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Calcium in the regulation of corn leaf senescence by light

Yuanman Huang and Ching Huei Kao!

Department of Agronomy, National Taiwan University, Taipei, Taiwan, Republic of China

(Received September 25, 1991; Accepted December 4, 1991)

Abstract. The participation of Ca?* in light-retarded senescence of detached corn leaves was
examined. Application of Ca** chelators (EGTA and BAPTA) promoted light-retarded senescence.
The effect of EGTA could be reversed by adding Ca®*, though Ca** itself had no effect on senescence in
the light. Ca?* channel blockers (verapamil and lanthanum), a Ca?* ionophore A23187, and calmodulin
antagonists (chlorpromazine, trifluoperazine, W-7 and compound 48/80) also promoted light-retarded
senescence. Results seem to suggest that light may retard senescence by maintaining a normal trans-
membrane flux of Ca?*. Since agents known to be agonists of the phosphatidylinositol second messen-
ger system (serotonin and deoxycholate) can partially substitute for light, the phosphatidylinositol
pathway is likely to be an important second messenger involved in coupling light action to senescence

retardation.
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Introduction

Leaf senescence is known to be retarded by
exogenously applied Ca®** (Ferguson et al., 1983,
Poovaiah and Leopold, 1973). On the other hand, ele-
vated cytosolic Ca?* has been reported to promote
senescence (Leshem et al., 1984). These results indicate
that calcium plays an important role in regulating leaf
senescence. Light has been found to retard senescence
in leaves of several species (Thomas and Stoddart,
1980). Several lines of evidence indicate that cytosolic
Ca?* is involved in the stimulus-response coupling in
many light-mediated phenomena (Hepler and Wayne,
1985; Poovaiah and Reddy, 1987). Thus, a study of the
role of Ca?* in light-regulated leaf senescence might
yield useful information. The work described here con-
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cerns the question of Ca** involvement in the
photocontrol of leaf senescence.

Materials and Methods

Corn seeds (Zea mays L. cv. Tainung 351) were
grown as described previously (Huang and Kao, 1992).
Apical 25-cm segments excised from the primary
leaves of 7-day-old corn seedlings were used. Two leaf
segments were placed vertically in test tubes with the
cut ends submered in 2 ml of test solution and incubat-
ed at 27°C for 4 days, either under light (16.7 pmol ¢
m~2 - s~!) provided by Gro-lux fluorescent lamps or in
darkness. All test solutions were adjusted to pH 5.5.

Total chlorophyll was extracted and determined
following the method of Arnon (1949) and is expressed
as mg/gFW.

All chemicals used in this study were purchased
from Sigma Company, U. S. A. EGTA and BAPTA
solutions were prepared by dissolving the chemicals in
10 drops of 1 N NaOH and then adding the appropriate
amount of distilled water. Verapamil and A23187 were
dissolved in 10 drops of ethanol (95%). After adding the
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appropriate amount of distilled water the solutions
were heated to 80°C to remove the ethanol. W-7 was
dissolved in 10 drops of 1IN HCI, and the appropriate
amount of distilled water was then added. Other chemi-
cals were dissolved in distilled water.

Results and Discussion

The senescence of detached corn leaves was foll-
owed by measuring the decrease of chlorophyll. Data in
Table 1 show that light significantly retarded senes-
cence of detached corn leaves. The effectiveness of
Ca®* in retarding chlorophyll degradation under light
conditions was tested as shown in Fig. 1. The chloro-
phyll level was not significantly affected by adding
Ca** in the range 0.1-5 mM. It appears that light
-retarded senescence of detached corn leaves does not
require Ca®* in the incubation medium.

EGTA is a specific Ca?* chelator used in many sys-
tems (Daye et al., 1984; Karege et al., 1982; Lehtonen,
1984). The chelator BAPTA has been reported to be
much more selective for Ca?* than EGTA (Tsien, 1980).
Data of Figures 1 and 2 show that both EGTA and
BAPTA were effective in promoting senescence of
detached corn leaves. The effect of EGTA could be
reversed by the addition of Ca?* (Fig. 1).

To further characterize the role of Ca®* in light
-retarded senescence of detached corn leaves, experi-
ments were carried out with putative calcium channel
blockers. Verapamil, a phenyl-alkylamine derivative
(Janis et al., 1985) and lanthanum chloride (LaCly)
(Fineran and Gilbertson, 1978) were applied to detached
corn léaves in the light. Both verapamil and La®** were
found to be effective in causing the decrease of chloro-
phyll levels (Fig. 3). ‘

When 10 ©M A23187, a Ca®* ionophore (Pressman,
1976), was added to detached corn leaves under light
conditions of 4 days, senescence was significantly
promoted (Table 2).

In a recent report, we presented evidence that fail-
ure to maintain normal transmembrane flux of Ca?* is
a key cause of dark-induced senescence of detached
corn leaves (Huang and Kao, 1992). If this suggestion is
correct, then the retardation of corn leaf senescence by
light is most likely mediated through the maintenance
of normal transmembrane flux of Ca?*. Once the nor-
mal transmembrane influx of Ca?* under light condi-
tion is disturbed or blocked, senescence promotion in
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Fig. 1.  Effects of CaCl, in the presence and absence of EGTA
(5 mM) on chlorophyll levels in detached corn leaves.
Chlorophyll was determined after 4 days in the light.
Bars represent standard errors (n=4).

Table 1.  Effect of light on chiorophyll levels in detached

corn leaves
Values are means with standard errors (n=4).

Treatment Total chlorophyll, mg/gFW
Initial 2.22+0.03

" 4 days in darkness 0.724+0.04
4 days in light 1.24£0.05

Table 2. Effect of A23187 on chlovophyll levels in
detached corn leaves. Total chiovophyll level was
determined after 4 days in the light

Values are means with standard errors (n=4).

Treatment Total chlorophyll, mg/gFW
Control 1.56%0.03
A23187 1.1740.03
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Fig. 2. Effgcts of EGTA and BAPTA on chlorophyl! levels in
detached corn leaves. Chlorophyll was determined
after 4 days in the light. Bars represent standard errors
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Fig. 3.  Effects of verapamil and LaCl; on chlorophyll levels in
detached corn leaves. Chlorophyll was determined
after 4 days in the light. Bars represent standard errors

(n=4).
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corn leaves would be expected. This is indeed the case
as judged from the results described above.

Calmodulin is now known to function in almost all
plant and animal cells as a transducer of small Ca?*
concentration changes into major physiological
responses (Poovaiah and Reedy, 1987). A major enzyme
under calmodulin control is a plasma membrane Ca?*
-ATPase, which pumps Ca?* out into the wall of plant
cells (Dieter, 1984). Light has been shown to stimulate
Ca?** efflux from oat cells (Hale and Roux, 1980). It
seems that light may retard senescence of corn leaves
through the stimulation of Ca** efflux via calmodulin
-modulated Ca?*-ATPase. The fact that calmodulin
antagonists (chlorpromazine, trifluoperazine, W-7 and
compound 48/80, Hidaka and Tanaka, 1982) promoted
senescence of corn leaves in the light (Fig. 4 and Table
3) tends to support this suggestion.

Cleavage and phosphorylation of membrane phos-
phatidylinositol (PI) is known to result in a transient
rise in cytosolic Ca?* levels (Kikkawa and Nishizuka,
1986; Poovaiah and Reddy, 1987). PI turnover has been
shown to be the second messenger in stimulus-response
coupling in numerous phenomena (Berridge, 1987). The
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Fig. 4. Effects of chloropromazine and trifluoperazine on
chlorophyll levels in detached corn leaves. Chlorophyll
was determined after 4 days in the light. Bars repre-
sent standard errors.
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components of the PI pathway of signal transduction
have been demonstrated in plants (Boss and Massel,
1985; Drobak and Ferguson, 1985; Heim and Wagner,
1986; Morse et al., 1987; Rincon and Boss, 1987). Thus,
we tested agents, such as serotonin (5 - hydroxy -
tryptamine) and deoxycholate, which are known to
serve as agonists for the PI second messenger system
for their effects on senescence of detached corn leaves.
Detached corn leaves were treated with serotonin or
deoxycholate in the dark. Both serotonin and deoxy-
cholate were effective in retarding senescence in the
dark (Table 4).

Since PI agonists can mimic the effect of light in
retarding senescence, it appears that the PI pathway is

Table 3.
phyll levels in detached corn leaves. Chlorophyll
was determined after 4 days in the light

Values are means with standard errors (n=4).

Treatment Total chlorophyll, mg/gFW
W-7 (mM) .

0 . ) 0.96+0.08

0.1 o o 0.92+0.04

0.2 0.73+0.06

0.5 0.56+0.05

1.0 0.57+0.04
Compound 48/80 (uzg/ml)

0 0.96+0.08

50 1.11+0.16

100 1.00£0.12

200 - 0.72%+0.01

Table 4.  Effect of agonists of the phosphoinositide pathway

on chlovophyll levels in detached corn leaves.
Total chlorophyll was determined after 4 days in
darkness

Values are means with standard errors (n=4).

Total chlorophyll, mg/gFW

Treatment

Serotonin (mM)

0 0.74%0.05
0.5 0.83+0.06
1.0 1.0640.01
5.0 1.60%0.17
Deoxycholate (mM)

0 0.72£0.04
0.1 1.31+0.02
0.5 1.51+0.03

1.0 1.61+0.05

Effect of W-7 and compound 48 /80 on chloro-
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likely to be an important second messenger involved in
coupling light action to senescence retardation. How-
ever, the role of the PI second-messenger system in
light-retarded senescence will not be firmly established
until the release of soluble inositol phosphates is shown
to occur in light-retarded detached corn leaves.

Acknowledgements. The research was supported by a grant
from the Council of Agriculture, Republic of China. The assis-
tance of Mr. Chien Teh Chen is gratefully acknowledged.

Literature Cited

Arnon, D. I. 1949. Copper enzymes in chloroplasts. Polyphenolox-
idases in Beta vulgaris. Plant Physiol. 24: 1-15.

Berridge, M. J. 1987. Inositol triphosphate and diacylglycerol:
two interacting second messengers. Annu. Rev. Biochem. 56:
159-193. '

Boss, W. F. and M. O. Massel. 1985. Phosphoinositides are pres-
ent in plant tissue culture cells. Biochem. Biophys. Res. Com-
mun. 134; 1018-1023. ]

Daye, S., R. L. Bico, and S. ]J. Roux. 1984. Inhibition of
gravitropism in oat coleoptiles by the calcium chelator, eth-
yleneglycol-bis-(8-aminoethylether)-N,N’-tetraacetic acid.
Physiol. Plant. 61: 449-454.

Dieter, P. 1984. Calmodulin and calmodulin-mediated processes
in plants. Plant Cell Environ. 7: 371-380.

Drobak, B. K. and I. B. Ferguson. 1985. Release of Ca?* from
plant hypocotyl microsomes by inositol-1,4,5-triphosphate.
Biochem. Biophys. Res. Commun. 130: 1241-1246.

Ferguson, 1. B. 1984. Calcium in plant senescence and fruit ripen-
ing. Plant Cell Environ. 7: 477-489.

Ferguson, 1. B, C. B. Watkins, and J. E. Harman. 1983. Inhibition
by calcium of senescence of detached cucumber cotyledongs:
effect on ethylene and hydroperoxide production. Plant
Physiol. 71: 182-186.

Fineran, B. A. and J. M. Gilbertson. 1978. Application of lanth-
anum uranyl salts as tracers to demonstrate apoplastic path-
way for transport in the glands to the carnvirous plant
Utricularia monanthios. Eur. J. Cell Biol. 23: 66-72.

Hale, C. C, II. and S. J. Roux. 1980. Photoreversible calcium
fluxes induced by phytochrome in oat coleoptile cells. Plant
Physiol. 65: 658-662. .

Heim, S. and K. G. Wanger. 1986. Evidence of phosphorylated
phosphatidylinositols in the growth cycle of suspension cul-
tured plant cells. Biochem. Biophys. Res. Commun. 134: 1175
-1181.

Hepler, P. K. and W. O. Wayne. 1985. Calcium and plant develop-
ment. Annu. Rev. Plant Physiol. 36: 397-439.

Hidaka, H. and T. Tanaka. 1982. Biopharmacological assess-
ment of calmodulin function: utility of calmociilin antago-
nists. /z» S. Kakiuchi, H. Kidaka, A. R. Meansi(&ds.), Cal-
modulin and Intercellular Calcium Receptors. Plenum, New



Huang & Kao—Calcium in the regulation of corn leaf senescence by light 165

York, pp. 19-33.

Huang, Y. and C. H. Kao. 1992. The importance of transmem-
brane flux of Ca?* in regulation dark-induced senescence of
detached corn leaves. Bot. Bull. Acad. Sin. 33: 17-21.

Janis, R. R., D. Rampe, C. M. Su, and D. L. Triggle. 1985. Ca**
channel: Ligand-induced antagonism and activation. /n T.
Godfrainn (ed.), Calcium Entry Blocker and Tissue Protec-
tion. Raven Press, New York, pp. 21-30.

Karege, F., C. Pencel, and H. Greppin. 1982. Rapid correlation
between the leaves of spinach and the photocontrol of per-
oxidase activity. Plant Physiol. 69: 437-441.

Kikkawa, U. and Y. Nishizuka. 1986. The role of protein kinase
in transmembrane signalling. Annu. Rev. Cell Biol. 2: 149
-178.

Lehtonen, J. 1984. The significance of Ca** in the morphogenesis
of Micrasterias studied with EGTA, verapamil, LaCl; and
calcium ionophore A23187. Plant Sci. Lett. 35: 53-60. -

Leshem, Y. Y., S. Sridhara, and J. E. Thomson. 1984. Involve-
ment of calcium and calmodulin in membrane deterioration

during senescence of pea foliage. Plant Physiol. 75: 329-335.

Morse, M. M., R. C. Crain, and R. L. Satter. 1987. Light-stimulat-
ed inositolphospholipid turnover in Samanea saman leaf
pulvini. Proc. Natl. Acad. Sci. USA 84: 7075-7078.

Poovaish, B. W. and A. C. Leopold. 1973. Deferral of leaf senes-
cence with calcium. Plant Physiol. 52: 236-239.

Poovaiah, B. W. and R. W. Reddy. 1987. Calcium messenger sys-
tems in plants. CRC Crit. Rev. Plant Sci. 6: 47-103.

Pressman, B. C. 1976. Biological application of ionophore. Annu.
Rev. Biochem. 45: 501-530.

Rincon, M. and W. F. Boss. 1987. Myo-inositol triphosphate
mobilizes calcium from fusogenic carrot (Dacus carota L.)
protoplasts. Plant Physiol. 83: 395-398.

Thomas, H. and J. L. Stoddart. 1980. Leaf senescence. Annu. Rev.
Plant Physiol. 31: 83-111.

Tsien, R. Y. 1980. New calcium indicators and buffers with high
selectivity against magnesium and protons: design, synthe-
sis, and properties of prototype structures. Biochemistry 19:
2396-2404.

F5EE TR EREE v BLZBITR

YRA& S%8
B A B SR

AW+ BRI AR FTIE R TR B B LR G BRSNS o pE FEGERE TR A Y (EGTA 8 BAPTA) » 7]
DRSS B 7 A T 021 o EGTA sk R Al R B vR IEEHEF MM - BEMET RS TR SVIBER EXRTHIZ
SE B 7 HSE BRI 4 B (verapamil £2 lanthanum) » gEm 7 ionophore  A23187 L & calmodulin foHD &Il (chlorprom-
azinc, trifluoperazine, W-7 2 compound 48/80) 7] HIEYTBEEE Fr 78 SRES R B AL © KRR ORI R i
B IEE M T B T LIS E L o B phosphatidylinositol SR Bh T (agonists) 2 serotonin 2 deoxycholate BJEX
RIEAEHIRER » El phosphatidylinositol iR AT AER ARERRIE S BN KR ©



