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ABSTRACT
FLOWER INDUCTION AND CULTURAL REQUIREMENTS FOR QUICK-
CROPPING OF THE HERBACEOUS PERENNIALS VERONICA SPICATA,
PHLOX PANICULATA, LEUCANTHEMUM xSUPERBUM, ACHILLEA, GAURA
LINDHEIMERI, AND CAMPANULA
By
Amy Lynn Enfield
Optimized production of vegetatively propagated herbaceous perennials
requires a proper knowledge of stock plant management, propagation protocols,
appropriate vegetative bulking, and flower induction and development
requirements. This project was conducted to identify these physiological and
cultural elements for six herbaceous perennial species. Stock plant
management, propagation, and vegetative bulking for Veronica spicata 'Red Fox'
and Campanula 'Birch Hybrid' required only appropriate light and temperature
because both plants were day-neutral following a flowering flush. Plants had an
obligate cold requirement for flowering. Photoperiod control during all stages of
development was necessary for Phlox paniculata 'David', Leucanthemum
xsuperbum 'Snowcap’, Achillea 'Moonshine', and Gaura lindheimeri '"Whirling
Butterflies' because all were long-day plants with facultative cold requirements for
flowering. Experiments were conducted to quantify the effects of propagation
environment on rooting and subsequent flowering of P. paniculata ‘David’.
Rooting increased as daily light integral increased from 0.8 to 8.6 molem™+d™! but
was not affected by auxin concentration or rooting photoperiod. Days to flower

decreased up to 17 days as propagation photoperiod increased from 11 to 15

hours, and cold treatment for 5 weeks decreased time to flower by up to 25 days.
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Thesis Introduction

Ten years ago the floriculture research team at Michigan State University
initiated research on the flowering and cultural physiology of herbaceous
perennials. Now that the flowering physiology of many herbaceous perennials is
understood, growers have the ability to begin programming flowering herbaceous
perennials for specific market dates. However, before plants can be uniformly
flowered on a specific date, additional research is required because there are
several problems associated with current herbaceous perennial production.

The first problem is lack of crop uniformity, which can be caused by a
number of factors, including nonuniform propagules attributed to propagation of
cuttings from stock plants in various stages of vegetative and reproductive
development. Nonuniformity can also be caused by disease, even if propagules
are initially uniform. There is a high risk of disease with bare-root material
because plants are often stored for extensive periods in cold storage. A second
problem is that current production practices do not provide induced and
flowering-size plant material for planting during the summer. Although bare-root
material is available from winter to spring, availability is generally lacking the rest
of the year, and even then plants are often diseased because they have been
stored for extended periods. Finally, vernalized plugs are not available after
early spring because the temperatures in greenhouses used by growers for
vernalization cannot be kept cool enough because of rising outside solar

radiation and temperatures. A third problem with current production practices is



that production schedules are generally lengthy. The time from planting the
starting material to flower may exceed a year.

This thesis research was directed at developing a production protocol to
avoid these problems. The production protocol was termed quick-cropping. The
primary goal was to optimize the production of herbaceous perennials by
determining the proper environmental and cultural requirements for each stage of
herbaceous perennial production: stock plant management, propagation, bulking
(root establishment and vegetative growth), cold treatment, and forcing to flower.
Another goal of quick-crop production was to make distinctions between
vegetative and reproductive growth by understanding the cold and photoperiod
requirements of an herbaceous perennial species so that uniform flowering crops
could be produced. Six species were examined to determine the feasibility of the
quick-crop herbaceous perennial production protocol: Veronica spicata ‘Red
Fox', Phlox paniculata ‘David’, Leucanthemum xsuperbum ‘Snowcap’, Achillea
‘Moonshine’, Gaura lindheimeri ‘Whirling Butterflies’ and ‘Siskiyou Pink’, and

Campanula ‘Birch Hybrid'.



SECTION |

LITERATURE REVIEW



Vernalization
Introduction

In plants, most biological processes proceed more quickly as the
temperature rises. An exception is the promotion of flowering by low
temperatures, which is known as vernalization. The importance of low
temperatures (temperatures below those optimal for growth) in flower induction of

certain plants has been known since the 19th century (Bernier et al., 1981).

History

The term vemalization was derived in Russia in 1928. Lysenko initially
called the process Jaroviation. Jar means god of Spring in Russian, and spring
cereals are called Jarovoe (Chouard, 1960). The word was then transiated to
vernalization. The Latin vernum means Spring.

Before the technique of vernalization had even evolved, research was
being conducted on the effects of temperature on plant development and
flowering. Klebs, who may be regarded as the initiator of this branch of plant
physiology, began research before 1918 (Whyte, 1948). He proposed that it
should be possible to control and direct the growth and development processes
of a plant by exposing it under experimental conditions to the particular factors
that it was exposed to in nature (Whyte, 1948): temperature and light.

Some of the first cold-response experiments were performed in 1918 by

Glasner (Chouard, 1960; Whyte, 1948). He wanted to determine the



physiological differences between spring and winter rye. His research showed
that spring rye does not need a cold period in order to reach the shooting stage,
whereas flowering of winter rye depends on the rye’s receiving a cold period
either during or after germination. Winter rye that was germinated at 1to 2 °C
reached the shooting stage 9, 21, or 41 d earlier than when germinated at 5 to 6
°C, 12 °C, or 14 °C, respectively (Whyte, 1948). This research showed that in
winter rye, low temperature is needed for the “release of flower formation.”

A large amount of research concerning low-temperature effects on plant
development and flower initiation has been conducted since Klebs and Glasner
conducted their research. Two groups studied the physiology of vernalization on
an “accurate” experimental basis. In the 1930s and 1940s, Gregory and Purvis
performed experiments in London, and in the 1940s and 1950s, Melchers and
Lang et al. performed experiments at TUbingen (Chouard, 1960). Vernalization

research continues today, but it is often more genetically than physically based.

Effects of Low Temperatures

Plant development is influenced directly and inductively by numerous
environmental factors, including photoperiod, light quantity, light quality, nutrient
and water availability, and temperature. Direct effects elicit a plant response
during exposure to the environmental condition. An inductive effect occurs
sometime after the plant has been exposed to the condition but not during
exposure. Exposure to low temperatures can evoke direct and inductive

responses in plants.



Low temperatures can be used to break dormancy, during which all
primordia exist but either do not grow or grow very slowly. Generally, breaking
dormancy is thought to involve the removal of growth inhibitors so that active
growth can occur as soon as favorable conditions return. Insufficient cold can
reduce the flowering response. In most spring-flowering woody plants, dormancy
release can be induced only by chilling the buds for a particular length of time
(Smith and Kefford, 1964). In some bulbous plants, for example, tulip and
narcissus, flower initiation occurs before dormancy. Floral differentiation can
take place during the dormant period (Rees, 1985). However, in tulips, floral
stalk elongation occurs only after the bulbs have received a low-temperature
treatment (Rietveld et al., 2000). The breaking of dormancy by low temperatures
can also occur in seed. Itis common in seeds of trees and shrubs and in some
temperate herbaceous perennials (Hartmann et al., 1997).

Flower initiation and development can also occur under low temperatures.
In stock, Lunaria biennis L., Ins ‘Wedgewood’, and onion, for example, floral
initials differentiate during the exposure to cold (Chouard, 1960; Thomas and
Vince-Prue, 1997). In brussels sprouts (Brassica oleracea gemmifera L.), flower
initiation must take place during slow growth at low temperatures. Plants that
have not initiated an inflorescence at transfer to growing temperatures remain
vegetative (Friend, 1985).

When exposure to low temperatures is used for the induction and
promotion of flowering, it is termed vernalization. Without a cold treatment,

vernalization-requiring plants show delayed flowering or remain vegetative. In



1960, Chouard defined vernalization as “the acquisition or acceleration of the
ability to flower by a chilling treatment.” As a rule, initiation of flower primordia
does not occur at vernalizing temperatures. It occurs only after plants are moved
to warmer temperatures more favorable for growth (Bernier et al., 1981).
Numerous plant species require a vernalization treatment in order to flower; for
example, Digitalis purpurea L. (foxglove), Althaea rosea (L.) Cav. (hollyhock),
Beta vulgaris L. (beet), Apium graveolens L. (celery), and Hyoscyamus niger L.

(black henbane) (Metzger, 1996).

Obligate versus Facultative

Vernalization can be defined as either the acquisition of the ability to
flower or the reduction in time to flower. Plants that will not flower without
exposure to low temperatures have an obligate vernalization response. Most
plants with an obligate vernalization response have embryos within the mature
seed that cannot be vernalized (Chouard, 1960). Plants in this category are
primarily biennials and herbaceous perennials. For example, seedlings of
Dianthus barbartus L. have an obligate requirement for vernalization (Cockshull,
1985). Neither chicory (Cichorium intybus L.), which can be vernalized as a seed
or plant, nor Raphanus sativus L., which can be vernalized as a germinating
seed, will flower unless it is exposed to a cold treatment (Demeulemeester and
De Proft, 1999; Engelen-Eigles and Erwin, 1997).

Plants that will eventually flower without a cold treatment but flower faster

after cold have a facultative vernalization response, which generally results in a



reduction in leaf number and fewer days to flower. This response often becomes
more pronounced as the length of the vernalization treatment increases. Plants in
this category include annuals and herbaceous perennials. Dianthus allwoodii
and D. alpinus L. show a reduction in the number of days to flower and an
increase in the total number of flowers in response to cold (Wurr et al., 2000).
For certain Aquilegia L. species versus uncooled plants, 8 weeks of cooling
reduced the time to flower and promoted longer peduncles (Garner and
Armitage, 1998). Cineraria also shows a facultative response to vernalization.
The number of leaves formed before flowering decreases as the chilling duration
increases (maximum reduction occurs after 3 to 5 weeks at 6 °C), and all
unchilled plants eventually flower when grown at 18 °C (Yeh et al., 1997).

In some cases, vernalization can substitute for long days when plants
show a facultative response to vernalization. In these plants, photoperiod is the
primary flower induction stimulus, but vernalization can substitute for long days
(plants will flower regardless of photoperiod) or hasten flowering under long days.
For example, Karisson et al. (1993) observed 32 ecotypes of Arabidopsis
thaliana (L.) Heynh. Of the ecotypes that responded to vernalization, two
showed an obligate response, while the others showed a facultative response. In
most cases, vernalization was able to completely substitute for long days (plants
flowered regardless of photoperiod). The substitution of vernalization for long
days can also be seen in Gypsophila paniculata L. Without a vernalization
treatment, plants will flower only under long days; however, after vernalization

plants will flower under any photoperiod (Davies et al., 1996; Shilo, 1985).



Requirements of Vernalization

A vernalization treatment is effective only on actively growing plants.
Seed of winter annuals respond to vernalization before germination if they have
imbibed water and have become metabolically active (Taiz and Zeiger, 1998).
Chandler and Dean (1994) showed that late-flowering arabidopsis plants are
most sensitive to vernalization at the imbibed seed stage. When cold was
applied at that stage, plants produced fewer leaves before flowering. As plant
age increased before vernalization, leaf number before flowering also increased.

Most biennials, on the other hand, have to proceed through a juvenile
developmental phase in which they are insensitive to vernalizing temperatures.
They must reach a minimal size, age, or both before they become sensitive to
low temperatures. For example, under continuous light and 18 °C day/15 °C
night temperatures, chicory plants younger than 100 d do not react to
vernalization but remain rosettes after cold. Once plants reach 112 d or older,
they respond to a vernalization treatment (Demeulemeester and De Proft, 1999).
In temperate grasses, although seed vernalization is possible in some species,
the vernalization rate is higher in seedlings (Heide, 1994). The length of the
juvenile period varies widely (usually between 2 and 5 weeks), depending on the
grass species. Geum urbanum L. cannot respond to vernalization until the four-
to five-leaf stage, and then only axillary buds at a certain stage of development

are sensitive to low temperatures (4 °C) (Tran Thanh Van, 1985). The terminal



apex of the basal rosette can be vernalized only by 30 to 50 weeks of cold

treatment, whereas axillary buds are vernalized in 5 to 15 weeks (Taylor, 1997).

Site of Vernalization

Perception of vernalization occurs mainly in the meristematic zones of the
shoot apex. However, all actively dividing cells may be capable of responding to
low temperatures (Levy and Dean, 1998). Once vernalization has occurred, it is
maintained through mitosis. The vernalization requirement is reset by meiosis or
some other aspect of reproductive growth.

In biennials, the overwintering stem apex perceives the stimulus, although
there are some reports suggesting that leaves and even isolated roots are
responsive in some cases (Hopkins, 1995). A classic case of dividing cells
perceiving low temperatures is Wellensiek’s (1960) study of Lunarnia annua L.
Cut leaves that were held at 5 °C produced regenerated plants that were able to
flower. However, the action of the cold was limited to the base of the petiole, the
site of actively dividing cells. If the petiole was removed, the regenerated plants
failed to flower. Cell division, however, is not a requirement for vernalization in
all cases; for example, winter rye and Cheiranthus allionii L. (Thomas and Vince-
Prue, 1997).

In some instances, cuttings removed from vernalized stock plants do not
require an additional cold treatment in order to flower. The flower induction

stimulus is transmitted in the cuttings, which has been shown in Dianthus
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allwoodii ‘Doris’ and chicory (Demeulemeester and De Proft, 1999; Wurr et al.,

2000).

Effective Temperatures and Durations

Vernalization is a progressive process, and the effect becomes
increasingly stable as the duration of cold increases. The optimum temperature
generally ranges between 1 and 7 °C (Taiz and Zeiger, 1998). The optimum
temperature varies among plant species. For example, in cineraria, the base
temperature for vernalization is —0.3 °C, the optimum is 5.9 °C, and the maximum
is 15.8 °C (Yeh et al., 1997).

The effect of low temperatures increases with the duration of exposure
until the response is saturated. A response usually occurs after at least 4 weeks
but varies widely (<10 to >100 d) between species (Metzger, 1996; Thomas and
Vince-Prue, 1997). For example, R. sativus L. can be vernalized in as few as 40
d (Engelen-Eigles and Erwin, 1997). A saturated vernalization response can be
found in certain ecotypes of arabidopsis after 30 to 40 d (Bagnall, 1993).
Growing G. paniculata ‘Bridal Veil' at cool night temperatures (7 °C) results in
enhanced flower yield and quality. The cool night temperature could have a
vernalizing effect large enough to cause flowering in ‘Bridal Veil’, which has a low

vernalization requirement (Davies et al., 1996).
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Molecular and Genetic Response

A great deal is known about the effects of vernalization on growth and
development of plants. On the other hand, little is known about the effects of
vernalization at the genetic and molecular levels. Vemalization is an epigenetic
phenomenon, meaning that the vernalized state is stable through mitosis but not
meiosis. Several genes have been identified in Arabidopsis thaliana (L.) Heynh
that appear to play a role in the vernalization response: FRIGIDA (FRI),
FLOWERING LOCUS C (FLC), and the VERNALIZATION genes (VRN1 and
VRN2). It has been proposed that these genes work through several parallel
pathways, including the autonomous and vernalization pathway (Koorneef et al.,
1998). DNA demethylation may also play an important role in the activation or

deactivation of these pathways and genes.

DNA Demethylation

Burns et al. (1993) proposed that vernalization is mediated by the
demethylation of promoter genes whose expression is critical for the initiation of
flowering. One hypothesis is that exposure to low temperatures decreases
methylation, perhaps by uncoupling replication and maintenance methylation
(Finnegan et al., 1998a). Work done on arabidopsis by Finnegan et al. (1998b)
showed that vernalization for 4 or 8 weeks reduced DNA methylation by 15%
compared with that of the control (unvernalized) seedlings.

5-Azacytidine (5-azaC) demethylates DNA. Treating plants with 5-azaC

can mimic the vernalization response and thus accelerate flowering. With no
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prior vernalization treatment, germinating arabidopsis seeds (vernalization-
responsive ecotypes) treated with 5-azaC showed earlier floral initiation and a
reduction in the number of rosette leaves formed at flowering (Burns et al., 1993).
Furthermore, arabidopsis plants transformed with a methyltransferase (MET7)
antisense transgene also showed a promotion of flowering in the absence of a
cold treatment (Finnegan et al., 1998b).

Current research suggests that demethylation and vernalization may
activate the same pathway. However, it is now known that the methylation
patterns in plants may not reset between generations (Vongs et al., 1993), which
suggests that factors other than DNA methylation may be involved in resetting

the vernalization signal.

Vernalization Pathway

Multiple pathways control flowering time in arabidopsis (Alonso-Blanco et
al., 1998; Koornneef et al., 1998): the photoperiod pathway, the autonomous
pathway, and the vernalization pathway. The vernalization pathway promotes
flowering in many late-flowering ecotypes of arabidopsis in response to an
extended period of cold temperatures (Simpson et al., 1999). Vernalization is
able to overcome or bypass the repressive effects of certain genes (for example,
the FLC and FRI genes). It can also compensate or substitute for the
autonomous pathway genes, which suggests that vernalization may operate
through a separate pathway parallel to the autonomous pathway (Simpson et al.,

1999). However, little else is known about its molecular nature.
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VERNALIZATION (VRN) Genes

In order to understand the molecular basis of vernalization, Arabidopsis
thaliana mutants impaired in the vernalization response have been identified and
analyzed. Plants with mutations in the VRN genes may be defective in either the
perception of cold temperatures or the transduction of the cold signal by the
vernalization pathway (Levy and Dean, 1998). The vm1 and vm2 mutants were
isolated according to their reduced vernalization response in the late-flowering
vernalization-responsive fca-1 arabidopsis mutant (Simpson et al., 1999).
Neither vimn1 nor vm2 is impaired in its ability to acclimate to low temperatures
(Chandler et al., 1996, cited in Simpson et al., 1999), which indicates that the
defect in these genes is specific to the vernalization pathway and not low-
temperature responses in general. Since the VERNALIZATION genes have not
yet been cloned, their function is unknown. However, fcavm1 and fcavm2
double mutants show FLC mRNA accumulation and less reduction in flowering
time, suggesting that the VRN1 and VRN2 genes may mediate the vernalization-
induced down-regulation of the FLC gene (Sheldon et al., 1999; Sheldon et al.,

2000).

FLOWERING LOCUS C (FLC) Gene
FLOWERING LOCUS C encodes a MADS-box type transcription factor
(Michaels and Amasino, 1999; Sheldon et al., 1999; Sheldon et al., 2000). It has

been identified as a “semidominant repressor of floral induction” and is believed
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to be the central regulator of the transition to flowering by vernalization (Sheldon
et al., 2000). However, the downstream target genes for FLC are unknown.

FLC is expressed most highly in the vegetative shoot apex and in roots
(Michaels and Amasino, 1999). FLC mRNA accumulates in mutants of the
autonomous pathway, which suggests that genes in the autonomous pathway
(for example, FCA, FPA, LD, and FVE) act to represses FLC activity (Simpson et
al., 1999).

According to Sheldon et al. (2000), there is a correlation between the level
of FLC transcript and the response to vernalization. Arabidopsis ecotypes with
only a slight vernalization response have low levels of FLC, even in the absence
of vernalization. Ecotypes with minimal to no vernalization response have an
undetectable level of FLC transcript, whereas ecotypes with a strong
vernalization response have a high level of FLC transcript.

Vernalization reduces the level of FLC protein present in the plant
(Michaels and Amasino, 1999; Sheldon et al., 2000). The down-regulation of
FLC and the subsequent decrease in time to flower is proportional to the duration
of the cold treatment (Sheldon et al., 2000). The FLC transcript level following
vernalization is mitotically stable, just as the vernalized state is mitotically stable.
The progeny of vernalized and nonvernalized plants have the same FLC
transcript level, which means that the FLC transcript level, as well as the
vernalization requirement, is reestablished to the ground state in the progeny of a

vernalized plant (Sheldon et al., 2000).
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FRIGIDA (FRI) Gene

FRIGIDA gene activity is also associated with late flowering. The FR/
gene has been recently cloned and found to encode a protein unrelated to any
known protein (Johanson et al., 2000). FRI acts with FLC to inhibit flowering.
They act through the autonomous pathway, working antagonistically to the
autonomous pathway genes. FRI apparently increases the level of FLC mRNA
(Michaels and Amasino, 1999). Michaels and Amasino (1999) suggested that
vernalization suppression of FLC expression could be mediated through the
effect of the cold treatment on FR/ activity. However, Sheldon et al. (1999)
stated that the repression of FLC by the autonomous pathway is mediated by
directly targeting FLC as opposed to operating indirectly through the inactivation

of FRI.

Conclusion

Although the physical aspects of vernalization appear to be well
researched, the molecular and genetic functions of vernalization remain unclear.
Vernalization is a genetically complex physiological process. The FLOWERING
LOCUS C gene appears to play a key role in the induction of flowering by
vernalization. However, it is not yet known whether FLC activity is repressed
simply by a low-temperature treatment, DNA demethylation, VRN1 and VRN2

gene activity, or a combination of these factors.
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Herbaceous Perennials
Achillea

Achillea or yarrow has long been valued for its medicinal and even
magical purposes. Achillea millefolium L., the common variety, is known by
several names, including nosebleed, staunchweed, milfoil, and soldier's
woundwort (Grieve, 1981). Achillea has astringent and anti-inflammatory
properties. It has been used against colds, cramps, fevers, kidney disorders,
toothaches, skin irritations, hemorrhages, burns, and bruises.

Achilles, a Trojan War hero, distributed yarrow among his soldiers to stop
their wounds from bleeding (Stevens et al., 1993), which is how the plant
received its genus name, Achillea. For the Navajos, it is a general cure-all, and
the British call it allheal (Stevens et al., 1993). It was also consumed by the
pioneers in an attempt to cure just about any ailment.

There are between 85 and 100 species of achillea, and they differ in
growth habit, flower color, and leaf shape (Stevens et al., 1993; Turmer and
Wasson, 1997). Most species are native to Europe and north and west Asia. A
handful (four or five species) can be found in North America (Turner and
Wasson, 1997). There have also been numerous cultivars produced through
breeding and selection.

Achillea is a member of Asteraceae. It varies in size from creeping alpine
varieties to tall varieties used in border gardens and as cut flowers. The foliage
is fernlike, aromatic (spicy fragrance), sometimes gray, and often hairy. It prefers

full sun and high light. The gray foliage is indicative of high-light-adapted plants.
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It is a hardy perennial that typically has large, flat heads of tiny daisylike flowers.
There is a wide variety of flower colors, including shades of white, yellow,
orange, pink, and red. Flowering generally occurs from late spring to autumn.

Achillea is a dry-land plant and is not typically tolerant of wet conditions. It
does best in soil that is kept moderately moist. According to Stevens et al.
(1993), overhead watering of achillea is not recommended because it may
damage the flowers, cause spotting on the petals, splash soil onto the foliage,
and promote the spread of disease. Constantly moist soil and excess nitrogen
can result in tall leggy plants. To reduce plant height in greenhouse production,
achillea should be grown with reduced nitrogen (approximately 100 ppm) and
water (Nausieda et al., 2000). Achillea is also tolerant of poor soil. Once itis
established, it can survive drought and other forms of neglect.

Most achillea species are facultative long-day plants, which means that
the plants will flower under all photoperiods. However, they tend to flower more
rapidly and consistently under long days, generally longer than 12 h (Nausieda et
al., 2000).

Achillea multiplies rapidly by rhizomes. It is easily propagated by division
in late winter. Plant clumps are usually pruned during the winter to stimulate
strong spring growth. Another form of propagation is by cuttings, which generally
occurs in early summer. The most popular species are usually clones and thus
must be propagated asexually (Nausieda et al., 2000). Rooting stem cuttings is

the common method for plug production.
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Good cultural practices are the best insect control. A healthy, actively
growing yarrow plant is more resilient against insect attack. Although no insect
has been found to be extremely detrimental to achillea, in greenhouse
production, the most common insects encountered include aphids, leafhoppers,
spider mites, and thrips (Stevens et al., 1993).

Most disease problems arise from overwatering and when plants are
under high temperature and humidity. Foliar fungal diseases are the most
serious ones associated with achillea. Botrytis is common among cultivars
derived from ‘Taygetea’ because they have more leaves at the base of the plant
(Nausieda et al., 2000). Other foliar diseases include powdery mildew, downy
mildew, and rust. Powdery mildew is distinguished by white spots on both sides
of the leaves. Downy mildew is distinguished by yellow spots on the top of the
leaves and white mold on the bottom. A mildew problem can be reduced by
increasing space between plants, which improves air circulation around the
foliage. Rust is characterized by raised spots called pustules, which are found
on the underside of leaves and stems. Rust-infected plants should be removed
and destroyed. Another disease that affects achillea is stem rot, which is caused
by Rhizoctonia solani. It results in the decay of the stem base. This soil-borne
pathogen is controlled by allowing the soil to thoroughly dry between irrigations.

One popular achillea species is A. ‘Moonshine’, the result of a cross
between A. clypeolata and A. aegyptiaca ‘Taygetea’ (Armitage, 1989). The plant

grows to a height of approximately 18 to 24 inches. The flowers are sulfur
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yellow. The foliage is silvery-green and fernlike. It was introduced in the 1950s

by Alan Bloom of Bressingham Gardens in England (Armitage, 1989).

Campanula

Campanula is distributed throughout temperate zones of the Northern
Hemisphere, particularly in southern Europe and Turkey. They grow in diverse
habitats, including high alpine rock crevices, meadows, and woodlands. More
than 600 species of annuals, biennials, and perennials make up Campanulaceae
(Finical et al., 2000b).

All campanula species are long-day plants, some being facultative and
others obligate. Some species require a vernalization treatment in order to
flower; others simply require a specific photoperiod. They prefer full sun, and in
some species, flower number can be decreased if the plants are grown under low
light (Whitman et al., 2000).

Pollination mechanisms vary widely among campanula species. Some
species are predominantly self-pollinated, while others are cross-pollinated.
According to Nyman (1992), pollen germinability plays a large role in the
mechanism used by each species. For example, temporal overlap of high pollen
germinability and stigma receptivity is associated with self-pollinating species,
while temporal separation of high polien germinability and stigma receptivity is
associated with cross-pollinating species.

For most campanula species, the soil pH should be maintained around 6.0

and soil fertility should be kept at moderate levels (Finical et al., 2000b; Whitman
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et al., 2000). Campanula prefers well-drained soil. Most species are drought
tolerant, and in some cases, drought stress can delay flowering.

Campanulas are easily grown from seed. Seed may be sown in late
winter or early spring. It should be sown thinly on the surface and covered with a
very fine layer of sharp sand or fine grit (Lewis and Lynch, 1998). Lightis
beneficial for germination. Established campanula plants can be divided in the
fall or spring when new growth has just started. Campanula can also be
propagated by cuttings. In the greenhouse industry, plants are propagated
primarily from stem cuttings.

Campanulas are generally trouble-free in cultivation. In the garden, the
primary pest of campanula is the slug, but it is only troublesome with some of the
more rare, succulent, smaller species. In greenhouse production, spider mite
can be a problem with certain species (Whitman et al., 2000).

Rust is probably the most troublesome disease in campanula, but again, it
is species specific. However, damping-off root rot caused by Pythium and
Rhizoctonia can sometimes be problematic. Damping-off can be prevented by
maintaining well-drained soil. Botrytis cinerea on leaves can also be problematic
in some species (Whitman et al., 2000). However, if the foliage is kept dry, the
disease should not be a problem.

One particularly interesting species is Campanula ‘Birch Hybrid'. It was
introduced by Walter Ingwersen and is the result of a cross between C.
portenschlagiana and C. poscharskyana. ‘Birch Hybrid' was initially introduced

as C. xportenscharskyana. In 1945, it was given an Award of Merit along with a
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recommendation that its name be changed. The name ‘Birch Hybrid’ came from
the nursery where it was first propagated, Birch Farm (Lewis and Lynch, 1998).

Campanula ‘Birch Hybrid’ is a miniature campanula that grows up to 6
inches (15 cm) high and spreads up to 12 inches (30 cm) (Finical et al., 2000b).
The branching stems bear numerous open star-shaped blooms of light blue or
mauve. New flowers continue to open from June through September. Itis an
evergreen perennial with underground runners and small, ovate, heart-shaped,
toothed, bright green leaves. It is a rock-garden/alpine species that requires
moist but well-drained soil in sun or partial shade (Brickell and Zuk, 1997). ‘Birch
Hybrid’ requires a vernalization treatment in order to flower (Finical et al., 2000b).
Without a cold treatment, plants remain vegetative. It is a facultative long-day
plant following vernalization and is also fairly free of disease and insect

problems.

Gaillardia

According to Koning (1986), gaillardia was first noted in 1783. Within
Gaillardia, there are approximately 30 species ranging from annuals to biennials
and perennials, and all are members of Asteraceae. All species are native to
primarily the southwestern United States, with the exception of two South
American species. The common name blanket flower arose because the colors
in the flowers resembled the blankets traditionally worn by Native Americans.

Gaillardia has been used in pharmaceutical research (Koning, 1986). The

plant produces the sesquiterpene lactones: spathulins, pulchellins, and
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gaillardins. Spathulins and pulchellins are antibiotics used for Staphylococcus
and Streptococcus. Spathulin and gaillardin, in cell cultures, inhibit human
nasopharynx carcinomas.

The plant’s flowers have a long blooming season, from summer until the
first frost. The flowers are daisylike, either single or double, and can be as much
as 6 inches wide. Flower colors range from bright yellow to oranges and reds.

Gaillardia tolerates extreme heat, cold, dryness, strong winds, and poor
soil. The plants prefer full sun and well-drained, moderately fertile soil. Itis
considered a quantitative long-day plant (Koning, 1986). Under short days the
plant forms a rosette.

The annual varieties are usually propagated from seed in spring or early
summer. Seed propagation is used widely for commercial production. Seeds
germinate in the light at 21 to 24 °C and under high humidity (90 to 95%) (Yuan
et al., 2000). The perennial species can also be divided in the spring or
propagated from stem cuttings. Division is used most commonly by gardeners to
control plant size and form.

Gaillardia, as a whole, is not particularly susceptible to many diseases or
insect pests. In fact, gaillardia plants can inhibit population expansion of
Protylenchus penetrans and Ditylenchus dipsaci nematodes in garden soil
(Koning, 1986). In the greenhouse, Gaillardia xgrandiflora Van Houtte is
susceptible to aphids (Yuan et al., 2000). Also, plants in the greenhouse are

more susceptible to aster yellows and powdery mildew.
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Gaillardia xgrandifiora is a hybrid of G. aristata and G. pulchella and is the
most commonly grown blanket flower (Turner and Wasson, 1997). The plants
form mounds up to three feet high.

Some cultivars of G. xgrandiflora have a distinct juvenile phase. Most of
the plant population reaches maturity when 16 nodes per plants have formed
(Yuan et al., 2000; Yuan et al., 1998a). According to research conducted by
Yuan et al. (1998a), periods of cold exposure (10 to 15 weeks) enhanced the
flowering percentage and greatly accelerated flowering of G. xgrandifiora
‘Goblin’. In production, increasing the temperature from 15 to 26 °C reduced the
number of days to flower by approximately 25 d for the same cultivar (Yuan et al.,
1998b). Gaillardia requires long days after cold in order to flower. Evans and
Lyons (1988) showed that applications of GA4.7 could substitute for long days
and promote flowering under short days in the same amount of time required by
untreated, photoperiodically induced plants.

Koning has done much work on flower formation and development in G.
xgrandiflora. He described five distinct stages of disk flower development
(Koning, 1983a, 1983b, 1984). During stage 1, flowers are relatively
unpigmented and tightly closed. In stage 2, the tip of the corolla is pigmented. In
stage 3, the corolla begins to unroll and the filaments elongate. During stage 4,
the corolla unrolls completely and the style and stigma elongate. And in stage 5,
the corolla expands completely, the stigmatic surface between the branches is
exposed, and the flower is pollinated. Filament elongation is controlled by auxin

(Koning, 1983a). Corolla elongation is controlled by the level of endogenous
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gibberellin activity (Koning, 1984). Style and stigma development is controlled by
at least three hormones. Their growth is inhibited by high levels of gibberellins
during stages 1 through 3. During stages 3 and 4, high auxin triggers elongation.
Finally, at the end of stage 5, ethylene production increases and promotes

stigma unfolding (Koning, 1983b).

Gaura

The genus name Gaura translates as gorgeous (Turner and Wasson,
1997). Gaura has about 20 species of annuals, biennials, perennials, and
subshrubs. All species, which belong to Onagraceae, are native to North
America (primarily Texas and Mexico). Despite their showy flowers, they are apt
to be weedy. They have simple, narrow leaves. The flowers are flat, star-
shaped, and pink or white and are borne on either panicles or racemes (Brickell
and Zuk, 1997).

In its native range (Texas to Louisiana) and other warm areas, gaura can
grow to four feet tall and wide. In Seattle, Washington, and Vancouver, British
Columbia, it tends to be shorter and more compact, reaching a height and width
of only about 2 feet (Farmer, 1993). Different species of gaura are broadly
interfertile, but different species in nature are isolated by a number of
mechanisms that minimize the occurrence of natural hybrids (Carr et al., 1990).

Gaura prefers full sun. it does not require excessive fertilizer or water

because many species have long fleshy roots that store water. Because of this,
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gaura is well adapted to dry areas and tolerates extended periods of drought and
heat stress.

Gaura can be propagated by using several techniques. It can be
propagated in spring or fall by division, which is used primarily to rejuvenate the
plant and control overall plant size. Gaura can also be propagated by seed,
which generally germinate in five to 11 days at 21 °C (Finical et al., 2000a).
Vegetative stem cuttings can also be propagated, and this method generally is
used in the summer. Commercially, all three means of propagation are used.

The gaura commonly sold commercially is G. lindheimeri. It is native to
the United States/Mexico border region (Turner and Wasson, 1997). It has
loosely branched stems with tiny hairs. Flowering lasts from late spring to midfall
(Farmer, 1993). It produces long sprays of pink buds that open into white
flowers, reaches a height of 4 feet, and has a spread of 3 feet (Turner and
Wasson, 1997).

In G. lindheimeni, juvenility does not appear to affect flowering.
Vegetatively propagated plants with as few as six leaves will flower (Finical et al.,
2000a). It also does not require a vernalization treatment in order to successfully
flower. Itis considered a facultative long-day plant, flowering faster under longer
daylengths. Gaura lindheimeri also grows in a wide variety of soil types, ranging
from dry clay to sand. It appears to have no problematic diseases or insect
pests. However, from greenhouse observations, spider mites could be a

problem.
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Research performed by Carr et al. (1990) divided gaura into eight species
according to trends in floral symmetry, fruit morphology, and plant growth habits.
It was concluded from this work that the placement of G. lindheimeri within the
section Gaura “depends heavily on the assumptions that perennial life-cycle and

loosely clumped growth habit are secondarily derived in this distinctive species.”

Leucanthemum

Leucanthemum, part of Asteraceae, is composed of about 25 species of
annuals and perennials (Turner and Wasson, 1997). All species are native to
Europe and temperature Asia. Many botanists included these plants in
Chrysanthemum (Turner and Wasson, 1997). Leucanthemum is a clump-
forming plant with variable leaves ranging from toothed to lobed.

The most common garden leucanthemum is L. xsuperbum Bergmans ex
J. Ingram, which is better known as the shasta daisy. Leucanthemum xsuperbum
translates as superior (or superb) white flower (Coombes, 1994). It has also
been classified as Chrysanthemum maximum Ramond and Chrysanthemum
xsuperbum (Turner and Wasson, 1997).

Shasta daisies were once thought to be L. maximum, a native of the
Pyrenees, but now they are believed to be the result of a cross between
maximum and L. lacustre Brot. from Portugal. Luther Burbank, a plant breeder,
first noticed them naturalized on the slopes of Mount Shasta in Washington

(Turner and Wasson, 1997).
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Most cultivars reach a height and spread of 2 to 3 feet. Flowers can be up
to 3 inches across and range from doubles and singles to fringed petals (Turner
and Wasson, 1997). Most plants produce flowers from summer through early
fall. Leucanthemum xsuperbum requires full sun to partial shade. They prefer
moderate to high light levels (Runkle et al., 2000a). Plants also prefer moist,
rich, well-drained soil.

Some shasta daisies are extremely sensitive to many insecticides, which
cause moderate to severe phytotoxicity, including leaf and flower burn, chlorosis,
and widespread plant death (Runkle et al., 2000a). Common methods of
propagation include tip cuttings, tissue culture, and bare-root divisions.

Kessler and Keever (2000) determined that shasta daisy cultivars show a
varied response to photoperiod and vernalization time. The cultivar Becky is an
abligate long-day plant regardless of vernalization. On the other hand, the
cultivars Snowcap and Snow Lady show a facultative long-day response. In all
three cultivars tested, shoot height, flower shoot number, and market quality
increased, while time to flower decreased with increasing vernalization up to 6
weeks under long days.

The most desirable and attractive short cultivar of L. xsuperbum is most
likely ‘Snowcap’. It was introduced by Adrian Bloom of Blooms of Bressingham,
United Kingdom (Runkle et al., 2000a).

Because of its thick fleshy leaves, it requires relatively frequent irrigation,

especially under high light levels. Plants recover well from short periods of
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drought stress, but prolonged drought stress can cause leaf margins to become
necrotic (Runkle et al., 2000a).

‘Snowcap’ has a unique flowering habit in response to a cold treatment
(vernalization). Without a cold treatment, it is a qualitative long-day plant,
flowering only under photoperiods longer than or equal to 16 h. With a cold
treatment, it is a quantitative long-day plant, flowering faster under photoperiods
longer than or equal to 16 h (Runkle et al., 1998a). Flowering characteristics
such as increased flowering percentage, improved crop uniformity, reduced time
to flower, and increased flower number are also enhanced by exposure to cold
temperatures.

‘Snowcap’, as well as most shasta daisies, is relatively disease and insect-
pest free. In young transplants, Pythium can be a problem if plants are
overwatered (Runkle et al., 2000a). In greenhouse production, whiteflies, aphids,

and thrips can be problematic as well.

Phlox

When translated, the word phlox means flame (Turner and Wasson,
1997). Phlox, which is a member of Polemoniaceae, contains 61 species from
North America and Siberia (Grant, 1959). Plants range from evergreen to
semievergreen annuals and perennials. Most phlox are grown for their profuse,
fragrant flowers. Fossil fruits of a phlox probably close to P. sibirica L. or P.
borealis Wherry have been found in a Pleistocene deposit from Fairbanks,

Alaska (Grant, 1959).
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Tall perennial phloxes grow easily in any temperate climate but can
require a lot of water. Annual species will grow in almost any climate, ranging
from the tropics to the coldest region. Phlox prefers sunny or partly sunny
growing areas. It thrives in moist but well-drained soil in full sun or, in drier soils,
light shade. Phlox has few disease and insect pests. The most common include
spider mites and powdery mildew.

Phlox paniculata Lyon ex Pursh, or tall garden phlox, is a commonly
grown herbaceous perennial native to the eastern United States. The terminal
flower heads are produced on long stems and are composed of many small five-
lobed flowers, and plants can reach a height of more than 3 feet (Turner and
Wasson, 1997). Flower color ranges from various shades of violet and red to
salmon and white. Phlox paniculata produces long-stemmed cut flowers in mid
to late summer when grown under field conditions, but demand and prices for
these stems is best during winter and spring (Garner and Armitage, 2000).

The base photoperiod for P. paniculata is approximately 13 h for uncooled
plants and less than 10 h for cooled plants (Runkle et al., 1998b). Vernalization
is not required for flowering; however, cooled plants have shown increased stem
length and accelerated flowering (Garner and Armitage, 2000). Providing plants
with a cold treatment and photoperiods of less than 10 h should produce stock
plants for vigorous vegetative cuttings (Runkle et al., 1998b).

Phlox paniculata can be propagated several ways: crown division, tissue
culture, and terminal and root cuttings. Terminal cuttings from vegetative shoots

can be easily rooted in about 3 weeks (Garner and Armitage, 2000). According
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to Schnabelrauch and Sink (1979), clonal multiplication of P. paniculata by
conventional methods of crown division of dormant stock plants and root cuttings
has led to disease and nematode infestations during field culture that can be

traced back to the stock material used for propagation.

Veronica

Legend tells that Saint Veronica was the woman who wiped the face of
Christ with her veil. She was rewarded with having his image imprinted on it.
Her connection to this flower is that the savants of the Middle Ages thought the
markings on the flowers of some species resembled the markings on the veil
(Armitage, 1989; Turner and Wasson, 1997).

Veronica's common name is speedwell and it is a member of
Scrophulariaceae, or the snapdragon family. Within veronica, there are between
200 and 250 species of herbaceous annuals and perennials (Runkle et al.,
2000b; Turner and Wasson, 1997). They range from creeping plants suitable for
rock gardens to 6-foot-tall giants. One species, V. officinalis L., was substituted
for tea in Europe until the 19th century (Armitage, 1989).

Veronica flowers are small. The largest flower is about ¥z inch wide
(Turner and Wasson, 1997). Blue is the predominant flower color. However,
white and pink flowers are also common.

Veronica are fully to moderately frost hardy. They are easy to grow in any
temperate climate. They tolerate any soil condition and will grow in full sun as

well as full shade. Veronica can be propagated many ways, including from seed
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in the fall or spring, from cuttings in the summer, and by division in early spring or
early fall.

Veronica longifolia L., or long-leaf speedwell, is native to northern and
central Europe and Asia (Turner and Wasson, 1997). It has been naturalized in
North America (Runkle et al., 2000b). It generally grows to a height of 3 feet.
The leaves are narrow and taper, are arranged in whorls, and are toothed on the
edges. The flowers are 4 inch wide and closely packed on 12-inch-long
racemes (Armitage, 1989). The inflorescences are generally lilac blue.

Veronica longifolia is a day-neutral plant following vernalization (Runkle et
al., 2000b). Plants will flower regardless of photoperiod. It prefers rich soil and
warm climates. Some cultivars have thick leaves and require frequent irrigation
to prevent wilting. Powdery mildew has been known to cause trouble, and
Botrytis can be problematic on lower leaves.

The most common method of propagation is by tip cutting. Unchilled
stock plants produce cuttings with an obligate cold requirement (Runkle et al.,
2000b). Some rooted cuttings may flower without a cold treatment if they were

taken from cold-treated stock plants.
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