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Abstract—The effect of Ca>* on programmed death of guard cells (GC) and epidermal cells (EC) determined from destruc-
tion of the cell nucleus was investigated in epidermis of pea leaves. Ca?* at concentrations of 1-100 uM increased and at a
concentration of 1 mM prevented the CN™-induced destruction of the nucleus in GC, disrupting the permeability barrier
of GC plasma membrane for propidium iodide (PI). Ca?* at concentrations of 0.1-1 mM enhanced drastically the number
of EC nuclei stained by PI in epidermis treated with chitosan, an inducer of programmed cell death. The internucleosomal
DNA fragmentation caused by CN~ was suppressed by 2 mM Ca®* on 6 h incubation, but fragmentation was stimulated on
more prolonged treatment (16 h). Presumably, the disruption of the permeability barrier of plasma membrane for PI is not
a sign of necrosis in plant cells. Quinacrine and diphenylene iodonium at 50 uM concentration prevented GC death induced
by CN~ or CN™ + 0.1 mM Ca** but had no influence on respiration and photosynthetic O, evolution in pea leaf slices. The
generation of reactive oxygen species determined from 2’,7’-dichlorofluorescein fluorescence was promoted by Ca®* in epi-

dermal peels from pea leaves.
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Programmed cell death (PCD) is a physiological
response that serves for the execution of the ontogeny
program and cell differentiation, maintains tissue home-
ostasis, eliminates infected, functionally exhausted, aged,
and unclaimed cells, premalignant cells, or cells exposed
to mutagenic agents and other stress influences [1].
Formation of reactive oxygen species (ROS), chromatin
condensation and margination, protease activation, DNA
fragmentation, and accumulation of phosphatidylserine
in the external monolayer of the plasma membrane
accompany PCD.

ROS are products of one-, two-, and three-electron
0O, reduction: O3, H,0,, and OH'". Their sources in plant

Abbreviations: DCF, 2',7'-dichlorofluorescein; DCFH-DA,
2',7'-dichlorofluorescin diacetate; DPI, diphenylene iodo-
nium; EC, epidermal cells; GC, guard cells; PCD, pro-
grammed cell death; PI, propidium iodide; ROS, reactive oxy-
gen species.

* To whom correspondence should be addressed.

cells are the electron transfer chains of mitochondria [2]
and chloroplasts [3, 4], NADPH oxidases of plasma
membrane [5] and of the cell nucleus [6-8], and apoplast
peroxidase [8-11]. Singlet oxygen ('O,) is also related to
ROS that is formed in vivo mainly in two ways [12]: pho-
tochemically, through the light excitation of endogenous
photosensitizer followed by intermolecular transfer of
electron excitation energy from triplet donor to triplet
oxygen molecule (°0,), or in dark reactions of inflamma-
tory response in animals with the participation of
myeloperoxidase:

H,0, + CI- - OCI” + H,0,
H,0, + OCI- — CI- + H,0 + '0,.
There are different PCD inducers of biological and
non-biological nature. Mass PCD is caused by CN™ [13,

14]. In isolated epidermis of pea leaves, CN~ induced
nucleus destruction in guard cells (GC) and in epidermal

614



EFFECT OF Ca’* ON PROGRAMMED CELL DEATH IN PEA LEAVES

cells (EC) [15]. Elicitors, signal compounds of plant
pathogens [16, 17], are PCD inducers. Chitosan is an
effective elicitor; it is a product of incomplete chitin
deacetylation, which is a compound of fungal cell wall
[18-21]. Chitosan, an inducer of programmed death of
EC, caused destruction of nuclei in EC followed by inter-
nucleosomal DNA fragmentation, but it did not influence
the nuclei of GC [22].

Elicitors are inducers of ROS formation in plant cells
that is preceded by fast increase in cytoplasmic Ca?* con-
centration. Ca®" is a universal agent transferring signals in
cells, regulating their vital activity, and taking part in cell
death [23]. Ca?* content in cytoplasm that was originally
40-110 nM increased to ~1 uM after 2 min of fungal
oligopeptide elicitor exposure on parsley cells, and it
decreased to ~0.3 uM in the subsequent 10-40 min [24].
A similar response of Ca?" was induced by acetylchito-
heptaose [24] or chitosan [25]. Chitosan-induced PCD
was suppressed by verapamil, which blocks Ca**-channels
in membranes [26]. EDTA or EGTA chelating Ca’*,
ruthenium red inhibiting intracellular Ca®" transfer, as
well as Ca?*-channel blocker nifedipine and Zn?>" (Ca?*
antagonist) prevented internucleosomal DNA fragmenta-
tion in oat leaves treated by the fungal toxin victorin [27].
In contrast, 10 mM Ca’" stimulated DNA fragmentation
in tomato protoplasts that was induced by the fungal toxin
fumonisin FB, [13].

In plant cells Ca?* can be bound by pectins, pec-
tates, oxalic acid, some cytoplasmic proteins (calnexin,
calsequestrin, calreticulin, calmodulin, Ca?>"-dependent
protein kinases, protein phosphatases, and phospholipas-
es), and Ca’?" is found in cell wall (apoplast), plasma
membrane, endoplasmic reticulum, and chloroplasts.
Most of the water-soluble Ca?" is situated in vacuoles
[28]. Ca’* homeostasis is influenced by Ca’>* accumula-
tion in mitochondria that is dependent on their energized
state [29]. The concentration ratio of Ca*" at the intra-
and extracellular surfaces is ~10~*. Removal of Ca** from
the cell is ATP-dependent process. Ca?* is taken up by
the cell through Ca’>*-channels in the plasma membrane
[28].

Ca?" activates NADPH oxidase of plant plasma
membrane [5, 30]. Diphenylene iodonium (DPI), an
inhibitor of NADPH oxidase, did not affect changes of
Ca*' concentration in cytoplasm of Arabidopsis thaliana
leaf cells in response to treatment with phytopathogenic
Pseudomonas syringae, but DPI suppressed the formation
of H,0, and PCD [31]. On the contrary, La*" (a Ca**-
channel blocker) suppressed increase in Ca’* in cyto-
plasm, formation of H,0,, and PCD. Binding of Ca**
with NADPH oxidase of A. thaliana and its phosphoryla-
tion with the participation of protein kinase synergistical-
ly activates ROS formation [32].

The goal of this study was to investigate the effect of
Ca’?" on ROS formation and programmed death of GC
and EC.
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MATERIALS AND METHODS

The studies were performed with epidermis isolated
from the lower surface of leaves of 7-15-day-old seedlings
of the pea (Pisum sativum L., cv. Alpha). Plants were
grown under conditions of periodic illumination with
intensity ~100 uE/(m*sec) (light 18 h, darkness 6 h) at
23-28°C. Epidermis was separated with forceps and put in
distilled water, and then reagents (the composition is pre-
sented in figure legends) were added. To incorporate the
reagents, the epidermal peels were subjected to vacuum
infiltration for 1 min. The epidermal peels then were
incubated in polystyrene plates at room temperature.

Upon completion of the incubation, the epidermal
peels were treated for 5 min with Battaglia fixer (mixture
of chloroform, 96% ethanol, glacial acetic acid, and 40%
formalin in the ratio 5: 5: 1 : 1), washed with ethanol for
10 min to remove the fixer, incubated in water for 5 min,
and stained with Carazzi’s hematoxylin for 20 min. The
stained peels were washed with tap water and analyzed
with a light microscopy. Cell death was determined as
destruction of the cell nucleus. The share of cells with
destroyed nuclei and cells without nuclei were deter-
mined on the basis of 300-500 studied cells (in 3-4 epi-
dermal peels). The experiments were replicated 3-5
times. Typical data obtained from one of the replications
are given.

Epidermis was stained with 2 uM PI for 20 min for
fluorescence microscopy. The cells were observed using a
Zeiss LSM 510 Meta laser scanning confocal microscope
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Fig. 1. Effect of Ca’>* on CN™- and (CN~ + H,0,)-induced
destruction of nuclei in GC in epidermis of pea leaves. Epidermis
with added CaCl, was exposed to vacuum infiltration for 1 min
and then incubated for 20 min, then supplemented with 2.5 mM
KCN and again exposed to vacuum infiltration for 1 min, then
supplemented with 0.1 mM H,0, and incubated for 23 h with
CN~ or 16 h with CN~ + H,0, in the light.
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Fig. 2. Effect of CN~ and Ca?* on GC nuclei and on the permeability of GC plasma membrane for PI in epidermis of pea leaves. Epidermis
with added CaCl, was exposed to vacuum infiltration for 1 min with following incubation for 20 min, then supplemented with 2.5 mM KCN
and again exposed to vacuum infiltration for 1 min with following incubation for 19 h in the light, and finally stained with PI. a) Confocal
microscopy of GC. PI, fluorescence of PI; TL, image of GC in transmitted light; scale 5 um. b) PI fluorescence in GC. The fraction of cells

with fluorescing nuclei or their fragments in the volume limited by cell wall is noted.

equipped with inverted Zeiss Axiovert 200M (Carl Zeiss,
Germany) in fluorescence or confocal mode. In fluores-
cence mode, fluorescence of PI was excited at 525-
565 nm and registered at 575-640 nm, and in confocal
mode fluorescence of PI was excited at 543 nm and regis-

tered at 565-615 nm.

DNA for electrophoretic separation was isolated
from pea epidermis using the method described in study
[33] with small modifications. Tissue (50-100 mg) was
ground in liquid nitrogen. DNA was extracted for 30 min
at 65°C in 100 mM Tris-HCI buffer, pH 8.0, containing
20 mM EDTA, 1.4 M NaCl, 2% cetyltrimethylammoni-
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um bromide, 1% polyvinyl pyrrolidone, and 0.75% (v/v)
2-mercaptoethanol with constant stirring. Cell debris was
removed by centrifugation for 10 min at 15,000g, and the
supernatant was deproteinized with a mixture of phenol,
chloroform, and isoamyl alcohol in the ratio 25 : 24 : 1.
DNA precipitated with cold isopropanol was treated with
RNase A (100 pg/ml) for 30 min at 37°C, and then it was
again precipitated with ethanol. Extracted DNA was dis-
solved in 20 pl 10 mM Tris-HCI buffer, pH 8.0, contain-
ing 1 mM EDTA. DNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, USA). DNA (1.2 ug) was sub-
ject to electrophoresis (40 min, 5 V/cm) in 1.5% agarose
gel prepared in 40 mM Tris-acetate buffer, pH 7.4, con-
taining 1 mM EDTA. DNA was stained with ethidium
bromide; its fluorescence was detected using a GelDoc It
Imaging System camera (UVP, USA).

Evolution and consumption of O, by pea leaf slices
was measured with a closed Clark-type Pt-electrode.
Incubation medium for leaf slices (10 mg/ml with chloro-
phyll concentration 45 pg/ml) contained 10 mM Hepes-
KOH, pH 7.0, 25 mM KClI, and 5 mM NaHCO,. White
light with saturating intensity (~600 pE/(m?%sec)) was
used. Chlorophylls a and b were extracted from leaves
using 80% aqueous acetone solution [34].

Fluorescence of 2',7'-dichlorofluorescein (DCF)
was measured with a VersaFluor fluorometer (BioRad,
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USA). Intact surface of epidermis was fixed with silica gel
on a polystyrene plate, and then it was dipped into 50 uM
2',7'-dichlorofluorescin diacetate (DCFH-DA) solution
and incubated for 10 min in darkness. Then it was washed
with distilled water and put in a cuvette with solution of
25 mM Hepes-NaOH, pH 7.2, at an angle of 45° to illu-
minator and fluorescence radiation detector. Fluores-
cence of DCF was excited at 485-495 nm and registered
at 515-525 nm. Fluorescent microscopy of pea leaf epi-
dermis treated with 10 uM DCFH-DA for 10 min was
performed on a Zeiss LSM510 META laser scanning
confocal microscope equipped with inverted Zeiss
Axiovert 200M (Carl Zeiss) with fluorescence excitation
and emission wavelengths 488 and 500-530 nm, respec-
tively.

RESULTS

Cyanide caused nuclear fragmentation and subse-
quent disappearance of nuclear fragments of GC and EC
without affecting on their cell walls [15]. According to the
data of bright-field microscopy of pea leaf epidermis
stained with nuclear dye hematoxylin, CaCl, at concen-
trations less than 0.1 mM stimulated the CN™-induced
destruction of nuclei in GC, and further increase in
CaCl, concentration suppressed this process and prevent-

1007 D @ Fluorescence of nuclei
O Fluorescence in volume limited
80 1 by cell wall
©
g
c 601
[0}
o
%]
o
S 40
o
20 1
O. N
QO S NV NV NV NV NV
$ \,\&Q’ & F P F L
O & NN N

X ™ X X
S & L F
Qo > Qo Qo
§ & & F
O C}Q\ O O

Fig. 3. Effect of Ca®>" on chitosan-induced destruction of nuclei in EC of pea leaf epidermis (determined with hematoxylin staining (a)) and
on PI fluorescence in EC nuclei (b). Epidermal peels, where indicated, were treated with a suspension of chitosan (100 pg/ml) in distilled water
for 30 min with magnetic stirring, then supplemented with CaCl, and incubated for 3 h in darkness without stirring. b) EC were stained with
2 uM PI for 20 min. Fragments of EC nuclei had IP fluorescence in the volume limited by the cell wall (light column).
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Fig. 4. Electrophoretic separation of DNA fragments (a) and state of nuclei in GC (light columns) and in EC (dark columns) (b) in epider-
mis of pea leaves. Epidermal peels were supplemented with 2.5 mM KCN, 2 mM CaCl,, or 5 mM Triton X-100 and then exposed to vacuum
infiltration for 1 min with following incubation for 6 (a), 15 (a, b), or 16 h (a) in the light.

ed it at a concentration of 1 mM (Fig. 1). Inhibiting
action of CaCl, was drastically enhanced on treatment of
epidermis with CN~ and 0.1 mM H,O,: destruction of
nuclei in GC was arrested when the concentration of
CaCl, was 0.1 mM. In the absence of CN™ or CN™ +
H,0,, CaCl, had no influence on GC nuclei.

Data of fluorescence microscopy of epidermis treated
with PI are shown in Fig. 2. PI is a stain that intercalates
in DNA helix; it does not enter cells with intact mem-
branes. It is used as indicator of necrotic cell death accom-
panied with disruption of the plasma membrane barrier
properties. PI stains DNA in necrotic cells, but not in
intact or apoptotic cells [35]. CN~ disrupted the perme-
ability barrier of GC plasma membrane for PI (Fig. 2a).
The cell nuclei were desintegrated into fragments that
were stained with PI (7, 2). In most GC in the presence of
CN-, PI uniformly stained nuclear fragments in the vol-
ume limited by the cell wall (3). CaCl, at concentrations
of 1-2 mM prevented the CN™-induced destruction of
nuclei in GC, and PI caused fluorescence of undamaged
nuclei (4). With increasing Ca?'* concentration, we
observed the following (Figs. 1 and 2b): CN™-induced

destruction of nuclei in GC detected with hematoxylin
staining, increase in number of GC with PI stained nuclei,
and decrease in number of GC with PI stained nuclear
fragments in the volume limited by the cell wall. CaCl, per
se had no influence on PI fluorescence in GC (Fig. 2b).
Chitosan-induced destruction of nuclei in EC was
reduced and arrested by CaCl, at concentrations >10 uM
and 0.1-1 mM, respectively (Fig. 3a). In the absence of
chitosan Ca?* had no effect on GC nuclei. Up to 40 pM
CaCl, did not affect the number of EC nuclei stained by
PI in epidermis treated with chitosan, but at concentra-
tions of 0.1-1 mM CaCl, drastically enhanced it (Fig. 3b).
CaCl, at a concentration of 1 mM (without chitosan) dis-
rupted the permeability barrier of EC plasma membrane
for PI causing the fluorescence of nuclei in EC (Fig. 3b).
According to electrophoresis data (Fig. 4), CN~
caused internucleosomal DNA fragmentation. CaCl,
suppressed CN7-induced DNA fragmentation deter-
mined after 6 h of incubation, but enhanced it after 16 h
of incubation. In control (without additives), internucle-
osomal DNA fragmentation was not observed. Treatment
of epidermis with detergent Triton X-100 (5 mM) solubi-
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Fig. 5. Effect of quinacrine, DPI, and La** on CN™- and (CN~ + Ca”")-induced destruction of nuclei in GC in epidermis (a) and effect of
quinacrine on mitochondrial respiration and photosynthetic O, evolution in chloroplasts in pea leaf slices (b). a) Epidermal peels with 0.1 mM
CaCl,, 50 uM quinacrine, 50 uM DPI, or 0.1 mM LaCl; were exposed to vacuum infiltration for 1 min with following incubation for 20 min,
then supplemented with 2.5 mM KCN, and again exposed to vacuum infiltration for 1 min with following incubation for 24 h in the light. b)
100% O, consumption and evolution rates were 10.7-11.2 and 26.7-27.3 pmol O,/mg chlorophyll per hour, respectively.

lizing cell membranes did not induce destruction of
nuclei in GC and EC and internucleosomal DNA frag-
mentation (Fig. 4). DNA fragmentation was absent when
time of incubation of epidermis with 5 mM Triton X-100
was increased to 42 h and when the concentration of
detergent was decreased to 0.25 mM (data not shown).
Quinacrine, an inhibitor of flavin enzymes including
NADPH oxidase of plasma membrane, at a concentra-
tion of 50 uM suppressed destruction of nuclei caused by
CN™ or by CN™ + 0.1 mM CaCl, (Fig. 5a). It had no

BIOCHEMISTRY (Moscow) Vol. 75 No. 5 2010

influence on the dark respiration of mitochondria in pea
leaf slices at concentrations up to 1 mM and on photo-
synthetic O, evolution at concentrations up to 0.1 mM
(Fig. 5b). Quinacrine at higher concentrations inhibited
respiration in the dark and O, evolution in the light.
Another inhibitor of flavin enzymes, DPI, also sup-
pressed destruction of nuclei in GC caused by CN~ or by
CN™ + 0.1 mM CacCl, (Fig. 5a). Previously it was shown
[36] that 50 uM DPI had no influence on respiration and
photosynthetic O, evolution in pea leaf slices. La*" as a
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Fig. 6. DCF fluorescence in epidermal peels from pea leaves. a)
Fluorimetry (additives: 0.2 mM CaCl,, 50 pM quinacrine). b)
Fluorescence microscopy of GC in epidermis treated with
DCFH-DA with added CaCl,. TL, image in transmitted light. c)
Highest values of DCF fluorescence in GC as average of measure-
ments on 30-40 cells.

membrane Ca?"-channel blocker removed the stimulato-
ry effect of 0.1 mM Ca*" on CN~-induced destruction of
nuclei in GC but had no influence on the effect of CN~ or
CN™ + 1 mM Ca*" (Fig. 5a).

Addition of CaCl, caused ROS formation in epider-
mal peels from pea leaves detected by the increase in
DCEF fluorescence. Quinacrine suppressed and prevented
Ca**-induced ROS formation (Fig. 6a). CaCl, at 0.1 and
2 mM concentrations significantly enhanced DCF fluo-
rescence in GC (Fig. 6, b and c).

DISCUSSION

Enhancement of CN~-induced destruction of nuclei
in GC after exposure to Ca®" at low concentrations (Figs.
1 and 2) can be caused by increase in ROS formation
because of activation of plasma membrane NADPH oxi-
dase [5, 30]; adding CaCl, induced increase in DCF flu-
orescence (Fig. 6), an indicator of ROS, mainly H,0,
[37, 38]. In the presence of H,0, (0.1 mM), CaCl,
already at 0.1 mM concentration prevented CN~-
induced destruction of nuclei in GC (Fig. 1). Chitosan-
induced destruction of nuclei in EC was also suppressed
by 0.1 mM CacCl, (Fig. 3).

Suppression of CN7- and chitosan-induced cell
nucleus destruction with increasing Ca?* concentration
(Figs. 1-3) is presumably connected with disruption of
barrier characteristics of the plasma membrane. This is
confirmed by data obtained using PI. KCN caused frag-
mentation of nuclei in GC (Fig. 2a) and internucleoso-
mal DNA fragmentation (Fig. 4), which are markers of
apoptosis. At the same time, the permeability barrier of
the GC plasma membrane for PI was disrupted: nuclei of
most GC in control (without additives) were not stained
by PI. CaCl, (0.5-2 mM) suppressed CN~-induced
destruction of nuclei and, in parallel, triggered the GC
plasma membrane PI permeability (Fig. 2). CaCl, at con-
centrations of 0.1 mM and higher had the same effect on
EC and chitosan-induced destruction of nuclei in EC
(Fig. 3). Ca’" at a concentration of 2 mM prevented
CN~-induced DNA fragmentation in epidermis after 6 h
of incubation but increased the fragmentation after 16 h
of incubation (Fig. 4). CaCl, (10 mM) enhanced DNA
fragmentation in protoplasts of tomato plants treated with
the fungal phytotoxin fumonisin FB; [13].

So the effect of Ca*' at elevated concentrations
(>0.1 mM) is not caused by switching from PCD to non-
programmed cell death, necrosis, when the plasma mem-
brane is disrupted, intracellular content flows out, and
cell nuclei are not destroyed. Internucleosomal DNA
fragmentation is the most typical marker of PCD [39-43].
Therefore, the disruption of the permeability barrier of
plasma membrane for PI is presumably not a sign of
necrosis in plant cells. CN™ also disrupted this barrier
(Fig. 2), but in its presence internucleosomal DNA frag-
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mentation was observed (Fig. 4). Detergent Triton X-100
solubilizing cell membranes did not cause cell nucleus
destruction and internucleosomal DNA fragmentation
(Fig. 4). Fragmentation of DNA with cell nuclei remain-
ing morphologically intact was described for different
treatments of plant cells [44, 45].

Lack of DNA staining after PI treatment is consid-
ered as a sign of plasma membrane integrity [35].
However, plant cells significantly differ from animal cells:
plant cells have a rigid cell wall that prevents unlimited
dilution and mixing of intracellular proteins and other
macromolecular compounds in extracellular aqueous vol-
ume. Even PI fluorescing DNA fragments remain in the
volume limited by the cell wall (Figs. 2 and 3).

There are some data about internucleosomal DNA
fragmentation in Nicotiana tabacum cells after exposures
certainly causing necrosis, namely, after freezing in liquid
nitrogen, mechanical destruction (homogenization), and
after treatment with 5% Triton X-100 [46]. However,
DNA fragmentation was observed after a long period (1-
7 days) of treatment, and it could be the result of action of
hydrolytic enzymes that are released from destroyed cells,
and also secreted by living cells after their further cultiva-
tion.

Quinacrine and DPI suppressing activity of flavin
enzymes are used as inhibitors of plant plasma membrane
NADPH oxidase [47-50]. Both compounds suppressed
CN™- [36] or (CN™ + 0.1 mM CacCl,)-induced destruc-
tion of nuclei in GC (Fig. 5) and chitosan-induced apop-
tosis in EC [22]. La**, a membrane Ca**-channel block-
er [31], cancelled the stimulatory effect of Ca?* (0.1 mM)
on CN™-induced destruction of nuclei in GC (Fig. 5).
Quinacrine suppressed and prevented ROS formation
induced by Ca’>" (Fig. 6). The data show that NADPH
oxidase of plasma membrane, which generates ROS,
takes part in CN™- and chitosan-induced plant cell death.
Ca*" as a NADPH oxidase activator enhances ROS for-
mation, thereby stimulating PCD.
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