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Abstract We studied DNA degradation and nuclear
fragmentation during programmed cell death (PCD) in
petals of Ipomoea nil (L.) Roth flowers. The DNA deg-
radation, as observed on agarose gels, showed a large
increase. Using DAPI, which stains DNA, and flow
cytometry for DAPI fluorescence, we found that the
number of DNA masses per petal at least doubled.
This indicated chromatin fragmentation, either inside
or outside the nucleus. Staining with the cationic lipo-
philic fluoroprobe DiOC; indicated that each DNA
mass had an external membrane. Fluorescence micros-
copy of the nuclei and DNA masses revealed an initial
decrease in diameter together with chromatin conden-
sation. The diameters of these condensed nuclei were
about 70% of original. Two populations of nuclear
diameter, one with an average diameter about half of
the other, were observed at initial stages of nuclear
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fragmentation. The diameter of the DNA masses then
gradually decreased further. The smallest observed
DNA masses had a diameter less than 10% of that of
the original nucleus. Cycloheximide treatment arrested
the cytometrically determined changes in DNA fluo-
rescence, indicating protein synthesis requirement.
Ethylene inhibitors (AVG and 1-MCP) had no effect
on the cytometrically determined DNA changes, sug-
gesting that these processes are not controlled by
endogenous ethylene.

Keywords DNA degradation - DNA mass - Nuclear
fragmentation - Petal senescence - Programmed cell
death - Wilting

Abbreviations
AVG Aminoethoxyvinyl glycine
CHI  Cycloheximide

DAPI 4,6-Diamidino-2-phenylindole
DiOCq 3,3'-Dihexyloxacarbocyanine iodide
1-MCP 1-Methylcyclopropene

PCD  Programmed cell death

Introduction

Programmed cell death (PCD) during normal plant
development is characterised by organised degradation
of most organelles, followed by rupture of the tono-
plast. After tonoplast rupture, the released enzymes
result in rapid degradation of what remains of the cell
(Obara et al. 2001). Changes in the nucleus during
plant PCD usually include chromatin condensation and
degradation of proteins and nucleic acids. In some
cells, this is accompanied by fragmentation of the chro-
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matin into a number of smaller masses, which may rep-
resent nuclear fragmentation (Wang et al. 1996; Danon
and Gallois 1998; Yao et al. 2004). In other plant cells
no apparent fragmentation of the chromatin occurs
during PCD; hence no nuclear fragmentation takes
place. Only following vacuolar rupture the nucleus rap-
idly disappears (Obara et al. 2001).

Relatively little is known about the details of
nuclear fragmentation during plant cell PCD. This is in
contrast with animal PCD. Transmission electron
microscopy of apoptotic cells showed that the nucleus
often becomes fragmented whereby each part remains
surrounded by a membrane, and that the fragments are
transferred to apoptotic bodies (Boe et al. 1991; Dini
et al. 1996; Sun et al. 2000).

The PCD in animals is often categorised into three
types: (1) apoptosis, which ends in degradation inside
the lysosome (vacuole) of another cell, (2) autophagy,
which is a mechanism whereby the cell degrades itself,
mainly by lysosomal activity, and (3) non-lysosomal
death, based mainly on a mechanism other than lyso-
somal action. Nuclear fragmentation is considered to
be common in apoptotic cells (Hockenbery 1995), but
may also occur in the other types of PCD. In plants, no
true apoptosis seems to occur, whereas autophagic and
non-lysosomal PCD are apparently common (van
Doorn and Woltering 2005). It is not clear if these cate-
gories of plant PCD would in any way coincide with the
presence or absence of nuclear fragmentation, and
with the kind of fragmentation.

Nuclear fragmentation should be distinguished from
chromatin fragmentation. If the chromatin fragments
into some large masses inside the original nuclear
membrane the process must be called chromatin frag-
mentation and not nuclear fragmentation. Several
papers on the plant PCD show that the chromatin in a
cell becomes fragmented into a number of DNA
masses. This can mean one of the four things: (1) the
chromatin becomes fragmented into large masses
inside the same nuclear membrane, (2) the fragmenta-
tion resulted in DNA masses that are each surrounded
by a membrane, (3) the chromatin has become frag-
mented into masses each without a surrounding mem-
brane, and (4) a combination of (1)—(3). The
phenomena 2 and 3 may be called nuclear fragmenta-
tion.

Wang et al. (1996) studied PCD in toxin-treated
tomato protoplasts. Numerous bodies, close to the cell
periphery, stained with Hoechst 33342, a probe for
DNA. Although it was claimed that these bodies were
the result of nuclear fragmentation, the authors did not
check whether these DNA masses were inside the
nuclear membrane or not. Danon and Gallois (1998)
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observed PCD in Arabidopsis protoplasts treated with
UV radiation. Many round-shaped DNA masses were
observed at the cell periphery. Again it was not shown
if these masses were still inside a nuclear membrane.
Yao et al. (2004) similarly showed that the chromatin
in the cell became fragmented, but did not show if the
DNA masses were inside the original nuclear mem-
brane or not, and if not, if they each were surrounded
by a membrane. Finally, in previous work from one of
our labs we also showed fragmentation of the chroma-
tin during plant PCD, using flow cytometry (Marubashi
et al. 1999; Yamada et al. 2001, 2003). These data also
did not allow a distinction between the earlier possibil-
ities (1)—(4).

We now used the ephemeral Ipomoea nil flower as a
model. I. nil and the closely related I tricolor have
been widely used in previous studies on petal senes-
cence (Winkenbach 1970; Matile and Winkenbach
1971; Baumgartner et al. 1975; Beutelmann and Kende
1977). The purpose of the present paper was to estab-
lish if there is chromatin fragmentation or nuclear frag-
mentation during PCD in the petals of this species, and
if so, how its time line is related to other PCD parame-
ters. Our hypotheses were: (1) nuclear DNA degrada-
tion in Ipomoea petal cells occurs prior to cellular
collapse, and (2) nuclear fragmentation occurs.

Materials and methods
Plant material

Seedlings of I. nil (L.) Roth cv. Violet (seeds from
Marutane Co., Kyoto, Japan) were grown in a con-
trolled chamber at 24+1°C, about 70% relative humid-
ity (RH) and 13 h per day cool-white fluorescent light
(100 pmol m~2s!). The light period was from 0800 to
2100 hours. The flowers were almost fully open when
the lights turned on.

Colour change and petal inrolling

The colour of the abaxial surface of the merged petals,
between the midribs, about halfway from the distal
edge and the petal base, was measured with a CR-400
colorimeter (Konica Minolta Co., Ltd., Tokyo, Japan).
Colorimetric values were determined using the CIE
L*a*b* system, and hue angles (h°) were calculated
from the a* and b* values according to McGuire
(1992). The average was obtained from values in three
parts of each corolla.

For inrolling, the abaxial surface of the petals was
photographed horizontally. The diameter aligned with
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the midrib of the merged petals was measured by Sim-
pleDigitizer version 3.01 software for image analysis
(free to download at http://www.vector.co.jp/). The
means was calculated from the diameters of five posi-
tions on each corolla. The inrolling index was calcu-
lated as the percentage decrease from the maximum
diameter.

DNA degradation

The DNA breakdown was detected by agarose gel
analysis and by flow cytometry. For gel analysis, total
DNA was extracted according to Yamada and
Marubashi (2003). The DNA solution was immedi-
ately electrophoresed in a gel containing 3% agarose
and stained with SYBR Gold nucleic acid gel stain
(Molecular Probes, Eugene, OR, USA). The gel pat-
tern was photographed, using an electronic UV trans-
illuminator system (model FAS-III mini + DS-30;
Toyobo, Tokyo, Japan). The DNA degradation pat-
tern was also scanned using the STORM 830 Phos-
phorImager system (Amersham Biosciences), which
quantitatively detects fluorescence intensity. The
DNA degradation index was calculated using CS
Analyzer Version 2.02b (Atto, Tokyo, Japan), soft-
ware for DNA analysis. The DNA degradation index
is the percentage of signal intensity between frag-
mented DNA (area B in Fig. 1c¢) and total DNA (area
A in Fig. 1¢). In Fig. 1c the DNA degradation index
values under the gel pictures are means of three gels,
one flower per gel.

The DNA levels were also estimated by flow
cytometry (Yamada et al. 2003). Briefly, the petals
were chopped in nuclear extraction buffer, which was
included in the high resolution kit for Plant DNA
(Partec, Miinster, Germany), a reagent set provided
by the manufacturer of the flow cytometer. The
extraction buffer is a low pH solution containing Tri-
ton X-100. The extract was filtered through 50-pm
nylon mesh. The medium with the isolated nuclei was
collected, the buffer with the fluorescent DNA stain
4,6-diamidino-2-phenylindole (DAPI) from a stan-
dard reagent set (Partec) was added, and the solution
was vortex mixed. The DNA content of the isolated
nuclei was analysed using a flow cytometer (Ploidy
Analyzer, Partec). The DNA levels were obtained in
a total of 10,000 nuclei. It should be noted that the
large histogram peak was adjusted to 10 on the fluo-
rescence scale. This means that nuclear condensation
was not taken into account.

The DNA leakage from the DNA masses was
assessed using agarose gels. Nuclei were isolated
according to standard method in the isolation buffer,

and the DNA leakage was measured by taking a sam-
ple from the buffer. The same was done after standing
of the isolation buffer with the nuclei for 1 h at 28°C.
As DNA will be present at low concentration only, it
was concentrated using the macromolecular carrier
and isopropanol precipitation. Sodium acetate solution
(3 M) and a macromolecular carrier for DNA (Etha-
chinmate, Nippon gene, Toyama, Japan), were added
to the isolation buffer and mixed. This was done just
after using the standard procedure for the isolation
buffer. The isolation buffer was then immediately
mixed with an equal volume of isopropanol and centri-
fuged for 30 min at 22,400g. The precipitate was
washed with 70% ethanol and dissolved in 10 mM
Tris—-HCI (pH 8) containing 10 mM EDTA. The pre-
cipitate solution was electrophoresed in a 3% agarose
gel and stained with SYBR Gold.

Total number of DNA masses per corolla

The number of DNA masses was measured by
extraction of the nuclei as described and flow cytom-
etry as described. The DNA masses were extracted
from a whole corolla using 1.5 ml of buffer. The final
volume of the extraction was adjusted to 2 ml, using
the buffer solution. A quarter aliquot of the total
extraction volume (0.5 ml) was used to measure the
number of DNA masses, using flow cytometry. The
data were multiplied by 4 to obtain the number of
DNA masses per corolla. This was done at =0, 6, 12,
18, 24, 30, 36, 42, and 48 h, using five replications
(flowers).

Morphological analysis

Nuclei and DNA masses were isolated as described for
flow cytometry. Isolated DNA masses were stained
with DAPI, which stains DNA, and/or with 3,3'-
dihexyloxacarbocyanine iodide (DiOCg), which stains
lipophilic materials. The DNA masses were observed
under a fluorescence microscope (model PROVIS
AX70, Olympus, Tokyo, Japan) using U excitation
(330-385nm) for DAPI and IB excitation (460-
490 nm) for DiOC,. Digital pictures of DNA masses
were obtained for each stain using a low light cool
CCD camera (model DP30BW, Olympus). Images of
DNA masses stained with DAPI and DiOC, were
overlaid by Meta Morph Version 6.2r6 software (Uni-
versal Imaging Corp., Downingtown, PA, USA). The
diameter of the DNA masses on the pictures was mea-
sured by SimpleDigitizer version 3.01. The average
diameter was calculated from 100 DNA masses, ran-
domly selected from pictures.
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Fig. 1 Time course of visible
senescence and DNA degra-
dation in the petals of Ip-
omoea nil. a Stages of flower
life. b Visible petal senes-
cence. Colour change was as-
sessed by the detection of hue
angle of the petals, using a col-
orimetric method. Inward
rolling was calculated as a per-
centage of decrease in diame-

ter from the maximum 12h
diameter of the corolla. ¢
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Treatment with chemicals; ethylene production

Flowers were excised at r=0 h and then transferred to
sterile distilled water as a control or aqueous solutions
of either 1 mM CHI or 1 mM aminoethoxyvinyl glycine
(AVG). Cut flowers were put into closed 701 clear
plastic chambers containing fresh air (control) or
1 pul 17! ethylene, with or without 2 pl 17! 1-methylcy-
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clopropene (1-MCP), at 24+1°C under continuous illu-
mination (100 pmol m—2s™1).

Ethylene production was measured after careful
excision of the petal from flowers treated with AVG or
CHI, and then enclosed in a 50-ml glass vial flushed
with ethylene-free air. After 1h of incubation under
the same conditions as the cut flowers, ethylene in the
2 ml of headspace gases was detected using a gas chro-
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matograph (model GC—14B, Shimadzu, Kyoto, Japan)
equipped with a flame ionisation detector (model C-
R6A, Shimadzu) and a 100-cm stainless steel column
packed with activated alumina. The column tempera-
ture was 80°C and the detector was 100°C, with a nitro-
gen gas pressure of 40 kPa.

Statistics and repeat experiments

All experiments used at least five replications (flowers),
and were repeated at least once at a later date. When
indicated the data of several repeat experiments were
averaged. The data of Figs. 2a and 6 were analysed by
multiple comparison using Fisher’s Protected Least Sig-
nificant Difference (PLSD) method at 1% level.

Results

Time line of visible senescence symptoms; DNA degra-
dation

We designated the onset of the light period
(0800 hours), as time 0 (=0 h). The flowers were then
almost fully open (Fig. 1a). The flower started to open
at about 0500 hours (z=—3 h) and, depending on the
flower, was fully open between 1100 and 1300 hours
(z=3-5 h; results not shown). The first visible symptom
of senescence was a colour change from blue-red to
red-purple, which started at about 1100 hours and was
complete by 1900 hours (z=11 h; Fig. 1b). The onset of
the colour change was followed by inward rolling of the
petals, starting at about =9 h and complete by =24 h.
Inward rolling was due to turgor loss of the cells, which
started at the distal petal edge, both in the midribs and
in the tissue between the ribs. Rib movement was
apparently the main force behind inward rolling.

The DNA degradation was observed using agarose
gel analysis (Fig. 1c). The gels of material extracted at
t=—06 to 6 h showed a little degradation. A considerable
increase in degradation was observed from =12 to 30 h.
Faint DNA laddering was observed at r=24 and 30 h.

Increase in the number of DNA masses

We tested the idea that the DNA masses can fragment,
either inside the nuclear envelope or as a result of
nuclear fragmentation. The whole corolla was excised
at intervals and total number of DNA masses per
corolla was counted. This number increased from
about 120,000 at =0 h to about 260,000 at =18 h, and
then decreased (Fig. 2a). As described in the following
section, the method fails to detect masses with very

small DNA fluorescence. This is shown by the cut-off
values at the right side of each panel in Fig. 2b.

Part of the increase in DNA masses might be due to
mitosis. In the first six panels in Fig. 2b, the small peak
at the right represents mitotic nuclei (called G2/M). At
t=0 h the area under the small peak indicated that the
number of mitotic nuclei was 6.4% of the total number
of nuclei. At later stages this percentage was similar or
smaller, until /=24 h when no more mitosis was found.

Flow cytometric determination of DNA fluorescence

The results of the flow cytometric method are shown in
Fig. 2b. In these tests the method determined fluores-
cence per DNA mass in 10,000 masses. In the first five
panels the large peak above the 10 mark represents
nuclei that are not mitotic, and not in the process of
DNA degradation (called GO/G1). The part to the left
of the high peak represents DNA masses with a lower
fluorescence than that of the masses in the large peak.
The percentage of DNA masses with such decreased
DNA level is shown above the bars. This percentage
showed a small increase from t=—6to 12 h. It increased
sharply from 7=12 h with a rate that was sustained until
t=48 h.

We tested the assumption that the detergent in the
extraction medium and in the staining medium perme-
abilises the nuclear envelope which would lead to leak-
age of DNA fragments to the medium. The staining
medium is different from the extraction medium, at
least because it does not have a detergent and it con-
tains the fluorescent stain (DAPI). We visualised DNA
fragments on agarose gels. However, stained DNA
could not be used to run on gels. Therefore only the
extraction medium was used, using petals sampled at
t=0 and 24 h. The medium was sampled just after isola-
tion of the nuclei and after 1h after incubation in
extraction medium at 20°C. The agarose gels showed
absence of DNA fragment leakage into the medium
(Fig. 2c). The absence of leakage indicated that the
decrease in DNA fluorescence during PCD was due to
biological factors rather than to a methodical error.

The data on DNA degradation (pixel count on aga-
rose gels), the number of DNA masses, and fluores-
cence of 10,000 DNA masses are put together in Fig. 3.
DNA degradation as here expressed started 6 h later
than the increase in DNA masses. DNA degradation
then occurred parallel to the increase in DNA masses
up to =18 h, when the number of masses decreased but
DNA degradation continued. The decrease of fluores-
cence also paralleled the DNA degradation data,
although it started at about 6 h after the onset of DNA
degradation.
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Fig. 2 Number and fluorescence of DNA masses in the petals of
Ipomoea nil, during senescence. a Total number of DNA masses
in the corolla (all petals), determined using flow cytometry. Val-
ues are means £ SD of five separate experiments. The asterisks
show significant differences at the 1% level, compared to =0 h
(LSD=96,899). b Fluorescence of DAPI-stained DNA masses.
Histograms were obtained by flow cytometry of about 10,000
masses. The arrows in the first panel indicate the peaks believed
to correspond to nuclei during a normal cell cycle. The percent-
age of DNA masses with fluorescence less than those in the G0/
G1 peak is shown above the bars (left of the GO/G1 peak). Values
are means of at least three separate experiments using five flowers

Chromatin condensation, diameter of DN A masses,
presence of nuclear membranes

Fluorescence microscopy of DAPI-stained nuclei from
t=0 h showed a chromatin distribution typical for nor-
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each. Note that the cut-off point (fluorescence is below the detec-
tion limit) in these measurements was placed slightly offset to the
right with respect to 10°. ¢ Assessment of DN A fragments leakage
from nuclei into the extraction medium during preparation and
flow cytometry measurement. At =0 and 24 h DNA in the medi-
um was concentrated, then electrophoresed in a 3% agarose gel
and stained with SYBR Gold nucleic acid gel stain. This DNA
concentration step was made 1 h after incubation in the medium
(lanes 1 and 2) or just after the isolation of the nuclei (lanes 3 and
4). Lanes 1 and 3 refer to t=0h, and lanes 2 and 4 to t=24h. M
DNA ladder marker

mal interphase cells. The chromatin in these nuclei was
slightly unevenly distributed as both brighter spots and
darker ones were observed (Fig.4a). At =0h few
nuclei showed condensed chromatin and a smaller
nuclear diameter (results not shown). At =12 h numer-
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Fig. 3 Comparison of the data on petal inrolling, DNA degrada-
tion as observed on agarose gels, number and fluorescence of
DNA masses in 1. nil petals, during programmed cell death. Index
of inrolling is the percentage of maximum diameter, from Fig. 1b.
DNA degradation is shown as relative pixel intensity from Fig. 1c.
The total number of DNA masses is derived from Fig. 2a. The
data on the fluorescence per DNA mass are taken from Fig. 2b

ous nuclei showed chromatin condensation, as they
showed brighter DNA fluorescence than normal
nuclei. The diameter of these nuclei with condensed
chromatin was about 70% of that of normal ones.
Chromatin fluorescence in the nuclei with condensed
chromatin was unevenly distributed, with brighter
spots throughout the nucleus (Fig. 4b). At =24 h many
DNA masses were quite small. Most of the DNA
masses then still had bright DNA fluorescence. The
smallest observed DNA masses had a diameter less
than 10% of that of the original nucleus (Fig. 4c).

Measurement of the diameter of the nuclei at t=0h
revealed a rather wide Gaussian-like distribution. Diam-
eters varied from about 8 to 18 pm, with an average of
about 13 um (Fig. 5). At t=12 h there were two apparent
Gaussian-like distribution curves, one similar to the one
at =0 h, and one containing smaller nuclei. At =24 h the
group of =0 h had almost disappeared, while the group
of smaller DNA masses assumed a more clearly Gauss-
ian-like curve. At this time (1=24 h) the average diame-
ter of the DNA masses was about half of that at =0 h.
At later sampling times, the distribution curve gradually
shifted to smaller average diameters (Fig. 5).

Light microscopy of unstained nuclei and fluores-
cence microscopy of DAPI- stained nuclei and DNA

masses indicated the presence of a membrane around
each mass, at least at =0, 12 and 24 h (results not
shown). Staining with the cationic lipophilic fluoro-
chrome DiOCy indicated the presence of a membrane
at t=48 h (Fig. 4d-i). Figure 4c shows that DNA masses
with a diameter of about one-fifth of the original were
stained with DiOC4. The DNA masses with a smaller
diameter also showed DiOC; staining.

In contrast, the DNA masses that were treated with
DiOC at earlier stages of development than a nuclear
diameter of about one-fifth of original did not stain
with DiOCg.

Effects of cycloheximide, ethylene, and ethylene
inhibitors

When flowers were continuously treated with cyclohex-
imide (CHI), starting at =0 h, petal inrolling was pre-
vented (Fig. 6a). In contrast, continuous treatment with
1-MCP, also starting at =0 h, did not suppress inrolling
(Fig. 6a). Exposure to ethylene accelerated inward roll-
ing (Fig. 6b). When flowers were treated with both eth-
ylene and CHI, inrolling was arrested to the same
extent as flowers that were treated with CHI alone
(Fig. 6b). 1-MCP suppressed petal inward rolling to the
level of controls that were left untreated (Fig. 6b).

No decrease in DNA per DNA mass occurred if the
flowers were treated with CHI (Fig. 6¢). In contrast,
treatment with AVG or 1-MCP did not affect the DNA
per DNA mass (Fig.6c), but ethylene treatment
advanced it (Fig. 6d). This ethylene effect was counter-
acted by 1-MCP. Treatment with CHI prevented DNA
degradation even in petal treated with ethylene
(Fig. 6d).

Ethylene production

In control flowers, ethylene production by the petals
increased sharply and reached a maximum at =3 h
(Fig. 7). If flowers were treated with CHI, starting at
t=0 h, ethylene production of the petals was still the
same 1 h after the onset of treatment but was much less
than in controls from 7=2 h. It reached a minimum at
t=4h (Fig. 7). AVG treatment, starting at =0 h, had a
much more drastic effect. It suppressed ethylene produc-
tion to very low levels within 1 h of application (Fig. 7).

Discussion
Our main findings are: (1) a large increase in the num-

ber of DNA masses per petal, (2) a drastic decrease in
the average diameter of these masses, and (3) the pres-
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Fig. 4 a-i Nuclear morphol-
ogy during programmed cell
death in Ipomoea nil petals.
a—c Comparison of the shapes
and fluorescence. The micro-
graphs show typical examples
of a normal mesh-like struc-
ture of chromatin at t=0 h, b
chromatin condensation ob-
served at =12 h, and ¢ small
nuclei observed at =24 h. d-i
Staining of DNA and the nu-
clear membrane. Nuclei, iso-
lated at 1=48 h, were stained
with DAPI, a fluorochrome
for DNA and/or with DiOC,
for the nuclear membrane.
Nuclei were observed using a
fluorescence microscope un-
der (d, g) U or (e, h) IB excita-
tions. All bars =5 pm

Normal, 0 h === | Condensed, 12 h

Small size, 24 h

DiOC6 === | Overlay
= .

Overlay

ence of membranes surrounding even small DNA The presently found DNA degradation prior to cel-
masses. The hypotheses in the present experiments  lular collapse is similar to that reported, for example, in
were: (a) nuclear DNA degradation in Ipomoea petal  Iris petals (van der Kop et al. 2003; van Doorn et al.
cells occurs prior to cellular collapse, and (b) nuclear  2003) and is different from the data on PCD in Zinnia
fragmentation occurs in these cells. The results do not  leaf mesophyll cells which are induced to differentiate

contradict the hypotheses.

@ Springer

into tracheary elements. In these cells the nucleus and
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Fig. 5 Diameters of nuclei isolated from /. nil petals, during pro-
grammed cell death. Histograms were obtained by measurement
of 100 DNA masses. The arrowhead and numeric value indicate
average diameter

its contents became degraded only after collapse of the
vacuole (Obara et al. 2001).

Using flow cytometry, we detected that the number
of DNA masses nearly doubled. Figure 2b shows a
small peak of mitotic nuclei, to the right of the main
peak, until =24 h. The small size of the peak indicates
a low number of dividing cells. At =0 h the area under
the small peak represented 6.4 % of the total number of
nuclei. This indicates that the number of new nuclei
produced by mitosis cannot account for the doubling of
the DNA masses. Microscopy did not show where the
mitotic nuclei were located. A large part of the
increase in the number of DNA masses, therefore, is
apparently accounted for by chromatin fragmentation
or nuclear fragmentation.

The flow cytometry method used has a fluorescence
detection limit. As can be seen from Fig. 2b, there is a
sharp cut-off of the DNA masses at this detection limit,
already at r=18-24 h. This indicates that a considerable
number of nuclei remained undetected. The decrease
in the total number of nuclei, after =18 h, therefore,
might be an experimental artefact. From =18 h the
total number of nuclei might stay the same or even
increase.

The data indicate that increase in the number of
DNA masses was apparently mainly due to nuclear
fragmentation, not to chromatin fragmentation within
the same nuclear envelope. At least until =24 h, the
DNA masses (some of these were nuclei) apparently
had an envelope. Only by =48 h a structure surround-
ing the DNA masses stained with DiOCq, a cationic
fluorochrome that stains all intracellular membranes
(Tarin and Cano 1998). We infer that the fluorochrome
stained a membrane surrounding the DN A masses. We
also surmise that, although the surrounding membrane
was not shown by DiOCg staining prior to =48 h, it was
present. Prior to =48 h the membrane composition
apparently did not allow staining by the cationic
DiOCq. Matzke et al. (1988) showed that DiOCg4 some-
times does not stain the nuclear membrane. The pres-
ence of certain membrane proteins or a large
transmembrane potential seemed to prevent binding of
this fluorochrome. The removal of such proteins from
the membrane or the disappearance of most of the
membrane potential might explain why DiOCg staining
in our experiments only occurred late. Our data thus
indicate nuclear fragmentation into DNA masses each
surrounded by a membrane. This seems similar to a
report on PCD in roots. Schussler and Longstreth
(2000) showed EM photographs of PCD in Sagittaria
alismatifolia roots, indicating that the nucleus was
breaking apart into fragments that were each sur-
rounded by a double membrane. However, the frag-
ments were not shown to become completely
separated.
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Chromatin condensation was observed from ¢=0 h.
The condensation followed from an increase in fluores-
cence per unit surface, and from a decrease in nuclear
size. At later stages of PCD, most DN A masses, includ-
ing quite small ones, still exhibited bright fluorescence,
which indicated that the chromatin was still condensed.

At t=12h many nuclei with condensed chromatin
were found. At this time also two populations of nuclei
were observed, one with a diameter that was about half
of the original. The group with the relatively small
diameter might consist of several types of nuclei. One
subpopulation might be a group of condensed nuclei,
with a diameter somewhat bigger than half of original,
and the other groups might include nuclei that have (1)
fragmented or (2) in which much DNA has been
degraded, or (3) nuclei in which both fragmentation
and considerable DNA degradation has taken place. It
is at this point not possible to distinguish between these
categories. At later stages of PCD the DNA masses
became increasingly smaller. Again, our data do not

@ Springer

allow to distinguish between (further) fragmentation
and and/or a decrease in mass as a result of DNA deg-
radation.

The following order was observed between the
senescence parameters studied: (1) chromatin conden-
sation, at least from 7=0 h, (2) an increase in the num-
ber of DNA masses, at least from =0 h (Fig. 3), (3) a
petal colour change from blue-red to more purple red,
from =3 h (Fig. 1), (4) DNA degradation and petal
inrolling, from t=6h (Fig.3), and (5) from t=12h a
detectable decrease in average fluorescence of the
DNA masses (Fig.3) and at least by that time a
decrease in average diameter of the DNA masses
(Fig. 5).

The observed change in colour has also been
reported in Ipomoea tricolor (Winkenbach 1970). Petal
colour changes during senescence have been attributed
to change in vacuolar pH which affected anthocyanins
(Asen et al. 1971), (4) from =6 h a decrease of flower
diameter (inward rolling of the petal) associated with
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Fig. 7 Ethylene production in /. nil flowers treated with a protein
synthesis inhibitor or ethylene inhibitors. Flowers were excised at
t=0 h and transferred to sterile distilled water (control) or aque-
ous solution of the protein synthesis inhibitor cycloheximide
(CHI) or the ethylene synthesis inhibitor AVG. Ethylene produc-
tion was measured using gas chromatography. Values are
means =+ SD of at least two separate experiments using four flow-
ers each

PCD-related turgor loss, i.e. cellular death. Previous
reports showed that the PCD in Ipomoea petals started
at distal margin where the upper epidermal cells lost
turgor and died earlier than those at the lower epider-
mis. This explains the inward rolling. Cell death then
proceeded towards the petal base (Winkenbach 1970;
Hanson and Kende 1975).

We confirmed the previous finding that cyclohexi-
mide prevents inward rolling in Ipomoea (Baumgart-
ner etal. 1975), and found that it also blocked the
decrease of DNA fluorescence per DNA mass. This
suggested a common control point, involving protein
synthesis, of the two parameters. We also confirmed
that ethylene hastens inward rolling (Kende and
Baumgartner 1974), but contrary to the conclusion of
these authors, we found no evidence for a role of
endogenous ethylene in the regulation of inward roll-
ing. Kende and Baumgartner (1974) based their con-
clusion on the inhibiting effect of carbon dioxide on
inward rolling. Carbon dioxide, however, is not a spe-
cific ethylene antagonist. With AVG or 1-MCP, potent
and specific ethylene antagonists, we now found no
effect on flowers that were not treated with ethylene,
whereas in the ethylene-treated flowers these antago-
nists only abolished the ethylene effect. This means
that the normal process is not regulated by endogenous
ethylene. Increased ethylene production, by stress or
pollination, thus at most hastens natural PCD, whereas

normal PCD is not regulated by endogenous ethylene.
This is reminiscent of the role of ethylene in leaf yel-
lowing in Arabidopsis, where it was also found to has-
ten the onset of yellowing, whereas it was neither
involved in the rate of yellowing nor in the timing of
the normal onset of yellowing (Grbic and Bleecker
1995).

It is concluded that the PCD in Ipomoea petal was
accompanied by a remarkable increase in the number
of DNA masses. This increase was apparently due to
nuclear fragmentation, because the DNA masses
seemed surrounded by a membrane each. A large
ongoing decrease of the diameter per DNA mass was
observed, with masses the diameter of which was less
than 10% of original. The data indicate lack of control
by endogenous ethylene of petal inward rolling and the
changes in nuclear parameters studied. The time to
petal inward rolling symptom in this species, therefore,
is not due to endogenous ethylene, even though it
could be hastened by exogenous ethylene.
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