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ABSTRACT OF DISSERTATION

CYTOKININ REGULATION DURING FLOWER SENESCENCE IN PETUNIA X
HYBRIDA ‘V26’ TRANSFORMED WITH SAGI12-/PT

Previous studies have shown that either exogenous application or increased
endogenous production of cytokinins delays senescence in plants. Treatment of
petunia flowers with trans-zeatin and trans-zeatin nboside significantly increased
flower longevity. Elevated endogenous cytokinin levels have been accomplished by
the introduction of the ipr gene from Agrobacterium into plants, and leaves of plants
transformed with SAG12-ipr exhibit delayed senescence. In this study, Petunia x
hybrida V26’ transformed with SAGI12-ipr were used to investigate the role of
cytokinins in flower senescence. Two independently transformed lines of petunia
have been identified based on increased flower longevity (IPT22 and [PT34). IPT22
and IPT34 flowers exhibited delayed senescence following pollination and during
natural senescence, lasting 6 to 9 days longer than non-transgenic Petunia x hybrida
‘V26’ wild type (WT). The presence of the ipt construct in transgenic lines was
confirmed by PCR. Ipt transcripts were detected in corollas by RT-PCR in transgenic
lines but not wild type. The quantification of ipt expression was accessed by real time

RT-PCR. Higher endogenous cytokinin levels were detected in IPT22 and IPT34
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corollas compared to corollas from WT. The elevated cytokinin levels resulted in
altered ethylene biosynthesis in SAGI12-ipt petunia corollas compared to WT.
SAGI2-ipt flowers also showed less sensitivity to exogenous ethylene application and
required higher concentrations of ethylene to induce wilting and autocatalytic
ethylene production. The expression of the senescence-related gene, Phcpl, in
SAG12-ipt verses wild type was also investigated, the result was not cytokinin down-
regulated as previous study.

Hsiang Chang

Department of Horticulture

and Landscape Architecture

Colorado State University

Fort Collins, CO 80523
Fall, 2002
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Chapter 1

Literature Review

1.1 Introduction
Senescence is defined as those processes that follow physiological maturity and lead
to the death of a whole plant, organ, tissue, or cell (Watada et al., 1984). The process in
polycarpic plants is very different than that of monocarpic plants. The senescence of
polycarpic plants can only occurs in reproductive tissues, while the rest of the plant
continues to develop. Although senescence is the very last phase of the development, it is

still very valuable to study it for academic and economic purposes.

For the study of senescence, flowers are excellent models. Flower petals are often the
plant organ with the shortest life span, and as such provide a useful tissue for studying the
mechanisms underlying control of senescence (Lawton er al., 1989). Floral senescence is
generally rapid, and the symptoms are easy to observe. Petals are relatively short lived,
and this affects the commercial value of the flowers. Therefore, research in flower
senescence will not only provide information which will increase post-harvest flower
longevity, but will also provide knowledge of the physiological and biochemical events

underlying the control of petal senescence (Borochov and Woodson, 1989).
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Flower senescence is a complex process and has been intensively studied based on
morphological changes, physiological events, biochemical reactions, and further at the
molecular level. Studies have confirmed that senescence is hormone regulated and
dependent on mRNA and protein synthesis (Reid and Wu, 1992). Physical changes in the
cell membranes leading to the loss of electrolytes and water from the flower petals
(Borochov and Woodson, 1989) are involved in senescence. Pollination accelerates
senescence in some flowers (Stead, 1992). Pollination-induced senescence may be
manifested differently in different flowers, causing wilting and fading in carnation and
petunia, promotion of anthocyanin synthesis in Cymbidium (Arditti and Flick, 1976), or
abscission in sweet peas, snapdragon, geranium (Wallner et al., 1979), Digitalis (Stead
and Moore, 1979, 1983), and Linum (Addicott, 1982; Halevy and Mayak, 1981). Flower

senescence does not happen randomly, the onset and the process are genetically regulated.

Senescence is a highly controlled sequence of events comprising the final stage of
development. Cells remain viable and show tight metabolic regulation until the end of
senescence. This regulation requires new gene expression (Smart, 1994). Accidental
death occurs through necrosis and its symptoms are markedly different from those of
senescence, which is considered a form of programmed cell death. Senescence is also
different from aging. Medawar (1957) provided a convenient distinction by defining
aging as those changes that occur with time, without reference to death as a consequence,
while senescence always ends in death. In Xu and Hanson (2000), plant senescence is
also addressed as a type of programmed cell death (PCD). One important function of

plant PCD is to remobilize metabolites from dying organs to developing organs, this
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benefits the plant on the whole level (Smart, 1994). From this concept, the corolla and
style become valueless after compatible pollination, while the ovary still has its fate to
complete reproduction. During flower senescence, PCD is occurring differently among

flower organs with nutrients relocated from the styles and corolla to the developing ovary.

Senescence in plants exhibits some similarity to programmed cell death in animals,
which has been more intensively studied. Examples and results from animal research
have directed recent plant studies in this area. One important characteristic of PCD is
DNA fragmentation that has been documented both in apoptotic animal cells (Mittler and
Lam, 1995; O’Brien et al., 1998) and senescing flowers (Xu and Hanson, 2000). Despite
this observation there is little evidence that the molecular and biochemical events
responsible for the altered morphology and/or cell death are identical in plant and animal
systems, because the plant cells are surrounded by complex cell walls and containing
large central vacuoles that contribute unique mechanisms for PCD in plants (Rubinstein,

2000).

In the termination of flowers, there are two mechanisms. One is petals abscise
even before the majority of their cells initiate a cell death program (Clark et al., 1997), so
the abscission may occur before or during the mobilization of nutrients to other parts of
the plant. In the other case, petals are more persistent, their cells deterioration and
nutrient remobilization occurs while petals are still part of the flower (Leshem et al.,
1986; Stead and van Doorn, 1994). The flower senescence is accomplished by increased

activity of many hydrolytic enzymes that degrade macromolecules and enable the
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remobilization of nutrients from petals to the developing ovary (Baumgartner er al.,
1975). Other biochemical and molecular changes occur well before the remobilization of
nutrients is evident (Lesham ez al., 1986; Thompson et al., 1997). Decreased membrane
fluidity from carnation petals was observed, and occured before visual symptoms of
senescence were obvious (Thompson et al., 1997). Differential permeability induced by
lipoxygenase activity and reactive oxygen species (ROS) was also observed during the

programmed cell death of daylily petals (Panavas and Rubinstein, 1998).

Among PCD events, protein degradation is a common feature during organ
senescence (Smart, 1994, Callis, 1995). To achieve this goal, proteolysis plays a role in
nitrogen (amino acid) remobilization during senescence. The breakdown amino acids of
these proteins are then transported from the senescing organ to other parts of the plant.
Upon the anthesis of daylily flowers, the corolla changes dramatically from a sink to a
source for transported materials, and carbohydrates and amino acids continue to be
exported many hours after the flower has wilted (Bieleski, 1995). In plant cells, almost all
of the proteins are degraded by the proteasome or proteases in the vacuole. Four major
classes of proteases: cysteine, serine, aspartic acid and metalloproteases exist in plant
cells. Among them, serine and cysteine proteases are localized in the vacuole. Cysteine
proteases (cysteine endopeptidases) play an important role in PCD (Solomon er al., 1999)
and have been widely studied with about 60 cysteine protease genes isolated from plants
to date (Ueda er al., 2000). Cysteine protease mRNAs accumulated during various
developmental stages such as seed germination in chickpea (Cervantes er al., 1994),

anther dehiscence (Koltunow et al., 1990), and senescence of various organs (Drake et al.,
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1996; Cercos et al., 1999). In addition to increased degradation of existing proteins,
protein synthesis may also begin to decline after anthesis (Woodson and Handa, 1987).
However, the results from separation of petal proteins reveal a decrease in higher-
molecular-weight proteins while lower-molecular-weight proteins increase (Woodson
and Handa, 1987; Courtney et al., 1994). The decreased levels in daylily petals appear to
be in both membrane-bound and soluble fraction proteins (Stephenson and Rubinstein,

1998), and in carnation petals are primarily in the chloroplast (Mayak et al., 1998).

Since cellular proteins are degraded in PCD, this suggests that a range of various
proteinases may be activated simultaneously at multiple sites in the cell during PCD. An
increase in activity of several classes of proteinases is detected using different inhibitors
and substrates as criteria, and there are numerous proteinase isoforms within each class
(Stephenson and Rubinstein, 1998). Stephenson and Rubinstein (1998) also suggested
that the proteinases are newly translated during senescence and/or they are activated by

proteins that are newly translated.

Many proteinase genes have been identified as senescence associated genes. The
evidence of the involvement of proteinase genes in PCD is that several senescence-
induced cDNAs have been sequenced and identified with homology to proteinase genes.
For example, Jones er al. (1995) cloned a cysteine proteinase from camation by
amplifying a specific cDNA through PCR. RNA gel blot analyses indicated that increases
in transcript abundance corresponded to pollination-induced ethylene production that

leads to senescence. The transcription level was inducible and elevated by exogenous
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ethylene treatments and was inhibited by NBD (2,5-norbornadiene), which is an ethylene
inhibitor. In daylily petals, two cDNAs also showed a strong homology to cysteine

proteinases (Guerrero et al., 1998).

1.2 Corolla senescence and ethylene

The plant hormone ethylene is thought to play a primarily role in the regulation of
senescence (Abeles et al., 1992). The increased level of ethylene serves to coordinate the
biochemical processes of petal senescence, including the transcriptional activation of
several senescence-related genes (Lawton et al., 1990; Woodson et al., 1993). Its gaseous
nature makes it unique as a plant hormone. Gases can be ideal messengers for
physiological control mechanisms because of their ability to diffuse freely through cell
membranes and the cytoplasm to reach receptor(s) (Abeles et al., 1992). This is
especially important in plant systems because plants do not have a centralized circulation
system to transport hormones like that of animals. The other advantage of a gaseous
hormone is after reaching the receptors and initiating a response, it is not necessary to
metabolitically inactivate the molecule to cancel the signal and reset the system. The
signal can be inactivated merely by stopping the production of the hormone. The
hormone will then diffuse out of the tissue (Abeles er al., 1992) and eventually reach
non-active concentrations. Ethylene can also be biologically degraded in plant tissue

(Beyer and Blomstrom, 1980).

Ethylene action requires ethylene binding to a receptor and the subsequent

transduction of the signal to result in different physiological responses (Van Der Straeten
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and Van Montagu, 1990). The ethylene response is either a concentration response and/or
a sensitivity response. In the first case, the plant reacts to a change in endogenous
ethylene production (concentration) while the sensitivity of tissues can be altered in the
course of time (of development stage) in the second case. Both of these cases will be

discussed further in later sections.

Increased ethylene production has been detected from senescing flowers and this
elevated ethylene is required to mediate the senescence process (Nichols, 1966; Wang
and Woodson, 1989). Halevy (1986b) suggested that flowers are classified into two
groups-climacteric or non-climacteric, based on the presence of absence of an increased
ethylene production associated with petal senescence. In carnations, petal senescence is
associated with a climacteric-like increase in ethylene (Woodson, 1994). Before
senescence, ethylene production is limited by low activities of both I-
aminocyclopropane-1-carboxylate (ACC) synthase and ACC oxidase, which convert

AdoMet to ACC and ACC to ethylene respectively (Woodson et al., 1992).

To further characterize ethylene patterns production can be described as system [ and
system [I ethylene. System I ethylene represents the basal level of ethylene production
that precedes the induction of senescence, whereas the increased ethylene produced
during senescence is system II ethylene (Kende, 1993; Yang and Hoffman, 1984). In the
system I, ethylene is autocatalytic in nature. The transition from system I to system II is
characterized by the increases in the abundance of mRNAs encoding ACC synthase and

ACC oxidase and concomitant increases in the activity of both enzymes (Park er al., 1992;
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Woodson et al., 1992). Moreover, application of 2,5-norbornadiene inhibited ethylene
production through inhibiting the activities of both ACC synthase and ACC oxidase
(Wang and Woodson, 1989), and corresponding mRNA'’s synthesis (Woodson et al,

1992). Thus, expression of system II ethylene is regulated by ethylene.

In many species, pollination hastens the normal pattern of petal senescence that leads
to premature petal senescence (Nichols, 1977). Thus, an intact corolla is no longer needed
to attract pollinators after successful pollination. Nichols er al. (1983) demonstrated that
the initiation of the change occurs because of the elevated ethylene production by
pollination, and these increases in ethylene were detected from styles, ovaries, receptacles,
as well as petals. Pollination induced corolla senescence was observed in petunia
(Gilissen et al., 1984; Botha and Whitehead, 1992; Singh er al., 1992a) and in carnation
(Larsen e al., 1995). Ethylene production from styles was observed at 2, 12, 24 HACP
with petals starting to senescence after 48 HACP (Larsen et al., 1995). The application of
NBD (2,5-norbornadiene), an ethylene inhibitor, to pollinated carnation flowers delayed
pollination accelerated flower senescence (Jones and Woodson, 1997), further confirming

the role of ethylene in regulating flower senescence

In addition to pollination, exogenous application of ethylene also accelerates flower
senescence (Uota, 1969; Barden and Hanan, 1972; Mayak and Kofranek, 1976;
Whitehead and Vasiljevic, 1993), and the application of ethylene inhibitors delays the
onset of petal senescence in several plants (Mor and Reid, 1981; Woodson et al., 1985;

Knee, 1995; Knee, 1996). The application of 1-MCP (1-methylcyclopropene, formerly
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designated as SIS-X, a cyclic ethylene analog) to Petunia hybrida L. ‘Pink Cascade’
proved cthylene is involved in the regulation of the early stages of senescence (Serek er
al., 1995b). 1-MCP applications prolonged vase life of ethylene-sensitive cut flowers of
carnation and Alstroemeria (Serek et al., 1995a). Silver ions also inhibit ethylene action,
delaying corolla senescence and retarding chlorophyll loss in leaves (Aharoni et al.,
1979). Treatments with 1-MCP were as effective in inhibiting ethylene effects as
treatment with the anionic silver thiosulfate complex (STS), the standard commercial

treatment in cut flowers.

A molecular approach to confirm ethylene role is to investigate Arabidopsis mutant
that are insensitive to ethylene (Bleecker et al., 1988). A mutant gene etr/-I was
identified which acted in a dominant fashion to confer ethylene insensitivity (Chang er al.,
1993). Wilkinson et al. (1997) transformed tomato, tobacco, and petunia with ezr/-/ gene
and successfully conferred ethylene insensitivity. Petunia transformed with the
Arabidopsis etrl-1 gene linked to the cauliflower mosaic virus 35S promoter (CaMV35S)

exhibited delayed senescence (Gubrium et al., 2000).

In some species flower senescence is accompanied by a climacteric increase in
ethylene production. For example, pollination-induced petal senescence is accompanied
by increases in ethylene production in petunia (Halevy et al., 1984). A burst of ethylene
synthesis from the flower is detected at 3 hours after compatible pollination (HACP), and
a second increase in ethylene synthesis begins at 18 hours, with the first sign of

senescence apparent at 36 HACP. While in the case of an incompatible pollination, the
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second production peak docs not occur until 3 days (Singh er al., 1992a). The second
peak has also been reported at 20 HACP (Whitehead er al., 1984). The second longer
peak appears to induce corolla senescence, because incompatible pollinations give the
first peak but these flowers do not wilt sooner than non-pollinated controls (Singh et al.,
1992a). After pollination, an increase in ethylene synthesis is detectable from the stigma
within S minutes (Pech et al., 1987), and from styles within 1-2 hours (Nichols et al.,
1983). When flowers are not pollinated, there is also an increase in ethylene production
prior to flower senescence. Several days later, color fading is visible and wilting begins

(Whitehead et al., 1984).

In addition to ethylene production rates, sensitivity to ethylene also plays an important
role (Trewavas, 1982; Whitehead and Bossé, 1991; Whitehead and Vasiljevic, 1993). The
increase in ethylene sensitivity of flowers during the pre-climacteric phase was found to
be associated with an increase in the ability of the petal tissue to bind ethylene to
membrane-bound receptor sites (Brown et al., 1986; Whitehead and Vasiljevic, 1993).
For example in camation, mature flowers but not flower buds respond to exogenous
ethylene treatment with accelerated corolla senescence (Lawton et al., 1990). Trewavas
(1982) emphasized that the differences in sensitivity to hormones, rather than the level of
the hormones themselves, are the main factor controlling plant responses. In carnation,
variations in senescence have been related to differences in sensitivity by comparing the
sensitivity to exogenous ethylene application (Wu er al., 1991); and by genetic
modification of ethylene biosynthesis (Altvorst et al., 1997). The role of sensitivity has

also been observed in many other plants, such as orchids (Goh er al., 1985; Porat et al.,
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1995), roses (Miiller er al., 2000), kalanchoe (Serek and Reid, 2000), Dendrobium (Ketsa
and Rugkong, 2000), English Holly (Fjeld ez al., 1995) and petunia (Porat et al., 1993).
While Cyclamen persicum does not respond to ethylene treatment (Halevy ez al., 1984),
its ethylene sensitivity can be enhanced by pollination (Halevy, 1995). Paton ez al. (1996)
further suggested that changes in ethylene sensitivity during flower senescence are
mediated by modulation of receptor levels during development. Pollination also enhances
the sensitivity of the corolla to ethylene. A yet unidentified “sensitivity factor” is
apparently transmitted from the pollinated gynoecium to the corolla rendering it sensitive
to the senescence-promoting effects of ethylene (Halevy, 1986a). In conclusion,
sensitivity also plays a role in regulating senescence and is not only accomplished by the

ethylene burst.

The sensitivity of ethylene is especially important because the ethylene is often
produced in one part of the plant and may lead to physiological responses in other parts
of the plant. In order to accomplish this goal, the plant system must be able to
differentially regulate ethylene perception and signal transduction. The difference of
sensitivity either among various plant tissues or during a plants life cycle can also be due
to the abundance and/or activation of hormone receptors. A hormone receptor is a
specific cellular recognition protein that can bind hormone molecules and then initiates a
sequence of events that leads to a physiological response. Studies have used Arabidopsis
mutants defective in components of the ethylene signal transduction pathway as a model
system to investigate this regulation (Guzman and Ecker, 1990; Roman et al., 1995).

Several mutations in the Arabidopsis etr! gene result in dominant ethylene insensitivity
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(Bleecker et al., 1988). This Arabidopsis ETRI protein can be divided into three domains
by analogy to bacterial two-component systems (Chang et al., 1993; Schaller and
Bleecker, 1995). The amino-terminal sensor domain contains three putative
transmembrane segments and has been shown to bind ethylene when expressed in yeast.
A mutation in this domain abolishes ethylene binding (Schaller and Bleecker, 1995). This
protein functions as a dimer in the membrane and the transition metal cofactor copper is
required for ethylene binding (Schaller and Bleecker, 1995). The second domain shows
homology to histidine kinases in bacterial two component sensing systems. This section
of the ETR1 protein has been shown to have enzyme activity in vitro (Gamble et al.,
1998). The other section, the response regulator, may receive the phosphate from the
histidine of the histidine kinase domain at an aspartate residue (Chang et al, 1993).
Research from tomato also demonstrated a family of putative ethylene receptor genes,
designated as LeETRI, LeETR2, NR (Never ripe), LeETR4, and LeETRS5 (Wilkinson et al.,
1995; Lashbrook et al., 1998; Tieman and Klee, 1999). The LeETRI, LeETR2, LeETR4,
and LeETRS were cloned by homology to the Arabidopsis ETRI, ETR2, and tomato NR
genes. Among these ethylene receptor genes, NR and LeETR4 tend to have a negative
regulatory effect to ethylene response (Tieman et al., 2000). Introduction of the
Arabidopsis ETRI-1 gene into tomato (Lycopersicon esculentum Mill. ‘Floradade’)
(Chang et al., 1993), tobacco (Nicotiana tabacum ‘Samsun’), and petunia (diploid
Petunia x hybrida ‘Mitchell’) (Wilkinson et al.,1997), as well as in Petunia x hybrida

‘V26’ (Gubrium e al., 2000) confers ethylene insensitivity.
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For those flowers that are insensitive to ethylene, such as daylily, ABA plays an
important role in regulating senescence. In leaves of detached, senescing tobacco (Even-
Chen and Itai, 1975) and rice (Philosoph-Hadas et al., 1993), increased ABA levels were
detected. In the senescence of flowers, elevated ABA levels were detected in advanced
senescence stages of roses (Mayak and Halevy, 1972; Borochov et al., 1976; LePage-
Degivry et al., 1991), 12 hours before anthesis in daylily (Panavas et al., 1998), and in
senescing camations (Eze ez al., 1986). The exogenous application of ABA accelerated
flower senescence of rose (Miiller et al., 1999) and prematurely up-regulated events that
occur during natural senescence, such as loss of differential membrane permeability,
increases in lipid peroxidation and the induction of proteinase and RNase activities in
daylily (Panavas er al., 1998). Exogenous ethylene treatment was also found to increase
the ABA content in rose, while pre-treatment with 1-MCP (1-methylcyclopropene)
delayed ABA promoted flower senescence, suggesting that the effect of ABA is at least
partly mediated by ethylene (Miiller et al., 1999). Grossmann and Hansen (2001) also

proposed ethylene-triggered ABA would play a role in plant growth regulation.

1.3 Cytokinins and senescence

Cytokinins delay leaf senescence in many species (Dyer and Osbome, 1971;
Venkatarayappa et al., 1984). Richmond and Lang (1957) applied cytokinins to a
detached cutting, single leaf or a localized area that returned green color, and resulted in
mobilization of a labeled amino acid to the treated area (Mothes and Engelbrecht, 1961).
A classical demonstration for cytokinins effects on senescence is the appearance of

‘green islands’. The formation of ‘green islands’ can be obtained by the application of
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cytokinins to half of a bean leaf infected with the rust Uromyces phaseoli while the other
untreated half results in promoted senescence (Kirdly er al., 1967). Green islands on
detached barley leaves infected with powdery mildew have a lower photosynthetic rate
than uninfected tissue while the surrounding senescing tissues is unable to

photosynthesize (Coghlan and Walters, 1992).

The ability of cytokinins to delay senescence is partially due to its influence on many
other metabolic pathways. Exogenous application of kinetin delayed the loss of both
chlorophyll and protein from leaves (Richmond and Lang, 1957) and slowed the decline
of nucleic acids (Dyer and Osborme, 1971). Cytokinin also stimulates chloroplast
formation (Fletcher et al., 1973), and the synthesis of chloroplast proteins such as the
light-harvesting chlorophyll a/b binding protein (Axelos et al., 1984). The transient rise
in respiratory rate associated with senescence is also prevented by cytokinins (Tetley and
Thimann, 1974). Recent studies suggested that cytokinins are involved in the control of
senescence at the level of gene expression. Teyssendier et al. (1985) demonstrated a 10-
fold increase in the level of LHCP II (light-harvesting chlorophyll a/b binding protein)

mRNA in kinetin-treated tobacco suspension cultured cells compared with control cells.

Most of the early cytokinin studies of senescence were focused on application in
leaves. In experiments with carnations, flower senescence was delayed by exogenous
cytokinin application. This result was associated with reduced ethylene production and
decreased sensitivity to ethylene (Eisinger, 1977; Cook et al, 1985; Mor et al., 1983).

Endogenous cytokinins in the petals are also a factor to in flower. Mayak and Halevy
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(1970) demonstrated that the cytokinin content in young rose petals was higher than in
old petals, and that short-lived varieties contained lower endogenous cytokinin levels
than long-lived varieties. In addition, the endogenous cytokinin contents can be further
modulated by ethylene during petal senescence by degrading or inactivating cytokinins

(Tavemer et al., 1999).

Many studies have shown that both the exogenous application (Richmond and Land,
1957) and increased endogenous production of cytokinins delay leaf senescence (Gan and
Amasino, 1995; Jordi et al., 2000; Ooms et al., 1991). The ability to transform plants
with foreign genes has made it possible to alter endogenous cytokinin levels. For example,
introduction of the cytokinin producing ipt gene from Agrobacterium has been utilized to
elevate endogenous cytokinin levels. This ipr gene codes for the enzyme, isopentenyl
transferase, which catalyzes the rate-limiting step in cytokinin biosynthesis. (Akiyoshi ez
al., 1984; Barry et al., 1984). This step is where AMP is incorporated into A%-isopentenyl
pyrophosphate to form isopentenyl AMP. The introduction of the ipr gene into plants is
associated with increased cytokinin content (Smart er al., 1991; Li et al., 1992; Hewelt et
al., 1994; McKenzie et al., 1994; Gan and Amasino, 1995; Faiss et al., 1997; Clark et al.,
2002). These approaches have advantages over studies utilizing external applications of
cytokinins, as it avoids the need to consider the efficiency of uptake and transport. It also
provides more direct evidence for the role of cytokinin in senescence than just correlative
data. Molecular engineering of endogenous cytokinin production makes it possible to

investigate the physiological role of cytokinins in the senescence process.
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Although cytokinins can be obtained by breaking down tRNA, it is generally accepted
that the majority of the cytokinin synthesis begins with the reaction catalyzed by
isopentenyl transferase (Fig. 1.1) (Gan and Amasino, 1996), or iptase (EC 2.5.1.8) (Chen
and Enl, 1994), also called cytokinin synthetase (Kaminek, 1992), or
dimethylallylpyrophosphate: AMP transferase (DMA transferase) (Akiyoshi ef al., 1984).
The activity of this enzyme can be detected in plant extracts but several attempts to purify
it have failed due to instability (Chen and Ertl, 1994). Thus the ipt gene from the plant
pathogenic bacterium Agrobacterium tumefaciences has been used to in investigate the
physiological effects of cytokinins. Not until recently has the gene coding for this rate-
limiting enzyme been identified in plants (Kakimoto, 2001; Takei et al., 2001; Zubko er

al., 2002).

Transforming the experimental plant material with the Agrobacterium ipt (isopentenyl
transferase) gene with its constitutive promoter, and/or without selecting the proper
prompter to regulate the ipr gene will result in over expression in plant cells (Wang e al.,
1997). If ipt expression is initiated without any regulation, it will cause overproduction
of cytokinins in all plant organs throughout development, and result in the inability to
regenerate plants from tissue culture. The result is abnormal plant development, thereby
precluding the study of cytokinin over-expression within the whole plant (McKenzie et
al., 1998). Symptoms for overproduction in these transgenic plants are failure to form
roots, production of callus at the base of tissue culture plants, limited shoot elongation,
and enhanced lateral branching. Various degrees of shortening of internodes, decreased

leaf size, reduced apical dominance and poor rooting were observed from in vitro grown
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potato plants transformed with ipt (Ivana er al., 1997). In order to obtain elevated
endogenous cytokinins in plants with normal development, a proper promoter is required
to manipulate endogenous cytokinin levels. Many studies of the ipt gene constructed with
various promoters based on specific research goals are summarized in a review (Gan and
Amasino, 1996). Promoters used range from the relatively week native ipt promoter
(Higgins, 1995; Groot et al., 1995) to the strong cauliflower mosaic virus (CaMV) 35S

promoter (Smigochi and Owens, 1988).

In order to overcome the problems caused by constitutive cytokinin over-production,
an auto-regulated construct was developed with a senescence-specific promoter that
results in the suppression of leaf senescence when introduced into plants (Gan and
Amasino, 1995). Using this construct cytokinin production is specially targeted to
senescencing organs and is negatively auto-regulated to prevent cytokinin over
production. Once cytokinins are produced and accumulate to a level that delay
senescence, the promoter will be shut off to prevent over production of cytokinins.
Among the identified senescence-associated genes (SAGs) from Arabidopsis thaliana

(Lohman et al., 1994), SAG;; is highly senescence specific, therefore the SAG,;
promoter (PSAG,,) was joined to the coding region of ipt to form the chimeric gene

PSAG,,-ipt (Gan and Amasino, 1995).

SAGI2 belongs to one of four classes of senescence-associated genes. Genes
belonging to the first class are considered ‘housekeeping’ genes. These genes control the

primary metabolic activities for maintaining living cells functions. The properties of the
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second class of genes are regulatory and are expressed at the initiation of senescence,
controlling its timing and rate of progress. The third class of genes showing enhanced
expression during senescence, e.g. enzymes of pigment breakdown. The last class of
genes encodes proteins that remobilize storage products, e.g. enzymes of gluconeogenesis

(Smart, 1994).

Among the model systems for studies of flower senescence, petunia was selected
because petunia meets many requirements in our study. For example, petunia is ethylene
sensitive, and pollination hastens the senescence. The senescence symptoms are obvious,
and a transformation protocol for petunia has been well established (Jorgenson er al.,
1996). Petunia lines transformed with the SAG,-ipt construct were obtained from Dr.
David Clark at the University of Florida. All of these transgenic petunia plants appeared
to have normal growth and development. However, in our preliminary experiments,
flower longevity of two transgenic lines was significantly increased over wild type. Since
phenotypic evidence implies the regulation and function of the SAG ,-ipr gene may play
an important role in retarding flower senescence, further studies were performed to 1).
Reveal the expression of this gene during the process of flower senescence, and 2).
Determine how SAG,-ipt increased cytokinin levels effects ethylene production and 3).
Delays the senescence process. It is expected that the results from this study will provide
new insight into the hormonal relation among cytokinin, ethylene, and ABA, and how

they interplay during flower senescence.
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Fig. 1.1 Principle pathways of cytokinin biosynthesis.
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Chapter 2

Expression of SAG12-ipt increases cytokinin production and delays

corolla senescence in transgenic petunias

2.1 Abstract

The expression of the ipt gene under the control of a senescence-associated gene
promoter (SAG12) has been determined in petunia (Petunia x hybrida ‘V26’) corollas.
The existence of the construct was confirmed by PCR. The expression of the chimeric
SAG12-ipt was quantified by Real Time RT-PCR. The cytokinin levels were determined
by an HPLC-immunoassay method. The results from the lines IPT22 and IPT34 showed
expression of the ipr gene markedly elevated the cytokinin levels in senescing corollas.
Flower senescence was retarded up to 6 days relative to wild type flowers after
pollination. During natural senescence, IPT22 lasted 10 days longer, and IPT34 lasted 7

days longer than wild type flowers.

2.2 Introduction
The role of cytokinins in plant development has been investigated by either exogenous

application or associating endogenous cytokinin levels with different phases during plant
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development. Exogenous cytokinin applications have proven effective in delaying
senescence in carnations (Maclean and Dedolph, 1962; Heide and Qydvin, 1969; Mayak
and Dilley, 1976a; Mayak and Kofranek, 1976; Upfold and Van Staden, 1990), roses
(Mayak and Halevy, 1970; 1974), Gerbera (Van Meeteren, 1979), and Petunia (Tavemer

et al., 1999).

Studies based on external applications are subject to criticism because the application
is complicated by the problems of uptake, transport and metabolism of the supplied
cytokinins, and is influenced by developmental stage of experimental flowers (Kelly er
al., 1985; Bosse and Van Staden, 1989; Upfold and Van Staden, 1990). It can therefore
be difficult to draw any decisive conclusion. To avoid these issues, plant materials
transformed with the cytokinin biosynthesis gene ipt from Agrobacterium tumerfaciens
have provided a new approach to the study of the regulatory role of cytokinins. However,
transformed plants with the ipr gene and its native promoter resulted in extreme
production of cytokinins and consequently root development was suppressed. Other
promoters have been constructed with the ipr such as the 35S cauliflower mosaic virus
promoter (Smigocki and Owens, 1988) and promoter of the gene encoding the small
subunit of Rubisco (Beinsberger et al., 1992). These fusions overproduced cytokinins and
the transformed tobacco plants couldn’t develop roots. In order to regain root
development, Hewelt er al. (1994) and Eklof et al. (1996) transformed tobacco with a
promoterless ipt gene. Beside these approaches, heat shock promoters have been widely
used (Medford et al., 1989; Smart et al., 1991; Smigocki, 1991; Ainley et al., 1993; van

Loven et al., 1993). Plants transformed with this construct produces higher cytokinin
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levels for a short period of time (duration) after heat shock treatment. It is probably not
possible to maintain constant elevated cytokinin levels in this way and the heat shock

treatments can also affect study results (van Loven et al., 1993).

It is important to design a chimeric ipr gene construct that will be developmentally
regulated in plants and confine expression to fit in particular research purpose. In order
to target the role of cytokinins in flower senescence in our study, the senescence-specific
promoter SAG12 cloned from Arabidopsis thaliana joined with the Agrobacterium ipt
(Gan and Amasino, 1995) gene was used to investigate cytokinins effects on senescence.
The SAGI12-ipt will express in senescence specific manner and expression level will be
decrease once cytokinins are accumulated up to certain levels to affect the senescence.
The negative feedback control will prevent cytokinins over-produced that results in

abnormal plant development.

Plants transformed with SAGI2-ipr exhibited delayed leaf senescence (Gan and
Amasino, 1995; Jordi et al., 2000; Zhang et al., 2000; McCabe et al, 2001), and elevated
cytokinin levels also enhanced flooding resistance (Zhang et al., 2000) and drought
tolerance (Clark et al., 2002). Although Zhang et al. (2000) and Schroeder et al. (2001)
reported a delay in flower senescence further data on flowers was not included in their
investigations Our objective is to utilize SAG12-ipt petunias to study flower senescence
and provide information on how cytokinins regulate flower senescence. The major
objectives of this chapter are: 1). Determine if SAG12-ipr plants have delayed flower

senescence. This will be accomplished by comparing the flower longevity during natural
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aging (no pollination) and following pollination in WT and transgenic lines. 2).
Determine expression patterns of the ipt gene during senescence. This will confirm
whether the SAG12 promoter is functioning and determine if expression is senescence
specific. 3). Determine if cytokinin levels are higher in transgenic corollas and identify
what forms of cytokinins accumulated. If the ipt gene is expressed it is hypothesized that

flowers will have higher cytokinin levels and exhibit delayed corolla senescence.

2.3 Materials and Methods

2.3.1 Plant material and growing conditions

Petunia x hybrida ‘V26’ previously transformed with Psaci2-ipt (Gan and Amasino,
1995) were obtained from Dr. David Clark at the University of Florida. Two
independently transformed lines with a delayed flower senescence phenotype were
selected for the studies. Progeny from these two transformed lines with increased flower
longevity were selected for subsequent experiments because they also showed delayed
leaf senescence and contained a single copy of the ipt transgene (Clark et al., 2002).
These two transgenic lines were designated I-1-7-22 (IPT22) and I-3-18-34 (IPT34). One
hundred percent of T4 seedlings were previously confirmed by ELISA contained the

Nptll protein, indicating that both lines were homozygous for the transgene construct.

Seeds of IPT22, IPT34, and WT (Wild type-‘V26’) were germinated in commercial 6-
pack germination trays with a transparent cover to retain the moisture. Plantlets were then
moved to 4 inches pots after 4 weeks, and fertilized twice a week with N at 300 ppm

from 15N-5P-15K CalMag (The Scotts Co., Marysville, Ohio). The greenhouse condition
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of day/night period was set to16/8 hours, temperature set at 25 °C. Foliage fungicide, pot

and soil fungicide (Banrot) were applied every other Thursday.

2.3.2 PCR analysis

Polymerase chain reaction (PCR) was conducted to confirm the existence of the
SAGI12-ipt gene construct by amplifying the extracted genomic DNA from petunia.
Genomic DNA was extracted from young leaves using a modified CTAB extraction
protocol (Fulton et al., 1995). Ten young leaves (= 1.3 g) were ground in liquid nitrogen,
quickly moved to centrifuge tubes with 20 ml pre-warmed CTAB extraction buffer, and
incubated for 30 minutes at 65°C. Fifteen ml chloroform was added and mixed gently for
15 minutes. After spinning for 10 minutes at 8000 rpm, the supemnatant (= 15ml) was
decanted to a new tube. Fifteen ml of ice-cold isopropanol (2-propanol) was added, tubes
were incubated on ice for 5 to 10 minutes followed by centrifuging at 8000 rpm for 10
minutes at 4°C. The DNA pellet was collected with a bent Pasteur pipette and moved to a
micro-centrifuge tube. The DNA pellet was dissolved in 100ul TE buffer and lul of
RNAse A was added. After 20 minute incubation, 10ul 3M Na-acetate and 200ul 95%
ethanol were added and samples were precipitated at —20°C. After at least 30 minutes, the
samples were centrifuge at 10,000 rpm at 4°C for 10 minutes. The supernatant was
pipetted out and the DNA pellet was washed with 70% ethanol then dned. The DNA
pellet was dissolved in 100ul TE buffer, and stored at 49°C. DNA was quantified on a
Spectrophotometer (Beckman DU-600) using A,¢,. For PCR analysis, one microgram of
DNA was amplified for 35 cycles of denaturation at 94° C for | min, annealing at 60° C

for 1 min, and elongation at 72° C for | min using a Mastercycler gradient thermocycler
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(Eppendorf, Hamburg, Germany). Forward (5’- GCG TCT AAT TTT CGG TCC AA-
3’) and reverse (5’- TCC ATA TCT GCG TCA AGC TG- 3’) primers specific to the ipt
sequence were constructed to amplify a 596 bp segment of the ipr gene. The amplified
DNA samples were electrophoresed on a 1.0% agarose gel that contained ethidium
bromide at 90 volts for two hours. The results were documented by exposing the gel

under UV light using Bio Imaging System (Synoptics LTD, Cambridge, UK).

2.3.3 Visual flower senescence scoring

Visual flower senescence was scored for both aging of un-pollinated flowers (in
future, this refers to natural senescence) and after pollination. Emasculation was
performed one day before anthesis. Flower corollas were slit with a sharp razor blade and
anthers were carefully removed to prevent self-pollination. On the day of flower opening
(anthesis), 6 flowers from different plants were either self-pollinated or remained
unpollinated for the observations of pollination-induced senescence and natural
senescence respectively. Flowers were visually scored everyday at the same time of day
for the degree of senescence using a rating scale. Ratings were as follows: 3, intact
flowers without any visual symptoms of senescence; 2, flowers showing initial symptoms
of flower senescence including wilting of petal margins; and 1, flowers severely wilted.
Senescence scoring was presented as a 50% senescence (Sso) rating (Bichara and Van
Staden, 1993) indicating the time after pollination or after anthesis at which 50% of the
flowers were assigned a particular senescence score. Senescence pictures were taken and

documented. All visual senescence scorings were repeated 3 times. Data presented here is
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from one set of the experiments. Another senescence data were also collected. The times
to show first visual symptom and total wilt. The statistical method as described below:

For each data set, an omnibus one-way ANOVA was conducted at a = 0.05. If the
omnibus F-test is significant, a post hoc pairwise comparison based on Scheffe's

procedure will be conducted.

2.3.4 Exogenous cytokinin application

To confirm that cytokinin has an effect on senescence in petunia flowers, exogenous
application experiments were performed twice with two types of cytokinins, trans-zeatin
and trans-zeatin riboside. These two cytokinins were chosen because they have
previously been found to be preferentially accumulated in ipt transformed plants (Redig

et al., 1996; Faiss et al., 1997; Schmulling et al., 1999; Jordi et al., 2000).

Flowers were emasculated one day before anthesis as previous described. Wild type
flowers were harvested on the day of anthesis and corollas were carefully removed in
distilled water and moved to solution containing various concentrations of either trans-
zeatin and trans-zeatin riboside. The concentrations of the first set of experiments
included 0.00, 0.01, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50 mM of trans-zeatin, plus a
transgenic control group incubated in distilled water. The solution was changed every 24
hours. The basal part of corolla was cut daily with a sharp blade to aid the absorption of
solution. The second experiment was performed twice with various concentrations of
trans-zeatin (tZ) (Acros Organics, New Jersey) and trans-zeatin riboside (tZR) (Sigma,

St. Louis, MO). The concentrations were 0.00, 0.05, 0.1, 0.2, 0.4 mM (in water), plus a
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transgenic control group concentration of 0.00 mM. Results were accessed every 24
hours until corollas were totally wilted by senescence scoring as previous described.
Individual pictures were taken accordingly. Statistical analysis for the corolla to show the
first time visual symptom and total wilt were also performed according to previous

described.

2.3.5 RNA extraction

Tissues were frozen in liquid nitrogen and stored in -80°C until needed. The total RNA
from corollas, ovaries, and styles was extracted using the Guanidine method (Chirgwin
et al., 1979) and TRIZOL reagent (Gibco BRL, Rockville, Maryland). Tissue was ground
in a pre-cooled mortar and pestle with liquid nitrogen with 10X 5M Guanidine extraction
buffer. The ground mixture was then filtered through miracloth into a 50 ml centrifuge
tube with the support of a funnel. A half volume of ethanol was added and samples were
mixed carefully and stored in a -20°C freezer over night to precipitate RNA. After
centrifuging 15 minutes at 14k rpm, the supernatant was discarded and the pellet was re-
suspended with 5 ml 4M Guanidine solution, and half volume (2.5 ml) of ethanol.
Samples were stored in a -20°C freezer over night to precipitate RNA. After centrifuging
I5 minutes at 14k rpm, the supemnatant was discarded carefully and 10 ml of ethanol was
added to the pellet to remove guanidine by centrifuging another 15 minutes at 14k rpm,
the supernatant was removed and a second ethanol wash and centrifuge step were done.
RNA was obtained by adding 3 ml of depc (Diethyl Pyrocarbonate)-treated (0.1%) water
with centrifuging. The depc treated water containing the RNA was collected into Corex

Tubes, coverd with parafilm, and stored in a -20°C freezer over night to precipitate RNA.
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After centrifuging 15 minutes at 10k rpm, supernatant was removed and 3 ml 70%
ethanol was added. Samples were centrifuged for 15 minutes at 10k rpm, the supernatant
was discarded and 100 pL of depc-treated was added. Extracted total RNA was

quantified by a Spectrophotometer using A,, (Beckman DU®640, Fullerton, CA). RNA

samples were then diluted to lug.ul-!, and all the RNA samples were stored at —80°C.

Quality control was monitored by running RNA samples on a denaturing agarose gel.

2.3.6 Real Time RT-PCR analysis

Based on the results from preliminary experiments, the designed primer sets, the
primer concentration, and Tn were investigated by performeing regular PCR. Two
hundred fifty nanograms of total RNA samples were reverse transcribed and amplified
using the QuantiTect SYBR Green RT-PCR kit (Qiagen, Valencia, California) with the
iCycler iQ real-time PCR Detection System (BioRad, Hercules, California). The RNA
sample was first reverse transcribed for 30 min at 50° C. Then the reaction was incubated
at 95° C for 15 min to activate the HotStar Taq DNA polymerase. A total of 45 cycles of
PCR was conducted with denaturation at 94° C for 15 sec, annealing at 60° C for 30 sec,
and elongation at 72° C for 30 sec. The result obtained from the iCycler was the
calculated value of the Threshold Cycle (Ct). This is the cycle at which the amplification
plot crosses the threshold, i.e., at which there is the first clearly detectable increase in
fluoresence (from SYBR Green) by adjusting the threshold to a value above the noise
baseline level, and located in the log-linear range of the PCR. By calculating these Ct
values against an external standard RNA curve (Lightcycler Control RNA Kit; Roche

Diagnostics, Mannheim, Germany), relative amounts of transcript were obtained.
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Primers were constructed to amplify a 152 bp amplicon of ipr. These ipt prnimers were
forward 5°- GCC TCT GGT GAA GGG TAT CA -3’; ipt reverse 5’- CCG CAC TCC
AAT AAC TGC TT -3’. Samples were run in triplicate with similar results. Data

presented is for one experiment.

2.3.7 Cytokinin measurements

Corollas from 6 flowers were collected at 0, 12, 18, 24, 36, 48, and 72 hap and
after 12 h ethylene treatment and instantly frozen by dipping in liquid nitrogen. Corollas
were lyophilized for 12 hours. Tissue (approximately 100 mg per sample) was ground in
liquid N; and cytokinins were extracted in 100% ethanol for 30 min. After nine volumes
of 40 mM ammonium acetate (pH 6.5) were added to the extract, cytokinins were isolated
on C18 SepPaks (Waters Assoc., Bedford, MA), purified and quantified in triplicate
samples using a previously described combined HPLC-immunoassay method (Banowetz,
1992). The immunoassay utilized monoclonal antibodies tZR3 (Trione et al., 1985) and
iPA3 (Trione et al., 1987), prepared against the ribosides of zeatin and isopentenyl
adenosine, respectively. These antibodies react with free bases, 9-glucoside and 9-
ribosides of zeatin, dihydrozeatin (tZR3) and isopentenyl adenine (iPA3). All cytokinin
quantities are expressed as zeatin riboside (ZR) or isopentenyl adenosine (iPA)
equivalents because ZR and iPA were used to generate standard curves from which the
cytokinin content of samples was extrapolated. This analysis was conducted in the lab of

Dr. Gary M. Banowetz at the Oregon State University-ARS.
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2.4 Results

2.4.1 Confirmation of transgenic petunia plants

To confirm that the transgenic lines did contain the ipt gene insertion, PCR using ipt-
specific primers was performed (Fig. 2.1). The 100 bp molecular weight markers were
used to verify the size of bands amplified from genomic DNA samples and control
groups. The negative control (-) contained distilled water rather than genomic DNA, and
the positive control (+) contained the ipt construct that was previously isolated from
plasmid DNA. The size of amplified bands from both transgenic lines and positive
control was 596 bp, which was expected according to the designed primer set. This
confirmed the presence of the ipr gene in [IPT22 and [PT34 plants and its absence in WT

plants.

2.4.2 Comparison of flower longevity

During natural senescence (aging without pollination treatment) 50% of WT flowers
exhibited the first visual symptom of senescence at 120 hours after anthesis (Fig. 2.2).
The distal portion of corolla lost turgidity and was floppy. This stage defined as stage 2.
Compared with WT flowers, both [PT22 and IPT34 did not reach stage 2 until 264 hours
after anthesis. All the flowers from transgenic lines and WT reached stage 1 within 24
hours after stage 2. Table 2.2 showed the days to first visual wilting symptom and total
wilted without pollination. Both IPT22 and IPT34 flowers lasted twice longer than the

WT.
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Pollination hastened senescence and WT flowers showed the first visual senescence
symptom (stage 2) by 36 hours after pollination (hap), and were completely wilted (stage
1) within the next 12 hours (Fig. 2.3). In contrast, pollination did not accelerate the
senescence of IPT 22 as observed in WT. Fifty percent of [PT22 flowers were not at
stage 2 until 264 hap. After 24 hours at stage2, the IPT22 flowers reached stage 1. [PT34
flowers also lasted longer than WT, yet reached stage 2 72 hours earlier compared with
IPT22 flowers. IPT34 corollas remained in stage 2 for 72 hours, and stage 1 for 24 hours.
Table 2.3 showed the days to first visual wilting symptom and total wilted after
pollination. Both IPT22 and IPT34 lasted longer than WT for the first visual symptom

and total wilted.

Although in either natural or pollination induced senescence, IPT22 and IPT34
lasted longer in stage 3 with their corolla shape intact and unwilted, their color faded
before wilting (stage 2) (Fig. 2.4) while the WT wilted to stage 1 without any loss of
color, and remained a deep purple. Following pollination, some of the corollas remained
rigid (without senescence symptom, yet with a little fade of color) toward the end of stage

3 even the basal part of the corolla was partially pushed away by the development of the

ovary (Fig. 2.5).

2.4.3 Response of exogenous cytokinin applications

The excised WT corollas treated with trans-zeatin (tZ) exhibited delayed senescence
(Fig. 2.6). The group without cytokinin treatment and the lowest concentration (0.01 mM)

wilted dramatically from stage 3 to totally wilt at day 4. The other concentration
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treatments, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50 mM retarded and exhibited similar
senescence, but were not statistically different except for 0.30 mM treatment for the days
to total wilted (Table 2.4). In the other experiment, treatments with tZ and tZR of WT
flowers, both effectively delayed senescence (Fig. 2.7, Fig. 2.8, Table 2.5, Table 2.6).
The cytokinin treatments increased the flower longevity by various degrees, and the
transgenic IPT22 incubated in distilled water also showed extended vase life. Although
exogenous application enhanced the flower longevity, no conclusion could be drawn
about the best concentration to delay senescence. This result suggested there were

problems in absorption and translocation of the exogenous cytokinins.

2.4.4 Quantification of ipt expression

Real time RT-PCR showed the ipt gene was successfully transcribed in the corolla of
[PT22 and IPT34, while it was not in WT corollas. The expression of ipt gene existed as
early as anthesis, even in flower buds (data not shown). In the corolla of IPT22, the
mRNA levels reached the first major peak at 18 hap, followed by an expression drop at
24 hap. A higher peak was observed at 36 hap that was almost S fold compared with 24
hap, then the expression went down at 48 hap. Another peak was present at 72 hap. In
IPT34 corollas, the expression levels were sustained until it decreased at 36 hap and

increased at 48 hap. The highest mRNA levels were detected at 72 hap (Fig. 2.9).
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2.4.5 Cytokinin analysis of corolla

The total cytokinin levels were elevated in transgenic lines (IPT22, IPT34) compared
with WT. This result demonstrated that the introduced ipt construct in petunia corollas
not only successfully produced the isopentenyltransferase, but also this enzyme was
functioning during senescence. In IPT22, the total cytokinin content through the time
course following pollination was higher than WT. The total cytokinin contents increased
from 18hap and decreased at 36hap (still higher than WT) peaking at 48hap. In IPT34,
the total cytokinin content were all higher than WT during senescence (at all hap). The
production pattern in [PT34 was different from [PT22 at 18 and 24 hap where no
increased production peaks were detected, yet the level was still significantly higher than
in WT (Fig. 2.10). Among all the cytokinins measured (Table 2.1), Z (Fig. 2.11) and ZR
(Fig. 2.12) were the major contributors to the total cytokinin calculated. The Z and ZR
production patterns were similar to total cytokinin content, while the other measured
cytokinins exhibited different patterns across time. Although iP (Fig. 2.13), iPA (Fig
2.14), and diHZR (Fig. 2.15) were produced in a relatively lower amounts, higher levels
at 0 hap accounted for the elevated total cytokinin contents in both IPT22 and IPT34. iP
and iPA levels were also significantly higher at 36hap which corresponded to the first
wilting of WT flowers, followed by the higher accumulated levels of Z, Zr, and diHZR at
48hap. This suggested the higher levels of ip type cytokinins at 36hap were converted to
Z types. The accumulations of ip-9G (Fig. 2.16) from both transgenic lines were not
always higher following pollination. This suggested other elevated active cytokinins did

not convert to ip-9G, and WT flowers had a higher tendency to accumulate ip-9G.
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2.5 Discussion

Cytokinins have clearly been shown to have a critical role in plant development. One
of the prominent effects is retarding senescence. With the transformation of
Agrobacterium ipt gene into plants, numerous experiments have demonstrated that
elevated endogenous cytokinins have significantly delayed natural leaf senescence (Smart
et al., 1991; Li et al., 1992; Hewelt et al., 1994; Gan and Amasino, 1995; Jordi et al.,
2000; McCabe er al., 2001) and the senescence caused by water stress (Zhang et al., 2000;
Clark et al., 2002). There were also observations of cytokinins effects on prolonged
flower longevity (Bossé and van Staden, 1989; Cook et al., 1985; Mor et al., 1983),
however, no further investigation on cytokinin effects on flower senescence (Zhang er al.,
2000; Schroeder et al., 2001). In our research, petunia transformed with the autoregulated
SAGI2-ipt construct significantly delayed flower senescence. The period from anthesis
to senescence was lengthened by S to 11 days. Arabidopsis transformed with SAG12-ipr
also exhibited delayed flower senescence from 7 to 12 days (Zhang et al., 2000). Thus

transformation with the SAG12-ipt construct delayed flower senescence.

Exogenous cytokinin application delayed flower senescence in carnations (MacLean
and Dedolph, 1962; Mayak and Dilley, 1976a; Mayak and Kofranek, 1976; Cook et al.,
1985; Upfold and Van Staden, 1990). The senescence of petunia corollas was also
delayed by exogenous cytokinin application with 6-benzylaminopurine (BAP) at 2 and 20
uM and zeatin riboside at 0.2 mM (Tavemer et al., 1999). In our exogenous application

study, the concentrations of zeatin riboside from 0.05 to 0.4 mM were also effective in
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delaying corolla senescence. Delayed corolla senescence occurred in zeatin treatments,
while the corollas in the highest concentration senesced a little earlier. This might be due
to an inhibitory effect of the highest level. Zeatin and zeatin riboside, which are the two

predominantly accumulated cytokinins in SAG12-ipt corollas, delayed the senescence of
WT flowers (Table 2.1). Other cytokinin applications, such as 5-10 ug ml'! kinetin

(Eisinger, 1977), 5 mg L1 BA (benzyladenine) (Cook et al., 1985), and 0.1 mM BA,

kinetin, and zeatin (Mor et al., 1983) also significantly retarded flower senescence.

To monitor the activity of ipr expression through time after pollination and determine
the specificity of the SAG12 promoter, real time RT-PCR was performed. Firstly, the
data confirmed that the ipr gene was transcribed in both transgenic lines. Secondly,
differences of expression following pollination were detected between two transgenic
lines IPT22 and IPT34. Although both IPT22 and IPT34 appeared healthy and normal,
the preliminary data showed the ipr transcript was detected in early flower buds and also
young developing leaves (data not shown). This suggested the SAGI2 promoter was
functioning but not completely regulated in the senescence specific manner. It can be up-
regulated during senescence, but expression was not confined to senescencing tissues.
This was also reported for young plants of tobacco transformed with SAG12-ipr based on
the little difference in morphology, distribution of cytokinins, sugars, proteins, and
chlorophyll (McCabe, et al., 2001). The SAGI12 promoter was also found to be repressed
by sugar (Suc, Glc, and Fru), auxin (indole acetic acid), and cytokinins such as kinetin
and benzyl adenine, but not by adenine (Noh and Amasino, 1999). In our experiment, the

ipt expression was different in [IPT22 and IPT34 following pollination. There are several
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possible reasons for the differences between these two transgenic lines. The SAGI12
promoter may require certain types of cytokinins or concentrations above a certain

threshold to repress the SAG12 promoter.

Endogenous cytokinins accumulate in plants because of the expression of the ipt gene
from Agrobacteruim tumerfaciens (Brzoboharty et al., 1994; Gaudin e al., 1994; Motyka
et al., 1996). In order to have a better understanding of the ipt genes effects on cytokinin
production in petunia, various cytokinins were analyzed. No increased iP-type cytokinins
detected in either ipt transgenic Arabidopsis or tobacco plants (Redig et al., 1996; Faiss et
al., 1997). This suggested that the likely enzymatic product was rapidly metabolized in
higher plants to form the zeatin-type cytokinins. In contrast to this, transgenic ipt moss
Physcomitrella patens preferentially accumulated iP-type cytokinins (Reutter er al.,
1998). Recently an isopentenyltrasferase homologue (sho) has been cloned from petunia
(Zubko et al., 2002). Plants transformed with the sho gene accumulated iP type over Z
type cytokinins. This result suggested iP types are also important cytokinin forms in
petunia. While the SAG12-ipt transformed petunia preferentially accumulated zeatin and
zeatin riboside, elevated levels of iP-type were also found in both transgenic lines [PT22
and IPT34 (Fig 2-13, 2-14). In the corolla of transgenic petunia IPT22 after pollination
treatment, the patterns of accumulated levels of iP forms (Fig 2-13, 2-14) were closely
associated with the ipt expression pattern (Fig 2-9). These results reflected the fact that
the iP type cytokinin was the immediate product catalyzed by the ipt construct. This
might suggest that the plant system had not had time to convert iP to Z type cytokinins.

From O hap to 12 hap, the higher levels of the iP form were then metabolized to Z form.
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It is possible to reach a certain point that the cytokinins would be over produced up to
an abnormal level. Even in transgenic plants, the endogenous hormone levels are
monitored and controlled by various homeostatic mechanisms such as conjugation or
oxidation, in addition to control by promoters. Elevated endogenous cytokinin produced
by the heat shock promoter was higher at 4 hours after heat shock treatment compared
with 24 hours after treatment. This suggested that there is an efficient pathway for their
degradation in the leaf and that iso-pentenyl transferase has a high rate of tumover (Smart
et al., 1991). Chatfield and Armstrong (1986) have provided some evidence that external
application of cytokinins to callus tissue results in increased cytokinin oxidase activity. It
will be of interest to investigate the behavior of cytokinin oxidase, the cytokinin-
degrading enzyme during conditional over-production of endogenous cytokinins in

petunia flowers.

As elevated cytokinins delays flower senescence, there is a question about the sites of
cytokinin production. The construct SAGI12-iptr is, however, also expressed in other
tissues, especially leaves (data not shown) which have been shown to have a potential for
cytokinin synthesis (Singh er al., 1992b). Roots are the main location for cytokinin
production (Letham, 1994), and roots of petunia transformed with the sho (Shooting)
gene contained the highest concentration of most cytokinins (Zubko et al., 2002). While
delayed senescence might be due to the relocation of cytokinins produced from tissues
other than the corolla itself, Faiss ez al. (1997) suggested that cytokinin activity in ipt

transformants may be more restricted to the site of synthesis, even in the case that
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cytokinins produced by sho transformed plants might be able to migrate into adjacent

tissue (Zubko et al., 2002).

In summary, many reports have indicated that exogenously applied cytokinins
can delay the senescence of flowers (MacLean and Dedolph, 1962, Heide and Oydvin,
1969; Mayak and Kofranek, 1976). Eisinger (1977) proposed that cytokinins act as
natural anti-senescence compounds in flowers, and that the declining endogenous
cytokinin levels could serve as a trigger for senescence initiated by increased ethylene
production. It has been shown previously that cytokinins may retard flower senescence
by blocking ethylene biosynthesis (Eisinger, 1977; Mor et al., 1983; Rasche and Eisinger,
1984; Cook et al., 1985). In our study, cytokinin effects in delaying senescence of
flowers were also confirmed by extending flower life significantly in transgenic lines in
both natural and pollination induced senescence. It is clear that we employed an
experimental system where elevated endogenous cytokinins accumulated during flower
senescence and this challenged the constitutive hormone metabolic system in plants.
However, the results presented here could reflect the processes that occur during flower
senescence and demonstrate the positive correlation of cytokinin content and the delayed
flower senescence. The conclusions from these experiments are as follows 1). Petunias
transformed with SAGI12-ipt exhibited delayed flower senescence during natural and
pollination induced senescence. 2). Expression of the ipt gene was detected in flower
buds and during the senescence of corollas, suggesting that the SAG12 promoter was
functioning, however, was not senescence specific in petunia flowers. 3). Higher

endogenous cytokinins levels accumulated in transgenic petunias. The predominant
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cytokinin forms were Zeatin and Zeatin riboside, confirming findings with previous
transgenic plants transformed with ipt increasing the endogenous cytokinins in petunias

therefore delayed flower senescence.
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Trest- | Plant 196 l 0#H | R GHR #-96 P IPA
ment | Line dil1-96
[ W | sgam | d B2 | d 36077 | 26493 | S72IM
het | P2 | qaquay | TSBTNZ2SE | SBGel13 | Z0M8S:MMES | MSk3D | 345:034 | 1265149 | 15Ms025
[ KU TB3U:9573 | 6.3:065 | B9776:334 | 8027 203:015 4642038 | 2076:03
0 w d < < 6.83-0.3 132883 207:028 666:028 | 6.68:042
hap w2 | d < < 12504 132:04 253:012 1048:062 | UT=146
P34 | < d 541032 662102 206:018 135088 | 1132+02
2hap | WT 623078 | d < 403:0.37 < 394:037 12.85:0.57 403:0.34
T2 | 684122 | o 12.32:072 152042 17201 998:003 | 582.043
IPT34 933122 | d < 366:078 198:04 1972012 13.13:1.08 10.56-1.06
Bhap | WT < < < 37072 < 241017 9.34:015 9144
2 | d 22448 < 118.02:6.19 < 238:05 117:082 11152086
PT4 | <l 2632064 < 833:033 128:0.16 213:007 10.15:0.21 911024
Uhap | WT 141087 | d d i < 4472032 08 295:013
P12 1972116 162.22:29.51 < 126.85:15.T 18016 296028 9842074 8.58:0.73
P& | 242:051 < 35.33:27 o 271:0.35 10652172 Ti=081
J6hap | WT < < o < < 324035 | 1076=099 9.35:0.57
ma < 443:028 < 017027 203:012 4.29-038 15.83:004 14.9421 49
1PT34 d 6.59:067 < 31 B1=lS 116007 31083 1429-0.81 115120.35
Bhap | WI 9.38+1.46 | < 1182013 271026 1582007 1112082 158:0.7
P22 | 234-085 | (BO6S.2886 | < 502547701 | 5082105 205+053 6.6:029 5:0.08
IPT34 | 1623:099 | 7608:3989 | < 3904252 9442082 137008 132123 104:087
T2hap | WT < < < < < < 475083 | 441037
P22 |« MB3:17.35 o 77898=4 64 | 6N:089 257:04 13992231 | 1252413
IPT34 ] 112.48:8.75 < 177 051787 25:04 1862033 9.26:074 9542206

Table 2.1 Cytokinin content of petunia corollas following pollination (hap) or 12 hours trecatment
with 2 uL L! ethylene (het). Six corollas were collected from six plants of IPT22, [PT34 and wild

type. Cytokinin content is expressed in ng g'l DW. Cytokinins included Z-9-G, zeatin-9-glucoside
Z, zeatin; diHZ + diHZ-9G, dihydrozeatin and dihydrozeatin-9-glucoside; ZR, zeatin riboside;
diHZR, dihydrozeatin riboside; iP-9G, isopentenyl-9-glucoside; iP, isopentenyl adenine; iPA,
isopentenyl adenosine.
2Values represent average of 3 replicates + SEM.
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Table 2.2 Mean number of days (+ SEM) to first visual wilting symptom and total wilted
without pollination. WT, IPT22 and IPT34 flowers were examined on plants.

Days to first visual wilting symptom Days to total wilted

Plant line

WT 5.2 £0.37 al 62+037a
IPT22 11.2+£0.20b 144+0.75b
IPT34 11.0£0.00b 128+0.37b

IMeans followed by the same letter within each column are not significantly different at
p< 0.05 by Scheffe’s Procedure.
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Table 2.3 Mean number of hours (+ SEM) to first visual wilting symptom and total
wilted after pollination. WT, IPT22 and IPT34 flowers were examined on plants.

Days to first visual wilting symptom Days to total wilted

Plant line

WT 36.0 £0.00 al 96.0 £ 0.00 a
IPT22 2256+24.71b 3024+ 588b
IPT34 196.8+480 b 288.0+£0.00c¢

Means followed by the same letter within each column are not significantly different at
p< 0.05 by Scheffe’s Procedure.
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Table 2.4 Mean number of days (+ SEM) to first visual wilting symptom and total wilted.
WT flowers were excised and incubated in tZ solutions and [PT22 in distilled water.

Days to first visual wilting symptom Days to total wilted
tZ (mM)
0.00 4.0 £ 0.00 a? 40+0.00a
0.01 3.7+£033a 40+000a
0.05 40+£0.00a 6.7+ 0.33 ab
0.10 40+0.00a 6.3+033ab
0.20 3.7£033a 6.0 + 0.00 ac
0.30 40+0.00a 7.7 £ 0.88 bed
0.40 30+0.00a 5.7+£0.67 ad
0.50 3.7£033a 6.7 £ 0.67 ad
IPT22 10.0+0.00 b 11.0+£0.00e

IMeans followed by the same letter within each column are not significantly different at
p< 0.05 by Scheffe’s Procedure.
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Table 2.5 Mean number of days (+ SEM) to first visual wilting symptom and total wilted.
WT flowers were excised and incubated in tZ solutions and IPT22 in distilled water.

Days to first visual wilting symptom Days to total wilted

tZ (mM)

0.00 3.0+ 0.00 a 6.0+£0.00a
0.05 5.7+033b 10.0+1.00b
0.10 6.0+0.00b 8.3 +£0.67 ab
0.20 6.0+ 0.00b 8.7+ 0.88 ab
0.40 57+£033b 6.0+0.00a
IPT22 6.7+033b 9.0 £ 0.00 ab

IMeans followed by the same letter within each column are not significantly different at
p< 0.05 by Scheffe’s Procedure.
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Table 2.6 Mean number of days (x SEM) to first visual wilting symptom and total wilted.
WT flowers were excised and incubated in tZR solutions and I[PT22 in distilled water.

Days to first visual wilting symptom Days to total wilted

tZR (mM)

0.00 3.0 £ 0.00 a* 6.0+ 0.00 a
0.05 53+0.88ab 8.0+ 0.58 ab
0.10 57+033b 83+0.88ab
0.20 6.0+0.00b 6.7+ 033 ab
0.40 53+033ab 6.0+0.00a
IPT22 6.7+033b 9.0+£0.00b

IMeans followed by the same letter within each column are not significantly different at
p< 0.05 by Scheffe’s Procedure.
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WT IPT22 IPT34 IPT6S IPT67 IPT68 -  +

Fig. 2.1 PCR result of the ipt gene from genomic DNA
extracted from young leaves of WT, transgenic IPT22,
IPT34, IPT6S. IPT67, and IPT68.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EEEs Stage 3

C— Stage 2
SR Stage 1

L] T T { LS T

0 24 48 72 96 120 144 168 192 216 240 264 288
Time after anthesis (hours)

.J’
.'... = I.‘L;-”w
.

Fig. 2.2 Visual senescence ratings of WT, IPT22 and
IPT34
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Fig. 2.3 Visual senescence ratings of WT, IPT22 and IPT34
during pollination induced senescence.
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Fig. 2.4 Visual symptom of color fading before
wilting in transgenic lines. A. Picture taken at the day
of anthesis. B. Ten days after pollination
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Fig. 2.5 Corolla was partially pushed away by the
development of ovary.
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Fig. 2.6 Senescence ratings of WT corollas following

exogenous applications of tZ compared to IPT22
corollas in distilled water.
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Fig. 2.7 Senescence ratings of WT corollas following
exogenous applications of tZ compared to IPT22
corollas in distilled water.
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Fig. 2.8 Senescence ratings of WT corollas following
exogenous applications of tZR compared to IPT22
corollas in distilled water.

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.0 -

s WT
.08 T IPT22
& = PT34
8 0
= 6
® ~
Q
>
2 04
<
2
T
02 |
v
0.0 - - =

48
Time after pollination (hours)

Fig. 2.9 Real time RT-PCR quantification of relative mMRNA
levels of ipt in WT, IPT22, and IPT34 corollas at 0, 12, 18, 24,
36, 48, and 72 hours after pollination (hap).
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Fig. 2.10 Quantification of endogenous total cytokinin in corolia
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Fig. 2.11 Quantification of endogenous total Z in corolla
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Fig. 2.12 Quantification of endogenous total ZR in corolia
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Fig. 2.13 Quantification of endogenous total iP in corolla
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates +

SEM.
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Fig. 2.14 Quantification of endogenous total iPA in corolla
of WT. IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Fig. 2.15 Quantification of endogenous total diHZR in corolla
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Fig. 2.16 Quantification of endogenous total ip-9G in corolla
of WT, IPT22, and IPT34 at 0, 12, 18, 24, 36, 48, and 72 hap.
The values presented here are the average of 3 replicates + SEM.
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Chapter 3

The interaction of elevated cytokinins with ethylene and ABA in SAG12-ipt petunias

3.1 Abstract

The interaction of cytokinins and ethylene and their regulation of senescence in
SAG12-ipt petunias was investigated. The elevated endogenous cytokinins detected in
transgenic corollas delayed senescence by altering ethylene production during both
natural senescence and pollination-induced senescence. Moreover, cytokinins also altered
the ethylene sensitivity of petunia corollas. These transgenic petunias required higher
concentrations and extended ethylene treatments to initiate senescence. Ethylene
treatment also resulted in altered up-regulation of the senescence-related gene Phcp! in
[PT22 and IPT34 versus WT corollas. Increases in ABA detected during the late stages
of corolla senescence in WT flowers were not detected in the transgenic corollas,
suggesting that ABA level was suppressed by the high endogenous cytokinin levels in the
early stage of flower senescence. Ethylene production and the corolla’s sensitivity to

ethylene play an important role in regulating petunia corolla senescence.
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3.2 Introduction

Plant growth and development are regulated by the interaction of multiple plant
hormones. These interactions involve both changing the balance among hormones and

the plants sensitivity to hormones.

Exogenous application of ethylene to many types of flowers promotes petal
senescence (Crocker and Knight, 1908; Zimmerman et al., 1931). The visual symptoms
of flower petals exposed to ethylene, such as wilting, are indicative of a loss in turgor
(Nichols, 1968; Hanson and Kende, 1975; Mayak et al., 1977). In the case of camation,
Lieberman er al. (1964) demonstrated that exogenous application of ethylene accelerated
the loss of water from petals normmally associated with senescence, and that water
absorption rates were decreased within 2 hours of exposure to 2 ul/liter ethylene even
though wilting symptoms were not observed until 6 hours after ethylene treatment
(Mayak et al., 1977). Treating carnation flowers with ethylene also led to an earlier
increase in membrane permeability (Borochov and Faragher, 1983; Faragher and Mayak,
1984; Sylvestre and Paulin, 1987), and an earlier decline in polar lipid-bound fatty acids
(Sylvestre and Paulin, 1987). Treatment with ACC (1-aminocyclopropane-1-carboxylic
acid), the immediate precursor of ethylene, also increased ethylene production and
accelerated visual symptoms that were associated with a decline in membrane fluidity,

ATPase activity and sucrose uptake (Adam et al., 1983).
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The response of flowers to ethylene is dosage dependent, and acceleration of
senescence is influenced by the concentration of exogenous ethylene, the duration of
treatment, and the age of the flower. In camnation it has been determined that exogenous
application of ethylene to induce corolla senescence is dependent on the concentration
and duration of ethylene treatment (Uota, 1969; Barden and Hanan, 1972; Mayak and
Kofranek, 1976). The response to ethylene treatment is affected by the age and the
developmental stage of the tissue at the time of ethylene treatment (Halevy et al., 1984).
The sensitivity of corollas to ethylene treatments increased with age and thus more
mature corollas responsed to lower concentration of ethylene (Barden and Hanan, 1972;
Kende and Hanson, 1976; Mayak and Kofranek, 1976; Woodson et al., 1985). Trewavas
(1982) has suggested that plant tissues responses to hormones, such as ethylene, is due to
sensitivity rather than the concentration of the hormone, and that sensitivity is the
limiting factor in determining the responses of the plant. Other factors affecting the
sensitivity of corollas to ethylene, include sucrose (Mayak and Kofranek, 1976),
inorganic solutes (Hanson and Kende, 1975), and cytokinins (Mayak and Kofranek, 1976;
Mor et al., 1983; Cook et al., 1985). These have all been found to decrease the sensitivity

of the corolla to ethylene.

While ethylene appears to play a prominent role in petal senescence, other plant
hormones have been implicated in petal senescence although their roles in this process
are less clear (Borochov and Woodson, 1989). Cytokinins are considered to be anti-

senescent hormones, as their application delays leaf senescence (Richmond and Lang,

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1957; Kende, 1964; Van Staden et al., 1968). Not only has the exogenous applications of
cytokinins delayed corolla senescence (Mayak and Dilley, 1976a; Eisinger, 1977; Mor et
al., 1983; Kelly er al., 1985; Cook et al., 1985; Bossé and Van Staden, 1989), but
endogenous levels of cytokinins declined with the aging of petals (Mayak and Halevy,
1970; Van Staden and Dimalla, 1980; Van Staden et al., 1987). The interactions between
cytokinins and ethylene were demonstrated when the application of cytokinins and
cytokinin-like compounds altered ethylene production by delaying the ethylene-

climacteric (Apelbaum and Katchansky, 1978; Mor et al., 1983; Cook et al., 1985).

Cytokinins also have an effect on the pathway of ethylene biosynthesis. Mor er al.
(1983) demonstrated that camation petals pretreated with BA (N°-benzyl-adenine) were
not able to convert ACC to ethylene, and did not produce increased levels of ethylene
even when treated with exogenous ethylene. Other cytokinins, including zeatin, and
kinetin also inhibited ethylene biosynthesis in this experiment. Similar results were found
in intact flowers pretreated with BA (Cook er al., 1985). In addition to cytokinins
retarding and/or disabling ethylene production during the senescence of flowers,
cytokinins also decrease the sensitivity of petals to ethylene. In the experiment of
Eisinger (1977), camnations treated with kinetin were significantly less sensitive to
exogenous ethylene. Thus cytokinins have been proposed to be an anti-senescence factor

in flower petals (Eisinger, 1977; Mor et al., 1983; Cook et al., 1985).

In contrast to the cytokinins, ABA (abscisic acid) generally accelerates petal

senescence and the climacteric production of ethylene (Mayak and Dilley, 1976b; Ronen
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and Mayak, 1981; Borochov and Woodson, 1989; Vardi and Mayak, 1989; Miiller et al.,
1999). Carnation flower petals pretreated with ABA were more sensitive to external
ethylene treatments that resulted in an advanced ethylene climacteric and subsequent
petal wilting (Ronen and Mayak, 1981). During flower senescence higher endogenous
ABA levels have also been detected in roses (Mayak and Halevy, 1972; Borochov et al.,
1976) and carnations (Nowak and Veen, 1982; Eze er al., 1986). Nowak and Veen (1982)
demonstrated that increased ABA levels were detected in carnation petals before the loss
of fresh weight, and the elevated ABA levels could be prevented by pretreating with
silver thiosulfate. It was confirmed that higher ABA levels paralleled the increase of
ethylene and the onset of irreversible wilting in carnation petals. Additionally, a small
temporary increase in ABA was noted in the preclimacteric petals (Hanley and Bramlage,
1989). Unlike camation where the endogenous ABA and senescence are dependent on
ethylene production and sensitivity, the senescence of some other flowers, such as
Amaryllidaceae, Liliaceae, Indaceae and Asteraceae, do not appear to be regulated by
ethylene (Woltering and Van Doorn, 1988; Van Doom and Stead, 1994). In daylily,
which is a model system for ethylene insensitive senescence, application of ABA
hastened senescence-associated events, such as ion leakage, lipid peroxidation, and the
activities and patterns from both proteinases and nucleases on activity gels (Panavas et al.,
1998). Moreover, five of six cDNAs cloned by differential display are prematurely up-
regulated 3- to 45-fold by ABA (Panavas et al., 1999). This evidence suggests that
endogenous ABA levels are important for the progression of senescence in daylily
flowers, which are not sensitive to ethylene, and also equally important for the regulation

of senescence in ethylene sensitive flowers.
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Cytokinins are generally considered to be antagonists of ABA with these two
hormones having opposing effects in several developmental processes including stomatal

opening (Blackman and Davies, 1984), cotyledon expansion and seed germination

(Thomas, 1992). Cytokinin (N‘-bcnzylaminopurine)-treated cotyledons also had faster
greening and plastid biosynthesis, whereas abscisic acid had an inhibitory effect on these
processes (Kusnetsov et al., 1998). There is a biochemical basis for cytokinin-abscisic
acid (CK-ABA) antagonism. Cytokinins appear to antagonize many physiological
processes thought to be mediated, all or in part, by ABA (Cowan et al., 1999). For
example, ABA induces leaf senescence and eventually abscission. The ABA induced
senescence is reversed by exogenous application of cytokinins. Cytokinin-mediated
release of seed dormancy contrasts with ABA inhibition of germination (Salisbury, 1994).

However, little has been explored regarding their effects on flower senescence.

The purpose of this chapter is to determine how cytokinins delayed senescence in
the SAG12-ipr transformed petunia corollas. The objectives are: 1). Determine the effect
of increased cytokinins on ethylene production, by comparing the ethylene production
patterns obtained from WT and IPT petunias flowers following pollination and during
natural senescence. 2). Determine if SAG 12-ipt plants have altered sensitivity to
ethylene. If the delayed flower senescence observed in IPT petunia is not due to
decreased ethylene production and/or delayed production peaks, the IPT petunia might
have altered sensitivity to ethylene. Petunia flowers will be treated with exogenous

ethylene. To evaluate their response or sensitivity to this treatment ethylene production,
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rates of flower senescence and expression of the senescence-related gene Phcpl (Petunia
hybrida cysteine protease 1) will be determined. 3). Determine if ABA is involved in
flower senescence. These experiments will be conducted because plant development is
not usually regulated by a single hormone but by the interaction among, or between

multiple hormones.

3.3 Matenial and methods

3.3.1 Plant Matenal and growing conditions

Petunia plants (Petunia hybrida ‘V26’) wild type (WT) and previously transformed

with Pgygip-ipt (Gan and Amasino, 1995) (IPT22, and IPT34) were grown in a greenhouse.

The cultural practice was as described in chapter 2.

3.3.2 Ethylene production of petunia flowers

The biosynthesis of ethylene by whole flower on the plant was measured during
natural senescence and following pollination. Ethylene production from corollas removed
from the plant at various times after pollination was also measured. Flowers were
emasculated before anther dehiscence (one- to two days before anthesis). To measure
ethylene production from the same whole flowers on the plant, one flower was enclosed
in a 450 mL chamber. To prevent any leakage, siliconized acrylic latex (Elmer’s
Squeez’N Caulk, Elmer’s productions, INC., Columbus, OH) was generously applied all
over any possible openings. Four flower replicates were performed. The chamber was
sealed with a rubber cap for one hour at every sampling time point before an air sample

was withdrawn (Fig. 3.1). A 1ml air sample was obtained by syringe at 0, 3, 6, 12, 18, 24,
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36, 48, 72, 96, and 120 hap for the pollination-induced senescence, or collected every 24
hours at the same time of the day for natural senescence. After the air sample was
collected the sealing cap was removed. Air samples were analyzed using a gas
chromatograph equipped with an Haysep R packed column and flame ionization detector

(Varian, Walnut Creek, California).

To pollinate flowers, the stigmatic surface of a flower was dusted with pollen from a
freshly dehisced anther from the same plant. To determine ethylene production from
corollas after pollination, 12 flowers were sampled at 0, 12, 18, 24, 36, 48, and 72 hap.
Three corollas as a group were weighted and carefully twisted into a 25 mL vial then
sealed with a screwed cap with a rubber septum for 20 minutes. One mL of air sample
was removed from the vial and the ethylene level was determined with a gas
chromatograph as described. Experiments were conducted three times with similar results.

Data presented here are from one experiment and represents an average of 4 ethylene

measurements + SEM (ppb for whole flower or nl g! hr! for corolla).

3.3.3 Ethylene sensitivity

To determine ethylene sensitivity, petunia flowers were treated with exogenous
ethylene. Experiment 1: Flower samples were treated with 2 ppm ethylene, and flower
samples were collected according to the time points up to 48 hours, and ethylene
production were also measured. Experiment 2: After 2 ppm ethylene treatment for 12
hours, flower samples were removed and ethylene production was measured. Experiment

3: Study of visual symptom by exogenous ethylene treatment. For the exogenous
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application of ethylene, these flowers were sealed in a 24L air-tight chamber (Fig. 3.2)
until sampling time points. For the ethylene sensitivity experiments, emasculated petunia
flowers were harvested the day of anthesis, and 12 flowers of each line were grouped into

4 culture tubes with distilled water (Fig. 3.3).

Ethylene was introduced by syringe injection into the chamber to obtain a final
concentration of 2 ppm, and air was injected for the air control group. Flowers were
removed at 0, 3, 6, 9, 12, 18, 24, 36, and 48 het (hours after ethylene treatment), visual
symptoms were observed, and flowers sat in air in the hood for 20 minutes to allow
treated ethylene to diffuse away. After removal of styles, stigma, and ovary, only
corollas were sampled for ethylene production. Immediately after the gas sample was
taken from the vial, the corolla samples were quickly frozen in liquid nitrogen and stored
at -80°C for RNA extraction, cytokinin, and ABA measurements. Data represent the
mean ethylene production + SEM. All experiments were performed a minimum of three

times with similar results. Data shown here are from one replicate.

For another experiment to evaluate ethylene sensitivity, flowers were treated with
2 ppm ethylene (and an air control group as previous described) in the chambers for 12
hours and removed. The visual symptoms were photo-documented every 24 hours until
96 hours after treatment. These corolla samples were also collected accordingly and
frozen for RNA extraction. The RNA samples were used to determine the Phcpl/

expression for the ethylene sensitivity study.
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3.3.4 Cytokinin and ABA measurements

Corolla samples were collected at 0, 12, 18, 24, 36, 48, 72 hap (hours after
pollination) and 12 hours after 2 ppm exogenous ethylene treatment (see above). Six
corollas were pooled together at each time point. Tissue samples were first lyophilized
overnight. Tissue (approximately 100 mg per sample) was ground in liquid Nitrogen and
ABA was extracted in 100% ethanol for 30 min. After nine volumes of 40 mM
ammonium acetate (pH 6.5) were added to the extract, ABA was isolated on CI8
SepPaks (Waters Assoc., Bedford, MA), purified and quantified in triplicate samples
using a previously described combined HPLC-immunoassay method (Banowetz, 1992).
The immunoassay utilized a monoclonal antibody to ABA (Banowetz er al., 1994). The
extraction, purification, and quantification were kindly completed in the lab of Dr.

Banowetz in the University of Oregon.

3.3.5 RNA extraction

RNA was extracted from corolla samples using TRIZOL reagent (Gibco BRL,

Rockville, Maryland) as described in chapter 2.

3.3.6 Quantification of Phcp! expression

By running preliminary experiments to optimize the parameters for PCR, conditions
were transferred successfully to real time PCR settings. To determine the expression of
the Phcpl gene, the conditions of the real-time RT-PCR settings using the iCycler iQ
real-time PCR detection System were previously described in 2.3.6. Primers were

constructed to amply a 112 bp amplicon of Phcpl. These primers: forward 5’-GAA CTT
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CGC CGA TGA GAA TC-3°; reverse 5’-AGC GAA GGA GAG AGC ATG AC-3'.
Samples were run in triplicate with similar results. Data presented are from one

replication.

3.4 Results

3.4.1 Characterization of ethylene synthesis from the flowers of SAGI12-ipt _and Wild

type petunias

The ethylene biosynthesis pattern from the whole petunia flower was determined from
both natural senescence (un-pollinated) (Fig. 3.4) and pollination-induced senescence
(Fig. 3.5). During natural senescence, the ethylene production for WT flowers peaked at
5 days after anthesis and then decreased at 7 days after anthesis. Another peak was
observed at 10 days after anthesis, then production declined. IPT22 shared the same
pattern until day 6 and then exhibited higher amounts of ethylene production. The

production pattern increased until 12 days with a similar decline in production detected. .

Following pollination (Fig. 3.5), all flowers exhibited the first ethylene peak at 3 hap,
followed by a second peak at 24 hap for both [PT34 and WT. WT and IPT34 exhibited a
third peaked at 48 hap. Ethylene production from IPT34 flowers during this last peak
was extended through 96 hap while ethylene production from WT flowers declined again
at 72 hap. IPT22 did not exhibit the second production peak as [PT34 and WT, however,

a latter ethylene peak similar to the third peak of IPT34 was observed.
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Ethylene production from corollas after pollination is presented in Fig 3.6. The
pattems were similar to the results from whole flower except there was no peak detected
at 3 hap. WT corollas exhibited the first ethylene production peak at 24 hap followed by a
peak at higher levels at 48 hap that coincided with the dramatic visual symptom of
corolla wilting. [PT34 also exhibited the same production pattern, however, the
production levels were in contrast to WT, with a second peak that was lower than the first.
IPT22 did not show the first peak as observed in IPT 34 and WT, while a production peak
was detected at 48 hap that was not different from WT statistically, yet was higher than
IPT34. Flowers from both [PT22 and [PT34 did not show any visual symptoms of

senescence within the time points (72 hap) in this experiment.

3.4.2 Ethylene production and sensitivity of petunia corolla

After exogenous application of ethylene, WT corolla ethylene production peaked at 9
and 12 hours, while transgenic [PT22 and IPT34 showed production peaks at 24 and 36
hours respectively (Fig. 3.7). However, the elevated ethylene production from IPT22
corolla was not as great as that observed from WT and IPT34, and might not display a
different production peak. Visual wilting symptoms were observed in WT corolla after 48
hours of treatment with ethylene, while IPT22 and IPT34 did not exhibit any visual
symptoms during the treatments (48 hours). In the air control group (Fig. 3.8), only WT
exhibited a significant peak at 36 hours after treatment, while transgenic [PT22 and

IPT34 did not show any significant elevated ethylene synthesis.
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3.4.3 Expression of Phcpl and visual symptom of ethylene sensitivity

When flowers were exposed to 2 ppm ethylene for 12 hours, followed by incubation
in air in order to observe the symptoms of corolla senescence, the WT corollas exhibited
the first visual symptoms at 24 hours after treatment, while IPT22 and IPT34 did not
show symptoms of wilting until 48 hours after that (72 hours after treatment) (Fig. 3.9).
Low levels of Phcp! transcripts were detected at anthesis (shown as time point —12 hours
after treatment) in WT and transgenic corollas (Fig. 3.10). Elevated transcripts were
observed after 12 hours exogenous ethylene treatment from WT and transgenic lines (at 0
time point), where the highest level was detected in [PT34. High levels of transcript in
[PT22 and IPT34 corollas were maintained until 72 hours, and declined at 96 hours after
ethylene treatment was removed. At this final time point, both transgenic corollas were
completely wilted (Fig. 3.9). The transcript levels in WT corollas peaked at 12 hours
treatment (at O time point) and then declined. In the air control group (Fig. 3.11), WT did
not show visual symptoms of senescence until 48 hours of treatment (treated with
injection of air), and transgenic corollas did not wilt until 96 hours after treatment. The
Phcp| transcript level of WT peaked at 48 hours after air treatment, and decrease at 72
after air treatment. In the transgenic lines, the pattern of Phcp/ expression was similar to
ethylene treatment group, but was delayed with the peak observed at 24 hours after

treatment.

3.4.4 Endogenous cytokinin levels after ethylene treatment

The total cytokinin content was low in corollas of WT, IPT22, and IPT34 flowers

before ethylene treatment. After treatment with 2 ppm ethylene for 12 hours, the total
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cytokinin content was elevated 74 times in IPT22 and 56 times in IPT34 with only a
slight increase (2 fold) detected in wild type corollas (Fig. 3.12). The Z form cytokinins
contributed to the major increases detected in transgenic lines. The Z contents were

758.74 (= 225.6) and 789.34 (= 95.73), and ZR contents were 2014.85 (£711.65) and

1597.76 (£331.4) ng g! DW in IPT22 and [PT34 respectively, while low or below

detectable levels were found before ethylene treatment (Table 2.1).

3.4.5 Effect of elevated cytokinin on endogenous ABA

Endogenous ABA levels were quantified to characterize the production pattern and to
determine its association with pollination-induced senescence in petunia flowers (Fig.

3.13). ABA was detected at anthesis in all flowers, and increased beginning at 24 hours

after pollination in WT corollas, reaching 900 and 1000 ng g! DW at 48 and 72 hours
after pollination respectively. [PT22 and IPT34 did not exhibit increases in ABA similar

to those detected in WT corollas and the highest levels detected were only about 200 ng

g! DW.

3.5 Discussion

The purpose of these experiments was to examine the effects of elevated endogenous
cytokinins on delaying senescence. Two approaches toward ethylene’s interaction with
cytokinins were investigated. The first approach was to characterize the ethylene
production pattern since ethylene has been proven to play a regulatory role in corolla
senescence. The second approach was to determine if higher cytokinin levels altered the

corollas sensitivity to ethylene.
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Flowers during natural senescence (Fig. 3.4) exhibited the same pattern of ethylene
production in both WT and IPT22 before 6 days after anthesis (DAA). The ethylene
production of WT corollas peaked at S and 6 DAA where the corolla exhibited visual
symptom of wilting at 5 DAA and were completely wilted at 6 DAA. In the transgenic
line [PT22, ethylene production increased gradually until 11 DAA when the first wilting
symptoms were observed (Fig. 2.2) and decreased afterwards when the IPT22 corollas
were completely wilted. The extended ethylene production from IPT22 corollas was a
result of the delayed senescence of the corolla tissue, and a significant production drop
was associated with the wilting and death of the corolla. The patterns of ethylene
production by the flowers was climacteric-like, similar to that found previously for
petunia (Whitehead and Halevy, 1989; Porat er al., 1993), and other flowers such as
carnation (Wu et al., 1991) and orchid (Goh et al., 1985). At advanced stages of
senescence, the ethylene production dropped as there was no more living tissue to
maintain ethylene production. Elevated endogenous cytokinins altered the ethylene
production during natural senescence by delaying the ethylene climacteric and

subsequently extended the life of the flowers.

Pollination hastened the corolla senescence of WT petunia flowers. The results of
earlier visual wilting symptoms (Fig. 2.2, 2.3) and ethylene production patterns (Fig. 3.4,
3.6) confirmed previous observations in petunia that pollination—-induced petal
senescence is accompanied by earlier increases in ethylene production (Halevy er al.,

1984). In the whole flower ethylene production after pollination (Fig. 3.5), the first peak
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observed in all flowers at 3 hap was from the gynoecium, because this peak was not
observed in the ethylene production of corollas only (Fig. 3.6). This result confirmed the
statement of Pech et al. (1987) that an increase in ethylene synthesis is detectable from
the styles and stigmas of petunia (Petunia hybrida L. ‘Pink Cascade ") within 2-3 hours
after pollination. A climacteric peak of ethylene production was observed at 48 hap in
WT flowers when the corolla wilted completely. This peak is believed to be the result of
autocatalytic ethylene production and has been shown to be associated with corolla
senescence following a compatible pollination (Singh er al. 1992a). In the evaluation of
corolla ethylene production after pollination, the IPT34 corollas showed the same pattern
as WT corollas while IPT22 did not exhibit the first peak at 24 hap (Fig. 3.5). The 2
production peak was associated with the visual wilting symptoms in WT. This result
confirmed the observation of Halevy et al. (1984) in petunia that the pollination-induced
petal senescence is accompanied by increases in ethylene production. The timing of the
climacteric production peak that leads to flower senescence varied in different studies. In
our studies, ethylene peaked at 48 hap for Petunia x hybrida ‘V26°’, compared to 18 hap
in Petunia inflata Fries’ (Singh et al., 1992a) and 20 hap in Petunia hybrida L. ‘Pink

Cascade’ (Whitehead et al., 1984).

The delay of corolla senescence was associated with the elevated endogenous
cytokinin content in both transgenic lines (Table 2.1). The ethylene production patterns
of transgenic petunias, IPT22 and [PT34, were different as they had different levels of
cytokinins at various time points after pollination. At 24 hap [PT34 and WT corollas had

a peak of ethylene production but this peak was not detected in IPT22 corollas. [PT22
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corollas had higher cytokinin levels at 24 hap than IPT34 corollas (Fig. 2.10) and this
may have accounted for the inhibition of ethylene production. This result confirms that
cytokinins affect ethylene production in petunia. This effect has been previously reported
in carnation flowers where treatment with S ppm BA inhibited ethylene production (Cook
et al., 1985) and at 0.1 mM prevented the autocatalytic rise in ethylene production (Mor
et al., 1983). Kinetin application at 5 pg/ml also reduced peak ethylene production by
55% and delayed the peak by 1 day (Eisinger, 1977). The reduced peak production was

also observed in IPT34 at 48 hap.

Since tissue sensitivity to ethylene is an important factor in the control of flower
senescence, to understand the nature of the ‘sensitivity factor’ is central to the knowledge
of the mechanisms involved in the control of ethylene action in flower senescence.
Although the involvement of ethylene in flower senescence varied among different
species, mature flowers of carnation and petunia are sensitive to ethylene and exposure to
ethylene will accelerate their senescence and endogenous ethylene production (Maxie et
al., 1973; Whitehead et al., 1984; Whitehead and Vasiljevic, 1993). Wild type and IPT
flowers were treated with ethylene to determine if elevated endogenous cytokinins
affected ethylene sensitivity. Changes in ethylene sensitivity were evaluated by
determining the effects of exogenous ethylene treatment on flower senescence, ethylene

production and expression of the senescence-related gene Phcpl.

Following treatment with ethylene, WT flowers had a peak of ethylene biosynthesis at

9 hours (Fig. 3.7). When isolated flowers were treated with air (controls) this ethylene
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biosynthetic peak occurred at 36 hours (Fig. 3.8). This result demonstrated that the
flowers of ‘V26’ were sensitive to ethylene and underwent accelerated ethylene
biosynthesis in response to exogenous ethylene application, and confirmed ‘V26’ had a
similar response to ethylene application as previously reported for petunia (Whitehead
and Vasiljevic, 1993). The elevated endogenous cytokinins effects on ethylene sensitivity
are revealed by altered patterns of ethylene biosynthesis observed in transgenic lines.
Although both transgenic lines had different responses to ethylene application, their
ethylene production was not accelerated as rapidly as observed in WT. Enhanced
ethylene production by transgenic flowers was delayed 15 to 27 hours compared to
control flowers. This result demonstrated elevated endogenous cytokinins in [PT22 and

IPT34 corollas altered the sensitivity to exogenous ethylene.

In further ethylene sensitivity experiments designed to evaluate ethylene effects on

accelerating corolla senescence, corollas were treated with 2 uL. L' ethylene for 12 hours
and then evaluated over a period of 96 hours after treatment. There was a difference in
flower longevity between the ethylene treatment group and the air control group, as well
as the WT and transgenic lines (Fig. 3.9). This study confirmed that ethylene hastened
flower senescence as previously observed in petunia (Whitehead er al., 1984), carnation
(Maxie et al., 1973; Whitehead and Vasiljevic, 1993), and Chrysanthemum (Bartoli ez al.,
1997). A significantly elevated cytokinin content following 12 hours of ethylene
treatment (Fig. 3.12) was found in transgenic lines [PT22 and IPT34, but not in WT
corollas suggesting that the elevated cytokinin levels resulted in delayed senescence by

decreasing the ethylene sensitivity. This result confirmed the previous reports that
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exogenous application of cytokinin decreased ethylene sensitivity in carnation (Eisinger,
1977) and petunia (Taverner et al., 1999) flowers. By comparing the visual wilting
symptoms in transgenic lines following ethylene treatment to the air control group, the
ethylene treatment did hasten the senescence of IPT petunia flowers. This suggested
IPT22 and IPT34 were not ethylene insensitive, yet their sensitivity was decreased by
elevated endogenous cytokinins. Our studies of ethylene treatments not only
demonstrated the importance of ethylene sensitivity in flower senescence, but also proved
that delayed senescence observed in IPT petunias was a result of elevated cytokinins

decreasing ethylene sensitivity.

Cysteine proteases are associated with programmed cell death in plants (Koltunow er
al., 1990; Granell et al., 1992; Ye and Vamer, 1996; Xu and Chye, 1999; Solomon et al.,
1999; Wagstaff et al., 2002). In order to further characterize PCD in petunia flower
senescence, transcript levels of Phcp/ that encodes a petunia cysteine protease (Tournaire
et al., 1996) were examined in the ethylene sensitivity experiments (Fig. 3.10; 3.11). Our
results showed the transcript peak pattern of WT was shifted toward earlier time points
after ethylene treatment compared with air control. This confirmed the strong association
between Phcpl transcripts and senescence in WT petunia. Ethylene treatment resulted in
the upregulation of Phcp! transcripts in both WT and IPT corollas. Transcript levels then
decreased in WT flowers as they began to show visual symptoms of senescence. In
contrast, IPT flowers which were not wilting until 96 hours after removal from treatment
maintained higher levels of transcript. This result suggested that accumulated higher

cytokinins in corollas after 12 hours ethylene treatment (Fig. 3.12) delayed the
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senescence process and this was accompanied by an altered pattern of gene expression
for the cysteine protease, Phcpl. However, the down regulation of this gene by

cytokinin was not observed as previously reported (Tournaire et al., 1996).

ABA has also increased flower senescence (Borochov and Woodson, 1989; Bianko et
al., 1991; LePage-Degivry et al., 1991; Garello et al., 1995; Panavas et al., 1998).
Moreover, in these flowers, ABA applications led to an early increase in ethylene
evolution and an acceleration of flower senescence. In our study, elevated ABA levels
were also detected in WT corollas and peaked at 48 and 72 hours after pollination when
flowers were severely wilted. Transgenic lines had relatively low levels of ABA through
all time points (Fig. 3.13). Corolla wilting caused by the loss of water might lead to
elevated ABA levels due to water stress in petals. In roses and carmmations ABA levels
also did not increase until the last stages of senescence associated with decreases in water

potential (Mayak and Halevy, 1972; Eze et al., 1986).

The suppressed production of ABA in transgenic lines may suggest interactions
between ABA and cytokinins, but previous reports on this issue remain limited for flower
senescence. There have been observations that cytokinins act as antagonists of ABA with
opposing effects in several developmental processes including the regulation of stomatal
opening (Blackman and Davies, 1984), seed germination and cotyledon expansion
(Thomas, 1992). Moreover, Grossmann and Hansen (2001) proposed ethylene triggered
ABA might be involved in other processes that coincide with a strong stimulation of

ethylene biosynthesis. Our results also suggested that elevated ABA, detected in late time
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points rather than the ethylene peak observed in earlier time points that coincided the

corolla senescence, was a response to senescence rather initiating the senescence process.

In our SAGI12-ipt petunia studies, the results confirmed and demonstrated the anti-
senescence effects of elevated endogenous cytokinins. Cytokinins delayed senescence by
effecting ethylene biosynthesis, decreasing ethylene sensitivity, as well as suppressing
ABA production. These results obtained from the petunia as a model system can be
applied to improve other crops that are sensitive to ethylene, and further provide an
understanding of the hormonal regulation of senescence that is necessary to improve post
harvest flower quality. Applications to bedding plants to enhance blooming period and

cut flowers to increase their vase life will significantly increase the value of these flowers.

The conclusions that can be drawn from these experiments include: 1). The elevated
endogenous cytokinins in [PT22 and IPT34 flowers altered ethylene production patterns
compared to WT, but did not significantly decrease overall rates of production. The
ethylene production was not totally suppressed by the elevated endogenous cytokinins in
corolla. 2). The delayed corolla senescence of IPT22 and IPT34 flowers was not only due
to altered ethylene production but also decreased sensitivity to ethylene. The expression
of Phcpl as a molecular indicator of ethylene sensitivity or responsiveness was not as
informative as was expected and this may be due to its regulation by multiple plant
hormones. 3). These results will greatly benefit the horticultural industry, as the

information obtained from the SAGI2-ipt transformed plants with delayed leaf and
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flower senescence serve as a model system and this technology can be used in other

flower crops that are sensitive to ethylene in order to delay senescence.

The regulation of the SAG12 promoter in petunia was not strictly senescence specific.
The leaky regulation of the ipt gene by the sagl2 promoter has previously been reported
in petunia (Clark et al., 2002). The SAG’s were original cloned from senescence leaves,
not flowers. From the viewpoint of development, the flower is a determinate structure
while the leaves tend to have a longer life span. When senescence takes place, it is likely
that senescence is regulated differently in these tissues. If a SAG could be cloned from
flowers this might provide better regulation of transgene expression in flowers,. Although
it is senescence specific in Arabidopsis, it may not function the same way in other
organisms. The regulation in our transgenic petunia was not clear, but it was functioning
somehow, since the transgenic lines did not show abnormal phenotypes all the time. The
Agrobacterium ipt was confirmed to function in petunia system as previous studies in
another plants, such as tomato, lettuce, tobacco. As the result of transformation, elevated

cytokinins were detected. By utilizing this chimeric SAGy-ipt construct in our

experiment, we successfully demonstrated that elevated endogenous cytokinins delayed
flower senescence by altering ethylene production as well as sensitivity to ethylene, and
by suppressing ABA accumulation in the corolla. These results confirmed the cytokinins

have anti-senescence effects in flowers.
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Fig. 3.1 Whole flower enclosed in a 450 ml chamber for ethylene
measurement.
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Fig. 3.2 The 24 L air-tight chamber for exogenous ethylene treatment.
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22 1.28am

Fig. 3.3 Twelve flowers incubated in distilled water for exogenous treatment
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Fig 3.4 Ethylene production from whole flower of WT, IPT22
after anthesis. The values represented here are the
average of four replicates £+ SEM.
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Fig 3.5 Ethylene production from whole flower of WT,
IPT22, and IPT34 after poliination. The values represented
here are the average of four replicates + SEM.

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n
o

FA * W

W 40 - IPT 22

e v [PT34

Y

o))

A ’ .

€ .

0 ‘

©

5 20

u .

5 ‘ Y

9 . ° .
> - 3 ~ r

5 0 v "\ ;‘ v v
w

0 12 24 36 48 60 72
Time after pollination (hours)
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corollas after treatment with air for 0. 3, 6, 9, 12, 24, 36, and
48 hours. Experiments were conducted three times with
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Fig 3. 9 Visual wilting symptom of flowers after removal from
the 2 uL L' ethylene or air treatment. Numbers indicated
here represented the time after 12 hours ethylene treatment
in hours.
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Fig 3.10 Phcp1 expression of corollas of WT, IPT22, and IPT34
after removalfromthe 2 yL L -' ethylene treatment for 12 hours.
PCR was conducted twice with similar results. Data presented
here is from one set.
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Fig 3.11 Phcp1 expression of corollas of WT, IPT22, and IPT34
after removal from the air control treatment for 12 hours.

PCR was conducted twice with similar results. Data presented here
is from one set.
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List of Abbreviations

1-MCP, 1-methylcyclopropene (also SIS-X)
ABA, abscisic acid

ACC, 1-aminocyclopropane-1-carboxylic acid
BA, benzyladenine

Ck, cytokinin

Ct, threshold cycle

DAA, day after anthesis

DEPC, Diethyl pyrocarbonate

Hap, hours after pollination

Hacp, hours after compatible pollination

Het, hours after ethylene treatment

1P, isopentenyl adenine

iP-9G, isopentenyl-9-glucoside

iPA, isopentenyl adenosine

ipt, isopentenyl transferase

diHZ, dihydrozeatin

diHZ-9G, dihydrozeatin-9-glucoside

diHZR, dihydrozeatin riboside

DW, dry weight

[PT22, one of the petunia transgenic lines with SAGy;-ipt

[PT34, one of the petunia transgenic lines with SAG)-ipt

LHCP II, light-harvesting chlorophyll a/b binding protein
PCD, programmed cell death

PCR, Polymerase chain reaction

Phcpl, Petunia hybrida cysteine protease |

ROS, reactive oxygen species

SAGs, senescence-associated genes

Sho, an isopentenyltransferase homologue cloned from petunia
tZ, trans zeatin

tZR, trans zeatin riboside

WT, wild type ‘V26’ petunias

Z, zeatin

Z-9-G, zeatin-9-glucoside

ZR, zeatin riboside
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