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The importance of transmembrane flux of Ca’* in regulating
dark-induced senescence of detached corn leaves
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Abstract. Effects of compounds that influenced Ca®* transport on dark-induced senescence of
detached corn leaves were examined. Exogenous Ca?* and ionophore A23187 did not affect dark-in-
duced senescence. Specific Ca?* chelators, 1, 2-bés (o-aminophenoxy)-ethane-N, N, N’, N’-tetraacetic
acid and ethyleneglycol-bis-(8-aminoethyl ether)-N, N, N’, N'-tetraacetic acid, markedly retarded
dark-induced senescence. Verapamil, a Ca** channel blocker, and lanthanum chloride, a Ca®* antago-
nist, were also found to retard dark-induced senescence. Ruthenium red, the Ca®* transport inhibitor,
also retarded the senescence of detached corn leaves in the dark. Collectively, our data seem to suggest
that failure to maintain normal transmembrane flux of Ca** is a key cause of dark-induced senescence.
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Introduction

Several lines of evidence show that Ca?* plays an
important role in regulating leaf senescence. The senes-
cence, measured as chlorophyll loss and protein degra-
dation, of corn and Rumex leaf discs was found to be
retarded by added Ca?* (Poovaiah and Leopold, 1973).
In detached cucumber cotyledons, Ca®* reduced the
rate of chlorophyll degradation, ethylene production
and peroxide accumulation (Ferguson et al., 1983).
These effects were interpreted as consequence of the
Ca?* acting on the plasma membrane.

In the present study, we examined the effects of
compounds that influenced Ca** transport on the senes-
cence of detached corn leaves under dark condition.
We show here that the inability of the cell to maintain
low cytosolic Ca?* level may be a key cause of the

ICorresponding author.

z Abbreviations: BAPTA, 1, 2-bis(o-aminophenoxy)-ethane-N,
N, N’, N’-tetraacetic acid; EGTA, ethyleneglycol-bis-(8
-aminoethyl ether)-N, N, N’, N’-tetraacetic acid.

senescence syndrome of detached corn leaves.
Materials and Methods

Corn seeds (Zea mays L., cv. Tainung 351) were
grown in vermiculite in a greenhouse with natural light
at 30°C day/25°C night for 7 days by which time the
primary leaves were fully expanded. The apical 2.5-cm
segments excised from primary leaves were used. Leaf
segments were placed vertically in test tubes with the
cut end submerging in 2 mi of test solution and incubat-
ed at 27°C for 4 days under dark condition. All test solu-
tions were adjusted to pH 5.5.

Total chlorophyll was extracted and determined at
4 days after incubation in the dark by the method of
Arnon (1949). Total chlorophyll content is expressed as
mg/gFW.

All chemicals used in this study were purchased
from Sigme Company, USA.

Results

The senescence of corn leaves was followed by
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measuring the decrease of chlorophyll. Since
exogenous Ca®* has been shown to retard senescence of
corn leaf discs (Poovaiah and Leopold, 1973), prelimi-
nary experiments were performed to determine concen-
tration range over which Ca?* retarded senescence of
detached corn leaves in darkness. Surprisingly, we
were unable to find any effect on senescence of Ca?* in
the range of 0.1 to 5 mM (data not shown).

Figure 1 shows the effect of EGTA and BAPTA,
Ca?* specific chelators (Campbell, 1983; Tsien, 1980), on
the chlorophyll content of detached corn leaves in the
dark. It is clear that both EGTA and BAPTA were
effective in retarding dark-induced senescence. The
effect of EGTA on the senescence of detached corn
leaves was further investigated to see whether its
effect could be reversed by the addition of Ca?*. As in-
dicated in Table 1, the retardation effect of EGTA
could, indeed, be reversed by the addition of Ca?*,
though Ca?* itself at 1 mM had no effect on senes-
cence.

Experiments were carried out with calcium iono-
phore A23187 (Pressman, 1976) to further characterize
the role of Ca?* in dark-induced senescence of
detached corn leaves . The results in Table 1 indicated
that A23187 in the range of 5-50 M had no effect on
dark-induced senescence of detached corn leaves.

To see whether there is a requirement for calcium
channels when dark induces senescence of detached

Table 1. Effects of CaCl, EGTA, EGTA+ CaCl,, and

A23187 on chlovophyll content in detached corn

leaves after 4 days in darkness. A23187 was pre-

pared by dissolving in 10 drops of ethanol
(95%), adding an appropriate amount of distilled
water and heating to 80°C to remove ethanol.
Values arve averages with standard ervors (n=4)

Treatment Total chlorophyll (mg/gFW)

Experiment [

Control 0.74+0.05
CaCl,, 1 mM 0.81+0.06
EGTA, 1 mM 1.09+0.05
EGTA, 1 mM+CaCl,, 1 mM 0.89+0.06
Experiment II

Control 1.24+0.07
A23187,5 uM 1.244-0.05
A23187,10 uM 1.25+0.03
A23187, 50 uM 1.27+0.10
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Fig. 1. Effects of EGTA and BAPTA on chlorophyll content

of detached corn leaves in the dark. EGTA and
BAPTA were prepared by dissolving in 10 drops of 1 N
NaOH and then adding an appropriate amount of dis-
tilled water. Vertical bars represent standard errors
(n=4)

leaves, verapamil, a calcium channel blocker (Janis et
al., 1985), or lanthanum chloride, a calcium antagonist
(Fineran and Gilbertson, 1978; Thomson et al., 1973),
was applied to detached corn leaves under dark codi-
tion. It was found that verapamil significantly retarded
chlorophyll loss of detached corn leaves incubated in
darkness (Fig. 2). Lanthanum chloride was also found
to retard chlorophyll loss, though higher concentration
than verapamil was required (Fig. 2). It should be noted
that toxicity of detached corn leaves treated with 5-10
mM lanthanum chloride were not visually observable.

We also investigated the effect of ruthenium red,
the Ca** transport inhibitor (Bygrave, 1977), on the
chlorophyll content in detached corn leaves under dark
condition. In the presence of the Ca?* transport in-
hibitor, dark-induced senescence of detached corn
leaves was markedly retarded (Fig. 3).
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Fig. 2.  Effects of verapamil and LaCl, on chlorophy!l content
of detached corn leaves in the dark. Verapamil was
prepared by dissolving in 10 drops of ethanol (95%),
then adding a appropriate amount of distilled water
and heating to 80°C to remove ethanol. Vertical bars

represent standard errors (n=4).

Discussion

Exogenous Ca?* has been shown to delay senes-
cence of detached cucumber cotyledons and corn and
Rumex leaf discs (Ferguson et al., 1983; Poovaiah and
Leopold, 1973). The present investigation, however,
demonstrated that added Ca?* had no effect on dark-
induced senescence of detached corn leaves. Failure to
unequivocally demonstrate retardation of dark-in-
duced senescence of detached corn leaves by exogenous
Ca?* suggests that corn leaves may contain a high level
of Ca?* in darkness.

Using the ionophore A23187 (a compound that
transports Ca?* across membranes), it is possible to
chemically induce an increase in the intracellular Ca®*.
Using pea leaf system, Leshem et a/. (1984) found that
A23187 treatment resulted in the promotion of senes-
cence. In contrast to their results, we found that A23187
did not affect dark-induced senescence of detached
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Fig.3. Effects of ruthenium red on chlorophyll content of
detached corn leaves in the dark. Verticals bars repre-

sent standard errors (n=4).

corn leaves, indicating that detached corn leaves in-
cubated in the dark may already contain a high level of
cytosolic Ca?*.

In both mammals and plants, Ca?* concentration in
the cytosol is several order of magnitude less than that
on cell’s exterior (Ferguson, 1984). The basis for the
regulatory activity of Ca?* in mammalian cells is the
maintenance of very low concentration of Ca** in the
cytosol (Krestsinger, 1976). Ferguson (1984) suggested
that an important part of the senescence process was a
breakdown in Ca?* regulation to the extent that in-
creased cytosolic Ca®* level resulted in some of the
characteristics of senescence symptoms. The fact that
exogenous Ca?* and A23187 had no effect on dark-in-
duced senescence of detached corn leaves suggested
that corn leaves incubated in darkness were unable to
maintain normally low level of cytosolic Ca?* or the
steep Ca?* gradient across the plasma membrane. It
seems that the influx of Ca?* into cytosol is enhanced
once detached corn leaves are incubated in the dark.
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EGTA, BAPTA and ruthenium red have been
shown to remain in the outside of the plasma mem-
brane in animal tissues (Jones and Moll, 1983). EGTA
does not enter intact plant cells (Moll and Jones, 1981),
and the dye quin-2, a close relative of BAPTA (Tsien,
1980), is also difficult to introduce into plant cells
(Gilroy et al., 1986). If EGTA, BAPTA and ruthenium
red behave similarly in cells of corn leaves, then the
effect of them in retarding dark-induced senescence is
more likely mediated by inhibiting the influx of Ca?*
into the cytosol. The importance of the influx of Ca?*
in inducing senescence is further supported by the
observations that verapamil and lanthanum chloride
markedly retard dark-induced senescence of corn
leaves.

Since maintenance of normally low cytosolic Ca?*
concentration requires continuous pumping of Ca?*
from cytosol to either apoplast or cell organells
(Poovaiah and Reddy, 1987), the possibility that the
operation of Ca?* pumping in corn leaf cells is blocked
under dark condition can not be ruled out.

It is interesting to note that an elevated cytosolic
Ca’* retards dark-induced senescence in detached rice
leaves (Huang and Kao, 1990). The diverse roles of
cytosolic Ca** on leaf senescence seem to be complex.
At present, it is impossible to propose a general expla-
nation why increase in cytosolic Ca®* resulted in the
retardation of dark-induced senescence of detached
rice leaves but is the prime factor causing senescence
of detached corn leaves in the dark. Since increase in
cytosolic level of Ca®* in pea leaves resulted in the pro-
motion of senescence (Leshem ef al., 1984), an elevated
cytosolic Ca** as a key cause of senescence is unlikely
limited to the leaves of C, or upland plants.

The present work seems to support the view that
the transmembrane flux of Ca?* is important in
regulating senescence of detached corn leaves. We
admit that all evidences described in this paper are in-
direct, and conclusive proof should come from direct
study of Ca?* transport and/or direct measurement of
cytosolic Ca?* level in corn leaves in response to dark-
ness.
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