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Programmed Cell Death during Pollination-Induced Petal
Senescence in Petunia’
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Petal senescence, one type of programmed cell death (PCD) in
plants, is a genetically controlled sequence of events comprising its
final developmental stage. We characterized the pollination-
induced petal senescence process in Petunia inflata using a number
of cell performance markers, including fresh/dry weight, protein
amount, RNA amount, RNase activity, and cellular membrane leak-
age. Membrane disruption and DNA fragmentation with preferen-
tial oligonucleosomal cleavage, events characteristic of PCD, were
found to be present in the advanced stage of petal senescence,
indicating that plant and animal cell death phenomena share one of
the molecular events in the execution phase. As in apoptosis in
animals, both single-stranded DNase and double-stranded DNase
activities are induced during petal cell death and are enhanced by
Ca®*. In contrast, the release of cytochrome ¢ from mitochondria,
one commitment step in signaling of apoptosis in animal cells, was
found to be dispensable in petal cell death. Some components of the
signal transduction pathway for PCD in plants are likely to differ
from those in animal cells.

Programmed cell death (PCD) is a genetically defined
process associated with common morphological and bio-
chemical changes (Steller, 1995). It is well established that
PCD is an intrinsic part of the life cycle of all multicellular
organisms studied so far, including both animals and
plants (Ellis et al.,, 1991; Greenberg, 1996; Pennell and
Lamb, 1997; Green, 1998). This default cell-suicide process
can be initiated by a variety of stimuli, including develop-
mental signals and environmental cues (Vaux and Strasser,
1996; Wertz and Hanley, 1996). PCD is critical for normal
development, maintenance of tissue homeostasis, and the
defense response (White, 1996; Mittler, 1998). One impor-
tant function in plant PCD is to remobilize as much nutri-
tion as possible to benefit the plant on the whole level
(Smart, 1994).

The most widely studied PCD is animal cell apoptosis,
which is characterized by a distinct set of morphological
and biochemical features. The common morphological
changes associated with apoptosis include cell shrinkage,
cytoplasmic membrane blebbing, nuclei lobing, DNA frag-
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mentation, and disassembly into apoptotic bodies rapidly
engulfed by phagocytes or neighboring cells in the absence
of adverse inflammatory reaction (Steller, 1995). At the
molecular level, extensive studies have revealed many
events during apoptosis, and the basic signaling frame-
work has been established (for review, see Osborne and
Schwartz, 1994; Steller, 1995; Vaux and Strasser, 1996; Ja-
cobson et al., 1997; Wilson, 1998; Vaux and Korsmeyer,
1999). Apoptotic stimuli deactivate the suppression of PCD
by anti-apoptotic molecules that unleash the protease ac-
tivities of a subset of Cys proteases, the caspases. The
action of caspases on their downstream substrates causes
apoptotic morphological changes and leads to cell death.

In apoptosis, the emergent view is that the molecular
events occurring in the mitochondria appear to be a “point
of no return” for the cell, an ultimate commitment to cell
death (Bossy et al., 1998; Cai et al., 1998; Green and Kroe-
mer, 1998; Green and Reed, 1998). Many members of the
Bcl-2 family, the most important regulators in apoptosis,
reside in the mitochondrial outer membrane (Reed, 1997a).
The interactions among Bcl-2 family members are believed
to trigger the changes associated with mitochondria (Ma-
hajan et al., 1998; Schendel et al., 1998; Finucane et al.,
1999). An early event in apoptosis, the release of cyto-
chrome c (Cyt c¢)from the intermembrane space of mito-
chondria to the cytosol, has been considered a prerequisite
for apoptosis (Reed, 1997b; Yang et al., 1997). Once Cyt c is
released, the cell will die, either by a rapid apoptotic mech-
anism involving caspase activation or by a slower necrotic
process due to the collapse of electron transport, the gen-
eration of reactive oxygen species, and a decrease in ATP
production (Green and Reed, 1998). In addition, collapse of
mitochondrial inner transmembrane potential causes the
release of other factors, including an apoptosis-inducing
factor (Susin et al., 1999b) and procaspase-2 and -9 (Susin et
al., 1999a), which are also important molecules for the
execution of apoptosis.

PCD is an integral part of normal plant development,
including embryogenesis, floral organ abortion, root cap
sloughing, senescence, and the development of gameto-
phytes and vascular tissue (for review, see Jones and
Dangl, 1996; Pennell and Lamb, 1997; Mittler, 1998). During
these developmental processes, cell death may occur at the
level of individual cells and can involve a single tissue
layer or an entire organ. DNA fragmentation is the most
widely evaluated criterion for PCD. Due to the preferential
digestion of nDNA at internucleosomal sites, a DNA lad-
der can be visualized as 160-bp multiples on the gel. Such
a DNA ladder has been observed in plant PCD, including
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that in aleurone layers during seed germination (Wang et
al.,, 1998), anther development (Wang et al., 1999), old
Arabidopsis cell cultures (Callard et al., 1996), senescing
pea petal and ovary (Orzaez and Granell, 1997a, 1997b),
leaf senescence (Yen and Yang, 1998), stress treatment (Kat-
suhara and Kawasaki, 1996; Katsuhara, 1997; Koukalova et
al., 1997; Danon and Gallois, 1998), and in response to
pathogens or toxins (Ryerson and Heath, 1996; Wang et al.,
1996a, 1996b; Navarre and Wolpert, 1999). Other apoptotic
features are selectively present in different types of plant
PCD studied so far, including cell shrinkage, chromatin
condensation, nuclei lobing, and the formation of apoptotic
bodies (Mittler and Lam, 1995; Callard et al., 1996; Levine
et al., 1996; Fukuda, 1997; Mittler et al., 1997; Groover and
Jones, 1999).

Two recent studies explored the involvement of Cyt ¢ in
plant cell death. With the addition of Cyt ¢, the cytosol of
carrot cells induced mouse liver nuclei to undergo a typical
apoptosis, which could be inhibited by caspase inhibitors
(Yun et al., 1999). p-Man treatment not only promoted
DNA laddering in maize cell suspensions, but also induced
Cyt c release into the cytosol (Stein and Hansen, 1999).
However, the timing of the Cyt ¢ release was correlated
with the degree of DNA laddering, in striking contrast to
the early release in animal apoptosis, in which there are no
nuclear morphological changes (Reed, 1997b). The reported
Cyt c relocation at a late stage of cell death might have been
a secondary effect of loss of mitochondrial integrity.

Petal senescence is an active process requiring new gene
expression at both the transcriptional and the translational
levels (Lawton et al., 1990; Nooden et al., 1997). Treatments
with actinomycin D or cycloheximide generally retard petal
senescence (Wulster et al., 1982; Lay-Yee et al., 1992; Jones et
al., 1994). Several genes highly up-regulated in senescing
petals have been isolated, including 1-aminocyclopropane-
1-carboxylic acid (ACC) synthase and ACC oxidase (Tang
and Woodson, 1996; Clark et al., 1997; Jones and Woodson,
1999), a thiol protease (Jones et al., 1995), a glutathione
S-transferase (Meyer et al., 1991), an enzyme involved in
phosphonate biosynthesis (Wang et al., 1993), wall-based
enzymes (Panavas et al., 1998a), and some genes of un-
known function (Lawton et al., 1989; Raghothama et al.,
1991; Jiang et al., 1994; Do and Huang, 1997).

It is well known that compatible pollination triggers a
series of post-pollination developmental events, including
ovary growth (Zhang and O’Neill, 1993), pigmentation
changes (Whitehead et al., 1984), and petal senescence
(Reid and Wu, 1992; Stead, 1992). The biochemical changes
associated with petal senescence, including an increase in
hydrolytic enzymes, degradation of macromolecules, and
an increase in respiratory activity, constitute a predictable
programmed process (Reid and Wu, 1992).

Floral senescence in Petunia species has previously been
studied primarily with regard to the role of ethylene. As in
other ethylene-sensitive flowers, autocatalytic ethylene
production is characteristic of Petunia petal senescence
with or without pollination (Hoekstra and Weges, 1986;
Singh et al., 1992). Exogenous ethylene accelerated petal
color changes and wilting of Petunia hybrida (Whitehead et
al., 1984), while inhibitors of ethylene biosynthesis and
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action retarded senescence (Hoekstra and Weges, 1986;
Serek et al., 1995). In the self-incompatible species Petunia
inflata, Singh et al. (1992) found that both self-incompatible
and self-compatible pollination resulted in production of
ethylene about 3 h after pollination, but then floral ethylene
production declined to a low level until 18 h, when another
increase in ethylene began to occur in compatibly-
pollinated flowers but not in flowers receiving incompati-
ble pollen. Because petal senescence can be triggered re-
producibly by compatible pollination in P. inflata, we chose
this species as a model system for investigating PCD dur-
ing pollination-induced petal senescence (PIPS).

Despite the long-term interest in floral degeneration,
comprehensive physiological studies have been limited to
petal senescence in carnation and daylily. In this study, we
characterized Petunia PIPS by evaluating a number of pa-
rameters typically measured during floral degeneration,
such as fresh/dry weight, water content, protein degrada-
tion, and membrane integrity. Furthermore, we examined
DNase activity, DNA fragmentation, and Cyt ¢ compart-
mentation, factors known to change during certain types
of PCD.

MATERIALS AND METHODS
Plant Growth and Pollination

Two different Petunia inflata populations bearing differ-
ent S alleles can be used to pollinate each other. A line
termed P. inflata-1 was derived from seed originally re-
ceived from Ken Sink (Michigan State, East Lansing, MI).
The other population, termed P-5-14, was provided by D.
Maizonnier (Dijon, France), who obtained it from a South
American source. Plants were grown at 74°F under 16 h of
daylight and 8 h of darkness. The compatibility of P-S-14
pollen on P. inflata-1 was confirmed by seed production,
while self-pollination of P. inflata-1 flowers did not result in
seed set. Pollen from P-S-14 was used to pollinate P.
inflata-1 on the day of flower opening. At pollination, the
five stamens were removed from P. inflata-1 flowers to
reveal the stigma and to avoid incompatible pollination.

Fresh Weight and Dry Weight Determination

Eight corollas collected at 0, 12, 24, 36, and 48 h after
compatible pollination (HACP) were weighed (fresh
weight) and then baked at 80°C for about 10 h until com-
pletely dry (dry weight). The average fresh weight per
corolla was used in expressing the RNA/protein amount
on a corolla basis.

RNA Isolation and Quantitation

Petal corollas were frozen in liquid N, directly after
collection and kept at —80°C until use. Total RNA was
extracted by TRIZOL reagent according to the manufactur-
er’s instruction (BRL, Gaithersburg, MD). RNA amount
was determined by OD,,, and the concentration was con-
firmed by electrophoresis on a denaturing gel containing
formaldehyde (Maniatis et al., 1989).
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Protein Extraction and Quantitation

For protein extraction, frozen tissues were ground in
liquid N,. After adding extraction buffer (50 mm Tris,
pH7.6, 2 mm EDTA, 2% [w/v] SDS, 2 mm dithiothreitol
(DTT), 14 mm B-mercaptoethanol, and 1 tablet of EDTA-
free protease inhibitor [BRL] for each 30 mL of buffer),
samples were boiled at 100°C for 3 min and centrifuged at
10,000¢ for 3 min. The supernatant was used for protein
quantitation by a modified Lowry method (Larson et al.,
1986). Protein concentration was further confirmed by
SDS-PAGE.

Membrane Leakage

Measurement of ion leakage from corollas was per-
formed essentially as described in Panavas et al. (1998b)
with some modifications. Eight corollas were cut off at the
junction point with the corolla tube at 0, 12, 24, 36, and 48
HACP, incubated in 50 mL of double distilled water for 1 h
under gentle shaking. This solution was tested for sample
conductivity. Then the corollas were boiled in 50 mL of
double-distilled water for 5 min, and this solution was
measured to obtain the subtotal conductivity. Membrane
leakage is represented by the relative conductivity, which
was calculated as sample conductivity divided by total
conductivity (the sum of sample conductivity and subtotal
conductivity). Conductivity of the solutions was measured
with a conductivity meter (model CDMB80, Radiometer,
Copenhagen).

Activity Gel Assays

The detection of DNase and RNase activities was based
on the methods of Blank and McKeon (1991) and Panavas
et al. (1998b) with the following modifications. The resolv-
ing gel contained 100 wg/mL bovine serum albumin (BSA)
and 40 ug/mL Petunia total leaf RNA for RNase activity or
15 pg/mL salmon DNA for DNase activity (for single-
stranded DNase activity, salmon DNA was boiled for 3 min
before use). Equal amounts of total protein from 0, 12, 24,
36, or 48 HACP were boiled for 1 min in 1X SDS sample
buffer (50 mm Tris, pH 6.8, 1% [w/v] SDS, 5% [w/v]
glycerol, 100 mm DTT, and 0.01% [w/v] bromphenol blue)
before loading on 10% SDS-PAGE gels. After electrophore-
sis, the resolving gel was renatured in renaturation buffer
A (0.1 m Tris, pH 7.4, 1% [v/v] Triton X-100, and 5 mm
CaCl,) at 37°C with periodic shaking. The buffer was
changed every 30 min until the bromphenol blue dye dis-
appeared. To study the effect of bivalent ions on DNase
and RNase activities, renaturation buffer B (0.1 m Tris, pH
74, 1% [v/v] Triton X-100, and 20 mm NaCl) was used
instead. After a brief rinse in 0.1 m Tris, pH 7.2, tests for
enzymatic activity were carried out at 37°C. To detect
DNase activity, the gel was incubated overnight in basic
buffer (50 mm Tris, pH 7.0, 20 um CaCl,, 10 um MgCl,, and
20 mm NaCl) or basic buffer plus additional chemicals as
indicated in the figure legends. The same buffers were used
for RNase activity analysis with a 2-h incubation time.
Nucleic acids in the gel were visualized by staining with

0.1 m Tris, pH 7.2, containing 0.5 ug/mL ethidium bromide
for 1 h. Upon UV illumination, DNase or RNase activity
was visualized as a clear band in a stained field.

Cellular Fractionation and Immunoblotting

Two grams of corolla tissue (about 20-30 corollas) from
0, 24, and 30 HACP was ground in grinding buffer (0.4 m
mannitol, 1 mMm EGTA, 20 mM B-mercaptoethanol, 50 mm
Tricine, and 0.1% [w/v] BSA, pH 7.8) for 40 s at 4°C.
Extracts were filtered through four layers of cheesecloth
and one layer of Miracloth (Calbiochem, La Jolla, CA), and
the retained liquid was squeezed out. The filtrate (crude
corolla extract) was centrifuged at 1,500¢ for 5 min at 4°C.
The pellet, containing mainly nuclei and chloroplasts, was
resuspended in grinding buffer. The supernatant (extract
devoid of nuclei and chloroplasts) was centrifuged at
16,000¢ for 15 min at 4°C. Following this second centrifu-
gation, the supernatant thus obtained was taken to repre-
sent the cytosol fraction, and the pellet was resuspended in
grinding buffer to represent the mitochondria fraction. Pro-
tein concentration was measured by Bradford reagent (Bio-
Rad Laboratories, Hercules, CA) using BSA as a standard.
Fifty micrograms of total protein was separated on 12%
SDS-PAGE gels. Cyt ¢ from bovine heart (Sigma-Aldrich,
St. Louis) was used as a positive control. A monoclonal
anti- Cyt ¢ antibody from Pharmingen (San Diego) was
used for immunoblot detection.

DNA Fragmentation Analysis

Genomic DNA from petals of pollinated flowers at 0, 12,
24, or 36 HACP or unpollinated flowers 6 d after opening
was isolated according to a modified cetyl-trimethyl-
ammonium bromide (CTAB) method (Fulton et al., 1995).
Equal amounts of genomic DNA was separated on a 2%
(w/v) agarose gel and transferred to Hybond N* mem-
brane (Amersham, Piscataway, NJ). Probe labeling was
with a random labeling kit (DECAprime II, Ambion, Aus-
tin, TX). After overnight hybridization, filters were washed
twice with 0.2X SSC/0.1% (w/v) SDS at 65°C.

RESULTS
Effects of Pollination on Petal Senescence

Singh et al. (1992) have shown that compatible pollina-
tion induced signs of flower wilting as early as 36 HACP in
detached P. inflata flowers. Since flowers on plants showed
different wilting time courses than detached flowers (Reid
and Wu, 1992), the effect of pollination in planta was
studied. Pollination was carried out by depositing either
compatible pollen from P-S-14 or self-pollen on the stigmas
of emasculated flowers of P. inflata-1 on the day of flower
opening. Wilting was observed clearly at 36 HACP (Fig. 1),
which is consistent with a previous report (Singh et al.,
1992). In contrast to this rapid effect of compatible pollina-
tion, the degree of wilting at 36 HACP shown in Figure 1
was not observed until about 4 d after incompatible polli-
nation or around 6 d after flower opening (data not
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0 12 24 36 48

Figure 1. Effect of compatible pollination on petal senescence in
P. inflata. Flowers of P. inflata-1 were pollinated by pollen from
P. inflata P-S-14 on the day of flower opening. 0, 12, 24, 36, and
48, HACP.

shown). To determine whether pollination-induced wilting
can be caused by unrelated pollen, pollen from tobacco
(Nicotiana tabacum) was applied to the stigma of P. inflata
plants. However, this pollination did not affect the rate of
petal senescence (data not shown), suggesting that the
accelerated wilting response observed depends on the spe-
cific recognition of compatible pollen.

There are two major visual changes during petal senes-
cence in P. inflata: the change of petal color and the collapse
of petal shape. During senescence of either intact flowers
(data not shown) or detached flowers (Singh et al., 1992)
that were not compatibly pollinated, a gradual alteration in
color occurs over about 5 d before severe degeneration
occurs. In detached, compatibly-pollinated P. inflata flow-
ers, Singh et al., (1992) observed color changes before ob-
vious wilting. In contrast, we observed that compatible
pollination results in floral collapse before the color change
when the flowers were not removed from the plant (data
not shown). Our results indicated that compatible pollina-
tion affects the timing of the morphological versus pigmen-
tation changes on intact flowers.

Biochemical Changes in PIPS

The degree of senescence is generally exemplified by
changes in a set of physiological parameters, including
fresh/dry weight, RNA amount, protein amount, and cel-
lular membrane leakage (Smart, 1994). The profiles of these
changes, especially whether different profiles were corre-
lated with each other in the whole process, were examined
in our system. Each parameter was analyzed at three levels:
per corolla, per unit fresh weight, and per unit dry weight,
each providing a different basis for comparison. To mini-
mize the influence of random environmental fluctuations
or biological variations, eight corollas were pooled at each
time point during the same pollination experiment, and at
least six independent pollination experiments were ana-
lyzed for each parameter.

As shown in Figure 2A, both fresh weight and dry
weight increased until 24 HACP and dropped dramatically
at 36 HACP. Water content, represented by the ratio of dry
weight to fresh weight, was constant up to 24 HACP and
then started to increase. This result is consistent with the
traditional concept that the loss of water content in petal
tissues contributes to wilting symptoms (Nooden et al.,

Plant Physiol. Vol. 122, 2000

1997). In contrast to the increase in corolla size until 24
HACP (Fig. 1), which was also reflected by the increase in
the fresh/dry weight (Fig. 2A), the amounts of RNA (Fig.
2B) and protein (Fig. 2C) decreased continuously after
pollination. These results suggest that compatible pollina-
tion triggers molecular changes at a very early stage, de-
spite a healthy appearance of the petal and the increase in
the physical size of the petal.
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Figure 2. Effects of compatible pollination on weight (A), protein (B),
and RNA (C). Eight corollas were taken at each time point for
different measurements. The average result of six independent pol-
lination experiments was presented. For the data per corolla, data
were recalculated based on the average fresh weight at each time
point in order to make different parameters more comparable. Data
are shown as a ratio of the parameter at the time point versus the
parameter at time of flower opening. Error bars indicate the sp. 0, 12,
24, 36, and 48, HACP. A, ¢, Fresh weight/corolla; [J, dry weight/
corolla; A, dry weight/fresh weight. B, &, RNA/corolla; [, RNA/unit
fresh weight; A, RNA/unit dry weight. C, ¢, Protein/corolla; [J,
protein/unit fresh weight; A, protein/unit dry weight.
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Plant cell death is also associated with an increase in
cellular membrane leakage (Borochov et al., 1997; Pontier et
al., 1998), which can be measured by ion leakage. In PIPS,
membrane leakage remains constant until 24 HACP, and
increases dramatically at 36 HACP (Fig. 3), correlating with
the visual wilting symptoms (Fig. 1) but lagging behind
RNA /protein changes (Fig. 2, B and C). This result sug-
gests that the cellular membrane is intact at the early stage
of PIPS.

Both Constitutive and Novel RNase Activities Contribute to
RNA Degradation

To find out whether the degradation of RNA is due to
stage-specific RNases or to the up-regulation of certain
constitutive activities, RNase activity in total protein ex-
tracts from corolla tissue was analyzed in activity gels. The
experimental conditions were optimized for the detection
of the maximum number of RNase bands. As shown in
Figure 4A, two major RNase bands (R1 and R2) were
present in both open petals and senescing petals at 36
HACP. Two additional RNase bands (R3 and R4) appeared
in senescing petals at 36 HACP, but not in open petals (Fig.
4A), suggesting that there are novel RNase activities in
PIPS. Several RNase bands between R1 and R2 showed
weak activity, which were likely to result from low abun-
dance or unfavorable enzymatic reaction conditions.

To examine how the constitutive and novel RNase activ-
ities were regulated during PIPS, RNase activities were
monitored over time. Figure 4B reveals that R1 and R2
were present in both healthy and wilted corolla, and the
total amount of constitutive RNase activity increased after
12 HACP. Novel RNase activities, on the other hand, ap-
peared at 12 HACP and increased up to 48 HACP (Fig. 4B).
Although RNA amounts decreased continuously after
compatible pollination (Fig. 2C), the new RNase activities
did not increase substantially until after 24 HACP (Fig. 4B).
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Figure 3. Relative conductivity profile after compatible pollination.
Each time point represents 56 corollas, with eight corollas taken for
each time point during seven different experiments. Relative con-
ductivity is the ratio of sample conductivity to total conductivity
(see “Materials and Methods”). sb is indicated as error bars on the
average data.
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Figure 4. Characterization of RNase activities during petal senes-
cence. Fifty micrograms of total corolla protein from different time
points was used for RNase detection. Petunia total RNA was incor-
porated into the resolving gel at 40 pg/mL. A, Detection of RNase
activities in open corollas and corollas at 36 HACP on 12% SDS-
PAGE. B, Time course induction of RNases separated on 10% SDS-
PAGE after compatible pollination over the senescing period (top).
The bottom bar graph shows densitometry data of the total activity of
R1 and R2 relative to the activity in open flowers. C, Tissue-specific
expression of RNases on a 10% SDS-PAGE gel. M, Rainbow marker;
L, young leaf; S, young stem; R, root; C, corolla from open flowers;
0, 12, 24, 36, and 48, HACP.

These results suggest that the initial RNA degradation is
partially due to the increased activity of constitutive
RNases.

To investigate whether the two constitutive RNases were
petal specific, 50 ug of total protein extracts from other
tissues (leaf, stem, and root) was subjected to an in-gel
RNase activity assay. Figure 4C shows that the activities of
both R1 and R2 were present in all of the tissues tested,
suggesting that R1 and R2 are not petal specific but, rather,
are involved in non-specific degradation of foreign RNAs
or endogenous RNAs. In contrast, R3 and R4 are develop-
mentally regulated.
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Cyt c Is Not Released during Petal Senescence

During apoptosis in animal systems, the release of Cyt ¢
occurs before visible morphological changes. To investi-
gate Cyt c relocation during PIPS, corolla tissues from 0, 24,
and 30 HACP were fractionated to separate the cytosol and
mitochondria by differential centrifugation. Preliminary
experiments showed that plant Cyt ¢ reacts with a mono-
clonal anti-Cyt ¢ antibody from Pharmingen but not with
one from Calbiochem.

Figure 5 shows that Cyt ¢ was detected in crude corolla
extract (A, lanes 1 and 6), the supernatant devoid of nuclei
and chloroplasts (S, lanes 2, 7, and 11), mitochondrial ex-
tracts (M, lanes 4, 9, and 13), and the pellet containing
nuclei and chloroplasts (P, lanes 5, 10, and 14). This distri-
bution of Cyt ¢ signal is consistent with the location of Cyt
¢ in mitochondria and thylakoids (Kranz et al., 1998). In
contrast to the accumulation of Cyt c in the cytosol during
animal apoptosis (Yang et al., 1997), no Cyt c was detected
in the cytosol at 24 HACP, and only trace amounts of Cyt
¢ were detected at 0 and 30 HACP, possibly due to sample
leakage from neighboring wells during electrophoresis. To
confirm this, fractions of cytosol and mitochondria at 0, 24,
and 30 HACP were reloaded, separated, and subjected to
immunoblotting with the same antibody. Cyt c was consis-
tently detected in mitochondria at equal levels, but absent
from the cytosol at all time points (Fig. 6). Considering that
the petals had collapsed at 30 HACP (data not shown), our
results suggest that the release of Cyt c is not involved in
early signaling cascade during PIPS, which is in marked
contrast to the critical role of Cyt c release in apoptosis in
animal systems.

DNA Laddering Coincides with Wilting Symptoms

DNA laddering is one hallmark feature of the late stages
of PCD. To visualize DNA ladder formation in senescing
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Figure 5. Abundance of Cyt c in cellular fractions at flower opening
and following compatible pollination. Immunoblot of a 12% SDS-
PAGE gel was probed with a monoclonal anti-Cyt c antibody. A,
Crude petal extract; S, 1,500g supernatant (extract devoid of nuclei
and chloroplasts); C, 16,000g supernatant (cytosol); M, 16,000g
pellet (mitochondria); and P, 1,500g pellet (nucleus and chloroplast).
Bar graph indicates comparative densitometry data of the Cyt c signal
with the highest signal in mitochondria as 1.
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cytosol mitochondria

CmO0 24 30 0 24 30

Figure 6. Distribution of Cyt ¢ during pollination-induced petal se-
nescence. Immunoblot of a 12% SDS-PAGE gel probed with a mono-
clonal anti-Cyt ¢ antibody (top). The bottom panel shows Ponceau
staining of the same gel as a loading control. Bovine Cyt ¢ (40 ng,
lane C) was used as a positive control (15 kD). m, Rainbow marker;
0, 24, and 30, HACP.

petals, P. inflata genomic DNA extracts from 0, 12, 24, and
36 HACP were separated, transferred to nylon membranes,
and hybridized with radiolabeled Petunia genomic DNA.
The typical DNA ladder with an increment of 160 bp
appears at 36 HACP (Fig. 7A), which is also present in the
natural wilting process 6 d after flower opening (Fig. 7B).
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Figure 7. Analysis of P. inflata for DNA fragmentation. Equal
amounts of genomic DNA (2 ug for A-C; 8 ug for D) were separated
on a 2% (w/v) agarose gel and then transferred to a nylon membrane.
The membrane was probed with Sau3A1-digested P. inflata genomic
DNA (A and B), a Petunia repetitive DNA (C), and Brassica 255 rDNA
(D). 0, 12, 24, and 36, HACP; 144, hours after flower opening.
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To explore whether the DNA degradation associated
with wilting symptoms is sequence specific, several probes
were used to detect potential differences in the DNA lad-
der pattern and band strength. When a repetitive DNA
sequence or a 255 rDNA fragment was used as the probe
for hybridization, the same DNA ladders with an incre-
ment of 160 bp were obtained (Fig. 7, C and D). In addition,
hybridization with two senescence-related, low-copy num-
ber genes resulted in the detection of only the top intact
genomic DNA (data not shown), implying that there are no
favorable digestion sites around these genes. Therefore, the
DNA degradation is likely to be random.

Multiple Deoxyribonucleases Are Activated in
Senescing Petals

DNA degradation could be mediated by DNases with
either single-strand (ss) or double-strand (ds) specific ac-
tivities. To investigate whether the DNA degradation
associated with wilting is due to ssDNase activities or
dsDNase activities, an in-gel DNase activity assay was
performed. The conditions were optimized for detection of
the maximum number of DNase activities. Fifty micro-
grams of total protein extracts purified from senescing
corollas at different time points was separated on 10% poly-
acrylamide gels containing either ssDNA or dsDNA from
salmon sperm, and subjected to treatments to reveal DNase
bands, as described in “Materials and Methods.”

In the presence of ssDNA, five DNase bands (D1, D2, D3,
D4, and D5) were observed (Fig. 8A). Activities of all
ssDNase bands increased during senescence (Figs. 8A and
9). In the presence of dsDNA, four DNase bands, corre-
sponding to D2, D3, D4, and D5 in Figure 8A, were ob-
served that increased during senescence (Fig. 8B). The band
corresponding to D1 was absent on the dsDNase activity
gel, suggesting that this band may be ssDNA specific.
Since both ssDNase and dsDNase activities increased over
time during PIPS, it is likely that genomic DNA degrada-
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Figure 8. Characterization of ssDNase and dsDNase activities during
petal senescence. Fifty micrograms of total corolla protein from
different time points was separated on a 10% (w/v) SDS-PAGE gel for
ssDNase (A) and dsDNase (B) detection. Salmon DNA was used as the
substrate. 0, 12, 24, 36, and 48, Hours after compatible pollination.
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Figure 9. Effect of Ca®* and Mg?" on DNase D2 and RNase R1

activities in corolla tissue at 0 and 36 HACP. Ten micrograms of total
corolla protein at 36 HACP was separated on 10% SDS-PAGE gels for
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tion resulted from the activation of both types of DNase
activities.

Bivalent lons Promote Both DNase Activity and
RNase Activity

Since Ca”" has been shown to enhance DNase activities
in animal apoptosis, the effects of bivalent ions on RNase
and DNase activities were tested. Because preliminary re-
sults showed that all five DNase activities and four RNase
activities were enhanced by either Ca®* or Mg>* (data not
shown), all activity tests were done in the presence of Ca**
(20 um) and Mg>* (10 um) in the basic buffer. As visible in
Figures 4B and 8, the use of high protein amounts (50 pg)
led to saturation of some of the enzymatic activities. To
determine whether the major nucleases also increase over
time, 10 ug of total protein was separated on SDS-PAGE
gels, renatured in renaturation buffer B, and examined for
activities of major DNase D2 and major RNase R1. As
shown in Figure 9, both DNase and RNase had higher
levels of activity in wilted petals at 36 HACP than at 0
HACP. Both DNase and RNase activities were inhibited by
EDTA, a chelator for Ca>* and Mg*" (compare lanes 1 and
2). The addition of higher concentrations of Ca®>" or Mg>"
(1 mm) in the reaction buffer did not enhance the activity
much further (compare lanes 1, 3, and 5), suggesting that
the amount of bivalent ions in the basic buffer was at a
saturation level. Complete chelation of bivalent ions by
including 1 mm EDTA in the reaction buffer reduced
DNase activities and RNase activity to similar levels (com-
pare lanes 2, 4, and 6).

DISCUSSION

We have investigated a number of aspects of PIPS in P.
inflata. Our results are consistent with the current knowl-
edge that petal senescence is associated with water loss, a
decrease in RNA and protein content, and an increase in
membrane leakage. The degradation of total RNA is likely
caused by both constitutive RNases and induced RNases.
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We also explored the similarity between PIPS and apopto-
sis in animal cells using two hallmark events in animal
apoptosis. One early regulatory event, the accumulation of
Cyt c in the cytosol, was not detected until the late stage of
PIPS, when the flower had collapsed. The other most
widely used criterion for apoptosis, DNA laddering, was
present in wilted petals. We also showed that both RNases
and DNases can be activated by bivalent ions.

Successful compatible pollination orchestrates coopera-
tive developmental pathways in different floral organs in-
cluding accelerated petal senescence (Reid and Wu, 1992).
Our observation that only compatible pollination in planta
considerably shortens the flower lifespan confirmed the
results obtained from detached P. inflata flowers (Singh et
al., 1992). In addition, compatible pollination in planta also
switched the order of two major wilting symptoms, placing
floral collapse ahead of petal color change. This implies
that different signaling cascades are involved in petal se-
nescence, and can be differentially regulated.

Comparing the time courses of different parameters over
the senescence period provided a better understanding of
PIPS. Up to 24 HACP, the increase of fresh/dry weight
(Fig. 2A) and physical size (Fig. 1) was accompanied by a
decrease in RNA (Fig. 2B) and protein amounts (Fig. 2C).
Meanwhile, membrane integrity had changed very little
(Fig. 3). At this point petal cells were quite intact in terms
of membrane integrity, the ability to synthesize new mol-
ecules for floral expansion, and the rapid degradation of
RNA and protein. At 36 HACP, the wilting symptoms were
associated with a decrease in water content or an increase
in the ratio of dry weight to fresh weight (Fig. 2A), a
continuous decrease in RNA and protein content (Fig. 2, B
and C), malfunction of cellular membranes (Fig. 3), and an
increase in nuclease activities (Figs. 4 and 8). Taking into
account the dramatic differences between 24 and 36 HACP
in morphology (Fig. 1), water and weight losses (Fig. 2A,
confidence level 95%), membrane leakage (Fig. 3), enzyme
activity (Figs. 4 and 8), and DNA laddering (Fig. 7), the
massive disassembly stage seems to be between 24 and 36
HACP. This timing coincides with the peak production of
ethylene in petal tissues 24 HACP (Singh et al., 1992).

An increase in RNase activity has been associated with a
variety of processes, including senescence (Wilson, 1982).
The role of RNase in senescence was thought to remobilize
phosphate (Wilson, 1982; Taylor et al., 1993). Three major
RNases have been shown to increase in senescing petals of
daylily, an ethylene-insensitive flower (Panavas et al.,
1998b). Our RNase activity assay showed that several
RNase activities also increase in senescing corollas of P.
inflata, an ethylene-sensitive flower. Two major constitu-
tive RNase activities (R1 and R2) were present in all the
healthy tissues tested (Fig. 4C), suggesting their wide in-
volvement in RNA degradation. During PIPS, the up-
regulation of constitutive R1 and R2 activities was accom-
panied by the activation of two new RNase bands (R3 and
R4) (Fig. 4, A and B). The continuous decrease in RNA
amount after pollination (Fig. 2A) and the relatively low
activities of R3 and R4 until 24 HACP (Fig. 4B) suggests
that PIPS mobilizes both constitutive RNases and new
RNases in RNA degradation. However, it does not rule out
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the possibility that certain RNAs are selectively degraded
during senescence.

DNA laddering is widely present in plant PCD, includ-
ing natural petal senescence in pea (Orzaez et al., 1997Db).
We were able to detect the presence of a typical DNA
ladder with an increment of 160 bp in corolla tissues at 36
HACP during PIPS (Fig. 7A) and naturally occurring se-
nescence 6 d after flower opening in P. inflata (Fig. 7B).
These results indicate that DNA ladder formation is a
common feature associated with petal senescence. To in-
vestigate whether this DNA laddering is sequence specific,
we determined whether differences in DNA ladder pattern
or banding strength could be detected using different
probes. Four different probes were tested, including two
probes present at a high copy number in the genome and
two senescence-related genes with a low copy number.
Hybridization with a Petunia repetitive DNA (Fig. 7C) or a
Brassica 255 rDNA (Fig. 7D) revealed the same DNA ladder
as probing with genomic DNA (Fig. 7A). When two low-
copy-number genes that are up-regulated during petal se-
nescence (data not shown) were used for hybridization,
only the top undigested DNA was detected. These results
suggest that there are no favorable digestion sites sur-
rounding these four sequences. The failure to detect small
DNA banding by the two senescence-related genes may be
due to the weak signal caused by the low copy number of
the probes. Our data are consistent with non-specific cleav-
age at internucleosomal points that leads to the formation
of a ladder of 160-bp multiples.

Consistent with the detection of both ssDNA and dsDNA
cleavage in apoptosis (Bortner et al., 1995), one deoxyribo-
nuclease purified from nuclei undergoing the hypersensi-
tive response showed activity toward both ssDNase and
dsDNA (Mittler and Lam, 1995). Our in-gel DNase activity
assay showed that both ssDNase and dsDNase activities
were induced in senescing corollas (Fig. 8), implying that
the cleavage of genomic DNA may happen at both ssDNA
and dsDNA sites. In contrast to the induction of new
DNase activities at 12 HACP (Fig. 8), the DNA ladder was
not detectable until 36 HACP (Fig. 7). This could be ex-
plained by a change in the accessibility of genomic DNA to
DNases. Both different compartmentation of DNases and
genomic DNA and the integrity of chromosomal structure
may protect DNA from degradation at the early stages of
PIPS. At 36 HACP, leaky membranes and the disintegra-
tion of chromosomal structures may expose genomic DNA
for degradation.

A large number of studies have shown consistently that
apoptosis is associated with an elevated level of intracel-
lular Ca®>* (Nicotera and Rossi, 1994; McConkey and Or-
renius, 1997). In plants, elevation of Ca?" has also been
involved in cell death processes, including hypersensitive
response cell death, tracheary cell death, aleurone cell
death, leaf senescence, and petal senescence (Leshem, 1987;
Porat et al., 1995; Levine et al., 1996; Kuo et al., 1996; Xu
and Heath, 1998; Groover and Jones, 1999). The application
of Ca®" increases both DNase activity and DNA laddering
in both animal cells and plant cells (Bortner et al., 1995;
Wang et al., 1996a). Our results are consistent with the
published results in that both DNase and RNase activities
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were activated by Ca®**/Mg?* and inhibited by EDTA
(Fig. 9).

Cyt c is an electron transport protein involved in respi-
ration and photosynthesis (Kranz et al., 1998). In apoptosis,
release of Cyt ¢ from the mitochondrial intermembrane
space into the cytosol precedes any morphological changes
(Bossy et al., 1998). The translocation of Cyt ¢ into the
cytosol was detected in maize cell suspensions after p-Man
treatment (Stein and Hansen, 1999). However, the timing of
this Cyt c release was correlated with the onset of DNA
laddering, which is characteristic of the late execution stage
of cell death processes. In P. inflata PIPS, Cyt ¢ remained
localized in organelles until the flower shape has collapsed
(30 HACP) (Fig. 6). The discrepancy between PIPS and
maize suspension cell death could be due to differences in
the experimental systems and death elicitors used. The
involvement of Cyt ¢ in other types of plant cell death
would be informative with regard to the significance and
universality of this event.

The retention of Cyt ¢ during early PIPS suggests that
there are several unique features to this cell death process.
First, it is believed that changes in mitochondrial mem-
branes lead to the release of Cyt c in apoptosis (Green and
Kroemer, 1998). In PIPS it appears that mitochondrial
membranes are intact until an advanced stage of cell de-
generation. This is in agreement with the observation that
the loss of mitochondrial and nuclear membrane integrity
occurs late in leaf senescence (Smart, 1994). Since plant Cyt
c is located in both mitochondria and plastids (Kranz et al.,
1998), the absence of cytosolic Cyt c (Figs. 5 and 6) is
evidence of the integrity of the mitochondrial and plastid
membranes until late in PIPS. Second, cytosolic Cyt c is
unlikely to be involved in the early signaling network from
compatible pollination until floral collapse in P. inflata. This
is in contrast to apoptosis in animal systems, in which the
released Cyt ¢ functions as an early regulatory molecule to
activate downstream caspases. Although Cys proteases
have been reported to be involved in petal senescence
(Jones et al., 1995), the mechanism of Cys protease activa-
tion in PIPS is likely to be different from that of animal
caspases.

It is possible that the PCD mechanisms in plants and
animals have their own unique features as a consequence
of the fundamental differences in cellular organization, life
cycles, developmental patterns, and response to the envi-
ronment (Mittler, 1998). First, animal PCD aims to elimi-
nate the dying cells completely without causing any side
effects. Plants are much more tolerant of aberrant cell death
or overgrowth as an organism and the remains of dead
plant cells are even required for proper plant functioning,
such as in tracheary development (Fukuda, 1997). The re-
lease of cellular debris into the intercellular space can cause
an inflammatory response in animals, while such an im-
mune reaction is absent from plant cells. Second, plant cells
are immobile, restricted by rigid cell walls, which prevents
the recycling of the cellular content of dead cells via en-
gulfment of apoptotic bodies. Therefore, contents of dying
plant cells may be degraded to small molecules and trans-
ported to other cells (Mittler, 1998). Third, a plant cell has
two unique organelles, the chloroplast and the vacuole,

which may give unique features to plant cell death. Fourth,
the cell fate of a plant cell is much less determined than that
of an animal cell; therefore, even when important cells die,
their neighboring cells can differentiate or redifferentiate to
take over their function, while in animal cells, some types
of dead cells cannot be replaced.

Evidence for mechanisms unique to plant PCD are accu-
mulating. First, plant homologs of regulatory molecules
important to apoptosis in animals have not been identified
or shown to be related to plant cell death. Members of the
Bcl-2 family and mitochondria play critical roles in apopto-
sis (Reed, 1997a, 1997b); however, the sequence of a Bcl-2
homolog has not yet been reported in plants, despite recent
increases in plant gene sequences from genomics projects.
In addition, the expression of Bcl-x; could not inhibit
pathogen-induced cell death in tobacco (Mittler et al.,
1996). Though there are plant homologs to DAD-1, which
specifies an anti-apoptotic activity in animals, the function
of DAD-1 in plants is unknown (Gallois et al., 1997; Tanaka
et al., 1997). Second, changes in both chloroplasts and
vacuoles have been detected in the early stages of plant cell
death. Leaf senescence is believed to initiate from signals
from the chloroplast (Smart, 1994). During the hypersensi-
tive response of tobacco to tobacco mosaic virus, an in-
crease in monomeric chloroplast DNA occurred before
gross changes in nuclear morphology and significant chro-
matin cleavage (Mittler et al., 1997). Vacuolization is a very
early event in xylogenesis (Groover and Jones, 1999). Third,
although Cys proteases are involved in all types of plant
PCD studied so far (Fukuda, 1997; Del and Lam, 1998;
Solomon et al., 1999; Xu and Chye, 1999), it is not known
whether these Cys proteases are similar to animal caspases
in terms of activation and substrates. In P. inflata PIPS, Cyt
¢ was undetectable in the cytosol at a late stage of senes-
cence (Fig. 6), arguing against the involvement of Cyt ¢ in
the activation of Cys proteases during the early stage of
petal senescence. Last, despite the early changes in mito-
chondria during apoptosis in animals, the loss of structural
integrity of mitochondrial and nuclear membranes occurs
at the late stage in leaf senescence (Smart, 1994). Since plant
Cyt c is located in both mitochondria and plastids (Kranz et
al., 1998), the absence of cytosolic Cyt c (Figs. 5 and 6) is
evidence for the intactness of the mitochondrial and plastid
membranes until the late stages of PIPS.
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