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Abstract—Apoptosis was observed in the initial leaf of 5-8-day-old etiolated wheat seedlings. A condensation of cytoplasm in
apoptotic cells, formation of myelin-like structures, specific fragmentation of cytoplasm, appearance in vacuoles of specific
vesicles containing subcellular organelles, condensation and margination of chromatin in the nucleus, and internucleosomal
fragmentation of nuclear DNA are ultrastructural features of apoptosis in the initial wheat leaf. Single-membrane vesicles
detected in vacuoles of the leaf cells resemble in appearance the vacuolar vesicles in the coleoptile apoptotic cells described
earlier (Bakeeva, L. E., et al. (1999) FEBS Lett., 457, 122-125); they contain preferentially plastids but not mitochondria as
was observed in coleoptile. The vacuolar vesicles are specific for the apoptotic plant cells. Thus, apoptosis in various tissues is
an obligatory element of plant (wheat) growth and development even in the early stages of ontogenesis. Contrary to strong
geroprotecting action in coleoptile, the known antioxidant BHT (ionol, 2.27-10~* M) does not prevent in the leaf cells the
apoptotic internucleosomal DNA fragmentation and appearance of specific vacuolar vesicles containing subcellular
organelles. Therefore, the antioxidant action on apoptosis in plants is tissue specific. Peroxides (H,0,, cumene hydroperox-
ide) stimulated apoptosis (internucleosomal DNA fragmentation) in coleoptile and induced it in an initial leaf when apopto-
sis in a control seedling leaf was not yet detected. Thus, apoptosis that is programmed in plant ontogenesis and controlled by
reactive oxygen species (ROS) can be modulated by anti- and prooxidants.
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Embryogenesis and other early stages of ontogenesis
in plants, similarly to animals, are accompanied with pro-
grammed death of individual cells and tissues [1, 2]. The
selective knockout of AIF genes coding for apoptogenic
proteins prohibits embryogenesis in animals at very early
stages [3]. Apoptotic elimination of cells is an indispensa-
ble condition of plant development [1]. In particular,
apoptosis was observed in developing barley anthers [4],
endosperm of forming corn seed [5], barley aleurone layer
[6], endosperm of germinating castor beans [7], coleop-
tile of developing wheat seedlings [8], and many other tis-
sues and cells in various plants [9-11].

Apoptosis in plants is manifested in a set of specific
changes in cell structure and morphology: chromatin
condensation [10] with subsequent decay of the nucleus
and internucleosomal nDNA fragmentation [8, 12], huge
vacuoles are formed in the cells [8, 13, 14]. In plants the

Abbreviations: BHT) butylated hydroxytoluene, or 2,6-di-tert-
butyl-4-methylphenol, or ionol; mtDNA) mitochondrial DNA;
nDNA) nuclear DNA; ROS) reactive oxygen species.

* To whom correspondence should be addressed.

destruction of tonoplast and vacuolization of cytoplasm
usually precede the destruction of the nucleus and mito-
chondria [14, 15]. In contrast to animals, the apoptotic
cells in plants due to solid cell walls, do not disappear
completely, and they take part in formation of vascular
bundles and aerenchyma [14, 15].

Cereal seedlings are unique and very useful model for
investigation of apoptosis in plants. Coleoptile in cereals
functions for a relatively short period at the early stages of
ontogenesis, and it dyes quickly as the seedling grows and
develops. The apoptotic fragmentation of nuclear DNA
in this organ was detected in 6-day-old etiolated wheat
seedlings, and it is expressed very strongly in 8-day-old
seedlings [8, 12]. This is accompanied by strong reorgani-
zation of the cytoplasm; in particular, specific single-
membrane vesicles containing mitochondria actively
replicating mtDNA are formed in the cellular vacuole
[11, 12]. These distinctive events in the nucleus and cyto-
plasm serve as reliable markers of apoptosis in plants.

In 8-day-old wheat seedlings internucleosomal
DNA fragmentation was clearly observed also in the ini-
tial leaf, but it was detected only in the apical (i.e., most
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senescent) leaf part [12]. Detection of the internucleo-
somal DNA fragmentation in the initial leaf could testi-
fy to the fact that along with the aging coleoptile apop-
tosis seems to appear also in the developing initial leaf.
But this conclusion was quite unexpected and even
unlikely because apoptosis was observed only in senes-
cent but not young leaves [16, 17]. Besides, it is known
that apoptosis is typical for leaf aging and dying [17]. To
be sure that we really deal with the apoptosis in an initial
leaf that is very young and developing organ of wheat
seedling, along with nuclear DNA fragmentation
observed [12] some other evidence of apoptosis at the
level of the ultrastructural organization of the cell was
also needed. In particular, it was important to find
whether apoptosis in the initial leaf is accompanied by
condensation and margination of chromatin and forma-
tion of specific vacuolar vesicles containing organelles
detected earlier in aging coleoptiles [11, 12]. All these
features in common are considered as the best evidence
of apoptosis.

It is known that oxidative status in the cell controls
mitosis and apoptosis [1, 2, 12, 18]. Reactive oxygen
species (ROS) are needed for plant development [12, 19,
20], and they can trigger apoptosis [12, 18]. We earlier
observed that apoptosis in wheat coleoptile was complete-
ly blocked by the antioxidant BHT (ionol) [12]. If, in
fact, apoptosis takes place in the initial leaf, it is impor-
tant to also learn to what extent it can be modulated there
by antioxidants and oxidants. Besides, it was interesting
to determine whether BHT influences the apoptosis in
the initial leaf in a similar fashion as it was doing in
coleoptile.

In the present work, we tried to detect the specific
ultrastructural features of apoptosis in the initial leaf of
developing etiolated wheat seedlings and to study how the
antioxidant BHT (ionol) and peroxides (H,0,, cumene
hydroperoxide) may influence them.

MATERIALS AND METHODS

Seeds of Mironovskaya 808 variety of winter wheat
(Triticum aestivum L.) were germinated in darkness for
24 h at 26°C on wet filter paper in a plastic cuvette;
sprouted seeds were transferred into other cuvette, cov-
ered with a lid, and grown for 24 h in darkness at 26°C.
Then, for the experimental plants, water as the medium
was changed for BHT solution (Sigma, USA; 50 mg/liter,
2.27-10~* M) or peroxides (H,0,, cumene hydroperoxide,
1073 M) (Aldrich, USA), and the growth of the seedlings
was continued in darkness at 26°C for a few days. Thus,
the whole plant was exposed to the compounds used and
their effects were judged from analysis of the separated
plant organs (coleoptile, initial leaf). The reagent solu-
tions used were changed once a day for freshly prepared
solutions. To prepare BHT water solution, solid BHT was
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dissolved in ethanol and added to boiling water to the
concentration required, then the weakly opalescent mix-
ture was cooled to room temperature. An equivalent vol-
ume of ethanol was added to the water used for growing
the control wheat seedlings.

Seedlings of defined age (seedling age was estimated
in days starting from the beginning of the seed soaking
time) were thoroughly washed with water; coleoptiles and
initial leaves were separated and used for determination of
DNA isolation. Each experiment (plant growing in the
presence of each compound tested at a particular concen-
tration) was done at least twice and accompanied by an
independent control (plant growing in water under the
same conditions).

To isolate DNA, the coleoptiles or leaves of the etio-
lated wheat seedlings were thoroughly ground in a mortar
and pestle in liquid nitrogen, a lysing solution (50 mM
Tris-HCI, pH 7.5, 25 mM EDTA, 1% SDS) was added to
the fine powder obtained, and the mixture was then incu-
bated for 30 min at room temperature. Then NaCl was
added to 1 M concentration, and the mixture was depro-
teinized by careful shaking with chloroform—isoamyl
alcohol mixture (10 : 1 v/v). After centrifugation for
10 min at 5000g, DNA was precipitated from the aqueous
phase by addition of three volumes of 96% ethanol and
dissolved then in 50 mM Tris-HCI, pH 7.5, containing
25 mM EDTA. The DNA samples obtained were treated
with DNase-free ribonuclease A (50 pg/ml) for 20 min at
37°C, and DNA was precipitated again with addition of
three volumes of 96% ethanol.

Similar aliquots of isolated and purified DNA prepa-
rations were subjected to electrophoresis for 2 h in 1.2%
agarose gels at 2-3 V/cm in 0.09 M Tris-borate buffer, pH
8.3, containing 0.5 pg/ml ethidium bromide.

Fixation of intact seedlings for the electron micro-
scopic analysis was done in 25% glutaraldehyde and 2%
0s0O, solution. Seedlings were cut from the seeds; coleop-
tile and leaf were separated at 0°C in a fixing solution pre-
pared in 0.1 M buffer, pH 7.2 (0.1 M Na,HPO,and 0.1 M
KH,PO,). Twenty milliliters of the phosphate buffer,
300 mg sucrose, 3 ml 25% glutaraldehyde, and 0.5 ml
40% formaldehyde were used for preparation of the fixing
solution. After vacuum treatment, the material was left in
a fixing solution at room temperature for 1.5-2 h. Then
the fixing solution was poured off and the material was
incubated for 30 min in a freshly prepared buffer, samples
were incubated then in 2% OsO,solution for 1.5 h (sec-
ond fixation). The material was dehydrated then with
ethanol (increasing concentrations). The fixed material
was stored at 2°C. After dehydration the sections were
placed into acetone—Epon 812 mixture with gradual
increase in the Epon 812 concentration (2 : 1, incubation
for3h; 1:1, incubation for 24 h; 1 : 2, incubation for 24 h
at room temperature). The material was finally placed in
Epon 812 and incubated for 24 h at 37°C and then for 5
days at 60°C.
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Sections obtained with an LKB-III Microtome
(Sweden) were stained according to Reynolds and ana-
lyzed with Hitachi-11 or Hitachi-12 electron micro-
scopes (Japan).

RESULTS AND DISCUSSION

Ultrastructural features of parenchyma (apoptotic)
cells in apical area of the initial leaf of etiolated wheat
seedlings. The collection of cells with obvious ultra-
structural features of apoptosis were observed by elec-
tron microscopy in sections of the apical part of the ini-
tial leaf in 5-day-old etiolated wheat seedlings. A large
central vacuole and narrow electron-dense wall-located
tonoplast layer are specific for such cells (Fig. 1). The
cytoplasm in these cells does not have any visible signs
of destruction; it contains many elements of Golgi
apparatus, endoplasmic reticulum, and all main cellular
organelles—nuclei, mitochondria, plastids, and ribo-
somes. Ribosomes are represented by polyribosomal
complexes or they are associated with membranes of the
endoplasmic reticulum. The main population of plastids
in these cells is represented by chloroplasts with rela-
tively well-developed thylakoid system. Amyloplasts
were also observed among plastids. In the cytoplasm of
these cells, we observed mitochondria with electron-
dense structure; similar mitochondria are specific for
apoptotic animal cells [21]. The condensed ultrastruc-
ture of mitochondria in the cells of the initial leaf of
wheat seedling may also be considered as an index of the
developing apoptosis. Besides, myelin-like structures
appear in the cytoplasm of the cells of the apical part of
the initial leaf in 5-day-old seedlings (Fig. 1). This testi-
fies also to development of the aging process in the ini-
tial leaf.

Formation in the vacuole of specific vesicles with
mitochondria actively synthesizing DNA [11] is a charac-
teristic feature of the apoptotic cells in aging coleoptile of
etiolated wheat seedlings [11, 12]. We detected first simi-
lar vesicles in situ in vacuoles of apoptotic cells in the ini-
tial leaf of the wheat seedlings (Fig. 1). Similarly to vesi-
cles in coleoptile apoptotic cells [11, 12], they are repre-
sented by single-membrane formations containing sub-
cellular organelles. In the leaf apoptotic cells these vesi-
cles contain mainly plastids (Fig. 1) but not mitochondria
as in the case in the cells of aging coleoptile [11, 12].
Vesicles containing mitochondria were observed also in
the initial leaf (Fig. 2), but they are less frequent there
compared with that in coleoptile [11, 12]. It is worth
mention that vesicles containing plastids were observed
only in the apoptotic cells with narrow tonoplast layer or
almost without tonoplast.

Thus, formation in the cellular vacuole of vesicles
with subcellular organelles is a specific feature that is
common for apoptotic plant cells. It occurs in very func-
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tionally different and specialized plant organs (tissues)
such as leaf and coleoptile.

This amazing event observed in the apoptotic plant
(leaf) cell as well as detected and described earlier by us in
coleoptile [11]—the separation of some parts of the cyto-
plasm with organelles as closed single-membrane vesicles
and their escape into cellular vacuole—seems to some
extent similar to blebbing of the apoptotic animal cells
[21]. The fragmentation of the cytoplasm is one of the
main ultrastructural features of apoptosis in animals. But
this similarity is only apparent. In contrast to blebs as ele-
ments of rapid reorganization and decay of the cytoplasm
in animals, the vacuolar vesicles in an apoptotic plant cell
seem to play other functional role. First of all, the plant
vesicles observed differ from all known specific cellular
depots where degradation of cellular structures and
biopolymers takes place. We never observed any degrada-
tion marks of the subcellular structures located in these
Ca’"-enriched vesicles in the coleoptile cells [11]. There
are no degradation signs also in plastids and mitochondria
observed in the vacuolar vesicles in the cells of the initial
leaf (Figs. 1 and 2). It seems that the condition for the
organelle survival in vesicles is even more comfortable
than that in other cytoplasmic compartments of the
apoptotic plant cell.

The vesicles with mitochondria detected in vacuoles
of the leaf cells (Fig. 2) are analogous to those in vacuoles
of the coleoptile cells (Fig. 3). We isolated earlier the frac-
tion of vacuolar vesicles from wheat coleoptiles and
showed that mitochondria in these vesicles have intact
structure and actively consume oxygen [11, 22]. This
obviously cannot be a property of degenerating subcellu-
lar organelles. Besides, active replication of mtDNA in
the cells of aging coleoptile takes place exactly in these
vesicles [11, 22-25] in spite of concomitant degradation
of the apoptotic cells. Therefore, we can assume that the
vesicles observed seem to shelter and preserve some share
of segregated organelles, at least, for some period during
the process of the apoptotic death of the cell. One cannot
rule out that the strong replication of mtDNA in vesicles
observed earlier [11, 22] is due to alienation of vesicular
mitochondria from the nucleus compared with free (non-
vesicular) mitochondria and loss of the nuclear control
for replication of these mtDNA. But the true sense and
possible biological significance of these peculiar events
are still unknown.

Anyway, in the cells of aging coleoptile and develop-
ing initial leaf of wheat seedlings the individual popula-
tions of DNA-containing organelles are formed due to
the fragmentation of the cytoplasm in the process of
apoptosis. These organelles (mitochondria) are able to
synthesize their own DNA [11] under conditions of DNA
degradation in the nucleus. The material of degrading
nuclear DNA seems to be used for the synthesis of these
mtDNA. It might be that some part of the mitochondrial
and plastid DNA newly formed in vesicles of the agoniz-
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Fig. 1. Ultrastructure of parenchyma cells in the leaf apical part of a 5-day-old etiolated wheat seedling: a) apoptotic cells with narrow wall-
located layer of cytoplasm containing electron-dense mitochondria are seen. Vacuolar cytoplasmic vesicles containing plastids are shown
by arrows; b) fragment of apoptotic cell neighboring the cell with normal structure. Mitochondria with increased electron density are dis-
tinguished in the narrow wall-located electron-dense layer of cytoplasm. A cytoplasmic vesicle containing a plastid is seen in the vacuole of
the apoptotic cell; ¢) fragment of parenchyma cell containing myelin-like structure (shown by arrow).
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Fig. 2. Fragments of parenchyma cells of the apical part of the initial leaf of etiolated wheat seedlings of various age: a) fragment of the leaf
parenchyma cell of 5-day-old wheat seedling. A vesicle containing electron-dense mitochondrion is seen in the vacuole; b) a vesicle with
electron-dense mitochondria in vacuole in the cell of an initial leaf of an 8-day-old etiolated wheat seedling grown in the presence of
50 mg/ml BHT; c) a vesicle containing an electron-dense mitochondrion in the vacuole of a cell in an initial leaf of an 8-day-old etiolated

wheat seedling grown in water (control plant).
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Fig. 3. Fragment of the parenchyma cell of the coleoptile apical part of 3-day-old etiolated wheat seedling. Vesicles containing subcellular
organelles are seen in a vacuole. Mitochondrion (7) and plastid (2) present in a single vacuolar vesicle are shown by arrows.
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ing apoptotic cell does not perish with this cell but some-
how migrates to neighboring cells. In this particular case,
the known age (apoptotic) superproduction of mtDNA in
plants [22-25] could be quite appropriate. The transposi-
tion of mtDNA (they are mainly plasmid-like cyclic mol-
ecules of various contour lengths [25]) or plastid DNA
from cell to cell has not yet been described. Nevertheless,
this cannot be ruled out because plant cells are easily
transformed by bacterial plasmid DNA and active inter-
cellular transport of viral infections occurs in plants.

Condensation and margination of chromatin are well
known specific ultrastructural features of apoptosis in
animals [21]. We observed marked condensation and
margination of chromatin in the nuclei of apoptotic cells
in the apical part of the initial leaf in 5-day-old etiolated
wheat seedlings (Fig. 4). Similar condensation and mar-
gination of chromatin was detected earlier in wheat
coleoptile (in the nuclei of cells with vacuolar vesicles).
These specific apoptotic changes in the chromatin organ-
ization precede the domain and internucleosomal frag-
mentation of nuclear DNA [1].

Thus, there is no doubt that development of the ini-
tial leaf even in very young (5-day-old) etiolated wheat
seedlings is accompanied by apoptosis. This process
becomes apparent relatively diffusely as the original
apoptotic centers neighbor leaf cells with normal mor-
phology. Distinct ultrastructural features of apoptosis in
the initial leaf of etiolated wheat seedlings are: 1) com-
paction of cytoplasm in the apoptotic cell; 2) formation
in the cell of myelin-like structures that certifies the
beginning of the aging process in the leaf; 3) specific frag-
mentation of cytoplasm; 4) an appearance in the vacuole
of specific single-membrane vesicles containing
organelles; 5) condensation and margination of chro-
matin in the nucleus; 6) internucleosomal fragmentation
of nuclear DNA. These specific features for the apoptot-
ic cells observed by us in developing wheat seedlings seem
to serve as markers of apoptosis in plants in general.

Therefore, the aging of leaves in cereals, as in other
plants [16, 17], proceeds by apoptosis, and it starts to
appear even at the very early stages of ontogenesis.
According to our electron microscopic data some marks of
the aging of the leaf cells (appearance of myelin-like struc-
tures in the cytoplasm of the cells of the initial leaf) were
observed even in 5-day-old etiolated wheat seedlings.

Effect of antioxidant ionol (BHT) and peroxides on
apoptosis in the initial leaf of etiolated wheat seedlings.
Induction and progress of apoptosis in plants in many
respects depend on the intracellular oxidative status [I,
18]. The development of the etiolated wheat seedlings is
accompanied by cyclic formation of superoxide anion
that is essential for plant growth and development [20].
The growth and development of plants can be effectively
regulated by modulation of oxidative status with anti- and
prooxidants [12, 19] because the reactive oxygen species
as secondary messengers control apoptosis, mitosis, and
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differentiation of cells, plastids, and other subcellular
organelles [1, 12].

We found that the antioxidant ionol (BHT) at con-
centration 50 mg/liter (2.27-10~* M) inhibits growth of
etiolated wheat seedlings, changes morphology of their
organs, prolongs the coleoptile life-span, and prevents the
appearance of specific marks of aging [12]. In particular,
BHT prevents in coleoptile the age-dependent decrease
in the content of total DNA and protein [20], the apop-
totic internucleosomal fragmentation of nuclear DNA,
the appearance in cellular vacuoles of specific vesicles
with mitochondria actively replicating mtDNA and the
formation in them of heavy (p = 1.718 g/cm®) mtDNA
[12]. BHT induces formation of chloroplasts in the roots
of etiolated seedlings [12].

Contrary to coleoptile, in the initial leaf of 8-day-old
etiolated wheat seedling BHT does not inhibit formation
in the cellular vacuole of specific apoptotic vesicles con-
taining subcellular organelles (Fig. 2b) and it does not
block internucleosomal apoptotic DNA fragmentation in
the nucleus (Fig. 5a, lane 2). Similarly to control 8-day-
old seedlings (Fig. 2c), we observe the specific vesicles
containing mitochondria in the cellular vacuoles in initial
leaf of the same age seedlings grown in the presence of
BHT (Fig. 2b). These vesicles occur there even more
often than in the leaf of the control seedlings grown in the
absence of BHT. Thus, the effect of BHT on apoptosis in
etiolated wheat seedlings has tissue-specific character.
According to our data, in contrast to coleoptile, BHT
does not inhibit but seems even slightly stimulates apop-
tosis in the initial leaf. It is more probable that this is due
to different concentration of intracellular oxygen in the
leaf and coleoptile. Despite the fact that the plants were
grown in darkness, they were taken out the darkness from
the thermostat for relatively short periods (few minutes)
once a day when water or respective solutions of chemical
were changed; these short light exposures were probably
efficient enough for some photosynthesis producing oxy-
gen in the leaf cells (the initial leaf in seedlings grown
under these conditions had weak yellow-greenish color
compared with colorless coleoptile). At least, well differ-
entiated plastids with developed membrane structure in
the cells of the initial leaf were seen (Fig. 1). It was
recently shown that BHT and its derivatives may have
prooxidant properties under increased partial oxygen
pressure [26, 27]. This may be due to the fact that under
relatively high concentrations of molecular oxygen BHT
is oxidized by a single electron mechanism to the respec-
tive carcinogenic BHT-quinone that generates superox-
ide-anion under specific conditions [28]. This seems to
be responsible for a significant carcinogenic effect of
BHT in animal tissues enriched with oxygen such as lungs
and others [26, 27]. Besides, it may to some extent
explain the fact that in the same concentration BHT has
less retardant effect on the wheat seedlings grown in the
light (under condition of high formation of oxygen due to
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Fig. 4. Picture of apoptotic condensation and margination of chromatin in the nucleus of parenchyma cell in the apical part of the initial
leaf of a 5-day-old etiolated wheat seedling.
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Fig. 5. Electrophoregrams of DNA isolated from initial leaves and coleoptiles of etiolated wheat seedlings of various age: a) DNA from
coleoptile (/) and initial leaf (2) of 8-day-old wheat seedlings grown in the presence of 50 mg/liter (2.27-10~* M) BHT; 3) DNA from an
initial leaf of control 8-day-old seedlings grown in water; b) DNA from initial leaf of 4-6-day-old seedlings grown in water (/) (control) or
in the presence of 10~ M cumene hydroperoxide (2) or 107> M H,0, (3); ¢c) DNA from coleoptiles of 3-8-day-old seedlings grown in water
(control) (I) or in the presence of 107> M cumene hydroperoxide (2) or 10~ M H,0, (3); * seedling age (days).

photosynthesis) compared with plants grown in darkness
[12]. Thus, BHT can act as antioxidant as well as prooxi-
dant both in plant and animal cells. Strong BHT action
inducing plastid differentiation [12] and formation of pig-
ments [19] in roots of etiolated wheat seedlings seems to
be associated with its prooxidant activity and it is similar
to the influence of typical prooxidants on the formation
of carotenoids in the cells of pepper plants [29].

In contrast to BHT, the peroxides such as H,0, and
cumene hydroperoxide (10~ M) unambiguously stimu-
lated apoptosis (DNA fragmentation) in coleoptile and
induced it in initial leaf when in leaf of control seedlings
apoptosis was not yet detected (Fig. 5, b and c). We did
not observe any changes in morphology of the seedlings
grown in the presence of these peroxides.

Strong internucleosomal fragmentation and degra-
dation of coleoptile nDNA under the influence of hydro-
gen peroxide was found in 5-day-old wheat seedlings. It is
interesting that at the same time the formation of endoge-
nous superoxide-anion in the coleoptile cells is minimal
[20]. It seems that “forcible” maintenance of high oxida-
tive status by peroxides in a period of the natural minimal

content of reactive oxygen species (ROS) is a supersensi-
tive element of the triggering (intensification) of apoptot-
ic DNA fragmentation. Plant sensitivity to induction of
apoptosis by peroxides seems to be associated with the
natural cycles of ROS formation in seedlings [20], and it
is different at the various stages of early ontogenesis.
Peroxides (in the presence of Fe?* or in the light they
are the source of the reactive radical “OH [30, 31]) signif-
icantly increase the apoptotic DNA fragmentation both in
the initial leaf and coleoptile (Fig. 5). Hydrogen peroxide
and cumene hydroperoxide induce apoptosis (DNA frag-
mentation) already on the fourth day of the seedling life
(Fig. 5b). In control plants the apoptotic DNA fragmen-
tation in the initial leaf was observed only on the eighth
day of the seedling life (Fig. 5a, lane 3). In a leaf H,0,
stimulates apoptosis approximately 24 h earlier (Fig. 5b)
than in coleoptile (Fig. 5¢). This seems to be due in part to
higher oxygen and Fe?* contents in photosynthesizing leaf
than in coleoptile. As far as hydrogen peroxide speeds up
the appearance of apoptosis in the initial leaf, it should
promote leaf aging. It is known that peroxides induce
aging in plants [1, 18]. In the initial leaf of etiolated wheat
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seedlings, as in their coleoptile, the “fifth day effect” char-
acterized by strong stimulation by hydrogen peroxide of
internucleosomal DNA fragmentation was observed
exactly in this period of the seedling life (Fig. 5, b and c)
when the natural level of the superoxide content in the
cells of etiolated seedling was minimal [20].

Thus, modulation of the ROS level in seedling by per-
oxides and antioxidants results in tissue-specific change in
the target date for the appearance as well as intensity of
apoptosis that is an integral part of plant ontogenesis.
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