would not qualify for the
wildflower labelling in these countries.

The Future of the Wildflower Industry

The wildflower seed industry has been in
existence for about 30 years, enjoying major
growth during the first 20 years. It is now
a maturing industry with many competitors
at various levels filling different niches. It
remains a small industry compared with the

bedding plant or turf industries, but a stable
one with many different aspects and inter-
ests. There are several markets to satisfy.
Some people simply want a beautiful display
and are not concerned about species native to
their area. They want low-cost, easy-to-grow
seed. Others have very specific expectations
and will only use species native in their
region. Some even require that the seed be
produced locally within 90-180 km (50-100
miles) of where they are to be planted. These
expectations keep wildflower seed companies
on their toes (some say off-balance). Because
traditional seed companies find it ditficult
to respond to these specific demands, non-
traditional, local and regional seed compa-
nies have emerged with the support of local
and state governments.

How these issues are resolved has an
impact on the direction of the traditional
wildflower seed industry. How many of
these niches the seed companies can
supply will determine how much the industry
grows in the future. Therefore, the future
depends a great deal on how much each
of the member companies get involved with
resolving these issues. It is important that
wildflower seed companies express their
views as these issues are ultimately defined
and resolved.

Differences Between Wildflowers
and Bedding Plants and Other
Ornamental Plants

The wildflower seed industry is a smaller
industry than the bedding plant/F; hybrid
seed industry. The seed is, in general, less
expensive and open-pollinated annual, bien-
nial and perennial species. The wildtlower
seed industry seeks to identify attractive,
easy-to-grow original native species wher-
ever they can be found. The goal is to
produce the seed at the lowest cost with
the highest quality possible. It requires 5-10
years to go from initial seed stock to a sale-
able crop. This is similar to plant breeding
and developing an F; hybrid. Finding the
correct climate to produce high quality
wildflower seed can be a major challenge.
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Just because a crop is native in a certain
climate is no guarantee that it will produce
good seed or a high yield in that location.

For example, New England aster seldom
produces a high yield or good quality seed in
New England. Surprisingly, it does produce
abundant, high quality seed in the semi-
desert climate of Colorado. Although butterfly
weed (Asclepias tuberosa) is native in many
states,* so far only Michigan has yielded good
production, even though it has been tested in
many places.

The wildflower seed industry is made up
of many small markets, whereas the bedding
plant industry is composed of fewer but larger
markets. Because the markets are different,
the channels of distribution are also different.
Most wildtlower seed is sold for direct seeding
on site. Therefore, very little of it is used by
bedding plant growers. Highway department,
re-vegetation and reclamation officials con-
tract directly with seed companies or their
distributors, which are different companies
from those selling bedding plant seed. Thus,
each industry has separate channels of
distribution.

Proper care of wildflower seed mixtures
differs significantly from other flower and
ornamental seed crops. Wild flowers require
less water and maintenance. But, even more
important, the care of wildflower seed mix-
tures is different because there is competition
among species in the mixture. Maintaining a
balance of species is especially important after
the first year of growth. Several techniques
exist for doing this, such as mowing, selective
removal of seed heads and over-seeding.
Weed controlis also an issue with wild flowers
because they are often used in larger areas
where hand weeding is impractical. It is essen-
tial to eliminate both the existing vegetation
and weed seed in the soil before planting
because it almost impossible to differentiate
weed seedlings from wildflower seedlings.
Providing adequate irrigation is also different
with wild flowers because they are often
planted where traditional sprinkler systems
are not used. Since direct seeding with
wild flowers is most common, the planting
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techniques are different, often using cyclone
seeders, grass drills and hydro-seeding
equipment.

Collection and Production of
Wildflower Seed

Prior to 1970, most wildflower seed was
obtained from collectors or produced by
European seed growers who had harvested
original stock seed during their travels and
produced it on seed farms for sale to the
European garden market. Farm production
of wild flowers began in the USA in the early
1970s, mostly in California (see Plate 4.3).
Collectors harvested either by hand or with
machines such as combines.

Hand collection involves dumping or
breaking the seed stalks with seed pods or
heads into paper bags or plastic containers.
The seed is usually dried on a plastic film or a
concrete floor. The pods or heads may be
crushed if they do not shatter on their own.
Cleaning the seed requires similar seed clean-
ing equipment as used for grass, vegetable and
herb seeds. The main purpose of such cleaning
istoremove other crop seed and inert material
such as chatff, stalks, seed pods, hulls and other
plant parts.

Seed production is usually a three-step
process common to most grass seed:

1. Seed production may take 1, 2 or 3 years
or more until the plants flower, depending
on whether the crop is an annual, biennial
or perennial. The success of production is
dependent on the soil and climate, including
rainfall, sunlight, day length, temperatures
and length of growing season. Each species
has different requirements and determining
the appropriate location for production is
largely a trial and error process. There will be
some consistency within a species, but not
necessarily within a genus.

2. Seed harvesting may be done by hand or
with mechanical equipment. Large crops are
usually harvested with combines except in
countries where labour is less expensive.

See Hortus Third, L.H. Bailey Hortorium, Cornell University.
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Small crops of 0.25 ha (%2 acre) or less are
generally harvested by hand.

3. Seed cleaning involves a range of equip-
ment as noted above to remove dust, soil,
rock, weed and other crop seeds, stalks,
leaves, hulls, chaff and other foreign matter.
Some of the equipment used for seed clean-
ing includes air screen machinery, gravity
tables, spirals, indent cylinders, brushing and
scalping equipment.

Seed companies typically work with
farmers in a range of climates to produce wild-
flower seed as insurance against crop failure.
Seed maturity and high quality are usually
best in arid climates where the grower can
control the water the plant receives through
irrigation and avoid rains during the seed set-
ting and harvest time.

However, there is a demand for locally
grown and regional ecotypes. This causes the
risks and costs to increase substantially. Often
the yield and seed quality will be low when
regional production is a requirement. One of
main stimulants to the wildflower industry in
the 1970s and 1980s was lower priced, farm-
produced seed. But the new environmental
and ecological interests have reversed that
trend. Local ecotype production is often
accomplished by smaller and less experienced
growers. Also, seed testing and seed quality
are often ignored or omitted on small lots.
Without testing, the seed may receive
insufficient cleaning. Therefore, the seed
quality is typically poor or unknown.

Wildflower Seed Testing

Germination and purity testing are the
primary tests conducted on wildflower
seed. Sometimes, tetrazolium (TZ) tests (see
Chapter 15, this volume) are performed on
hard-to-germinate species or when a quick
indication of viability is desired. All of these
tests are performed by registered or certified
seed analysts in private or state laboratories
according to the official Rules for Seed Testing
as established by the Association of Official
Seed Analysts (AOSA) or the International
Seed Testing Association (ISTA). See also
Chapters 14 and 15, this volume.

Germination tests involve counting
100-400 seeds, placing them on a sterile
growing medium (such as pH-balanced blot-
ting paper), placing them in a germinator for a
specified period, keeping them at optimum
temperatures and moisture level and then
counting and evaluating the seedlings as
they germinate. There are specitic rules for
testing many wildflower seed species to
help standardize this process throughout all
laboratories in the world. According to law,
these tests must be repeated every 6 months.

Purity tests determine the percentage of
pure seed compared with crop and weed seed,
soil, chaff and other foreign material. These
tests are performed by skilled purity analysts
and greatly affect the value and selling price
of the wildflower seed. Noxious weeds are
a particularly important contaminant, and
prohibited noxious weeds can make any given
lot of seed unmarketable.

Tetrazolium (TZ) tests are chemical tests
done by cutting the seed in half to expose
the embryo and endosperm. The seed is then
soaked in a tetrazolium solution for several
hours. Pink-stained tissue indicates viability.
TZ tests are not considered legal tests in most
cases and are generally used as indicators of
potential germination for those seed lots that
are highly dormant.

Quality Control

Wildflower seed, like all flower seed, is sub-
ject to minimum germination standards and
labelling laws in many states. Many species
have their own minimum germination per-
centage standard. If no such standard exists,
then a minimum of 50% is usually applied.
Companies may have their own purity
standards, but the flower seed laws require
labelling for the presence of any noxious
weeds. Many public and private landscaping
architects and contractors require the listing
of the Pure Live Seed (PLS) for each seed lot.
PLS is determined by multiplying the decimal
version of percentage germination by the
percentage purity. For example, if the purity
is 98% and the germination is 78 %, multiply
0.98 x 0.78 which = 0.7644 or 76.44% PLS.
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This tells a customer what percentage of the
seed will be viable seed.

Poorly adjusted cleaning and harvesting
equipment or improper climate and storage
conditions can harm the seed and reduce
germination. High humidity is the principal
factor causing loss of viability, but mechanical
damage can also affect seed quality and
vigour. Proper storage includes temperature
and humidity control and special seed rooms
are often constructed for this purpose. Insect
control can also be an issue, although insects
are less problematic with wildflower seed
compared with other crops such as grains and
beans.

Rare or exotic wildflower species are
often not tested and the seed quality is
unknown. In this case, buyers must under-
stand they are dealing with an untested prod-
uct. Sometimes a TZ or cut test is conducted.
The methodology is to cut the seed in half to
determine whether the seed is filled with a
white appearing embryo and endosperm.

Seed testing laboratories can be either
state or private commercial laboratories.
Some specialize in wildtlower, native tree and
shrub seeds. An increasing number of wild-
flower species are getting specific rules and
testing techniques so that tests around the
world are standardized. National and inter-
national associations are encouraging AOSA
and the Society of Commercial Seed Tech-
nologists (SCST) to develop proper testing
methods for commonly encountered wild
flowers. Most state laboratories are situated
on land grant universities. Most well-
established wildflower seed companies
are familiar with both private and state
laboratories and use them regularly.

As with any new aspect of the wildflower
seed industry, production and collection
of seed are the first priorities. Marketers,
customers and governmental agencies were
often tolerant of low seed quality in the early
years. But as the wildflower seed industry
grew and matured, normal testing and quality
standards have become expected. The wild-
flower seed industry is an example of a mature
industry and the emerging wetland seed
industry is an example of a small industry
that is receiving tolerance in terms of quality
and testing. Usually, it is 5-10 years after

producers and collectors introduce new wild-
flower species to the landscape market before
appropriate testing techniques and standards
are established by seed testing laboratories
and regulatory agencies. Since the wildflower
seed industry is 30-40 years old, the quality
expectations are similar to those for grass,
vegetable and field seed. Seed of locally grown
ecotype wildflowers is an exception, and
much of that seed is still untested or does not
meet typical wildflower standards. Although
there are no specific wildflower regulations,
general flower seed laws that exist in many
states are applied to wild flowers. When wild
flowers are mixed with grasses, they are
subject to grass seed labelling requirements.
Minimum germination standards for each
species are common, and 50% is the mini-
mum for those without a specific standard.
The minimum germination standards for the
most commonly used wildflower species in
the landscape trade are provided in Table 4.2.

Crop and noxious weed seed in wild
flowers are becoming an important issue,
particularly prohibited noxious weed seed.
With over 10 million ha (25 million acres)
of land in the western USA overrun with
noxious weeds, it is critical not to allow more
of them to spread through re-vegetation and
reclamation projects.

Introduction of New Wildflower Species

The new introduction of wildflower species
involves selecting, testing and producing
new species from the 50,000 or so native
wildflower species. Each state, region, and
country has its own indigenous wildflowers.
Selections are made on the basis of popular-
ity, ease of culture, seed yield and cost of
production, and versatility in use and climate
range. The question of whether to introduce
a species native to a given region or a well-
adapted one native to some other region,
state or country is a common question for
seed companies. As Stephen Jay Gould said,
‘Exotics are often far more adapted than
natives’. The answer is usually dependent
on how many appropriate native species
are available. For example, in the mid-west,
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Rocky Mountain region and the north-
eastern part of the USA, there are few
native annual wildflower species. Therefore,
if annuals are desired in a mixture for first
year colour, it is essential to select species
from California, Oregon, Washington or
countries in Europe or Africa. In general, it
is difficult to prepare native mixtures that
will be suitable for a whole country. For this
reason, most such mixtures have between 20
and 25 species to assure performance in all
areas. Selection of appropriate species often
takes years of trials in different climates.

Preliminary field trials are often con-
ducted before deciding where and when to
do a large production of 1-2 ha (2-5 acres).
Both germination and purity tests are essen-
tial before making a transition from test to
production. At least 2 years of trials may
be necessary to confirm the climate that
will reliably yield high quality seed.

The equipment for cleaning and harvest-
ing can be major investments, depending on
the crop and size of production. Most crops
in the USA are mechanically planted and
harvested, especially fields over 0.25 ha
(Y2 acre) in size.

Other factors involved in selecting a new
species are colour, height, blooming period,
aggressiveness and general aesthetic appear-
ance and beauty. Cost of production, estab-
lishment time and durability of the crop and
seed viability are additional issues considered
when making a selection. In summary, new
species introduction is a long, complicated
process with many unknowns and surprises.

Future Potential of the Wildflower
Seed Industry

There are many uses for wildflower seed
from golf courses, home garden and com-
mercial landscaping to mine land reclama-
tion and highway beautification. Each niche
has its own requirements and potential. New
uses are showing up all the time from ceme-
teries to wetlands to xeriscape gardens. In
that sense, the future of the wildflower seed
industry is bright and unlimited. Competition
has also become intense as the wildflower

market matures. Seeking out new markets
becomes more challenging. The US, Cana-
dian, European and Japanese markets seem
stable, and are subject to the fluctuations of
their economies. But other countries in Asia,
Africa and South America are just beginning
to discover the charm and benetits of wild
flowers.

Many different people and organizations
plant wildflower seed including home gar-
deners, commercial landscapers, city, county,
state and federal governments, conservation
groups, zoos and botanic gardens. The list of
applications and types of people interested in
their use is endless and continues to grow and
change.

One thing can be said for certain about
the wildflower seed industry: it is never
boring!
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Background

Flowers have many beneficial components
for the consumer that are created, enhanced,
or improved by flower breeding programmes
using classical or molecular techniques.
Some new crops may initially be direct
selections from the wild with inherent traits
of interest. Once such a new crop has been
successfully commercialized and shows
market potential, however, flower breeders
begin the arduous task of crop domestication
and directed plant breeding. Many attributes
of floriculture crops enable continued popu-
larity with the gardening public, such
as flower power, convenience, therapeutic
value, fragrance, colour, enhanced longevity
(postharvest life), expression of emotions,
artistic value, or multiple uses in a variety
of environments (floral designs, holiday dec-
orations, flowering potted plants, colourful
foliage, colour containers, hanging baskets,
annual bedding plants, perennials; Plate 5.1).
Flower power is the most common attribute
that attracts consumers, providing continu-
ous flowering throughout the growing season
in the case of annuals, colour integration of
interiorscapes or exterior landscape plantings
with architectural surroundings, fragrance,
exotic appeal, therapeutic value and the
promotion of human health. Convenience
refers to the relative ease of propagation,
production, flowering and care or mainte-
nance in the landscape. This range in floral

value and usage ensures a continued need for
flower breeding and crop enhancement.

Product groups

An array of floral products provides market
diversity for the industry. These include
flowering potted plants, foliage plants, cut
flowers, cut foliage, bedding and garden plants
(annuals, biennials, perennials), and herba-
ceous perennials. The wholesale value of US
floricultural crops was US$4.74 billion in 2001
for all growers with > US$10,000 in sales and
931 million ft? in production (USDA, 2002).
While this category is now the third largest
within the US Department of Agriculture,
surpassed only by maize and poultry, it
contains multiple commodity groups with
hundreds of crops. A flower seed breeder
has a wide variety of commodities and crops
on which to focus. The largest floriculture
commodity is bedding and garden plants
(US$2.18 billion, 45.9%), followed by potted
flowering plants (US$832 million, 17.6%),
potted foliage (US$585 million, 12.3%), her-
baceous perennials (US$488 million, 10.3%),
cut flowers (US$424 million, 8.9%), propa-
gative material (US$151 million, 3.2%) and
cut foliage or greens (US$111 million, 2.3%).
It is noteworthy that the top five cut flowers,
all cut and potted foliage crops, the top eight
potted flowering plants, and the top two
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herbaceous perennials are vegetatively
propagated (Table 5.1). The rarity of seed-
propagated floral crops in the top five ranking
of these commodities indicates that there
is great potential for a shift in propagation
mode. Such a shift has been made in
the bedding plants, where seed-propagated
geraniums  (Pelargonium X hortorum;  Craig
and Laughner, 1985) are ranked in the top
ten along with their vegetative counterparts
(Table 5.2). In contrast with all other com-
modities, most of the top nine bedding plant
crops are seed-propagated (Table 5.2).

Table 5.1.

Potted plants (flowers, foliage) provide a
diversity of colour and fragrance in the home
for special events or holidays. The major
holiday crops are potted plants, i.e. poinsettia
(Euphorbia pulcherrima) for Christmas; Easter
lily (Lilium longiflorum), hydrangea (Hydran-
geamacrophylla), florist’s azalea (Rhododendron
hybrids), bulbous crops (Tulipa gesneriana,
Crocus vernus, Hyacinthus orientalis, Narcissus
pseudonarcissus) for Easter and Mother’s Day;
chrysanthemums (Dendranthema X grandiflora)
and ornamental peppers (Capsicum annuum)
for Thanksgiving. Other potted crops are not

Ranked value and propagation method(s) for cut, potted flower/foliage crops and

herbaceous perennials (seed, vegetative) according to the 2001 USDA sales statistics (USDA, 2002).

Sales value (w)

Rank Crop Propagation method in US$ millions
Cut flowers

1 Roses Vegetative 67.656
2 Lilies Vegetative 57.452
3 Tulips Vegetative 26.265
4 Gladiolus Vegetative 24.183
5 Iris Vegetative 20.117
6 Gerbera Primarily vegetative 20.045
7 Snapdragons Seed 17.249
8 Chrysanthemums, pompons  Vegetative 16.578
9 Delphinium, larkspur Seed 10.807
10 Lisianthus Seed 10.101
11 Orchids Seed, vegetative 8.883
12 Alstroemerias Vegetative 5.206
13 Carnations, standard Vegetative 4.571
- Other (miscellaneous) Vegetative, seed 135.143
Cut foliage

1 Leatherleaf fern Vegetative 54.283
- Other (miscellaneous) Vegetative 56.783
Potted flowering plants

1 Poinsettias Vegetative 256.211
2 Orchids Seed, vegetative 99.514
3 Chrysanthemums Vegetative 77.262
4 Florist's azaleas Vegetative 63.029
5 Spring bulbs Vegetative 45.959
6 Easter lilies Vegetative 38.521
7 Mini-roses Vegetative 26.412
8 African violets Vegetative 18.564
- Other (miscellaneous) Seed, vegetative 206.427
Potted foliage plants

1 Indoor, patio use Vegetative 495.093
2 Hanging baskets Vegetative 90.231
Herbaceous perennials

1 Garden chrysanthemums Vegetative 103.240
2 Hostas Vegetative 39.021
- Other (miscellaneous) Vegetative, seed 345.483
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associated with any holiday and are available
throughout the vyear, for instance potted
orchids (a variety of genera including
Phalaenopsis, Cattleya, Dendrobium, Oncidium,
Miltonia) and kalanchoe (Kalanchoe blossfeld-
iana) (Dole and Wilkins, 1999). The major
potted crops (poinsettia, orchids, chrysanthe-
mums) are 100% vegetatively propagated
whereas many minor crops, e.g. cyclamen
and ornamental peppers, are seed-propagated
(Table 5.1; Dole and Wilkins, 1999). Flower
breeders may yet have the potential to create
seed-propagated cultivars of these crops,
although the small market provides little
incentive for monetary return. Minor potted
crops, such as dwarf alstroemeria, have been
transformed into seed-propagated products
(Alstroemeria ‘Jazze’ series) as a result of
focused flower breeding efforts (PanAmerican
Seed Co., 1999). Orchids are a major potted
crop, yet amateur breeders have developed all
of the cultivars and no major North American
distributor carries these products. Clearly,
there are opportunities for flower breeding to
transform this situation.

Cut flowers are used throughout the year
for personal celebrations (birthdays, anniver-
saries, weddings, proms), to promote well-
being (get-well bouquets), provide sympathy
(funerals, memorial services) and for holidays
(Hunter, 2000). Roses (Rosa X hybrida) are
commonly associated with Valentine’s Day
whereas orchids (Cattleya hybrids) are often
used for Mother’s Day. Here again, the major
cut flower crops are vegetatively propagated,
e.g. roses, lilies (Lilium hybrids), tulips, and
gladiolus (Gladiolus X hybridus) (Table 5.1).
There is increased interest in seed-propagated
cut flowers, given the continued popularity of
F, hybrids such as snapdragons (Antirrhinum
majus), lisianthus (Eustoma grandiflora), stock
(Matthiola incana), sweet pea (Lathyrus
odoratus), China asters (Callistephus chinensis),
delphinium (Delphinium elatum), larkspur
(Delphinium  consolida), statice (Limonium
sinuatum), strawflower (Helichrysum spp.),
and sunflowers (Helianthus annuus). The cut
flower market has remained fairly static in
past years (USDA, 2002), although new crops
are continuously being developed with
industry support by the Cut Flower Growers
Association and national trials (Dole, 2002).

Bedding plants have traditionally been
annual or biennial crops (Carlson and John-
son, 1985). Most bedding plants have been
seed-propagated, although a small percentage
are vegetative, e.g. geranium (Pelargonium X
hortorum, Pelargonium domesticum, Pelargonium
peltatum) and New Guinea impatiens
(Impatiens hawkeri) (Table 5.2; Dole and
Wilkins, 1999). Seed-propagated annual
bedding plants include impatiens (Impatiens
walleriana, Impatiens balsamina), pansies/
violets (Viola X wittrockiana, Viola tricolor
hortensis), petunias (Petunia X hybrida), vege-
tables (a wide array of crops and genera),
begonias (Begonia semperflorens), marigolds
(Tagetes erecta, Tagetes patula), seed geraniums,
New Guinea impatiens (I. hawkeri), vinca
(Catharanthus roseus), alyssum (Lobularia mari-
tima), floss tlower (Ageratum blossfeldiana),
cosmos (Cosmos bipinnatus, Cosmos sulphureus),
nasturtium (Tropaeolum majus), salvia (Salvia
elegans, Salvia farinacea), zinnia (Zinnia elegans,
Zinnia angustifolia), and verbena (Verbena x
hybrida). Biennials propagated by seed
include honesty plant (Lunaria annua),
Dame’s rocket (Hesperis matronalis), and Sweet
William (Dianthus barbatus). A significant
innovation from the geranium breeding
programme at Pennsylvania State University
was the creation of F; hybrid, seed-
propagated cultivars, the first of which was
‘Nittany Lion’ (Craig and Laughner, 1985).
Seed-propagated geraniums have achieved
ranking in the top ten bedding plants
(currently ranked as No. 9), although they
never surpassed the vegetative types (current
ranking is No. 2) (Table 5.2). Other bedding
plant crops have had a similar transition dur-
ing domestication, such as seed-propagated
New Guinea impatiens, I hawkeri ‘Java’
series, canna (Canna X hybrida ‘Tropical’), and
flower maple (Abutilon X hybridum ‘Bella’)
(PanAmerican Seed Co., 1999; Ball Seed Co.,
2002). Currently, an increasing percentage of
bedding plant crops are vegetative items due
to the rapid pace of new crop development or
retailoring of old crops (Wilkins, 1985).

Herbaceous perennials, long a mainstay
of vegetatively propagated favourites such as
day lily (diploid Hemerocallis hybrids, tetra-
ploid Hemerocallis fulva), hosta (Hosta spp.
and hybrids), and garden chrysanthemum
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(D. X grandiflora), have experienced a resur-
gence in popularity (Callaway and Callaway,
2000; Fausey et al., 2000). Historically, all
seed-propagated perennials took one or more
years from seed to flower. Accompanying this
interest has been flower breeding focused on
the creation of perennials that could be grown
as bedding plants with plug production. The
resultant ‘annualized’ perennials created a
new class that flowered during the first year
from seed, yet retained their perenniality
(Finical et al., 2000). Examples of annualized
perennials include Campanula longistyla
‘Isabella Blue’ (Goldsmith Seed Co., 2002),
Campanula carpatica ‘Blue Chips’ (Finical et al.,
2000), Delphinium grandiflorum ‘Blue Mirror’
(Frane et al., 2000), Hibiscus moscheutos ‘Disco
Belle” (Wang et al., 2000), Aquilegia X hybrida
‘Songbird” (PanAmerican Seed Co., 1999),
and Verbascum X hybridum ‘Southern Charm’
(PanAmerican Seed Co., 1999). Herbaceous
perennial breeding programmes often neglect
selection for winter hardiness in northern
climates. This lack of reliability in winter
survival has prompted a resurgence of winter
hardiness as a breeding objective (Anderson
and Gesick, 2004).

Public vs. private sector flower breeding

The two major categories of professional
flower breeders are employed in public and

Table 5.3.

private sector programmes. Amateur flower
breeders may also be found for virtually
every important floricultural crop.

Amateur breeders have made significant
contributions to cultivar development, prod-
uct enhancement and the creation of inter-
specific hybrids. Commercial hosta, day lily,
lily, orchid, iris and gladiolus cultivars were
primarily bred by amateur breeders; in some
instances, professional flower breeders may
have also enhanced the initial products. Most
products developed by amateur breeders are
vegetative, rather than seed-propagated, due
to the lengthy research and development
costs and time involved in inbred parent
development.

Public and private sector breeding pro-
grammes overlap in many areas, but differ in
several significant ways (Table 5.3). Public
sector flower breeders are found within
universities/colleges (academic professors),
public/private botanical gardens and the
USDA. Academic breeding programmes have
as their mission the training/education of
undergraduate and graduate flower breed-
ing/genetics students. The crops being bred
at an institution of higher learning serve
as the tools for educational development of
the students by conducting basic and applied
research (Table 5.3). Research publications
from these programmes have served to estab-
lish important breeding and genetic informa-
tion for floricultural crops, since private sector

Flower breeding objectives in the public and private sector programmes.

Objective Public sector

Private sector

Basic research
Applied research
Commercial cultivars

Limited

Improvements within a series® Rarely
New series creation? Rarely
Distinguishable products® Frequently
Innovative products® Primarily
Long-term, high-risk research  Primarily

Primary influencing factors
Breeding objectives

Extensive; primary area

Limited; by-products of research

Genetic/breeding research
Knowledge base expansion, educational

Limited

Extensive; primary area
Extensive; primary area
Primarily

Primarily

Limited to frequently
Limited

Rarely

Profitability

Competition (market forces)

opportunities, competitive grants

Publications

industry breeding

Essential to project survival and notoriety,
create published knowledge base for

None (proprietary), except
for production information

aFor further explanation on the relative time and value placed on these products, refer to Fig. 5.1.
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breeding information is proprietary, strictly
confidential, and rarely, if ever, published.
Commercial products may be a tangible out-
come of public sector research (Table 5.4),
although the primary research focus is on
long-term, high-risk research objectives that
private sector breeders are not able to pursue.
As a result of the complexity of the breeding
objectives and student education, completion
of breeding objectives usually takes consider-
ably longer in public sector programmes than
in the private industry. Most outcomes from
this long-term research would be classified as
innovative or distinguishable products (Fig.
5.1). Public sector breeders may also be hired
as contract breeders to work on products for
the private industry where the primary focus
might be the creation of a new series with
representative cultivars in all of the flower
colour classes. Examples of current public sec-
tor academic breeding programmes include
The Pennsylvania State University (Richard
Craig, Pelargonium, Exacum), University of
Minnesota (Neil Anderson, Dendranthema,
Gaura, Lilium), University of Wyoming
(Karen Panter, Castilleja), Cornell University

(Mark Bridgen, Alstroemeria, Chilean geo-
phytes), University of Florida (Zhanao Deng,
Caladium; Brent Harbaugh, FEustoma, Lyco-
persicon; Rick Henny, Anthurium, Aglaonema),
University of Nebraska (Dale Lindgren,
Penstemon), University of Wisconsin (Dennis
Stimart, Zinnia, Antirrhinum), University of
Hawaii (D. Oka, Leucospermum), and the
University of Massachusetts (Thomas Boyle,
Schlumbergera). Botanic garden flower breed-
ing programmes include the Chicago Botanic
Garden (James Ault, Echinacea, Lilium)
and Longwood Gardens (James Harbage,
Pericallis); USDA flower breeding program-
mes encompass Petunia (Robert Griesbach),
Clethra, Hydrangea (Sandra Reed) and
Lagerstroemia (Margaret Pooler).

In contrast with public sector breeding,
the private sector flower breeding program-
mes conduct limited basic research, focusing
primarily on applied research and the devel-
opment of products (Table 5.3). Particularly
with the top-ranked products in each com-
modity group (Tables 5.1 and 5.2), i.e. the
‘cash cows’, considerable effort is devoted
to maintaining market share with the

Table 5.4. Public sector flower breeding programme products that have revolutionized the floriculture
industry.
Crop Features Date  Source
Castilleja linariifolia Hemiparasitism, germination 2000  Univ. of Wyoming
Dendranthema x grandiflora  Cushion habit 1950s  Univ. of Minnesota
F, hybrid seed-propagated 1980s  Univ. of Minnesota
Day neutrality 1980s  Univ. of Minnesota
Winter hardiness 2000  Univ. of Minnesota
Shrub habit 1990s  Univ. of Minnesota
Echinacea Interspecific hybrids with new 2003  Chicago Botanic Garden
flower colours
Eustoma grandiflora First dwarf lisianthus for bedding/ 1990s  Univ. of Florida, USDA
pot culture
Exacum affine Breeding 1980s Penn. State Univ.
Gaura lindheimeri Winter hardiness, selection against 2000 Univ. of Minnesota
invasiveness
Impatiens hawkeri Collection, screening of germplasm, 1970s USDA, Longwood Gardens
cytogenetics
Oxalis spp. Sterile selections, large flowers 1990s USDA
Pelargonium x hortorum Seed-propagated 1960s Penn. State Univ.
‘Nittany Lion’
Petunia hybrida Transformation, insect resistance 1990s USDA, Univ. of Florida
Schlumbergera spp. New hybrids, earlier flowering 1990s  Univ. of Massachusetts
Zinnia angustifolia Breeding, germplasm release, 1980s  Univ. of Wisconsin

mildew tolerant
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continuous development of new cultivars
(improvements within a series) and the
creation of new series (Fig. 5.1). Creation
of distinguishable and innovative products is
important, but private sector flower breeders
typically devote less effort to such long-term
objectives, as they may take years to
accomplish. Examples of long-term breeding
successes from private sector flower breeders
include a change in propagation mode, non-
pungent fruit, or plant habit modifications
(Table 5.5). Thus, the bulk of the flower
breeder’s effort must be spent on objectives
that may be accomplished within a short
period in order to maximize profitability and
competitive ability.

Basic breeding objectives

Regardless of the sector (public or private)
in which a flower breeder may operate, the

Relationship between risks and rewards for new floricultural introductions.

most important axiom for a successtul breed-
ing programme is ‘Know thy crop’! Prior to
commencing breeding and genetic research
on any crop, it is essential to spend the time
thoroughly searching the literature (scientific
literature and trade journals) to lay a
solid foundation of factual information. This
allows for the creation of practical, yet vision-
ary, breeding objectives. Assemble this infor-
mation in a template that can be used for
all crops being bred (Table 5.6). By assessing
the published taxonomic descriptions, geo-
graphical distribution and the native habitat,
a flower breeder may deduce the ideal crop
phenotype that may be obtained (the crop
ideotype) and the important factors of plant
growth to ensure production of a vigorous
and healthy product (Table 5.6). Commercial
cultivars or open-pollinated seed may also
be available. If so, obtain this germplasm for
screening with wild populations and add any
published production information to the crop
template. If no published information exists,
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Table 5.5.

Examples of recent private sector flower breeding programme product innovations.

Crop

Features

Abutilon x hybrida ‘Bella’ series
Alstroemeria hybrida ‘Jazze’

Begonia x hybrida ‘Dragon Wing’
Campanula longistylla ‘Isabella Blue’
Canna x hybrida ‘Tropical

Capsicum annuum ‘Medusa’
Dendranthema x grandiflora ‘Fleurette
Dianthus caryophyllus ‘Monarch’
Dimorphotheca ‘Spring Flash’
Euphorbia pulcherrima ‘Winter Rose’
Euphorbia pulcherrima ‘Plum Pudding’
Impatiens hawkeri ‘Java’

Lilium x formolongo ‘Raizan No. 1’
Melampodium ‘Million Gold’
Osteospermum hybrida ‘Passion Mix’
Petunia hybrida ‘Purple Wave’

)

Seed-propagated, dwarf, open flowers
First seed-propagated, dwarf alstroemeria
First seed-propagated angel wing
Seed-propagated bell flower

Dwarf, seed-propagated

First non-pungent ornamental pepper
First dwarf, daisy pot mums

Dwarf, scented carnations

Vibrant colours, seed-propagated

New rose flower type

New purple flower colour
Seed-propagated New Guinea

First seed-propagated Easter lily

First dwarf, seed-propagated

First seed-propagated, dwarf cultivar

First prostrate petunia released into the market

initial screening of the germplasm will aid
in the identification of areas where genetic
improvement is required.

The next most important accomplish-
ment is the acquisition of germplasm
and characterization of the genetic variation
found within the crop species. First and
foremost, access a wide sampling of the
germplasm to ensure that the full genetic
potential is accessible for use. Consult the
USDA Germplasm Resource Information Net-
work (GRIN) database to determine whether
any wild populations or cultivars are being
maintained (http://www.usda/gov); if so,
they are accessible to any flower breeder.
Also, seek advice from the USDA Ornamental
Plant Germplasm Center dedicated to floricul-
tural crops, located at the Ohio State Univer-
sity (Columbus, Ohio), to determine whether
there may be an opportunity to collect plants
in the wild (http://hcs.osu.edu/opgc/).

It is also mandatory that every flower
breeder conduct a collection trip(s) to the geo-
graphical region(s) where the crop species is
native, i.e. the centres of origin and diversity
for the genus. This will allow for the collection
of a wide germplasm base and provide expan-
sive opportunities for the breeding objectives.
Historically, flower breeders have not con-
ducted their own collecting expeditions and,
as a result, the majority of floriculture crops
have a narrow genetic base and the full

potential of many crops has never been
realized. For instance, the Easter lily market
has a single vegetative cultivar, ‘Nellie White’,
for all of North America. While the Easter
Lily Research Foundation conducts a breeding
programme to develop new cultivars, none
has matched the performance of ‘Nellie
White’” in comparison trials (Lee Riddle, per-
sonal communication, 2002). Additionally,
had initial collections been made of the wild
Pelargonium species in South Africa, a wider
array of geranium phenotypes and environ-
mental tolerance would be available. A wide
germplasm base may provide the essential
genes necessary to overcome production
problems with existing cultivars. Anderson
et al. (2003) found a wide range in genetic
variability within and between Gaura species
collected in their native habitats. Observation
of mew plant phenotypes or previously
undocumented traits may readily expand the
breeding objectives for a particular crop.

The crops assigned to, or chosen by,
the flower breeder, and their corresponding
breeding objectives will be affected both by
market demand (short-term objectives) and
visionary product enhancement and retool-
ing. A flower breeder must determine which
areas of research to focus on to create new,
improved cultivars within a short- and/or
long-term time-frame (Fig. 5.1). Market value
(Tables 5.1 and 5.2) may also influence the
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Table 5.6. Background information required for
the breeding and commercialization of new flower
crops.

Taxonomy
Scientific name (genus, species, subspecies):
Synonym(s):
Common name(s):
Family:
Geographical distribution
Continent(s):
Country(-ies):
State(s)/province(s)/region(s):
Latitudinal range(s):
Altitude:
General climactic conditions:
Tendency to naturalize or become invasive:
Native habitat
Habitat (climactic factors):
Plant community:
Taxonomic description
Overall plant habit/description:
Root system type:
Presence/type of underground storage organs:
Leaves:
Flower:
Season of bloom:
Use(s) by indigenous people:
Other uses:
Additional notes:
Name and description of cultivars already
commercialized (if any)
Propagation method(s)
Vegetative vs. seed:
If veg., plant tissue source(s):
If veg., proposed propagation method(s) and
temperatures:
If seed, no. of seeds/flower:
If seed, seed dormancy?
If seed, germination temperatures/duration:
Product specifications
Crop ideotype (the ideal phenotype that a
marketable cultivar will possess):
Market niche — identification and justification
Target sales date(s):
Potential holiday(s) for this product:
Programmability, i.e. could this be forced
year-round?
Crops with which this will compete in the
market:
What kind of ‘story’ can be told about this
product?
Will this ever be a major crop (why or why not)?
What will be the initial crop limitations/
problems?
Is this product already identifiable to the
growers and consumers?

Table 5.6. Continued.

How soon could this product be available?
Anticipated cultural requirements
Winter hardiness (USDA zones):
Heat/drought tolerance:
Temperature (day/night):
Light quantity, quality, duration; photoperiod
response:
Nutrition:
Soil:
Plant growth regulators:
Container size (through entire production
cycle):
Disease resistance/susceptibility:
Fungicides, insecticides:
Other:
Production schedule (from seed or cuttings)
Estimated no. of weeks from planting to flower
bud initiation, flower development, and
shipping:
Estimated time, type, and quantity of special
treatment applications:
Target sales date: Mother’s Day sales
(mid-May):
Needs assessment for genetic improvement
Based on the production schedule you have
assembled, assess the need for crop
improvement using standard breeding
methodology or genetic transformation:
Relevant literature

amount of effort devoted to a specific product
by a private sector breeder. Critical product
changes desired by the commercial grower
may not be appreciated by the retail consumer
and vice versa, as will be discussed later
in greater detail. Many different inputs
should be sought from a variety of sources
to prioritize the breeding objectives.

The relationship between risks and
rewards in breeding floral crops depends on a
variety of factors (Fig. 5.1). Crop domestica-
tion begins with the introduction of a new
crop into the market as a distinguishable
product; as domestication progresses, the ease
of product creation increases. Crop domesti-
cation is inversely related to increasing
economic risk, i.e. as a crop becomes more
domesticated, it becomes easier to create
new cultivars (additions to existing series) or
phenotypes (flower pattern changes, dwart-
ism, increased branching, earlier flowering)
within an existing product line to create a new
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series. This is due to competitors and, thus,
more flower breeders are working to capital-
ize on the crop’s genetic resources and each
breeding programme can speed product
development due to genetic knowledge
(linked traits, dominance patterns, inbred
parent development, etc.). The ‘cash cow’
crops remain in the lower left-hand corner of
the graph with minor improvements until
new germplasm is accessed, interspecific
hybridizations made, or new genes inserted
with molecular techniques. Dramatic alter-
ations to crop phenotypes result in a
recapitulation of innovative or distinguish-
able product lines (Fig. 5.1). An excellent
example of these alterations is the invention
of ‘wave’, or prostrate growth habit, petunias.
Prior to the creation and introduction of ‘Pur-
ple Wave’ (http://www.wave-rave.com), the
petunia market was essentially flat for several
decades (¢f- USDA sales data pre-1995); the
only innovations had been additions to exist-
ing series or new series. ‘Wave’ petunias sold
for as much as US$0.10/seed (w) whereas
standard petunias sold for fractions of a cent.
Thus, per unit economic value is greater with
distinguishable products than additions to
existing series. ‘Cash cow’ crops have value
derived from the sheer volume of units sold,
despite the significantly lower per unit price.

In order for new products or old crop
revisions to be acceptable in the market, they
must match production specifications. These
specifications include total production time,
as well as product size, postharvest duration,
and amenability to fit into existing crop pro-
duction recipes. Crop production (maximum
finishing time) for bedding plants is 16 weeks,
whereas potted plants require 16-18 weeks
and cut flowers a total of 18-20 weeks
(W. Healey, personal communication, 1997).
While there are a few exceptions to these
time-frames, e.g. standard Cyclamen persicum
exceed the 18 week period, it would be
inadvisable to breed any new crop that falls
outside of this range. Crop height and width
dimensions must adhere to the aesthetic ratio
for the container size, i.e. a total height that is
< 2.6 x container diameter. Potted crops that
are too tall, for instance, will neither fit on to
standard carts for transport prior to shipping
nor into standard packing containers.

An additional important rule for all
flower breeders is to be ruthless in selection.
As Allard (1960) so aptly wrote (paraphrased
to remain politically correct):

The beginning plant breeder must develop
an attitude of ruthlessness in selection. S/he
must dispel the feeling that among the plants
s/he discards may be the one that will lead
to the variety s/he has in mind. Unless s/he
keeps this natural inclination under control,
s/he will shortly find they are overwhelmed
with materials, and his/her effectiveness as a
plant breeder may be impaired or lost.

Open-pollinated crops

Prior to the advent of F, hybrid seed-
propagated flowers (particularly bedding
plants), most seed-propagated bedding
plants, potted plants and cut flowers
were open-pollinated cultivars (Craig and
Laughner, 1985). This meant that, in most
cases, hand pollination was not required by a
producer company, allowing pollen vectors
(wind or insects) to accomplish pollination.
Seeds were also cheaper to produce than
with hand pollinating. If products did
not have inbred lines developed, then open-
pollinated products were mixes rather than
straight colours. Many flower seed crops are
still open-pollinated (Table 5.7).

F; hybrid crops

The establishment of PanAmerican Seed
Company in Colorado during the 1940s and
the focus on creating the first F; hybrid, seed-
propagated bedding plant crops (impatiens
and petunia) paved the way for the advent of
crop uniformity, plug technology, and green-
house mechanization (Craig and Laughner,
1985). Currently, most seed-propagated crops
have F; hybrid products, which may be sup-
plemented with F, hybrids, open-pollinated,
or vegetative cultivars (Table 5.7). To develop
F, hybrids, a flower breeder spends consider-
able effort developing inbreds with good
general or specific combining ability to
serve as parents. Such an effort requires an
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Table 5.7. Sample commercial floricultural
crop classification by propagation method, after
release to the market (Craig and Laughner, 1985;
Anderson, 2001).

Seed

Crop Fy F, O.P.2 Vegetative
Abutilon X X
Ageratum X
Alstroemeria X X X
Alyssum x° X
Begonia X X X
Celosia X
Cleome X X
Cosmos X
Chrysanthemum X X X
Cuphea X
Cyclamen X X X
Daffodil, narcissus X
Dahlia X X
Eustoma, lisianthus  x
Freesia X
Fuchsia X X
Geranium X X X X
Gerbera X
Hibiscus X X X
Impatiens, bedding  x X X X

and New Guinea X
Liatris X
Lily X X
Marigold X X
Ornamental pepper  x X
Pansy, viola X X X
Pentas X X
Petunia X X X X
Poinsettia X
Portulaca X X X
Primula X
Rhododendron, X

florist's azalea
Rose X
Salvia X
Snapdragon X X
Torenia X X
Tulip X
Verbena X X
Vinca X X
Zinnia X X

20.P. denotes open-pollinated.
>F, hybrids’ are actually inbreds.

investment of time and labour over several
years with extensive trials (segregating —
inbred, hybrid) over years and locations to

ensure product stability and equal or superior
performance in comparison with market
standards. Both open-pollinated and F,
hybrid cultivars will also undergo extensive
germination (75-95%+) and yield potential
tests to ensure that each product is within
range of market standards. For extensive
reviews of breeding methodology consult
Allard (1960), Craig and Laughner (1985),
Callaway and Callaway (2000). Many new
crops possess characteristic traits that must be
eliminated through selection or completely
circumvented, as described below.

Characteristic Traits — Behind Flower
Power and Convenience

Beyond the major phenotypic traits that
characterize flower seed crops, a variety of
additional traits are also expressed. Most hor-
ticultural crops are highly heterozygous, out-
crossing species, and frequently polyploid, all
of which facilitate easier vegetative propaga-
tion. Seed propagation is more difficult, as
uniformity may be impossible to achieve if
high levels of seed set, germination, and/or
yield potential can be achieved. A multitude
of reproductive barriers exist in floricultural
crops, necessitating flower breeders to char-
acterize, manipulate, or select against them
in the process of domestication.

Reproductive barriers

Self incompatibility

At least 71 plant families (nearly 50% of the
major crops and ornamental species in the
world) and more than 250 genera have
species with self incompatibility (SI) which
prevents fertilization (selfs or crosses) when
S alleles are matched, as well as crosses
between related individuals (Ascher, 1976;
de Nettancourt, 1977; Anderson and Ascher,
2000). Self incompatibility was first discov-
ered in a flower crop, Verbascum phoeniceum,
when self pollinations of a fertile plant did
not set seed (Kolreuter, 1761-1766). Origi-
nally termed ‘self sterility’, it is now referred
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to as SI since the phenomenon operates
in fertile plants (Stout, 1916). Correns
(1912-1913) first applied Mendelian genetics
to SI research of Cardamine pratensis, meadow
cress. Interestingly, most of the early applica-
tion of genetics, following the rediscovery
of Mendel, were on flower crops (East and
Mangelsdorf, 1925).

SI systems show a characteristic lack of
pollen germination or stigmatic penetration
(sporophytic SI) or the slowed growth of
pollen tubes in the style relative to compati-
ble crosses (gametophytic SI) (Ascher, 1976).
Thus, SI is a prefertilization reproductive
barrier controlled by a single locus, S, with
multiple alleles that encodes the specificities
(East and Mangelsdorf, 1925). There are both
homomorphic and heteromorphic SI systems.
With homomorphic SI, all plants in a popula-
tion have the same floral morphology, i.e.
no discernible difference in anther and style
lengths between genotypes. Heteromorphic
SI systems occur in plants with two (distyly)
or three (tristyly) flower forms or morphs. In
distyly, two ditferent anther and style lengths,
short (thrum) and long (pin), are found.
Tristylous plants possess three style lengths,
shorts, mids, and long; flowers of each geno-
type have the same style (one) and anther
morphs (two). Heterostyly is not always
linked with SI in all species. Darwin (1895)
conducted extensive research on SI and
heterostyly in flower crops such as purple
loosestrife  (Lythrum  salicaria), primrose
(Primula veris, Primula vulgaris), flax (Linum
grandiflorum) and Oxalis spp. Extensive
reviews of both types of SI system have
been reported elsewhere (Ascher, 1976;
de Nettancourt, 1977; Liedl and Anderson,
1994).

In diploids, SI is controlled by a single
gene, S; polyploids may have additional
genes. For instance, hexaploid chrysan-
themums possess three genes controlling SI
(Drewlow et al., 1973; Zagorski et al., 1983;
Boase et al., 1997), all of which interact such
that outcross seed set between unrelated
genotypes ranges from 36% to 71% (Ronald,
1974).

Since it operates prior to fertilization,
SI has often been regarded as a
resource-inexpensive reproductive barrier

that regulates offspring quality by preventing
mating of related individuals and eliminating
inbreeding depression (Darwin, 1876; Lande
and Schemske, 1985; Winsor ef al., 1987). If
SI is a tight system, then one would expect
that SI species would be highly outbred and
self-compatible species would be inbred (Ruiz
and Arroyo, 1978). This is rarely the case,
however, since most reproductive barriers
are phenotypically plastic in their expression
(Kress, 1983; Stephenson and Bertin, 1983).
Too tight an SI system would mean that a
population could become extinct if the found-
ing population size is small (at or near one
individual). Pseudo-self compatibility (PSC) is
expressed when the SIsystem is plastic, where
limited to full complements of seed are pro-
duced despite the presence of SI. Such plastic-
ity of expression has suggested that a tight SI
system is only one portion of the continuum
that ends with complete self compatibility
(SC) (Liedl and Anderson, 1986a, 1993).

Many flower seed crops possess SI sys-
tems; an additionally equally high percentage
of vegetative flower crops are SI. Flower crops
with gametophytic ST systems include petunia
(P. X hybrida; Flaschenriem and Ascher,
1979), lily (all Lilium species with the
exception of Lilium formosanum; Ascher and
Peloquin, 1968), gaura (Gaura lindheimeri),
evening primrose (Oenothera spp.) and heli-
conia (Heliconia) (Kress, 1983; Peters, 2002).
Sporophytic SIsystems operate in floricultural
crops such as ageratum (Ageratum houstoni-
anum; Reimann-Philipp and Fuchs, 1971),
chrysanthemum (D. X grandiflora; Drewlow
et al.,, 1973; Zagorski et al., 1983), zinnia
(Z. elegans, Z. angustifolia; Boyle and Wicke,
1996), marigold (T. patula, T. erecta), gerbera
(Gerbera  jamesonii), Dame’s rocket (H.
matronalis), dahlia (Dahlia X hybrida), sweet
potato vine (Ipomoea batatas; Martin, 1972),
and alyssum (L. maritima). Floral crops with
heteromorphic SI systems include narcissus/
datfodils (N. pseudonarcissus), purple loose-
strife (L. salicaria), primroses (Primula spp.),
and oxalis (Oxalis spp.) (Darwin, 1895).

Self incompatibility is disadvantageous in
flower breeding programmes when S alleles
are limited and inbred lines are a breeding
objective (Anderson and Ascher, 2000). Thus,
a flower breeder must select against SI
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expression (while maintaining its existence)
and for PSC (Liedl and Anderson, 1993). In
contrast, at the end of the inbred line develop-
ment, the flower breeder must select for SI
inbreds to prevent inbred contamination in
hybrid flower seed. Strong SIinbreds facilitate
less expensive flower seed production since
costly hand emasculation or pollination is
avoided. In this scenario, two SI, but
cross-compatible, fertile inbreds with high
combining ability are used as parents.

PSC is a phenomenon related to SI.
Mather (1943) noted that limited to full
complements of self seed could occur in
SI plants under certain conditions. Darwin
(1876) first reported PSC in California poppy
(Eschscholtzia californica) and flowering maples
(Abutilon darwinii). These SI species set self
seed in England, but were SI when polli-
nations were performed in Brazil. Since these
initial reports of PSC, it is has been reported in
virtually all ST species if one screens sufficient
genotypes and populations (Ascher, 1976).
PSC and self-compatible species may appear
identical on the macroscopic level. However,
PSC genotypes still possess an operative SI
system. The primary components of PSC are
genetic and environmental (Denward, 1963).
Environmental modifications that trigger the
expression of PSC in a self-incompatible geno-
type include high temperature treatments
(Ronald and Ascher, 1975), application of car-
bon dioxide (Palloix et al., 1985), mutilation
of the stigmatic surface (Roggen, 1982) and
end of season stresses (Lawson and Williams,
1976).

Percentage PSC of individual genotypes
can be calculated using the formula (Ascher,
1976):

%PSC = [(mean self seed set) / (mean
outcross seed set)] X 100

This formula ensures that fertility decreases
due to inbreeding depression (from selfing)
are accounted for by dividing the self
seed set by outcross seed production (from
compatible crosses). Pseudo-self compatibil-
ity may be selected for and, frequently,
stable PSC expression is not found until the
percentage PSC exceeds a critical threshold.
The genetics of PSC are complex and vary
depending on the SI system, the taxa, and

qualitative/quantitative gene action (Liedl
and Anderson, 1994). Pollen- and stylar-part
mutants (Lewis, 1949; Lewis and Crowe,
1954) and the Sy gene (Wergin, 1936) are
examples of qualitative PSC. Sy genes have
been identified in two Solanaceae crops, Petu-
nia (Mather, 1943) and Nicotiana (East, 1932).
Dana and Ascher (1986a,b) found that the S
locus and a major PSC gene controlling stylar
inactivation in P. X hybrida were 20 map units
apart. Nemesia strumosa has a threshold effect
where homozygous alleles must occur at
a critical number of loci before PSC can
be expressed (Henny and Ascher, 1976;
Robacker and Ascher, 1978). In chrysanthe-
mum, a similar threshold effect was found
(Anderson and Ascher, 1996).

Two specific PSC phenotypes are expres-
sed in Nemesia (Robacker and Ascher, 1982)
and Petunia (Flaschenriem and Ascher, 1979;
Dana and Ascher, 1985): pollen-mediated PSC
(PMPSC) and discriminating styles (DS). In
some instances, when PMPSC is in operation,
seed set following incompatible pollinations
are related to the pollen parent’s PSC level
(Flaschenriem and Ascher, 1979). Genotypes
with DS discriminate among incompatible
pollen tubes such that some grow as though
they were compatible. Both PMPSC and DS
interact, although they are not controlled by
the same genes. In Petunia, a threshold of
27-31% PSCisnecessary for the expression of
DS (Liedl and Anderson, 1994). Quantitative
PSC has been reported, determined by several
additive genes being expressed in concert,
e.g. Petunia (Mather, 1943; Takahashi, 1973).
Regardless of the type of PSC in operation,
most SI flower crops can be inbred until the
desired levels of homozygosity have been
reached. Then the flower breeder must select
within the inbred line for genotypes with
strong SI expression to be used as parents in
the creation of F; hybrids.

Anderson et al. (1989) noted that plants
show a range of compatibility from complete
SI to PSC to complete SC. This range can
be influenced by factors other than just SI,
e.g. inbreeding depression, incongruity, and
other post-fertilization phenomena. A statistic
was developed, known as the coefficient of
crossability; calculated as 1 — [(potential —
actual)/potential], where ‘potential’ is the
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greatest amount of seed that can be produced
and ‘actual’ is the amount of seed produced
in a cross. They distinguished male (MCC)
and female (FCC) coefficient of crossability by
which column or row the potential value
occurs in a diallel. Once these two values
have been determined, a 1:1 %? test is per-
formed to determine if they are significantly
different. Then MCC is plotted against FCC
and linear regression is performed on the
results. Anderson et al. (1989) demonstrated
that a pure SI system (without outside influ-
ences) would show two classes of data points,
one at 0,0 for complete SI, and one at 1,1 for
complete compatibility, and a regression line
with the equation Y=0.0 + 1.0 X. As more
and more modifiers such as inbreeding,
interspecific crossing, incongruity, etc., are
introduced, the regression line moves away
from the ideal. They created a chart showing
the gradation from SI to SC with outlying
areas showing incongruity and extreme
points showing inbreeding depression. Values
lying within the expected range of the SI
system show the system is stable. It also shows
the system does not seem to be modified by
outside factors, or these factors are balanced
between male and female parents. This sys-
tem is useful for determining how stable a
system is and if other factors are affecting the
system, and to what extent the system is
affected.

Self compatibility

After Darwin (1876) established the existence
of deleterious effects from selfing (inbreed-
ing) plants, a philosophy prevailed that
inbreeding was inherently disadvantageous
(Anderson et al., 1992a). This view was later
modified, following the discovery of plant
species where selfing in natural populations
confers adaptation and perpetuation of the
species, even though there may be reduc-
tions in mean fitness (Schemske and Lande,
1985). Clearly, selfing — due to the expression
of self compatibility — may have adaptive
advantages. Likewise, self compatibility is
also highly desirable in domesticated, seed-
propagated flower crops. Most horticultural
species outcross in the wild, due to the
existence of reproductive barriers. The

process of domestication, however, {fre-
quently produces flower crops that
evolve from outcrossing to becoming self-
compatible. For example, commercial
petunia (Petunia X hybrida) is essentially
self-compatible while all of its wild
progenitor species are self-incompatible
(Flaschenriem and Ascher, 1979; Dana and
Ascher, 1986b).

Inbreeding depression

Hybrids are the first filial (F;) generation of
progeny derived from crossing two inbred
parents that differ in >1 gene(s) (Allard,
1960). Hybrids typically display hybrid
vigour (heterosis) with superior performance
over either the better parent or midparent
values (Anderson et al., 1993). However,
many flower crops express reproductive
barriers that prevent self-pollination and
the creation of homozygous inbred lines.
An historic alternative has been to vegeta-
tively propagate heterozygous genotypes
(Reimann-Philipp, 1969).

Traditionally, F, hybrid flower breeding
has been applied primarily to annual bedding
plant species, although an increasing number
of potted and cut crops are seed-propagated.
For instance, the dominant flowering potted
crops, poinsettia (E. pulcherrima), chrysan-
themum (D. X grandiflora), Easter lily (L.
longiflorum), florist’s azalea (Rhododendron),
hydrangea (Hydrangea), and bulbous crops (T.
gesneriana, C. vernus, Iris, Narcissus, Hyacinthus
orientalis) are vegetatively-propagated. Other
potted crops are seed-propagated, notably
C. persicum, Pericallis X hybrida (= Senecio
cruentus), Calceolaria herbeohybrida, G. jame-
sonii, Streptocarpus X hybridus, and Begonia
tuberhybrida (Reimann-Philipp, 1983;
Schmidt and Erickson, 1981; Wellensiek,
1959). Cut flower crops are also predomi-
nantly vegetatively propagated, such as lily
of the Incas (Alstroemeria hybrids), gladiolus
(Gladiolus x hybridus), gay feather (Liatris),
chrysanthemum  (D. X grandiflora),  rose
(Rosa X hybrida), all bulbous crops (7. gesner-
iana, Crocus, Iris, Narcissus, Hyacinthus), and
lilies (Oriental and Asiatic Lilium hybrids).
In the past few decades, there has been
renewed interest in the development of
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seed-propagated hybrids that once were con-
sidered vegetative crops (Meynet, 1978;
Reimann-Philipp, 1983; Satory, 1986; Ander-
son, 1987). Typically, self incompatibility is
the first barrier that must be overcome in the
development of seed-propagated cultivars,
which effectively prevents the use of selfing
to create homozygous inbred parents (Niwa,
1931; Mulford, 1937; Drewlow et al., 1973).
Selection ensues for pseudo-self-compatible
inbreds to continually create homozygous
inbred lines. Once SI has been overcome,
the next common reproductive barrier is
inbreeding depression.

Inbreeding is defined as the mating of
individuals more closely related than random
matings within an infinitely large population
(Allard et al., 1968). Mathematically, inbreed-
ing is expressed as F, Fisher’s coefficient
of inbreeding, where F =0 for outcrossers
and F =1 for homozygosity at the selected
loci (Kempthorne, 1957; Boucher, 1988).
The purpose of inbreeding is to increase
homozygosity for the genes under selection to
create inbred parents for use in hybrid seed
production. The etfects of inbreeding are to
reduce the genetic variation within inbred
families and a corollary increase in variat-
ion between families (Johannsen, 1926).
Inbreeding depression decreases the fitness
and vigour resulting from inbreeding (selfing,
full-sib mating, half-sib mating, etc.) taxa that
are normally outcrossers, due to the expres-
sion of deleterious recessive mutations in
homozygotes (Campbell, 1988). Inbreeding
depression is one of the major factors main-
taining outcrossing (Schemske and Lande,
1985).

Inbreeding depression has been reported
in many flower crops with a wide range of
phenotypes. It has been studied extensively
in cultivated allohexaploid chrysanthemums,
D. x grandiflora, where inbreeding depression
significantly decreased percentage germi-
nation, yield potential, the proportion of
individuals reaching reproductive maturity
(percentage survivorship), seed set and
pollen stainability (Niwa, 1931; Mulford,
1937; Anderson et al., 1992a,b; Anderson and
Ascher, 2000). Percentage germination and
survivorship were correlated, suggesting no
independence of lethality in stages of the life

cycle (Anderson et al., 1992a). Inbred families
at various levels of inbreeding, from F = 0.5
to F=0.995, expressed lethal and sublethal
phenotypes. Similar findings have been
reported in diploid and tetraploid flower
crops. In diploid, self-incompatible Borago
officinalis, germination and embryo abortion
were negatively atfected by inbreeding
depression (Crowe, 1970). Traits such as
fecundity, germination, establishment, fruit
number and seeds/fruit were reduced due to
inbreeding depression in Gilia achilleifolia,
a diploid self-incompatible annual (Schoen,
1983). Similarly, diploid and self-incompati-
ble Phlox drummondii also had reduced fecun-
dity, germination and survivorship (Levin
and Bulinska-Radomska, 1988). Tetraploid
C. persicum plants were inbred for five selfed
generations; flower number decreased in
a linear fashion (Wellensiek, 1959). Diploid
H. annuus were selfed for 18 generations,
with F values ranging from F=0.5 to F=
0.999996185 (Schuster, 1970). Seed yield,
plant height and head diameter reductions
occurred in the early selfed generations
for ‘Hesa’. Diploid Liliumx formolongi
(L. formosanum X L. longiflorum) F, inbreds
(F =0.5) had significant levels of inbreeding
depression for most morphological traits,
although the levels varied between inbred
families (Anderson and Dunn, 2003).

Selection for fertility in inbred lines is
always challenging, yet imperative (Martin,
1972; Anderson and Ascher, 2000). Inbred
parents for hybrid seed production must
have high fertility for the product to be
economically competitive. Fertility poses
problems during inbred line development
since inbreeding depression decreases fertility
and is not correlated with PSC levels
(Anderson and Ascher, 2000). Inbred families
will often differ significantly in their fertility
loss due to inbreeding depression. As a result,
a flower breeder will often select two or
more inbred lines with adequate fertility
(Anderson and Ascher, 2000). Despite
significant inbreeding depression in flower
crops, flower breeders have selected for
fertility and vyield (seed set, germination,
yield potential) and must, therefore, select
for inbred parents to successfully create F,
hybrid seed cultivars.
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Recombinant inbreeding

Inbreeding depression can be a formidable
barrier, being severe in most flower crop
species and occurring in all possible life cycle
stages (Anderson ef al., 1993). However, the
creation of recombinant inbreds has been
one useful method to circumvent inbreeding
depression. Recombinant inbreeding involves
the formation of favourable recombinations
(hybrid x hybrid, hybrid x inbred, or unre-
lated inbred x inbred, inbred backcrosses,
double-first-cousin matings) followed by
several successive generations of inbreeding
(selfing) (Sullivan and Bliss, 1983a,b; Temple-
ton and Read, 1984; Werner et al., 1989). The
process is repeated every time inbreeding
depression begins to surface in the inbred
lines being developed (Bailey, 1971). Thus,
crossing and inbreeding are juxtaposed every
four to five generations, on average.

This method of inbreeding fixes the
chance recombination of favourable genes
in decreasing amounts, as homozygosity
increases in advanced inbred generations.
Such recombinant inbreds display marked
‘heterosis” despite the fact that they are not
hybrids per se, although a pedigree may trace
to a common F; hybrid ancestor. Unusual
‘heterosis” may be due to partly dominant
alleles being dispersed throughout the
genome (Jinks, 1983). In 61 inbred chrysan-
themum families where inbreeding depres-
sion was common, recombinant inbreeding
resulted in greater gains and heterosis
(Anderson et al., 1993). Recombinant inbreds
out-performed nonrecombinants for at least
two generations of selfing. By the end of four
selfed generations, recombinant inbreds dom-
inated the chrysanthemum inbred families.
Other crops have also used recombinant
inbreeding to circumvent inbreeding depres-
sion, e.g. Brassica (Werner et al., 1989) and
Phaseolus (Sullivan and Bliss, 1983a,b).

It would be advantageous for flower
breeders to use recombinant inbreeding to
achieve greater gains than would otherwise
be possible (Campbell, 1988; Anderson et al.,
1993). In fact, recombinant inbreeding may
be a primary factor responsible for the signifi-
cant and continued increase in hybrid corn
performance since the 1950s (Anderson et al.,

1993). Hybrid corn yield had no increase
in performance (yield) over open-pollinated
varieties (Duvick, 1984). Since competing
corn breeding companies could not access
their competitors” inbreds, they had to use
their hybrids. Inbreeding the competitors’
hybrids, followed by crossing these inbreds
with the companies’ hybrids or unrelated
inbreds, resulted in recombinant inbreds.
Flower breeding programmes frequently
implement a similar strategy to maintain their
competitive edge, as well as circumventing
inbreeding depression.

Incongruity

Incongruity is a pre- and/or post-zygotic
reproductive  barrier = occurring  when
previously isolated taxa are hybridized
(Hogenboom, 1973). This results in the fail-
ure of intimate partner relationships because
of a lack of genetic information in one parent
about the critical factors of the other
(Haghighi and Ascher, 1988). Incongruity
may occur in both intra- and interspecific
hybridizations.

Intraspecific crosses in Phaseolus vulgaris
from different areas of the world have led to
F; hybrid weakness (Gepts and Bliss, 1985).
They analysed the various crosses performed
by other researchers where ‘crippled’ plants or
other abnormalities occurred and found that
the genotypes in these crosses had different
phaseolin patterns (major seed storage pro-
tein). Large-seeded beans typically had ‘S’
phaseolin, while small seeded beans had ‘T" or
‘C’ phaseolin. Hybrid weakness exhibited by
these crosses may be due to geographical
isolation between the areas of origin for the
different types of beans. The centre of origin
for these species was identified as Middle
America or the Andes.

While incongruity acts as a barrier to
gene exchange, it evolves passively and is not
selected. Phenotypic incongruity symptoms
may match other reproductive barriers such
as SI (lack of seed set), inbreeding depression
and genetic load (substandard growth or
vigour) etc. This reproductive barrier has
also been extensively reviewed elsewhere
(Liedl and Anderson, 1994). Many different
methods have been proposed to overcome
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incongruity mechanisms in wide crosses (de
Nettancourt, 1977) and two new ones will be
discussed below as they have the greatest
promise for creating fertile hybrids.

CONGRUITY BACKCROSSING. Haghighi and
Ascher (1988) proposed congruity backcross-
ing as a method of overcoming incongruity.
Congruity backcrossing is defined as recurrent
backcrossing to each parent in alternate gen-
erations (Allard, 1960). There are two reasons
to backcross an interspecific hybrid with each
parental species in alternating generations:
(i) this may be necessary when the hybrid
has low fertility and the chance of obtaining
self- or full-sib seed is low; (ii) to increase gene
flow between both species via interspecitic
hybridization (known as introgression).
Haghighi and Ascher (1988) compared recur-
rent backcrossing with congruity backcrossing
in interspecific Phaseolus (beans). Hybrids
derived from recurrent backcrossing were
fertile but eventually lost all traits from
the non-recurrent parent, while those from
congruity backcrossing had increasing fertility
with new traits (differing from the parents).
This has been extensively documented in
beans (Anderson et al., 1996) and is being
successfully attempted in some {flowers
(Anderson, unpublished data). Congruity
backcrossing may be a wuseful tool in
promoting gene transfer for many additional
floricultural crops.

RECURRENT F; BRIDGING. In this method,
incongruity is overcome by using the primary
F,, interspecific hybrid as a bridge to transfer
the nucleus of one species into the cytoplasm
of another (Mutschler and Cobb, 1985). This
has been successfully implemented with
tomato, Lycopersicon esculentum. Crosses of
this crop with wild Lycopersicon pennellii
are unidirectional, with seed set or cultural
embryos occurring only when the crop is the
female parent. Recurrent F; bridging may be
useful in cases where reciprocal differences
occur in interspecific hybridizations.

Polyploidy

Most plants are diploid (27 = 2x); however,
polyploid crops and species may also occur

with three or more sets of chromosomes
(2n > 2x). Several flower and foliage crops
are polyploid, e.g. Dendranthema, Dahlia and
homosporous ferns (Sparnaaij, 1979). Poly-
ploidy is considered a ‘special arithmetic rela-
tionship between the chromosome numbers
of related organisms which possess different
numbers’ and can be defined as ‘the presence
of three or more chromosome sets in an
organism’ (Grant, 1981; Haufler, 1987).
Polyploidy denotes genome multiplication.
Depending on meiotic pairing mechanisms
(homologous or homoeologous), polyploidy
may complicate the rate of progress in
flower breeding programmes (selfing or
outcrossing), but also create opportunities
for phenotypic change and enhancement
(MacKey, 1970).

Increased DNA content, due to poly-
ploidy or larger genome sizes, and species
distribution are correlated such that a higher
occurrence of polyploidy is found at higher
latitudes (Price, 1976, 1988). No research has
investigated whether this increase in DNA
content is also correlated with winter or cold
hardiness. Herbaceous perennial breeders
may find it useful to increase ploidy levels to
extend the range of perenniality.

Autopolyploidy

Autopolyploids arise from duplication of
chromosome sets within a single species
(Poehlman, 1979). While naturally occurring
autopolyploids are not as common as allo-
polyploids, chromosome doubling is a useful
tool for flower breeding. Many wide, inter-
specific crosses — particularly with parents
differing in ploidy levels (2x X 4x crosses) or
from differing generic sections, subtribes,
or tribes — result in hybrid sterility (Van
Tuyl et al., 2000). The use of chromosome
doubling techniques to create autotetraploids
may restore fertility. Haploid production for
‘instant inbreds’ requires spontaneous or
induced chromosome doubling before they
can be used as diploids in a crossing pro-
gramme, although these are technically not
autopolyploids. If haploid derivation occurs
with tetraploid or higher parents, chromo-
some doubling of such haploids produces
autotetraploids.
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Synthetic chromosome duplication is
accomplished with the use of chemical agents,
i.e. colchicine, amiprophos-methyl (APM),
pronamide, oryzalin and trifluralin (van Tuyl
etal., 1992). Wan etal. (1991) had the greatest
success with APM and pronamide, which did
not inhibit plant regeneration capacity. Van
Tuyl et al. (1992) compared the effects of
oryzalin with colchicine for chromosome
doubling in Nerine. Colchicine was lethal,
whereas oryzalin doubled the chromosomes
with few of the side effects normally seen with
colchicine. Zlesak et al. (2002) examined the
effects of colchicine (0.5%) and two levels of
trifluralin (0.0086% and 0.086%) on rose
seedlings. The higher rate of trifluralin had the
highest rate of mortality, but also the highest
frequency of polyploidization. Colchicine had
low rates of mortality, but did not affect
the treated meristem. Autopolyploids often
showed roughened leaf surfaces, enlarged
stomata, and larger flower, floral characteris-
tics, leaves and plant size when compared
with diploid plants. Polyploidy must be con-
firmed on these plants through cytogenetic
analyses (chromosome counts and/or flow
cytometry).

Allopolyploidy

Allopolyploidy occurs when two or more
species combine their entire genomes to form
a species with all of the genomes (Poehlman,
1979). A wide array of floricultural crops
are interspecific hybrids. These may be
vegetative- or seed-propagated crops. Allo-
polyploidy is an important mechanism in
flower crop domestication to create new
phenotypes.

Harlan and DeWet (1975) proposed three
mechanisms to create allopolyploids. The first
mechanism, Class I polyploids, is through 2n
gametes in the F; generation, and is the
most common. Sugarcane (Saccharum) is an
example of this class since it produces many
unreduced gametes (primarily eggs) when
used in interspecific crosses. Other genera
known to have this type of unreduced
gametes include Brassica, Nicotiana, Oenothera,
Petunia, Primula and Solanum. Class II poly-
ploids occur in the F, and are caused by
meiotic disturbances in the F,. In this case, the

F, that is produced has the normal number of
gametes. However, when the plant is selfed or
backcrossed to a parent, normal meiosis does
not occur and the resulting progeny are often
polyploid. This phenomenon results from
interspecific crosses to produce a ‘normal’ F;,
but hybrid breakdown (incongruity) occurs
and the selfed progeny from the F; cannot
undergo normal meiosis. Many of the genera
found in Class I are also in this class, including
Gossypium, Oenothera and Solanum. The third
mechanism, Class III, occurs via somatic
doubling and is very rare.

Flower colour

Flower colour is one of the most important
phenotypes that flower breeders focus a sig-
nificant portion of their time on developing.
Once a superior new crop has been identi-
fied, the next major phenotypic directive is
additional flower colours — usually as many
as possible — to create a series (Fig. 5.1). It
is desirable that cultivars within a series
be phenotypically identical, differing only
for flower colour. This is accomplished by
selecting a female parent with high general
combining ability, which is then crossed
with a variety of male parents to create
each flower colour.

The genetics of flower colour inheritance
are often proprietary and few genetic maps for
flower colour exist. Older flower crops, e.g.
Petunia, Cyclamen, Impatiens, Dendranthema,
have a wide array of flower colours available
within any given series. For these crops, clas-
sical flower breeding has frequently reached a
limit in the creation of novel flower colours
(Mol et al., 1998). In the future, additional
basic and applied research will need to focus
on adding molecular techniques, coupled
with biochemistry and genetics, to enhance
flower colour possibilities.

A variety of factors are involved in floral
pigmentation, including pigment types, co-
pigments, vacuolar pH, regulatory genes and
viruses. Pigment types include water-soluble
compounds — derived from the anthocyanin
biosynthetic pathway, e.g. anthocyanins, fla-
vones, flavonols, and fat-soluble compounds
— from the carotenoid biosynthetic pathway,
e.g. carotenoids and lycopenes (Asen, 1976).
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Co-pigmentation of compounds forming a
chemical complex with anthocyanins results
in the visible flower colours (Asen et al.,
1972; Brouillard, 1988; Kondo et al., 1992).
Vacuolar pH enables a wide range of flower
colours with identical anthocyanin com-
pounds (Asen et al., 1971; Griesbach, 1996).
Several pH genes have been identified, pri-
marily in Petunia with pleiotropic effects and
co-dominant inheritance (de Vlaming et al.,
1983; Griesbach, 1998). Regulatory genes
have been identified in Petunia, although their
genetics are not well understood (de Vetten
et al., 1997; Spelt et al., 2000). Viruses have
played an important historic role in flower
colour and market appeal, particularly with
the genus Tulipa. The ‘colour breaks’ caused
by the tulip breaking virus may impact the
anthocyanin pathway (Dekker ef al., 1993).
Future work on flower colour will require
a substantial investment in basic research

before commercial applications can be
realized.
Once sufficient new flower colours

have been commercialized, flower patterns
are usually added to create an expansive mix
of series offerings. Common flower patterns
include star, picotee, eyes, blush, stripes and
mottling (see Plate 5.2).

Fragrance

Floral fragrance is an important breeding
objective for some, but not all, flower crops.
Consumers place a high value on desirable
fragrances in floricultural crops (Vainstein
et al., 2001). Traditionally, scented flowering
potted plant and cut flowers are the two
major categories where fragrance is desirable.
Potted plants such as Oriental and Asiatic
lilies (Lilium hybrids), Easter lily (L. longi-
florum), hyacinth (H. orientalis), miniature
roses (Rosa X hybrida), paperwhite narcissus
(Narcissus), and cyclamen (C. persicum) are
scented (Vainstein et al.,, 2001; Heil, 2002;
Ishizaka et al., 2002; Pouw, 2002). Scented
cut flowers include lilies (Lilium hybrids),
lilac (Syringa vulgaris), hyacinth (H. orientalis),
some roses (R.X hybrida), freesia (Freesia X
hybrida), tuberose (Polyanthes tuberosa),
carnation (Dianthus caryophyllus), and stepha-
notis (Stephanotis). Some fragrant cut flowers

were developed, but never gained com-
mercial acceptance. For instance, Luther
Burbank (Whitson et al., 1914) bred fragrant
calla lilies, Zantedeschia aethiopica, although
the current cut callas are non-fragrant.
Fragrant herbaceous perennials are the
next most common commodity with scented
cultivars, e.g. R.Xhybrida, D. barbatus,
Paeonia lactiflora, Iris germanica, Iris pallida,
and Lilium spp. and hybrids (Firmin et al.,
1998). Historically, annual bedding plants
have been the least common commodity
with scented products. There are a few
exceptions with 100% fragrant cultivars,
such as Dame’s rocket (H. matronalis) and
alyssum (Lobularia maritima).

Recently, additional crops have value-
added fragrance in new cultivars. Several
fragrant Begonia cultivars have been bred,
e.g. "77WL’ has a pendulous habit with a
distinctive floral fragrance described as ‘sweet
and lingering but subtle and not overpower-
ing’ (Snow, 2002). Fragrance production
in this begonia is temperature-dependent,
with the highest fragrance produced at
18.3-26.7°C (65-80°F). Fragrant, wild species
of Nemesia have greatly expanded product
offerings in this crop as well.

Since the production of volatile com-
pounds composing fragrance are expensive
resource sinks for flowering plants, elimina-
tion of fragrance would allow more resources
to enhance floral longevity and postharvest
life (Vainstein et al., 2001; Ishizaka et al.,
2002). Fragrant cut roses with cytotoxic
monoterpene alcohols or f-damasceone have
a short vase life while cultivars without these
compounds have longer postharvest life
(Miller, 1954; Oka et al., 1999; Pouw, 2002).
The creation of new, non-fragrant rose
hybrids may be due to unintentional selection
for flower quality and postharvest life and
such selected cultivars may coincidentally
have no fragrance. An absolute correlation
between fragrance and longevity does not
always exist. For instance, postharvest ship-
ping and handling environments have signifi-
cant effects on reducing or eliminating scent
in cut roses (Helsper et al., 1998; Laws, 1999).
Cut and potted carnations may have both
fragrant flowers and post-production long-
evity, e.g. D. caryophyllus ‘Sunflor Triton’
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(Heil, 2002). New potted Amaryllis cultivars
have been created with ‘intense fragrance’,
excellent postharvest life, high temperature
tolerance, as well as resistance to red scorch
fungus (Meerow, 2002).

Edible, fragrant flowers are a new
innovation with wide appeal to consumers
and the culinary industry. Kelley et al. (2001)
conducted two surveys assessing consumer
and professional chefs” perceptions of edible-
flower species, Viola tricolor ‘Helen Mount’,
B. officinalis, and T. majus ‘Jewel Mix’, for
taste fragrance, and visual appeal. A majority
of consumers (76%) rated all flowers as
acceptable; a slightly lower rating of 66% was
found with professional chefs (Kelley et al.,
2001). All flowers were rated favourably for
fragrance.

Numerous difficulties exist in breeding
for increased fragrance due to the large
number of volatiles that constitute a single
fragrance, changes in which may significantly
alter floral appeal (Firmin ef al., 1998; Kim
et al., 2000; Vainstein et al., 2001; Ishizaka
etal., 2002). For instance, in Anthurium armen-
iense, Anthurium fragrantissimum, Anthurium
lindenianum,  Anthurium ochranthum and
Anthurium roseospadix, 28 compounds were
identified that contributed to fragrance
(Kuehnle, 1996; Kuanprasert et al., 1998).
Identification of volatiles is expensive and
complicated, involving the use of gas chroma-
tography (GC) and mass spectroscopy (MS).
Flower breeders typically avoid GC/MS
analysis and select fragrant cultivars that
are appealing, based on consumer preference
surveys. The genetics of fragrance are
complicated, due to the number of volatiles
involved as well as regulatory genes invoked
in the chemical pathways. Several laborato-
ries have tried, with varying success, to use
genetic engineering to up-regulate volatile
production or down-regulate production of
secondary compounds (Pellegrineschi et al.,
1994).

Disease/insect resistance

In recent years, the importance of breeding
for insect and/or disease resistance has
become a funding priority for national
floriculture agencies, e.g. The Fred Gloeckner

Foundation, the American Floral Endowment.
The reasons for this new interest are varied,
from environmental concerns (groundwater
contamination, consumer awareness), and
a decreasing palette of effective chemical
controls (i.e. removal of methyl bromide
for soil fumigation) to the relatively small
floriculture crop significance (making floral
crop-specific chemical registration costly).
Strategies for disease and insect resistance
breeding in flower crops has been extensively
reviewed elsewhere (Sparnaaij, 1991).

There are two categories of customers
interested in disease- and insect-resistant
floral crops, i.e. the commercial growers
and retail consumers, which determine the
relative worth of product development in
these areas. Commercial greenhouse and field
growers place a high priority on superior crop
quality since it is correlated with pricing and
market value (consumer acceptance). A retail
customer may or may not also have a similar
interest in resistance. For instance, if a flower
breeder develops white-fly (Trialeuroides
vaporariorum) resistant cut snapdragons
(A. majus) the greatest impact will be on
the commercial grower, who will have fewer
input costs into cut snap dragon production.
However, the value of white-fly resistance
in snapdragons arranged in a floral design
is unnoticed by the retail consumer. When
there is no apparent ditference(s) in resistant
versus non-resistant cultivars, the value-
added benefit is only for the grower. Retail
consumers would not pay a higher price for
disease or insect resistance when there is
no tangible value. Due to this dilemma, few
flower breeding programmes emphasize resis-
tance as a major breeding objective. Example
research on disease or insect resistance that
benefits primarily growers includes nema-
tode resistance in Easter lily (L. longiflorum;
Westerdahl et al., 1998) and thrips resistance
forimpatiens (I. walleriana; Cloydetal., 2001).

Cost is an additional factor that has lim-
ited flower breeding for disease- and insect-
resistant crops. If a breeding programme has
an objective of the development of resistance,
considerable investment in breeding facilities
(greenhouses fitted with insect-proof screen-
ing on all vents, isolation chambers or houses
to keep the diseases/insect secluded from
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adjacent breeding work) and personnel
(each segregating or hybrid progeny must be
carefully inoculated and screened to ensure
accurate data collection) is required. Failure
to invest in such facilities can result in signifi-
cantly less selection opportunity and progress
in developing resistant strains. For instance, if
a breeding programme relied on field infesta-
tions of powdery mildew to screen for resis-
tance, no progress would be made in years
when the environmental conditions did not
favour its development and dissemination.
Additionally, during years of heavy infesta-
tion, there is no guarantee that an uninfected
genotype has true resistance rather than the
lack of infection being due to chance isolation
or other factors. Once resistant cultivars have
been created, extensive testing in multiple
environments is also a necessity. As for other
important floricultural traits, a disease- or
insect-resistant cultivar must display stability
across years and environments (Allard, 1960).

Disease- or insect-resistant flower crops
that provide tangible and visible benefits have
been developed, for which home-gardeners
pay higher prices. Powdery mildew tolerant
or resistant cultivars of bee balm (Monarda
didyma ‘Petite Delight’, ‘Pink Delight’) and
zinnia (Z. angustifolia) did not have white
mildew on leaf surfaces or lose their leaves
during the summer months (Boyle and
Wicke, 1996). Black-spot resistant roses
(Rosa X hybrida) are being developed which
would share a similar enthusiastic response by
home gardeners (Quarles, 1998). The release
of a scented geranium (Pelargonium) that may
discourage mosquitoes provides an additional
benetit to humans (Raver, 1991). In the case
of flowering potted plants and hanging
baskets a greater acceptance exists for disease
and insect tolerance by the retail consumer.
For this reason, Protea potted plant breeders
have disease resistance as an objective (Brits,
1995). Potted Amaryllis plants have been
developed that are resistant to red scorch
fungus, a common disease that blemishes the
foliage (Meerow, 2002). Consumers would
also benefit from white-fly resistant fuchsia
(Fuchsia X hybrida) or Dborer-resistant Iris
species. There is considerable opportunity
for development of disease and insect
resistance in flower seed crops.

Tools to Facilitate Genetic
Recombination

Obtaining progeny with the desired pheno-
type(s) frequently challenges flower seed
breeders. Genetic recombination of favour-
able alleles may be prevented in intra- and
interspecific cross pollinations due to a
variety of pre- and post-fertilization repro-
ductive barriers. In such instances, flower
breeders must employ a variety of techniques
to circumvent the disrupted gene transfer,
including breeding methodologies, methods
of rapid generation cycling and in vitro
culture (embryo rescue), as well as
regeneration and transformation systems.

Breeding methodology

Interspecific hybridization

Interspecific hybridizations, crosses between
taxa within the same genus (denoted with an
‘X’ between the genus and the specific epi-
thet), are frequently performed to transfer
desirable traits from wild species into the
domesticated taxon. Many floricultural crops
are complex hybrids, the result of many
generations of interspecific hybridization,
backcrossing, selection and integration of
additional taxa, e.g. P. X hortorum, D. X grandi-
flora,  Lilium X hybridum, Petunia X hybrida.
These tend to be primarily vegetatively
propagated, often due to polyploidy,
inbreeding depression, reduced fertility
and heterozygosity. Complex intraspecific
hybrids are common in seed-propagated
crops such as I. walleriana.

In many floral crops, interspecific hybrids
are a critical source of genetic variation (Van
Tuyl, 1997). Following pollination, pollen
tube growth is commonly inhibited at
differing regions within the style (Ascher and
Peloquin, 1968). In several crops, notably
Lilium and Alstroemeria, a cut style technique
may circumvent this stylar barrier to obtain-
ing interspecific hybrids (De Jeu, 2000). The
cut style technique involves removal of the
stigma and the upper two-thirds of the style,
whereupon stigmatic exudate is loaded on to
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the cut stylar stump and the desired pollen
applied. To avoid pollen dehydration during
germination and early pollen tube growth, a
gelatin cap or parafilm may be used to wrap
around the cut stump. Style grafting has also
been used in lily where a cross-compatible
stigma/style is grafted on to a cross-
incompatible stylar base and ovary. After the
application of pollen which is compatible
with the grafted style, pollen tube growth
continues through the graft union and
into the cross-incompatible style to ensure
fertilization (Van Tuyl et al., 1991).

Laboratory seed ripening and rapid
generation cycling

During the product development phase of
domestication, it is beneficial to implement
laboratory seed ripening and/or rapid gener-
ation cycling techniques, particularly when
working with crops that are perennial,
have depressed fertility levels, or are
particularly prone to seed reduction due
to environmental stress or wide crosses.

Herbaceous and woody perennial out-
crossing taxa have traits that impede flower
breeding, the derivation of hybrids from wide
crosses and parental development (Anderson
et al., 1990). Perennials have reduced seed
set, annual threshold seed production levels,
long-term source—sink interactions that tran-
scend annual species, self incompatibility,
severe inbreeding depression or genetic load
and lengthy seed development (embryo-
genesis) and juvenility periods (Sorenson,
1969; Franklin, 1972; Wiens, 1984; Schemske
and Lande, 1985; Klekowski, 1988). Since
hardy perennials survive beyond one growing
season, plant survival is more critical than
seed production. The converse is true of annu-
als. If the perennial species has a lengthy
embryogenesis and seed development period,
it may be possible to reduce either or both of
these with the use of laboratory seed ripening
and embryo rescue.

Laboratory seed ripening has been used
on a variety of flower crops from perennial
chrysanthemums (Scott, 1957; Cumming,
1964; Anderson et al., 1990) to annuals such
as petunias (Flaschenriem, 1974). The pri-
mary advantage of this technique is removal

of the inflorescence from the maternal plant,
thereby eliminating the source-sink inter-
actions on the plant (Anderson et al., 1990).
This results in the developing seed being
the only sink for carbohydrate reserves, thus
maximizing seed set potential (Anderson and
Ascher, 2000). Flower stems are removed
from the parent, placed in a nutritive solution
and pollinated under laboratory (29°C,
constant) conditions (Plate 5.3). Nutritive
solutions range from 200 ppm 8-hydroxy-
quinoline citrate + 1% sucrose (Flaschen-
riem, 1974; Wilkins, 1979; Anderson et al.,
1990) to the use of commercial floral preser-
vatives (all of which contain sucrose, a pH
adjustor and bactericides). Light is not neces-
sary for crossing under these conditions, as
all supplemental carbon is supplied by the
nutritive solution in which the stems are
placed, rather than photosynthesis. With
chrysanthemums, the use of laboratory seed
ripening shortened the seed development
cycle by 50% (from 52+ days to 25 days),
hastening the onset of heart-stage embryos
(by 9 days) such that embryo rescue could be
implemented earlier than with comparable
in situ ripened seed (Anderson et al., 1990).

Rapid generation cycling techniques
encompass the use of laboratory seed ripening
with embryo rescue (at the heart stage or
later). The use of rapid generation cycling
successfully reduced the generation time
in intraspecific chrysanthemum such that a
complete generation time (from seed to seed)
encompassed as little as 100 days, depending
on the parental genotypes and short day
response period (Anderson et al., 1990). Such
a flower breeding programme could generate
three generations/year, compared with only
one or less using in situ techniques (Anderson
et al., 1990). Variations in rapid generation
cycling may be necessary to obtain the best
system for the flower crop being bred. Other
useful benefits from implementing both tech-
niques for rapid generation cycling include
faster inbred line development, achieving
homozygosity more quickly, and eliminating
years of selection necessary to obtain germ-
plasm that is genetically fast cycling, as has
been done with rapid cycling Brassica
(Williams and Hill, 1986) or annualized
perennials.
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Tissue culture

Given the preponderance of heterozy-
gosity, polyploidy, and reproductive barriers
(particularly SI) in floricultural crops, it is
frequently necessary to implement tissue
culture or in vitro techniques to facilitate gene
transfer (De Jeu, 2000; Hvoslef-Eide and Vik,
2000). While several crossing methods exist
to overcome incongruity, in vitro techniques
are frequently employed to rescue embryos
from wide crosses that otherwise abort due
to nonfunctional endosperm or embryos,
endosperm balance number (EBN), or other
hybrid breakdown phenomena (Hogen-
boom, 1973). Many thorough reviews have
been written on the subject of techniques
for overcoming pre- and post-fertilization
barriers (Liedl and Anderson, 1993; Van Tuyl
and De Jeu, 1997; De Jeu, 2000).

In vitro techniques may be used early in
crop domestication to facilitate gene transfer
between wild x wild or crop x wild crosses
or later when new traits are identified in
taxa closely or distantly related to the crop,
i.e. incorporation of disease/pest resistance,
fragrance, floral traits or other phenotypic
characters. Pre-fertilization techniques are
usually accomplished in situ, e.g. cut styles
and stylar grafts, as discussed earlier. Post-
fertilization barriers are more easily overcome
or manipulated with in vitro systems.

Defective endosperm  growth and
embryo abortion have been documented
in a variety of floricultural crops, including
Alstroemeria (De Jeu and Garriga Calderé,
1997), Cyclamen (Ishizaka and Uematsu,
1992) and Lupinus (Busmann-Loock et al.,
1992). Both of these phenomena occur after
the first abnormal zygotic division. Many
different embryo rescue techniques have
been successfully developed and employed
to circumvent defective endosperm and abor-
tive embryos in a variety of crops (Davies,
1960; Sanders and Ziebur, 1963; Stimart and
Ascher, 1974; Watanabe, 1977; Haghighi and
Ascher, 1988). The embryo rescue techniques
can be divided into two broad categories of
embryo development: (i) globular and (ii)
heart or later stages. Each category requires a
different type of tissue culture medium to
ensure successful embryo rescue.

Generally, globular embryos may be res-
cued on a liquid Norstog medium (Norstog,
1973). Norstog medium poses difficulties to
novice tissue culturists, as some medium
constituents are not autoclaved. Improper
handling of the ingredients can result in rapid
contamination.

Embryo rescue of heart or later embry-
onic stages is more easily accomplished than
globular stages and, consequently, is the most
commonly employed in vitro technique. The
variations in embryo rescue techniques
are crop-dependent, based on the rate of
embryo development (how soon the heart
stage occurs), fruit/inflorescence type, specific
medium requirements (lack of plant growth
regulators, carbon sources and levels) and
germination requirements (light vs. dark). All
such techniques use solid media, most com-
monly Murashige-Skoog (MS) (Murashige
and Skoog, 1962). Alstroemeria embryo rescue
techniques are implemented 2 days post-
pollination using a hormone-free MS medium
with 9% saccharose (Buitendijk et al., 1995;
De Jeu and Jacobsen, 1995). Wide, inter-
specific hybrids with faster germination and
growth (in comparison with in situ-generated
hybrids) have been recovered using this
embryo rescue technique. In intraspecific
chrysanthemum, embryo rescue significantly
reduced the generation time (compared with
in situ seed development), increased per-
centage germination and the percentage of
progeny reaching anthesis (Watanabe 1977;
Anderson ef al. 1990). Embryo rescue tech-
niques are routinely employed in flower
breeding programmes of Alstroemeria (Burchi
et al. 2000), Cyclamen (Ishizaka and Uematsu,
1992), Delphinium (Honda and Tsutsui, 1997),
Dendranthema (Anderson et al., 1990; Ander-
son and Ascher, 2000), Freesia (Resier and
Ziessler, 1989), Lilium (Van Tuyl et al., 1992)
and Tulipa (Van Creij, 1997).

High sucrose concentrations should not
be used in the MS media because it may
impede the transition from in vitro culture into
greenhouse culture, e.g. hybrids successfully
embryo rescued have died and were unable
to photosynthesize or root (Haghighi, 1986;
Haghighi and Ascher, 1988). In all of these
techniques itisimportant to either completely
remove the seed coat or scarify it in some
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manner (nick with a scalpel). Failure to do
so may result in embryos that do not perceive
the rescue, fail to germinate, and continue
with embryogenesis as though they were still
in situ. Whether rescued embryos are germi-
nated in light or darkness can be determined
by the colour of the embryo after the seed coat
has been removed. If the embryo surface
is white (lacking pigmentation), it most
probably will germinate the best and
fastest in darkness, whereas embryos with
chlorophyll need light.

Other embryo culture techniques have
been used when routine embryo rescue pro-
cedures were not successful. Lilium ovaries
may be pollinated, cultured in vitro, and later
embryo rescued (Van Tuyletal., 1991). If ova-
ries are held in situ until a later embryonic
stage (torpedo), they may be removed from
the plant and sliced (leaving the placental
tissues intact). Ovary slicing is commonly
used in monocot floral crops such as Lilium,
Nerine and Tulipa (Van Tuyl et al., 1993).

In vitro fertilization techniques have
been attempted in a few flower crops, such
as Alstroemeria (De Jeu, 2000) and Lilium
(Janson et al., 1993), although most have
been unsuccessful. The difficulties are poor
pollen germination or erratic pollen tube
growth near the micropylar entrance. Since
in vitro gamete fusion methodology has been
developed in agronomic Nicotiana tabacum
(Tian and Russell, 1997), flower breeders
may find this approach applicable to
floral crops in the Solanaceae, i.e. flowering
tobacco (Nicotiana landsdorfii, Nicotiana alata),
ornamental peppers (Capsicum annuum),
Jerusalem cherry (Solanum pseudocapsicum)
and petunia (P. X hybrida).

Protoplast or somatic fusion has been
attempted with limited success in crops where
in vitro embryo rescue, fertilization or gamete
fusion failed. A somatic hybrid between
Dianthus chinensis and D. barbatus was pro-
duced (Nakano and Mii, 1993). The resulting
hybrid(s) matched the expected interspecific
phenotypic and cytogenetic profile. Other
laboratories have had less successtul proto-
plast fusion between Lavatera thuringiaca
and Hibiscus rosa-sinensis, although this may
be attributable to intergeneric incongruity
(Vazquez-Thello et al., 1996).

Regeneration and transformation systems

Classical flower breeding has many
limitations, based on the available genes
and physiological pathways existing in the
crop species or genera. For instance, no
classical flower breeder has succeeded in
developing either a true blue-flowered rose
or chrysanthemum, a pure white marigold,
or an orange petunia (Mol et al., 1989, 1995).
However, the ability to introduce individual
genes from unrelated taxa via molecular
technology has increased the probability of
creating such novel phenotypes (Bryant,
1982).

The advent of modern biotechnology has
dramatically shifted plant breeding research
in many seed-propagated crops. Different
biochemical and molecular markers are
used to improve plant breeding efficiency
(Tanksley and Orton, 1983), which have
been extensively reviewed in relation to
ornamental breeding (Arus, 2000). In vitro
regeneration and transformation systems
must be developed prior to the use of genetic
transformation. With seed-propagated tlower
crops, most developmental work is per-
formed in situ with the exception of embryo
rescue and other aforementioned methods
to rescue abortive embryos. In vitro pro-
duction of flower seed crops is only used
in instances where virus-free inbreds or
stock plants replace the usual stock seed
sources for hybrid seed production, e.g.
double petunia inbred parents. In contrast,
most stock of vegetatively propagated crops
is maintained in vitro. Other in vitro uses
include cutting production (particularly
foliage crops) and thermotherapy (heat
treatments) to reduce or eliminate virus
titre, which is often coupled with meristem-
tip culture. Virus-free plants obtained via
these methods are easily reinfected, if they
are not resistant, necessitating the constant
maintenance of virus-free in vitro stock. There
is considerable opportunity in this area for
flower breeders to develop virus-resistant
crops, particularly with the use of molecular
techniques.

Tissue culture regeneration systems
are largely undeveloped for flower seed
crops and the difficulties posed in their
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development often thwarts the potential use
of plant biotechnology techniques to achieve
crop transformation. A few reviews have
been published that define the techniques
available for genetic transformation of
floricultural crops (Mol etal., 1995). Examples
of well-developed systems in flower seed
crops are provided for illustrative purposes.
The primary difference between classical
flower breeding and molecular techniques
is that with the latter, one or a few target
genes are incorporated and the remaining
cells and DNA are left essentially intact
(De Jong, 2000). Classical flower breeding,
in contrast, exploits an infinitely greater
array of genetic potential. Molecular tech-
niques are similar to the use of mutation
breeding in vegetative crops, where a superior
clone with market value is irradiated to pro-
duce a new trait, e.g. flower colour changes
(Broertjes and Verboom, 1974). These two
techniques differ in that molecular techniques
rely on a higher level of precision instead of
chance.

Flower crops with the greatest amount
of genetic transformation include Petunia x
hybrida (Oud et al., 1995), Antirrhinum majus
(Sommer and Saedler, 1986; Cui et al., 2000)
and Dendrathema X grandiflora  (Courtney-
Gutterson, 1994; Fukai et al., 1995, Yepes
et al., 1995; Mitiouchkina and Dolgov, 2000).
Other crops that have been successtully
transformed include Alstroemeria (Lin et al.,
2000), Anthurium andreanum (Kuehnle et al.,
1993), Dendrobium (Kuehnle and Sugii,
1992), Eustoma grandiflora (Deroles et al.,
1995), Gerbera jamesonii (Elomaa et al., 1993),
Osteospermum (Allavena et al., 2000) and
Rosa X hybrida (Souq et al., 1996). Transgenic
applications for flowering crops have included
flower colour changes (chrysanthemums,
gerberas, lisianthus, petunias, roses),
enhanced postharvest life (carnation), disease
resistance (Anthurium, Osteospermum, Petunia),
plant architecture and enhanced branching
using Agrobacterium rhizogenes (Dendranthema,
Eustoma). The continued use and applicability
of transformation techniques will be depend-
ent on regeneration/transformation system
development in the crop of interest, as well as
consumer acceptance of genetically modified
floral crops (Mol et al., 1995).

Ideotype Breeding

Each flower breeding programme has specific
objectives to be achieved in crop domestica-
tion or continued development. The short-
and/or long-term objectives provide for the
creation of new phenotypes by the flower
breeder, depending on the status of the crop,
its continued market potential and the com-
petition. Thus, a flower seed breeder may
be creating new colours to add to a series,
creating an entirely new series, or developing
innovative or distinguishable products (Fig.
5.1). Since the flower market is highly com-
petitive and the number of flower breeding
programmes small, market-driven competi-
tion often prevents private sector breeding
programmes from envisioning long-term
crop potential and the possible directions
in which a crop could be expanded or
phenotypically transformed.

Visionary flower breeding, however,
must focus beyond the immediate product
potential of a new or old crop to proactively
create continually expanding phenotypes
(Table 5.7). An excellent illustration of this
is the ‘wave’ or prostrate habit petunia
(PanAmerican Seed Co., 1999). During the
20 years prior to the conception and release of
wave petunias, the petunia market was essen-
tially not changing in the USA bedding plant
industry. Petunia breeders had been focusing
on improvements within a series or the
continual creation of new series of petunias to
fit the various product classes (Grandifloras,
Millifloras, Doubles, Floribundas, etc.) with
little monetary return. Little attention had
been directed by petunia breeders to creating
innovative or distinguishable products (Fig.
5.1). Indeed, the wave petunia habit was
created by a non-traditional flower breeding
operation, the Japanese Kirin Brewing Com-
pany, by interspecific hybridization with wild
species. This habit had actually been created
with the identical interspecific cross by a
public sector breeding programme at the
University of Minnesota in the 1970s, but
commercial petunia breeders dismissed the
phenotype as ‘too different, having no market
value’ (P.D. Ascher, 1997, personal commu-
nications). Indeed, if petunia breeders had
spent sufficient time analysing taxonomic
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data, along with occasional collection trips to
observe wild germplasm, they would have
seen wild petunia species with the ‘wave’
phenotype (Plate 5.4).

The best method to encourage flower
breeders to think beyond the current crop
phenotype is to reiterate the importance and
absolute necessity that each and every flower
breeder must go and collect germplasm in
its wild, native habitat. The prudent flower
breeder should spend time observing natural
populations and find variant phenotypes
at the outer limits of the species range(s).
Had this been done years ago during the
domestication of the various product classes of
geranium (P. X hortorum, P. domesticum, etc.) a
much wider range of crop phenotypes would
be market classics today. For instance, heat
and drought tolerant P. domesticum (Martha
Washington geraniums) exist in wild South
African populations (Plate 5.5) and could
still be used to revolutionize the current
production and use of this crop.

After the breeder has gone to the native
habitats and collected the range of variation
naturally selected for and present in the
wild species and ancestors, the data should be
used to create a crop ideotype. Plant ideotypes
are models for predictable plant growth in a
prescribed environment (Donald, 1968). In
a successful plant breeding programme, an
ideotype may be used to select plants with a
suite of traits modelled in the prescribed
environments (the commercial production
requirements). Ideotypes are commonly used
in most agronomic seed-propagated crops, yet
they are nearly unknown in flower breeding
programmes. An ideotype created for a spe-
cific crop can provide tangible targets to direct
breeding programme objectives (Table 5.7).
It could be a long-range plan to integrate
multiple traits from wild germplasm into the
crop or create new plant habits or flowering
phenotypes previously unknown. At least
three ideotypes have been created by public
sector flower breeders for cultivated green-
house and garden chrysanthemums (D.x
grandiflora). Such ideotypes have been usetul
in transforming cut spray types (Langton and
Cockshull, 1979), changing the method of
propagation in F; hybrid seed-propagated gar-
den types (Ascher, 1986) and incorporating

novel traits of day neutrality, heat-delay
insensitivity in garden chrysanthemums
(Anderson and Ascher, 2001, 2004).
Ideotypes are working tools, which may
be modified in response to market, techno-
logical, and knowledge changes. They are the
means of keeping your breeding programme
leagues ahead of your competitors’ and
creating revolutionary change.

Summary

The future of flower seed breeding is bright
and filled with opportunities or challenges.
The multitude of product groups and flower
crops on the market, as well as the continued
domestication of mew’ ornamental species
across the plant kingdom, ensures job secu-
rity for flower breeders in both the public and
private sectors. There is tremendous opportu-
nity for transforming vegetative crops into
flower seed products, particularly with the
top ten flowering potted plants and cut flow-
ers. Domestication of flower seed crops is a
slow process with potential for failure but the
promise of successful genetic transformation
is great.

It is imperative that current and future
flower breeders learn from the mistakes of
previous research and avoid duplication of
effort. A productive and successful flower
breeding programme must be based on scien-
tific literature, correct taxonomy and thor-
ough sampling of genetic variation. A species
that may be mew’ to a tflower breeder may
have been cultivated in past decades or centu-
ries. Buyer interest, gardening demands,
flower colours, and preferred crops are cyclic
in their appeal. For example, recent new
crops’ such as Alonsoa, Arctotis, Brachychome,
Collinsia, Datura, Diascia, Dimorphotheca,
Mimulus, Nemophila, Penstemon, Perilla, Salvia
farninacea, Salvia patens, Scabiosa and Torenia,
were cultivated as annuals or herbaceous
perennials in the 1920s (Bailey, 1927;
Hottes, 1937a,b). This fact has been entirely
overlooked by flower breeding programmes.

The large arsenal of breeding method-
ologies, laboratory techniques, plant trans-
formation technologies, or methods of
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circumventing reproductive barriers is avail-
able for use, when necessary. In the future,
additional technologies will become available
for novel transformation possibilities. None
the less, domestication and breeding of flower
seed crops will continually need to overcome
each crop’s morphological, genetic or floral
limitations and barriers to gene exchange.
Knowledgeable use of available technologies,
coupled with strategic planning (breeding
objectives, crop ideotypes), will ensure that
the consumer’s palette remains abundant and
colourful with successtul products.
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Introduction

Flowering, or the transition from leaf to
flower production by a meristem, can be
stimulated by internal or external cues. Inter-
nal or autonomous cues include flowering
responses that result from factors such as
plant age or size. In contrast, external cues
include flowering responses that result from
environmental stimuli such as day/night
length, low temperature, fire and/or the
presence of water. The development of inter-
nal cues to control flowering enables plants
to regulate flowering when a plant is at
an optimal size or age. The development of
external cues allows for optimal timing of
flowering during a year to ensure successtul
pollination and seed development prior to
inclement conditions as well as for synchro-
nized flowering within a population. Such
synchrony is essential to enable species to
have successtul cross-pollination.

Steps in the tlowering process as well as
autonomous and external cues that result in
flowering and how they can be applied by
flower breeders and plant physiologists will
be discussed in this chapter. Both basic and
applied literature will be reviewed. The chap-
ter will distinguish between factors that result
in flowering as a result of induction versus the
breaking of dormancy. In addition, detailed
information on specific conditions that

promote flowering of a number of herbaceous
ornamental species will be presented to
enable a grower and/or scientist to induce
flowering at any desired time. Much of
this specific information is very recent. In
addition, data on classification of species into
irradiance response groups (see below) has
recently been introduced (Erwin and Warner,
2002; Mattson, 2002).

The Flowering Process and Terminology

The processes whereby events in a shoot
meristem are altered in such a way as to
produce flowers as opposed to leaves are col-
lectively referred to as ‘floral evocation’. The
actual signal that results in evocation is often
referred to as the ‘floral induction’ signal. The
formation of flower buds after induction
is referred to as ‘flower initiation’. The
process after flower initiation until anthesis
is referred to as ‘flower development’.
‘Anthesis’ refers to the shedding of pollen
by the stamen. It must be noted that flower
opening can occur prior to or after anthesis.
A meristem is ‘competent’ to flower when
it can respond in the expected manner when
given an appropriate developmental signal. A
meristem is referred to as ‘determined’ if it
follows the same developmental programme
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even after it is removed from a source of envi-
ronmental or biochemical stimulus. In some
cases the ‘expression’ of flowering can be
delayed until a second developmental signal is
received. For instance, some species require a
succession of two different photoperiods for
successtul evocation. Similarly, some species
require a cold temperature treatment fol-
lowed by a specific photoperiod for successful
evocation.

Often, flower induction and initiation
have occurred but flower development is
interrupted. Such a suspension in tlower
development is, in some cases, referred
to as ‘dormancy’. In most cases, a single
environmental event or a series of environ-
mental cues, must occur for dormancy to be
broken. Dormancy is common for flowering
in spring-flowering woody species and
ephemerals.

The complexity of control mechanisms
associated with flowering is enormous. It is
amazing that flowering can occur at all, given
the sensitivity of each step and the possibility
for interruption during the flowering process,
which is significant. If a single factor is
promotive, it is possible for flowering to be
inhibited if other conditions are not met. Yet,
plants have built a significant redundancy
into the flowering process to ensure that a
number of cues can enable flowering to com-
pensate for environmental fluctuations. The
inherent redundancy in the flowering system,
as well as ways in which several environ-
mental cues can result in the same flower
induction, is apparent in recent models.

Autonomous Regulation of Flowering

Organisms pass through a series of develop-
mental phases during growth and matura-
tion. Among animal species, developmental
phase changes are ubiquitous throughout
the organism. In contrast, among plants such
phase changes take place only in the shoot
apical meristem and flowering is possible
only if a meristem is competent to flower,
and it receives an inductive signal.

Whether a meristem is competent to
flower is dependent on the phase which that

meristem is in. The transition between phases
in development is referred to as ‘phase
change’. Put simply, a plant passes through
three phases: juvenile, adult vegetative (com-
petent) and adult reproductive (determined)
phases. The critical difference between the
juvenile and adult phases is inherent in the
ability of that meristem to successfully flower,
which is observed only in the adult phases.
The critical difference between the adult
vegetative and adult reproductive phase is
simply whether that meristem has or has not
been evoked to flower or is determined.

Whether a plant is competent or deter-
mined with respect to flowering can be evalu-
ated using grafting experiments (McDaniel
etal., 1992).If a non-flowering scion is grafted
on to an induced rootstock and that scion
flowers, then the scion must have been com-
petent to respond to the floral stimulus. In
contrast, if the scion does not flower, it is
not yet competent. If a scion is grafted on to
a juvenile rootstock and the scion flowers
regardless, it is likely to be determined. For
instance, Betula verrucosa J.F. Ehrh. tissues
derived from the base of the tree (juvenile)
grafted on to a rootstock remain juvenile or
vegetative, i.e. the scion was not competent to
flower (Longman, 1976). In contrast, tissues
collected from the top of the flowering tree
(mature) were competent to flower after
2 years.

It must be emphasized that the transition
from juvenile to adult phases is a continuous
process and not discontinuous. For instance,
the ability to flower is a process and is transi-
tional. Lunaria biennis L. (Wellensiek, 1958),
Brussels sprouts (Stokes and Verkerk, 1951)
and beets (Wellensiek and Hakkaart, 1955)
pass through a clear juvenile to adult phase
transition as evidenced by the increasing abil-
ity of cold temperatures to induce flowering as
the plant ages rather than a sudden transition.

Once a plant attains the adult phase,
there is an increasing tendency to flower
as it ages, regardless of inductive conditions.
For instance, Euphorbia pulcherrima Willd.
ex Klotzsch ‘stock’, or ‘mother’, plants will
produce numerous successive populations of
vegetative cuttings, i.e. can have an extended
adult vegetative phase. However, the percent-
age of cuttings that spontaneously produce
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floral organs (cyathia) increases with each
successive generation of cuttings. As the stock
plant gets older, cuttings taken from it
are more likely to flower even under non-
inductive conditions (Siraj-Ali et al., 1990;
Carver and Tayama, 1992). Similarly, the
ability of celery plants to tlower in response to
a low temperature treatment increases as a
plant grows older as evidenced by a shorter
time for flower initiation and days to anthesis
after completion of a cold treatment (4 weeks
at 8°C) (Pawar and Thompson, 1950).

The transition from juvenile to adult
phasesin woody species and some herbaceous
species can be accompanied by changes in
morphology, phyllotaxy, thorniness, rooting
capacity and/or leaf retention, i.e. a pheno-
typic change. For instance, leaf arrangement
in Antirrhinum majus L. changes from opposite
during the juvenile phase to alternate during
the adult phase. Leaf morphology changes
dramatically in the aquatic plant Hippuris
vulgaris (common marestail) as the plant
transitions from a juvenile to an adult phase
(Goliber and Feldman, 1989). Hedera helix L.
rooting occurs readily when tissue is in the
juvenile phase but is nearly ‘non-existent’ in
adult phases (Poethig, 1990).

Because there is a temporal order to
the phase changes during plant development,
there can be a spatial gradient in phases along
a shoot. With some species in which the juve-
nile phase is relatively short there may simply
be a few juvenile structures at the base of the
plant. In contrast, on species in which there is
a prolonged juvenile period, a significant por-
tion of the plant may be composed of juvenile
structures. Meristematic regions then switch
to adult phases and, as a result, the adult or
reproductive structures are often located on
the peripheral portions of a plant. This can be
commonly observed in Fagus sylvatica L. and
Quercus spp. where juvenility is associated
with leaf retention during the winter and
can be observed on the base of the tree.

Because many herbaceous or annual
species do not exhibit a morphological or
phenotypic change after transitioning from
juvenile to adult phases, we often identify the
phase change from juvenile to adult phase
based on another developmental marker:
the number of leaves that have unfolded

since germination, as leaf number is a direct
measure of a plant’s developmental age and
is temperature dependent. For this reason,
identification of competence to flower based
on leaf number is commonly used as a general
phase change indicator in commercial
floriculture production.

Once the adult phase is achieved, it is
relatively stable. For instance, the juvenile or
adult phase is maintained through vegetative
propagation as well as grafting (Longman,
1976). For instance, H. helix cuttings taken
from juvenile tissues will remain juvenile
after propagation and vice versa (Poethig,
1990). However, in rare cases, non-optimal
conditions and/or stress can cause rejuvena-
tion, or reversion to the juvenile phase. For
instance, low irradiance conditions can result
in reversion from an adult to a juvenile phase.
However, the incidence of such reversion
decreases as the length of time since the tran-
sition from juvenile to adult phase increases.
It is noted also that sexual or apomictic
reproduction will result in regeneration of
the juvenile phase (Hackett, 1980).

A number of factors affect the transition
between phases in plants. Some of those
factors that impact the transition from the
juvenile phase to an adult phase are outlined
below. In particular, the impact of species,
meristem size and environmental factors are
briefly mentioned.

® Species. Species vary considerably in
the length of the juvenile phase (Tables
6.1 and 6.2). In general, the ‘longer-
lived” a species is, the longer the juvenile
phase. For instance, some nut-trees can
have a 25-year juvenile period com-
pared with a 4-month juvenile period
(14 leaves) for some herbaceous peren-
nial species or a 2-week (3—4 leaf) juve-
nile phase for some annuals. In some
cases, as for Raphanus sativus L., there is
initially no juvenile phase, as imbibed
seed can be vernalized (Engelen-Eigles
and Erwin, 1997). Variation in woody
plant juvenile phase lengths are shown
in Table 6.1.
In contrast to woody plant species,
many herbaceous species’ juvenile phase
lengths are identified based on leaf
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Table 6.1. Juvenile phase length across woody
plant species.

Juvenile
Species period length
Rose (Rosa x hybrida) 20-30 days
Grape (Vitis spp.) 1 year
Orchid spp. 4-7 years
Apple (Malus spp.) 4-8 years
Orange (Citrus spp.) 5-8 years
English ivy (Hedera helix) 5-10 years

Redwood (Sequoia sempervirens)  5—15 years

Sycamore maple (Acer 15-20 years
pseudoplatanus)
English oak (Quercus robur) 25-30 years

European beech (Fagus sylvatica) 30-40 years

Adapted from Clark, 1983; Goh and Arditti, 1985.

Table 6.2. Juvenile period lengths as identified
by leaf number.

Leaf number at
which plants become
Species competent to flower

Aquilegia ‘McKana’s Giant' 12 nodes
Aquilegia ‘Fairyland’ 15 nodes
Calceolaria herbeohybrida 5 nodes

Callistephus chinensis 4 nodes

Coreopsis grandiflora 8 nodes
‘Sunray’

Gaillardia x grandiflora 16 nodes
‘Goblin’

Heuchera sanguinea 19 nodes
‘Bressingham’

Lavandula angustifolia 18 nodes
‘Munstead’

Rudbeckia fulgida 10 nodes
‘Goldstrum’

Adapted from Yuan, 1995; Whitman, 1995;
Sheldron and Weiler, 1982.

number. However, the developmental
time of the juvenile period differs with
herbaceous species as with woody plants
as shown in Table 6.2 (Cameron et al.,
1996).

® Meristem size. The association between
leaf number and phase transition may be
related to other morphological charac-
teristics such as meristem size. There is
an association between meristem size
and transition out of the juvenile
phase where a plant may progress

from juvenile to adult phases after the
meristem increases beyond a minimum
diameter meristem size which increases
as leaf number increases. For instance,
Chrysanthemum X morifolium Ramat.
flower primordia are not initiated
until after a minimum apex size has
been attained (Cockshull, 1985).
Similarly, Singer and McDaniel
(1986) showed that tobacco plants
produced 37 leaves from terminal buds
prior to flowering. After numerous graft-
ing experiments across tobacco varieties,
they concluded that the number of nodes
a meristem produces prior to flowering
was a function of the strength of the
floral stimulus and the competence of
the meristem to respond to that flower-
ing signal. Pomologists have also noted
that the passage of a tree out of the juve-
nile period may be associated with the
attainment of a specific size (Visser and
DeVries, 1970). However, more recent
work has shown that H. helix phase
change is independent of meristem size
(Hackett and Srinivasani, 1983/1985).
However, this assumption of an
association between meristem size
and phase transition excludes any
involvement of carbohydrate status
and we know that carbohydrate status
impacts leaf number below the tlower
or juvenile period phase length (see
Table 6.4).
Environmental conditions. Environ-
mental conditions that retard growth
can delay the transition from juvenile
to adult phase. For instance, as noted
before, exposure to low irradiance con-
ditions can delay the transition from the
juvenile to adult phase or cause rever-
sion from the adult back to the juvenile
phase. Such an association has led to a
questioning of the role of carbohydrate
availability in the transition from juve-
nile to adult phase. Such assumptions
are borne out in that increasing irradiance
can decrease the length of the juvenile
phase developmentally in numerous
herbaceous annuals as evidenced by a
decrease in the leaf number below the
first flower (see Irradiance section below
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and Table 6.4). For example, juvenile
period length can be decreased as

irradiance increases in Pelargonium X
hortorum L.H. Bailey (Armitage and
Tsujita, 1979). Similarly, numerous

species’ juvenile period length can be
reduced by addition of supplemental
lighting (Warner and Erwin, 2001b;
Erwin and Warner, 2002; Table 6.4)
or by providing conditions that promote
growth (Poethig, 1990).

Physiological basis for transition from
juvenile to adult phase

The physiological basis for the transition from
juvenile to the adult phase is not well under-
stood. Application of plant growth regulators
can hasten or delay the transition from the
juvenile to the adult phase or cause a rever-
sion from the adult to the juvenile phase.
For instance, application of GAs to Cupressus
arizonica Greene caused male cone formation
(indicator of transition to adult phase) when
plants were only 2 months old (Pharis and
King, 1985). Similarly, other treatments that
result in accumulation of endogenous GAs in
conifers can reduce the juvenile phase length.

In contrast to conifers, application of GAs
to H. helix can cause a reversion from an adult
to the juvenile phase (Hackett and Srinvasani,
1985). Application of Amo 1618 (GA-synthe-
sis inhibitor) was not able to cause a phase
change from juvenile to adult in H. helix
(Frydman and Wareing, 1974). However,
ancymidol (GA-synthesis inhibitor) prevented
the spontaneous reversion to the juvenile
state in low light in H. helix (Rogler and
Hackett, 1975). Similar inhibition of transi-
tion from juvenile to adult phases following
GA application has been noted on Citrus
(Cooper and Peynado, 1958), deciduous fruit
trees (Luckwill, 1970) and Ipomoea caerula L.
(Njoku, 1958).

External Regulation of Flowering

There are four primary external environ-
mental cues that affect flowering in plants:

photoperiod, temperature, irradiance and
stress (fire, water). In addition, lack of stress
or supra-optimal levels of nutrients or
saturating water levels can also impact
progression towards flowering. Of these
environmental cues, photoperiod, tempera-
ture and the presence of water, in particular,
allow plants to synchronize flowering with
the seasons. Fire can be an indicator of
seasonal transition but is less precise. In
general, horticultural manipulation of flow-
ering involves manipulation of photoperiod,
temperature and/or irradiance and will be
discussed in more detail below.

When photoperiod impacts flowering,
a plant is said to be ‘photoperiodic’. Photo-
periodism is primarily associated with longer-
lived species that survive for at least a single
growing season. Development of such species
can often depend on photoperiod to synchro-
nize flowering to ensure that flowering occurs
at a specific time of year in order to allow
successful seed set and maturation along
with cross-pollination.

In contrast to photoperiodism, prolonged
exposure to temperatures between 0°C and
16°C can also synchronize flowering. For
example, flowering in biennial and perennial
species will often have a cool temperature
requirement (2°C-4°C) for successful flower
induction (often 6-12 weeks). Such low tem-
perature induction of flowering is referred to
as ‘vernalization’. Presumably, a vernaliza-
tion requirement ensures that a plant will
not flower until after winter has occurred in
temperate climates.

Further, some species exhibit a dual
requirement for successful tlowering, i.e. they
may require a prescribed sequence of induc-
tive conditions such as SD-LD (short day-long
day) or LD-SD. In some cases, as with many
perennial species in temperate climates, a
plant may have a vernalization require-
ment followed by a LD requirement. Lastly,
daylength and vernalization can act synergis-
tically as in the case of Lilium longiflorum or
Apium graveolens L. ‘Florida’ (Pressman and
Negbi, 1980).

A number of other environmental factors
such as irradiance, light quality and/or water
stress can impact flowering and/or interact
with vernalization and/or photoperiodic
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induction. These factors appear to be
associated more with whether conditions
are optimal for flowering under inductive
conditions (growth) than with the inductive
process itself. For instance, low irradiance can
decrease flowering of the day-neutral Rosa x
hybrida L. by increasing the occurrence of
‘blind” shoots, i.e. aborted flowers (Nell and
Rasmussen, 1979). In contrast, high irradi-
ance can substitute for a photoperiod
requirement entirely in Hibiscus moscheutos
L. (Warner and Erwin, 2003b). Additionally,
high temperatures can inhibit flowering
induced by photoperiod or vernalization. The
following sections elaborate on the primary
environmental cues for flowering. In addi-
tion, the physiological bases for each response
are discussed.

Photoperiodism

Photoperiodism refers to the ability of an
organism to detect daylength (or more
correctly night length). Photoperiodic events
can be observed in animals and plants. In
animals, hibernation, egg laying and migra-
tion are all controlled by photoperiod. In
plants, photoperiodism can regulate growth
processes as different as flowering, tuber
formation, onset of dormancy and rhizome
formation.

Photoperiodism in flowering was initially
discovered at the US Department of Agri-
culture laboratories in Beltsville, Maryland
by Wightman Garner and Henry Allard in
the 1920s. Garner and Allard (1920) noted
that a mutant variety of tobacco (Maryland
Mammoth) did not flower in the field during
the summer but did flower in the greenhouse
during the winter. They subsequently covered
outdoor field-grown plants during the sum-
mer with black cloth to artificially shorten the
daylength; this treatment resulted in flower-
ing plants. They concluded that day length
controlled when plants flower.

Photoperiodism was not applied in the
commercial floriculture industry until the
1930s-1950s when Gus Poesch noted that
street lights outside a chrysanthemum facility
inhibited flowering (G. Poesch, personal

communication). The recognition of the
importance of daylength in that chrysan-
themum facility resulted in the application
of photoperiod manipulation in greenhouse
production and resulted in a year-round
flowering chrysanthemum industry as well as
extended flowering seasons for many other
potted plants and cut flowers (Poesch, 1931).
Such application of photoperiod to bedding
plant production is in its infancy and is
a current primary focus of our research
programme at the University of Minnesota.

Photoperiodic response groups

Photoperiodic flowering responses can be
divided into several different response
groups: short-day plants, long-day plants,
day-neutral plants, intermediate-day plants
and ambiphotoperiodic plants (Thomas and
Vince-Prue, 1997). What characterizes each
group is outlined below:

®  Short-day plants — those species in which
night length must be greater than some
critical length. Generally species from
low latitudes (i.e. coffee, cotton and rice)
or species which flower in the late
summer, such as chrysanthemum
(Cockshull, 1984).

®  [ong-day plants — those species in which
night length must be less than some
critical length. Generally species from
high latitudes, such as temperate grasses
(Deitzer, 1984).

®  Day-neutral plants — flower induction is
not affected by night length. Usually
species with a wide latitudinal distri-
bution, such as potato and tomato
(Halevy, 1984).

® [ntermediate-day plants — those species
that require a night length between 12
and 14 hours.

®  Ambiphotoperiodic plants — those species
in which flower induction occurs under
long or short nights but not intermediate
nights.

Subdivisions within response groups

Within short- and long-day plant groups,
there are plants that have a facultative
(quantitative) or obligate (qualitative)
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response. Species that exhibit a ‘facultative’,
or quantitative, response will flower under
any photoperiod; however, flowering is
hastened under the described photoperiod.
In contrast, species that exhibit an obligate,
or qualitative, response will not flower unless
they receive the described photoperiod.
Examples of common herbaceous annual

species and their corresponding
photoperiodic classifications are shown
in Table 6.4.

Species within genera can vary widely in
their photoperiodic requirement. For instance,
Warner and Erwin (2003b) showed that all
photoperiodic response groups were evident
in a group of Hibiscus spp. studied. In addition,
early work by Cumming (1969) showed that
Chenopodium rubrum L. strains collected from
different latitudes possessed a wide range of
photoperiodic requirements for flowering.

Photoperiodism in floriculture crops

Many herbaceous species grown for spring
crop production in temperate climates are
photoperiodic. Shillo (1976) showed flower-
ing of Limonium sinuata Mill. was delayed
6 weeks and leaf number below the first
flower was increased when plants were
grown under ambient light (10-12h
photoperiod) versus ambient light plus a
4-h night interruption with incandescent
lights; L. sinuata was found to be a facultative
long-day plant. Eschscholzia californica Cham.
flowered only when grown under 9h
ambient light plus a 4-h night interruption
(3—4 umol/m?/s from incandescent lamps);
E. californica was classified as an obligate
long-day plant by Lyons and Booze-Daniels
(1986). Keatinge et al. (1998) noted that Doli-
chos lablab L. flowered after 69 and 172 days
when grown under short day (11.5 h) and
long day (14.5 h) photoperiods, respectively
(leaf number below the first flower not
reported); D. lablab was classified as a
facultative short-day plant. Armitage and
Garner (1999) showed Catananche caerulea 1.
Per. was an obligate long-day plant, flower-
ing after 164 days when grown under long
days, but did not flower when grown under
short days. Recent screening experiments
have resulted in the characterization of >50

commercial floriculture or herb species into
photoperiodic response groups (Erwin and
Warner, 2002; Mattson, 2002).

Flowering response to photoperiod can
vary with cultivar. For example, Ross and
Murfet (1985) describe three flowering classes
of Lathyrus odoratus L.: a day-neutral (winter)
flowering group, and long-day groups exhib-
iting a facultative (spring) or obligate
(summer) long-day response. Such variation
in photoperiodic responses among cultivars is
also obvious in Salvia splendens and Petunia x
hybrida cultivars (J. Erwin, personal observa-
tion). In particular, introduction of new germ-
plasm (often wild in origin) can often increase
the photoperiod requirement of nearly day-
neutral existing cultivars. Perhaps the most
obvious recent example is the increase in
long-day requirement within P. X hybrida
with the introduction of the ‘Wave’ and
‘Fantasy’ series of petunias in recent years
(J. Erwin, personal observation; Erwin et al.,
1997).

Length of inductive conditions required for
flower induction

The length of time for complete induction
varies with plant age, temperature and
irradiance. The tendency to flower increases
as a plant ages regardless of whether it is
in inductive conditions or not. Evidence of
this is seen when cuttings harvested from
poinsettias (Euphorbia pulcherrima) have a
greater and greater proportion that exhibit
‘splitting’, a condition where buds initiate but
do not develop fully (Siraj-Ali et al., 1990;
Carver and Tayama, 1992) as the stock or
mother plant age increases. Similarly, there
is an inverse relationship between plant age
and the number of short days required for
complete flower induction with Pharbitis nil
Chois.

In addition to the natural tendency of a
plant to eventually flower, the number of
inductive cycles required for complete induc-
tion will often vary with the age of a plant. For
instance, in Lolium temulentum (darnel rye-
grass) time for complete induction decreases
from 4 LD cycles on plants with 2-3 leaves to
1 LD cycle on plants with 6-7 leaves (Taiz and
Zeiger, 1998). Similarly, P. x hybrida ‘Purple
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Wave’ required 24 LD to flower when 10 days
old and 18 LD to flower when 24 days old
(Mattson, 2002). These observations suggest
that the effect of photoperiod may be to
accelerate a process that is already occurring
at a slow pace even under non-inductive
conditions.

Although there is no exact number
of inductive cycles, often some estimate of
time to completely induce a plant to flower
is important from a commercial standpoint.
For instance, an understanding of the time
required to induce a floriculture crop to flower
can identify how long a plant must stay under
conditions with supplemental lighting or
short days with a blackout curtain before
it can be moved to non-inductive conditions.
To this end, we have made some general
observations and estimates. Many species
appear to require approximately 21 days
for complete induction when grown at
16°C-20°C. For example, Begonia X hiemalis
complete flower induction requires 2-3 weeks
(Karlsson and Heins, 1992). In some cases,
flower induction and initiation can be
achieved in 14 days; however, flower devel-
opment may not be successful. Similarly,
P. X hybrida ‘Purple Wave’ flowering will
occur when plants are exposed to 20 LD
(Mattson, 2002; 20°C, natural daylight
conditions, St Paul, Minnesota).

The length of time required for complete
flower induction can vary with temperature
and irradiance. In general, time required for
complete induction and initiation increases
as temperature decreases and as irradiance
decreases (Zrebiec and Tayama, 1990;
Mattson, 2002).

Interaction of photoperiodic induction
with temperature

Photoperiod can interact with temperature to
affect flowering. It is common for some plant
species to be photoperiodic at higher temper-
atures but exhibit a day-neutral response
to photoperiod at lower temperatures. For
instance, Begonia X hiemalis Fotsch is an obli-
gate short-day plant at temperatures greater
than 24°C (Sandved, 1969). In contrast B. X
hiemalis is a facultative short-day plant (SDP)
at temperatures >24°C but a day-neutral

plant (DNP) at temperatures lower than
24°C. Similarly, Calceolaria herbeohybrida Cav.
Stout (facultative long-day plant (LDP))
flower induction will occur under SD condi-
tions (Poesch, 1931). Campanula isophylla
Moretti critical day-length is 14 h with
temperatures of 15°C-21°C; however,
it increases to 15h when temperatures
exceed 21°C (Heide, 1965). In most cases,
this is due to an increase in the critical photo-
period required for flower induction (Heide
and Runger, 1985).

It is also common with many SDP to
exhibit delayed flowering under inductive
SD conditions when night temperature
exceeds 22°C. This phenomenon is commonly
referred to as ‘heat delay’ in the commercial
floriculture industry. High night temperature
inhibition of flowering has been studied
extensively with E. pulcherrima and C. X
morifolium (SDP). In addition to these species,
Gomphrena globosa L. exhibits a heat delay
when night temperature is 25°C (Warner
etal., 1997). In general, there is evidence that
as night temperature increases above 22°C
the length of an inductive long night for
successful flowering increases. Therefore,
heat delay can be overcome in some cases
by providing a longer night to SDP grown
with night temperatures higher than 22°C.

Physiological basis for photoperiodism

Plants perceive daylength by measuring the
night length. Flowering short-day plants is
night length, regardless of the daylength.
Similarly, LDP also measure night length and
only flower when the length of the night is
less than some critical length regardless of the
length of the photoperiod.

The importance of the night length in
determination of photoperiodic responses
with respect to flowering was demonstrated
by early experiments by Hamner and Bonner
(1938) and Hamner (1940) where flowering
of Xanthium strumarium and Glycine max (L.)
Merrill occurred only when night length
exceeded 8.5 and 10 h, respectively. Night
break lighting of X. strumarium or P. nil
(both SDP) of as little as a few minutes pre-
vented flowering even when the total night
length was sufficient to promote flowering.
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Similarly, night break lighting can result in
stimulation of flowering in LDP. In general,
the length of time of a night break required to
inhibit flowering in SDP is considerably less
than the time required to promote flowering
in LDP.

When a night break occurs this greatly
impacts the effectiveness of that break in
either promoting or inhibiting flowering. In
general, SDP and LDP are most sensitive to
receiving a night interruption 8 h after the
onset of darkness (Salisbury, 1963; Papenfuss
and Salisbury, 1967; Vince-Prue, 1975).
Harder and Bode (1943) showed that
inhibition of Kalanchoe blossfeldiana flowering
by light was most effective when the night
interruption occurred between 5 and 7 h after
the onset of darkness. In contrast, Salisbury
and Bonner (1956) showed that X. strumarium
was most sensitive to night interruption
lighting 8 h after the onset of darkness. This
observation is the basis for the commercial
practice of interrupting the night from 10 p.m.
to 2 a.m. with low-intensity lighting. Such
an interruption is long enough to achieve
a desired promotive or inhibitory effect
and is delivered at the critical time of
the night.

The observation of night interruption
lighting led to the development of an action
spectrum for photoperiodism. Different wave-
lengths of light varied in their ability to inhibit
flowering of the SDP X. strumarium (Hendricks
and Borthwick, 1954). Red light (640-660 nm)
was shown to be most effective in inhibiting
flowering. Perhaps most significant was the
observation that the night-break action
spectrum for inhibition of tlowering in SDP
(Glycine and Xanthium) was similar to that
for stimulation of flowering in LDP (Hordeum
vulgare and Hordeum niger), indicating a simi-
lar pigment as a photoreceptor (Borthwick
et al., 1948).

Interestingly, species can differ in the
‘mixture’ of light that is optimal for stimula-
tion or inhibition of flowering. Whereas many
SDP are most sensitive to red light (660 nm),
stimulation of flowering in some LDP by a
night interruption is increased when there
is a mix of both red and far red light. It is
for this reason that induction of flowering
in the LDP Fuchsia X hybrida requires a light

source that contains both red and far red light
(incandescent lamps and non-fluorescent
lamps).

The observation that light delivered in
the middle of the night inhibited flowering of
tobacco, a SDP, led to the discovery of phyto-
chrome. Borthwick ef al. (1952) showed that
red light was the primary colour of light which
inhibited flowering when delivered as a night
break. In contrast, a subsequent exposure to
far red light restored the flowering response
and suggested a photoconversion process
(Downs, 1956). Action spectra of the inhibi-
tion of flowering and an action spectrum
for reversal of inhibition identify a peak at
660 nm and 720-740 nm, respectively (Saji
et al., 1983). There is also evidence for the
involvement of a blue light receptor, although
these data are not as clear as with phyto-
chrome involvement (Millar etal., 1995; Hicks
et al., 1996; Zagotta et al., 1996).

Subsequent to this work was the sig-
nificant finding that the red-light inhibition
of flowering was reversible by far red light
(720 nm). Hendricks et al. (1956) demon-
strated that red/far red light effects were
reversible. This reversibility was likely a result
of two forms of a pigment: a red and far red
light absorbing form. The pigment was named
phytochrome (Butler et al., 1959).

The variation in sensitivity of plants
during the night to a night-interruption light-
ing is not well understood. Bunning (1948)
suggested that plants exhibit diurnal cycles
between a photophile and skotophile phase.
The photophile phase was light-sensitive and
the skotophile phase was not. Carr (1952)
subsequently showed that the effectiveness
of night interruption lighting in inhibiting
flowering followed a periodic 24-h rhythm
when the night was extended. Important
to such a time-keeping mechanism is the
observation that this rhythmicity is mostly
temperature independent (Bunning, 1963;
Takimoto and Hamner, 1964).

It is important to note that the effective-
ness of a night interruption lighting in
inhibiting flowering of SDP is affected by
temperature. The effectiveness of a red-light
night interruption decreases as temperature
increases from 18.5°C to 25°C (Takimoto and
Hamner, 1964). In addition, the length of
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night required to stimulate flowering in SDP is
altered by temperature. The degree to which
temperature affects this required night length
for flower induction in SDP is species-specific
(Salisbury and Ross, 1969). In addition, those
plants that are sensitive to high temperatures
in the night are most sensitive 8 h after the
onset of darkness.

Photoperiodic stimulus

The photoperiodic stimulus is perceived in
the leaves. When a single leaf of X. strumar-
ium is exposed to short-day conditions when
the rest of the plant is grown under long-day
conditions, the plant will flower (Hamner
and Bonner, 1938). Similarly, in a classic
study by Zeevaart (1969), a single excised
leat of Perilla crispa (L.) Britt. exposed to
short-day conditions was capable of repeat-
edly causing plants grown under long-day
conditions to flower after being grafted to
those plants. Interestingly, stimulation of
flowering occurred even with a day-neutral
plant when a single leaf of G. max ‘Agate’” was
grafted on to the short-day G. max cultivar
‘Biloxi’. Flowering was induced in Biloxi
even when grown under long-day conditions
(Heinze et al., 1942). Also, leaves that were
induced indirectly via grafting experiments
can themselves also be donors and result in
flowering of non-induced plants (Lona, 1946;
Zeevaart and Lang, 1962; Wellensiek, 1966).
Studies by Handro (1977) demonstrated that
only Streptocarpus nobilis L. tissues derived
from leaf tissue were capable of flowering in
vitro under inductive conditions.

The degree to which an induced leaf can
induce a non-induced donor plant to flower
can vary with species and the degree to which
the leat has been induced. X. strumarium
leaves will remain induced for a few days
and are competent in inducing plants to
which they are grafted (Carr, 1959). Imamura
(1953) showed that a P. nil leaf was also
induced for a few days following a single
inductive night but could remain in an
induced state for many days when the leaves
received numerous SD compared with one.
Similarly, P. crispa leaves could be inductive
for a few days or many months depending on
the number of inductive short days received

prior to removal from the donor plant
(Zeevaart, 1957).

Grafting between species in a different
photoperiodic class showed the stimulus to be
similar across species. For instance, grafting
the LDP Hyoscyamus niger L. to the SDP
Nicotiana tabacum L. caused the SDP to flower
(Melchers and Lang, 1941). Although more
difficult, pairing a flowering SDP to a LDP
has induced flowering in the LDP (Lang and
Melchers, 1943; Zeevaart, 1957). In addition,
flowering of parasites such as dodder can be
stimulated when it is parasitizing flowering
plants from any photoperiodic class
(Frattianne, 1965). Together, the grafting
experiments suggest the existence of a mobile
flowering promoter which is produced by
induced leaves. The term used to describe this
promoter is ‘florigen’. Although considerable
effort has been spent trying to identity the
nature of florigen, it remains unknown.

In contrast to the theory that photo-
periodism is associated with a floral promoter,
there is evidence that photoperiod can affect
the synthesis of a floral inhibitor. Removal of
all leaves of the LDP H. niger resulted in flow-
ering, suggesting that the leaves produced
an inhibitor and photoperiod (LD) acted to
depress the synthesis of that inhibitor during
LD (Lang and Melchers, 1943). Guttridge
(1959) was able to show a similar induction
of flowering following leaf removal on the
SDP strawberry. Leaves from a photoperiodic
tobacco (non-inductive conditions) are capa-
ble of inhibiting flowering of a day-neutral
tobacco cultivar (Lang et al., 1977).

Wellensiek (1959) identified an associa-
tion between the day and degree of inhibition
in SDP. Supportive of the flowering inhibitor
concept is the observation that reduced
irradiance during the day (Krumweide, 1960)
or low temperatures (de Zeeuw, 1957;
Wellensiek, 1959; Ogawa, 1960) can promote
flowering under non-inductive photoperiods.
However, this contradicts more recent work
when higher irradiance levels overcome a LD
requirement in H. moscheutos when grown
under SD conditions (Warner and Erwin,
2003b).

Regardless of whether there is a chemical
promoter/inhibitor, this substance is believed
to be transferred in the phloem. Imamura
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and Takimoto (1955) estimated the timing of
the flowering stimulus by developing a two-
branched P. nil system and identifying
the node at which flowering was induced.
Subsequent experiments showed that trans-
location of the compound from the leaf to a
receptive bud is comparable to or somewhat
slower than that for the translocation of
sugars (2—-4 mm/h) (Evans and Wardlaw,
1966; King et al., 1968).

Of all the known plant growth regulators,
there is evidence that a promoter/inhibitor of
flowering is associated with gibberellins. A
100 ppm application of GA; to a facultative
SDP, Cosmos, was able to substitute for SD
when plants were grown under an 18 h
photoperiod (Wittwer and Bukovac, 1959).
L. temulentum plants are committed to
flower after exposure to a single long day
(plants will not flower under SD). Excised
terminal meristems exposed to a single
long day will flower in tissue culture in
the presence of GAs. Short-day-exposed
meristems in tissue culture will not flower
in the presence of GAs. Therefore, long days
are required for determination of L. temulentum
L. and GAs are required for the expression of
the determined state (McDaniels and Harnett,
1996).

Vernalization

Vernalization is the low temperature induc-
tion of flowering in an imbibed seed or a
growing plant (Chouard, 1960; Taiz and
Zeiger, 1998). As with photoperiodism,
plants must advance through the juvenile
stage into an adult stage before they have the
capacity to perceive a vernalization treat-
ment. The length of time required for this
varies. Winter annuals have the capacity to
perceive a vernalization treatment as an
imbibed seed. R. sativus similarly has
the capacity to perceive a vernalization
treatment as an imbibed seed.

Plants can be vernalized with a wide
range of temperatures. In general, vernaliza-
tion can occur at temperatures ranging from
—6°C to 14°C (Chouard, 1960). There is an
optimal temperature range of 6°C-10°C for

most species (Lang, 1959; Chouard, 1960).
Still other studies show that plants can
be vernalized at temperatures between 5°C
and 17°C. However, the length of time that
plants must be exposed to cool temperatures
increases as the temperature deviates from
the common optimum of 4°C.

The time required for complete vernal-
ization varies with species as well. For
instance, Lunaria biennis L. requires 9 weeks
(Wellensiek, 1958) and Apium graveolens L.
(celery) and Secale cereale L. (winter rye)
require 6 weeks (Friend, 1965; Ramin and
Atherton, 1991). Alstroemeria L. hybrids com-
monly require 6 weeks at 5°C (Healy and
Wilkins, 1981, 1982). In contrast, vernaliza-
tion time can be as short as 6-8 days for
R. sativus ‘Chinese Jumbo Radish Scarlet’
(Engelen-Eigles and Erwin, 1997; Erwin et al.,
2002). Some species exhibit sensitivity to ver-
nalization immediately after seed is imbibed;
a subsequent period of temperature insensi-
tivity is followed by a period of increasing
sensitivity to low temperature induction
(Napp-Zinn, 1969).

The length of time required for vernaliza-
tion is related to whether a species has an
obligate or facultative vernalization require-
ment. Plants that require a short vernalization
period (less than 30 days) such as Brassica
campestris pekinensis L. (Suge, 1984) and
Arabidopsis thaliana L. (Martinez-Zapater and
Somerville, 1990; Bagnall, 1993) often have
a facultative vernalization requirement and
photoperiod is often the primary flower
induction stimulus. In contrast, plants that
require a long vernalization period often
have an obligate vernalization requirement. A
noted exception to this is R. sativus ‘Chinese
Jumbo Radish Scarlet” (Engelen-Eigles and
Erwin, 1997).

Perception of vernalization

The site of perception of vernalization is the
shoot tip. Studies conducted where different
portions of the plant were cooled relative to
the rest of the plant indicate that the shoot tip
solely is capable of perception (Curtis and
Chang, 1930; Metzger, 1988, 1996). Simi-
larly, Gregory and de Ropp (1938) showed
that excised winter rye embryos, or even a
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fragment thereof, can still be effectively
vernalized in tissue culture. However,
Wellensiek (1961, 1962) reported that young
expanding leaves of L. biennis were capable of
being vernalized. The commonality between
these two tissues is the presence of active cell
division. Therefore, active cell division is
required for vernalization as isolated cells
in tissue culture (originating from different
locations on a mother plant) are capable of
perceiving vernalization as well (Metzger
etal., 1992).

Once tissue has been effectively vernal-
ized, all growth that develops from that tissue
is vernalized (Schwabe, 1954). Regrowth of
perennials following flowering results in a
‘reversion’ to a non-vernalized state in
those buds (Schwabe, 1954). Unlike photo-
periodism, the vernalization stimulus is not
graft transmissible.

Devernalization

The period between the completion of a
vernalization treatment and flower initiation
can be divided into two phases. Phase I is a
period immediately after vernalization when
flower induction can be reversed/eliminated
by exposure to warm temperatures, low
irradiance and/or SD conditions. The reversal
of vernalization by environmental conditions
is referred to as ‘devernalization’” (Lang,
1965). Phase II is that period after Phase I
when flower induction is stable and cannot
be reversed.

Devernalization refers to the reversal
of the vernalization process (Purvis and
Gregory, 1952). Devernalization results
from an interaction between the degree of
vernalization and environmental conditions
immediately after the vernalization treat-
ment, i.e. during Phase I (see Table 6.3). The
most common agent of devernalization is high
temperature (25°C-30°C). However, dever-
nalization by short-day conditions and/or low
irradiance during or after vernalization has
also been demonstrated in some species
(Thomas and Vince-Prue, 1997). Dever-
nalization treatments are most effective
immediately after vernalization, if a plant
is not completely vernalized (Table 6.1),
when light intensity during and/or after

vernalization is low and/or plants are exposed
to short-day conditions (Thomas and Vince-
Prue, 1997). Interestingly, exposure of Beta to
SD caused devernalization at any stage of
development, even when stem elongation
had initiated. Oenothera biennis L. and
Cieranthus allionii L. can also be devernalized
by transfer to short-day conditions (Wellen-
siek, 1965). In fact, nearly all cold-requiring
plants can, hypothetically, be devernalized.
For instance, Petkus winter rye (Purvis and
Gregory, 1952), C. allionii (Barendse, 1964),
carrot (Hiller and Kelly, 1979), cauliflower
(Fujime and Hirose, 1980), kohlrabi (Wiebe
etal., 1992), celery (Boojiu and Meurs, 1993),
L. longiflorum Thunb. (Miller and Kiplinger,
1966) and cineraria (Yeh et al., 1997) can all
be devernalized. Devernalization can be a
commercial problem in Easter lily, cineraria
and Regal geranium production (J. Erwin,
personal observation). The first 5 days after
vernalization appear to be the most critical
period, i.e. non-optimal temperatures or
irradiance after this period have little
impact on induction (J. Erwin, personal
observation).

Photoperiod interaction with vernalization

Photoperiod interacts with vernalization to
affect flower induction (Yui and Yoshikawa,
1991; Thomas and Vince-Prue, 1997; Yeh
et al., 1997). In some cases, as with winter
cereals, short-day conditions substitute for
vernalization entirely. For instance, Coreopsis
grandiflora Hogg ex Sweet. Per. is a SDP-LDP
(dual photoperiod requirement); however,
the short-day requirement can be substituted
for a vernalization treatment (Ketellapper
and Barbaro, 1966). In contrast, long-day
conditions are additive with vernalization in
hastening flower initiation of some species,
including L. longiflorum (Wilkins, et al., 1968).
In addition, thermoinduction affects photo-
periodic requirements after vernalization
(Thomas and Vince-Prue, 1997). Most cold-
requiring plants require long-day conditions
after cooling. The number of long days
required/the critical daylength required for
flowering after vernalization decreases as
the length of the vernalization treatment
increases (Lang, 1965).
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Irradiance and light quality interaction
with irradiance

Irradiance during vernalization is critical
with some species. For instance, Apium
graveolens L. var. Dulce. does not perceive
vernalizing temperatures unless plants are
exposed to light during the vernalization pro-
cess (Ramin and Atherton, 1994). Similarly,
Dianthus carophyllus L. and Ajuga reptans L.
flowering was hastened as the irradiance
during vernalization increased (Eltzroth and
Link, 1970).

Recent research demonstrates that a low
red:far red light ratio is antagonistic to vernal-
ization of R. sativus (Engelen-Eigles, 1996) and
L. longiflorum (J. Erwin and G. Engelen-Eigles,
unpublished data). In contrast, a high red:far
red ratio appears to hasten vernalization.
For instance, L. longiflorum plants were com-
pletely induced by a vernalization treatment
in 4 weeks when bulbs were exposed to light
with a high red:far red ratio but were not
completely induced until after 8 weeks when
bulbs were exposed to light with a low red:far
red ratio.

Stage of sensitivity to vernalization

The time when a plant becomes sensitive to
a vernalization treatment, or the length of
the juvenile period, varies with species. Some
species can be vernalized as imbibed seed.
For instance, beet, Oenothera (Thomas and
Vince-Prue, 1997) and R. sativus (Engelen-
Eigles and Erwin, 1997) can be vernalized as
imbibed seed. In contrast, most plants must
reach a specific stage of development before
the meristem is capable of responding to ver-
nalizing temperatures. For instance, H. niger
must grow for 10 days and L. biennis must
grow for 7 weeks before plants will respond
to a vernalization treatment (Thomas and
Vince-Prue, 1997). Carrot cv. ‘Chantenay
Red Cored’ required 8-12 leaves before
plants were capable of responding to vernal-
izing temperatures (Atherton et al., 1990).
Similarly, many herbaceous perennial spe-
cies have a minimum leaf requirement (often
over 10) before plants can successfully flower
in response to a vernalization treatment
(Lopes and Weiler, 1977; Sheldron and

Weiler, 1982a,b; Iverson and Weiler, 1994;
Armitage et al., 1996; Whitman et al., 1996).
In addition to variation among species, varia-
tion in sensitivity among cultivars of a given
species in leaf number required to achieve a
mature state and in the required length of the
vernalization treatment to induce flowering
also exists (Yui and Yoshikawa, 1991; Wurr
etal., 1994; Engelen-Eigles and Erwin, 1997).

Stability of the vernalization process

The vernalization process, once completed,
can be very stable (Table 6.3) (Yeh et al.,
1997). For instance, once Hyoscyamus is ver-
nalized (requires both vernalization and long
days for flowering), the vernalized state can
persist for several months under short-day
conditions: flowering occurs when plants are
returned to long-day conditions (Thomas
and Vince-Prue, 1997). L. longiflorum bulbs
exposed to vernalizing temperatures retained
that information even when several warm
temperature periods occurred prior to the
completion of a vernalization treatment
(Erwin and Engelen-Eigles, 1998). No loss of
the vernalization stimulus was evident on
henbane after 190 days. In fact, there was no
measurable loss in degree of vernalization
on henbane until 300 days had passed
(Thomas and Vince-Prue, 1997). Similarly,
some cereal seeds can be moistened, vernal-
ized and then re-dried and maintained for
months without loss of the vernalization
status (Purvis and Gregory, 1952).

Physiological basis for vernalization

Early work on the physiology of vernal-
ization focused on the identification of a
specific, cold-induced, gibberellin responsible
for flowering (Lang, 1965). Gibberellins are

Table 6.3. Progressive stabilization of vernaliza-
tion with increasing duration of exposure to cold in
winter rye ‘Petkus’ (adapted from Thomas and
Vince-Prue, 1984).

Cold treatment (weeks) 2 3 4 5 6 8
Plants remaining vernalized
after 2 days at 25°C

(devernalizing) (%) 0 42 44 75 84 97
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known to interact with vernalization to affect
flowering of a number of species (Metzger
and Dusbabek, 1991). Application of GAs to
certain biennial species, including wild-type
A. thaliana grown under unfavourable condi-
tions for flowering, promotes flower forma-
tion and bolting (Lang, 1957; Zeevaart, 1983).
Conversely, application of 2-chloroethyltri-
methylammonium chloride (CCC-Cycocel),
a GA synthesis inhibitor, delayed flowering
in several wild-type A. thaliana lines, suggest-
ing that the presence of GA is essential for
direct flower induction (Napp-Zinn, 1985).

Although exogenous applications of
specific gibberellins can overcome a cold-
requirement for flowering of some species,
these applications are successful on some spe-
cies and not others (Ketellapper and Barbaro,
1966). It has been proposed that the vernal-
ization process is associated with a progressive
demethylation of DNA. Demethylation of DNA
is believed to remove a block in gene expres-
sion that ultimately leads to floral initiation.
Evidence for this theory is based on effects of
exogenous ‘demethylators” on flower induc-
tion and changes in the degree of demethyl-
ation of DNA during cooling. For example,
application of 5-azacytidine, a demethylator,
promoted flowering of non-vernalized cold-
requiring Thlaspi and A. thaliana (Metzger,
1996). In addition, vernalizing temperatures
result in demethylation of plant DNA (Burn
etal., 1993). Transformed A. thaliana that have
reduced levels of DNA methylation because of
the presence of a methyltransferase (METI)
antisense gene flowered earlier than untrans-
formed control plants (Finnegan et al., 1998).
However, a 70% reduction of methylation
occurred in antisense plants where the pro-
motion of flowering was comparable to that of
avernalization treatment that resulted in only
a 15% decrease in DNA methylation. These
data suggest that other methyltransferases
may be affected by vernalization, since METI
affected only one.

Irradiance induction of flowering

In general, increased irradiance reduces the
length of the juvenile period with many

plant species. In contrast, low irradiance can
extend the length of the juvenile period with
some species. Irradiance reduction of the
juvenile period is the basis for the common
practice of lighting seed geraniums for earlier
flower induction where the general ‘rule-
of-thumb’ is that every day seedlings are
illuminated with supplemental light results
in a single day decrease in time to flower.

In addition to photoperiod, irradiance
can affect earliness of flowering of many flori-
culture species (Armitage and Tsujita, 1979;
Armitageetal., 1981; Zhangetal., 1996; Erwin
et al., 1997; Dole and Wilkins, 1999). For
instance, Achillea millefolium L. ‘Summer
Pastels’ grown under a 16-h photoperiod
in growth chambers flowered after 57, 45
and 37 days when grown under 100, 200 or
300 umol/m?/s, respectively (plant tempera-
ture and leaf number below the first flower
not reported) (Zhang et al., 1996). An increase
in mean dry weight gain per day (MDWG)
from 0.32 to 1.02 g/day occurred as irradiance
increased from 100 to 300 pmol/m?/s in
A. millefolium (Zhang et al., 1996). Armitage
and Tsujita (1979) grew four Pelargonium X
hortorum Bailey cultivars under natural day-
light conditions (Feb—Mar 1977, Guelph,
Ontario, Canada) plus supplemental HPS
and LPS lighting (27 or 54 umol/m?/s). HPS
irradiance (27 umol/m?/s) hastened flower-
ing for some cultivars but not others, suggest-
ing that P X hortorum cultivars’ flowering
responses to supplemental HPS lighting
varied. Asclepias curassavica L. node number
below the inflorescence decreased from 21 to
16 nodes when plants were grown under
continuous lighting versus night interruption
lighting (Nordwig, 1999). However, it is often
unclear whether irradiance effects are a result
of a hastening of flowering strictly through
infrared heating from supplemental lighting
or from a reduction in juvenile period length
as determined through leaf number data.

More recent studies on irradiance effects
on flowering have sought to distinguish
between thermal hastening of flowering
versus developmental hastening of flowering.
Erwin et al. (1997) showed supplemental
lighting hastened flowering developmentally
in Viola X wittrockiana Gams. and P. X hybrida
Vilm. For example, P X hybrida ‘Fantasy Pink
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Morn’ flowered in as little as 28 days after ger-
mination when grown at constant 24°C under
8-9 h ambient daylight conditions (St Paul,
Minnesota) plus continuous 100 pmol/m?/s
HPS lighting. Similarly, Adams et al. (1999)
showed P. hybrida flowering was hastened
by long days, but that decreased daily light
integrals (DLI) lengthened the time to flower-
ing. Pearson et al. (1993) also noted that
increasing DLI shortened the time to anthesis
for D. grandiflora Ramat. Further, the reduc-
tion in time to flower was related to DLI rather
than to maximum light intensity. Erwin and
Warner (2002) reported that 11 species flow-
ered earlier developmentally when plants
were grown with ambient light (10-14 h
photoperiod, Sep 1999-May 2000, St Paul,
Minnesota) plus 25-50 umol/m?/s HPS
lighting for up to 18 h daily. Hedley (1974)
showed that A. majus ‘Orchid Rocket” flower-
ing was hastened developmentally (leaf
number below the flower decreased from
80 to 34 leaves) under long-day conditions
as irradiance increased from 115 to
500 umol/m?/s.

We have ‘coined’ the term ‘facultative
irradiance response’ to describe a develop-
mental hastening of flowering by addition of
supplemental lighting. Species that exhibit a
facultative irradiance response (FI) will show
a decrease in leat number below the first
flower as irradiance increases (Erwin and
Warner, 2002). The increased irradiance is
capable of reducing the length of the juvenile
period. In contrast, we refer to plants that
do not have hastened flowering, develop-
mentally, in response to increased irradiance
as ‘irradiance indifferent” (II) (Erwin and
Warner, 2002). With these species, increased
irradiance does not reduce leaf number below
the first flower, i.e. juvenile period length is
not reduced developmentally with additional

lighting.

Some species exhibiting a facultative
irradiance response include: Convolvulus,
Dianthus, Gazania, Lavatera, Limnanthes,

Linaria, Nemophila, Nicotiana, oregano, Silene,
snapdragon, petunia, pansy, seed geranium.
Some species with a neutral irradiance
response include: Ageratum, Celosia, Cleome,
Cosmos, Gomphrena, Statice, Lobelia, Mimulus,
Nigella, Salvia, Tithonia, Zinnia.

The majority of species studied here
did not flower earlier developmentally with
increasing irradiance (see Table 6.4; Warner
and Erwin, 2002; Mattson and Erwin,
2004b). Erickson et al. (1980) found a linear
relationship between DLI and the DTF for
P. x hortorum until a threshold level between
6.89 and 9.01 umol/m?/day was reached (leaf
number not reported). Fausey et al. (2001)
noted that 100% flowering of Digitalis
purpurea L. ‘Foxy’ was only reached with DLI
greater than 11 umol/m?/day. Supplemental
irradiance (at 30, 60 and 90 umol/ m?/s) on
Gerbera jamesonii H. Bolus hastened flowering
by up to 23 days in the winter, but only up to
11 days during the spring (leaf number below
the first flower not reported) (Gagnon
and Dansereau, 1990). Thus, the impact of
supplemental irradiance on flowering can be
dependent on ambient light conditions. In our
experiment, average DLIs (Table 6.2) under
all lighting treatments were greater than the
threshold levels found by Erickson et al.
(1980) and Fausey etal. (2001). It is likely that
the light saturation point for impact on flower
induction was reached under the lowest
irradiance treatments for many of the species
during the relatively high natural light condi-
tions of spring in Minnesota. The five species
identified as having a FI response represent
plants that probably have a higher threshold
of light than other species.

The hastening of flowering with expo-
sure to supplemental irradiance is likely to be
due to two components: increased plant tem-
perature from infrared and long-wave radia-
tion from the HPS lamps and additional light
available for photosynthesis. More research
is needed to determine if FI responses seen
on some species are a result of increased
photosynthesis or a photomorphogenetic
high irradiance response (Beggs et al., 1980).
In our experiment, ADT at plant level was
1-2°C greater under the highest lighting treat-
ments (data not presented). Faust and Heins
(1998) reported that supplemental irradiance
increased shoot-tip temperatures of Catharan-
thus roseus L. by 1.2, 1.5 and 1.7°C with HPS
light additions of 50, 75 and 100 umol/m?/s,
respectively. Pietsch ef al. (1995) concluded
that increased development rates of C. roseus
under supplemental light were a result of
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Table 6.4. Photoperiodic and irradiance classifications are based on mean leaf number below the first
open flower. Data presented below were primarily from the following references: Armitage, 1996; Dole
and Wilkins, 1999; Erwin and Warner, 2002; Motum and Goodwin, 1987a,b; Nordwig, 1999; Mattson
and Erwin 2004/5; Seeley, 1985; and Zanin and Erwin, 2003). Photoperiod classifications: FSDP
(facultative short-day plant); FLDP (facultative long-day plant); OSDP (obligate short-day plant) OLDP
(obligate long-day plant); DNP (day neutral plant). Irradiance classifications: ‘FI’ (facultative irradiance
response: supplemental irradiance hastened induction developmentally); ‘II’ (irradiance indifferent
response; increasing irradiance did not hasten flowering developmentally) (Erwin and Warner, 2002;
Mattson and Erwin, 2003a,b). A question mark identifies an uncertain photoperiodic classification.

Species Photoperiod Irradiance
Ageratum houstonianum L. 'Blue Danube' FLDP Il
Alcea rosea ?LDP

Amaranthus hybridus L. 'Pygmy Torch' DNP Il
Ammi majus L. OLDP Il
Anethum graveolens L. 'Mammoth' OLDP Il
Anigozanthos flavidus FLDP

Anigozanthos manglesii FSDP

Anigozanthos pulcherrimus Hook. DNP

Anigozanthos rufus Labill. DNP

Anisodontea x hypomandarum K. Presl. FLDP

Antirrhinum majus L. FLDP Fl
Asclepias curassavica L. DNP Fl
Asclepias tuberosa L. OLDP

Asperula arvensis L. 'Blue Mist' OLDP Il
Begonia x hiemalis Fotsch O/FSDP

Begonia tuberhybrida OLDP

Begonia semperflorens DNP Fl
Bougainvillea spp. FSDP Fl
Calceolaria herbeohybrida FLDP

Calendula officinalis 'Calypso Orange' FLDP Il
Callistephus chinensis L. FLDP

Catananche caerulea L. Per. 'Blue’ OLDP Fl
Carpanthea pomeridiana L. 'Golden Carpet' DNP Il
Celosia plumose L. 'Flamingo Feather Purple' OSDP Il
Centaurea cyanus L. 'Blue Boy' OLDP Il
Centranthus macrosiphon Boiss. DNP Fl
Cleome hasslerana Chodat 'Pink Queen' FLDP Il
Cleome hasslerana Chodat 'Rose Queen' DNP Fl
Clerodendrum thomsoniae DNP

Clerodendrum x speciosum DNP

Coleus spp. ?SDP

Cobaea scandens Cav. DNP Il
Convolvulus tricolor L. 'Blue Enchantment' DNP Fl
Cosmos bipinnatus Cav. Ann. 'Diablo’ FSDP Il
C. bipinnatus Cav. Ann. 'Sensation White' FSDP FI
Cosmos sulphureus Cav. OSDP

Collinsia heterophylla Buist FLDP 1]
Crossandra infundibuliformis L. DNP

Cucumis sativus H. DNP

Cyclamen persicum Mill. DNP Fl
Dendranthema x grandiflorum FSDP

Dianthus barbatus L. DNP

Dianthus chinensis L. 'ldeal Cherry Picotee' FLDP Il
Dimorphotheca sinuata DC. 'Mixed Colors' DNP Il

Dolichos lablab L. OSDP 1]
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Table 6.4. Continued.

Species Photoperiod Irradiance
Eschscholzia californica Cham. 'Sundew' FLDP 1l
Euphorbia pulcherrima Willd. ex Klotzsch. OSDP

Exacum affine Balf. F. DNP

Fuchsia x hybrida OLDP

Fuchsia 'Gartenmeister' DNP

Gazania rigens L. 'Daybreak Red Stripe' OLDP Fl
Gomphrena globosa L. 'Bicolor Rose' FSDP 1l
Gypsophila spp. ?LDP

Hatoria gaertneri Reg. OSDP

Helianthus annus L. 'Vanilla Ice' FLDP l
Helipterum roseum Hook. OLDP 1]
Hibiscus cisplatinus DNP

Hibiscus laevis OLDP

Hibiscus moscheutos OLDP Fl
Hibiscus radiatus OSDP

Hibiscus rosa-sinensis L. DNP

Hibiscus trionum FLDP

Impatiens balsamina DNP

Impatiens hawkeri Bull. DNP

Impatiens wallerana Hook.{. DNP

Ipomoea x multifida Shinn. 'Scarlet' FSDP ]
Ipomopsis rubra Wherry 'Hummingbird Mix' OLDP l
Kalanchoe blossfeldiana Poelln. OSDP

Lathyrus odoratus L. 'Royal White' OLDP Fl
Lavatera trimestris L. 'Silver Cup' OLDP Fl
Legousia speculum-veneris Chaix OLDP 1l
Leonotis menthaefolia R. Br. DNP

Leptosiphon hybrida OLDP 1l
Lilium spp. FLDP

Limnanthes douglasii R. Br. OLD Fl
Limonium sinuata Mill. 'Fortress Deep Rose' FLDP l
L. sinuata Mill. 'Heavenly Blue' FLDP 1]
Linaria maroccana Hook. f. FLDP Fl
Linum perenne L. OLDP Fl
Lobelia erinus L. 'Crystal Palace' OLDP 1l
Lobularia maritima DNP

Lycopersicon esculentum Mill. DNP

Matthiola longipetala Venten.'Starlight Scentsation’ DNP 1l
Mimulus x hybridus L. 'Magic' OLDP Il
Mina lobata Cerv. OSDP 1l
Mirabilis jalapa L. OLDP 1]
Nemophila maculate Benth. 'Pennie Black' DNP Fl
Nemophila menziesii Hook. & Arn. DNP l
Nicotiana alata Link & Otto 'Domino White' DNP Fl
Nigella damascene L. 'Miss Jekyll' OLDP Il
Oenothera pallida Lindl. 'Wedding Bells' OLDP 1l
Origanum vulgare L. DNP FI
Oxypetalum caerulea D. Don 'Blue Star' DNP Fl
Pelargonium x domesticum L.H. Bail. FLDP

Pelargonium x hortorum L.H. Bail. DNP FI
Pelargonium peltatum L. DNP

Perilla frutescens ?SDP

continued
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Table 6.4. Continued.

Species Photoperiod Irradiance
Petunia x hybrida FLDP

P. x hybrida 'Purple Wave' OLDP

Phacelia campanularia A. Gray. DNP Il
Phacelia tanacetifolia Benth. FLDP Il
Pharbitis nil FSDP

Polemonium viscosum Nutt. OLDP Il
Primula malacoides Franch OSDP

Primula obconica Hance DNP

Primula x polyantha DNP Fl
Rhododendron spp. OSDP

Rosa x hybrida spp. DNP Fl
Saintpaulia ionantha Wendl. DNP Fl
Salpiglossus sinuata ?LDP

Salvia farinacea 'Strata’ FLDP FI
Salvia splendens F. Sellow 'Vista Red' FLDP Il
Sanvitalia procumbens Lam. FSDP Il
Scabiosa caucasia ?LDP

Schlumbergera truncata Haw. OSDP Il
Silene armeria L. 'Elektra’ OLDP FI
Sinningia speciosa Lodd. DNP

Solidago L. spp. SDP

Streptocarpus x hybridus Voss. DNP Fl
Streptocarpus nobilis Clarke FSDP

Tagetes erecta L. FSDP

Tagates patula L. DNP

Tagetes tenuifolia Cav. FSDP

Thunbergia alata Bojer. DNP Il
Tithonia rotundifolia Mill. 'Fiesta Del Sol' FLDP Il
T. rotundifolia Mill. 'Sundance' FSDP Fl
Verbascum phoeniceum L. DNP Il
Verbena x hybrida ?LDP

Viguiera multiflora S.F. Blake FLDP Il
Viola tricolor L. F/O LDP Il
Viola x wittrockiana Gams. FLDP Fl
Zea mays H. DNP

Zinnia angustifolia Kurth. DNP

Zinnia elegans Jacq. 'Exquisite Pink' FSDP Il
Z. elegans Jacq. 'Peter Pan Scarlet' FSDP I

increased shoot-tip temperatures. Graper and
Healy (1991) conducted an experiment to
separate the components of HPS lighting into
the effects of thermal radiation vs. photosyn-
thetic photon flux (PPF) using a circulating
water bath. They concluded that light plays a
greater role in development of P. X hybrida
seedlings via greater photosynthesis than
the increase in plant temperature associated
with supplemental HPS lighting. Leaf number
below the first flower was not reported.

Clearly, controlled environment chamber
experiments where lighting conditions can be
precisely controlled are necessary to more
accurately evaluate the effect of irradiance on
herbaceous ornamental plant species flower
induction. Determining the threshold levels
of irradiance required for optimal growth and
impact on flower induction of herbaceous
ornamental plant species would be useful
information for growers deciding whether to
purchase supplemental lighting.
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Stress induction of flowering

Short-term plant stress will cause a shorten-
ing of the juvenile phase in some species.
Perhaps the best example of this phenome-
non is the induction of early flowering
in celosia after a short-term water stress
(J. Erwin, personal observation). Similarly, it
appears as though short-term heat stress can
cause earlier flowering on newer cultivars of
chrysanthemums. High or low temperatures
can also affect a plant’s photoperiodic
response. For instance, at temperatures
below 17°C, cineraria is a day-neutral plant.
At temperatures above 17°C, cineraria is a
short-day plant. In contrast, when tempera-
tures exceed 23°C, flowering of many species
can be delayed. Some species are sensitive
to high night temperatures (E. pulcherrima,
G. globosa, Tagetes erecta), some species are
sensitive to high day temperatures (Fuchsia X
hybrida, A. majus), and some species are
sensitive to high day or night temperatures
(I.  hawkeri, C. morifolium, Schlumbergera
truncata, many Pelargonium spp.) (Erwin and
Warner, 1999a).

Ethylene

Exposure to ethylene is capable of inducing
flowering in some plant species. Most nota-
bly, ethylene exposure induces flowering in
Bromeliads. Clark and Kerns (1942) showed
that application of auxin to pineapple could
stimulate early flowering. Subsequent
research by Burg and Burg (1966) demon-
strated that the induction of flowering was
associated with auxin-induced stimulation
of ethylene. Commercially, pineapple is now
stimulated to flower by applying ethephon,
which releases ethylene on plants. Applica-
tion of ethephon also stimulates early
flowering in mango (Chacko et al., 1976).

Flower Development

Once flower induction and initiation have
occurred, successful flower development
must follow to have successful flowering.

Successful flower development can require
specific environmental conditions. For
instance, some species require a specific
photoperiod (which can be different from
that for flower induction) for successful
flower development. Additionally, species
may have a minimum irradiance required for
flower development as was noted with Rosa
spp. previously (Nell and Rasmussen, 1979).
Temperature also interacts with flowering as
described below. In contrast, other species
may have no environmental requirements
for successful flower development other than
a lack of stress.

Photoperiod requirement for flower
development

Flower development can have a photo-
periodic requirement. For instance, D. grandi-
flora flower development has a shorter critical
photoperiod than that for flower induction.
D. grandiflora, therefore, has evolved in
such a way as to naturally induce flowers
as daylength starts to shorten after 21 June
and then has successive flower development
as the daylength continues to shorten into
autumn and the vernal equinox. Therefore, if
a grower induced D. grandiflora in the spring
and then exposed plants to a photoperiod
greater than the critical photoperiod for
flower development, development would
cease and a ‘crown bud’ would develop.

Species differ in whether they have a
specific photoperiod requirement for flower
bud development. For instance C.X
morifolium flower development has a photo-
period requirement that is shorter than
the photoperiod requirement for flower
induction and initiation. Therefore, if chry-
santhemum (SDP) plants are induced during
spring and placed under long-day conditions
following induction, flower development
would be inhibited, which results in ‘crown
bud’ formation (Dole and Wilkins, 1999).
Similarly, if a LDP is induced very early
in spring and placed back under short-day
conditions after induction in a lighted envi-
ronment too early, flower bud development
can be arrested.
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Temperature requirement for flower
development

There is an optimal temperature for flower
development that is probably species, photo-
period and irradiance dependent. Whether
temperature effects are due to impacts on the
latter stages of flower initiation or whether
the effect is on actual flower bud abortion
is not clear. It is likely that, depending
on the timing of non-optimal temperature
conditions, both conditions are occurring.
Additionally, whether non-optimal tempera-
ture conditions constitute a ‘stress’ is a matter
of debate. Here, non-optimal temperature
conditions are separated from temperature
stress as discussed below.

High temperature inhibition of flowering
has been noted for some time. For instance,
the node number at which the first flower
cluster appears in L. esculentum increases dra-
matically at 27°C versus 10°C-16°C (Calvert,
1957). In general, many plant species have
temperature optima for flowering that are
between 18°C and 22°C. As temperature
increases or decreases from this optimum,
flower number decreases. There is evidence
which anecdotally suggests that these temper-
ature optima are based on differences in
flower bud abortion during development.
Such a conclusion is based on the observation
that temperature significantly atfects flower
number on mature day-neutral plants where
flower induction is continuous. For example,
Pelargonium spp. flower number per inflores-
cence decreases as average daily temperature
increases. Flower number per inflorescence
on Pelargonium peltatum L. ‘Nicole” decreased
from 9 to 3.8 flowers per inflorescence as
average daily temperature increased from
12°C to 29°C (Erwin, 1999). Similarly,
Pelargonium x domesticum L.H. Bailey flower
number per inflorescence decreases as
average daily temperature decreases and
flowering is inhibited altogether at average
daily temperatures above 17°C (Erwin
and Engelen, 1992). P. X hortorum ‘Veronica’
flower number decreased from 52 to 15
flowers per inflorescence as average daily
temperature increased from 12°C to 29°C
(Erwin and Heins, 1992). Fuchsia hybrida L.
‘Dollar Princess’ flower number per node

increased from 2.3 to 6 flowers as average
daily temperature increased from 12°C to
15°C then decreased to 2.3 flowers per node as
average daily temperature further increased
to 25°C (Erwin and Kovanda, 1990).

Flower development of different species
is sensitive to temperature and can vary
diurnally. Schlumbergera truncata Lem. and
Euphorbia pulcherrima flower development
is most sensitive to night temperature. For
instance, flower number was greatest on
S. truncata ‘Madisto’” when nig