
The Plant Cell, Vol. 6, 1301-1310, September 1994 O 1994 American Society of Plant Physiologists 

Oxidative Signals in Tobacco lncrease Cytosolic Calcium 

Adam H. Price,ail Anne Taylor,bi’ Scott  J. Ripley,b Al len Griffiths,”* Anthony J. Ttewavas,‘ 
and Marc R. Knight c33 

a School of Biological Sciences, University of Wales-Bangor, Bangor, Gwynedd LL57 2UW, United Kingdom 
lnstitute of Cell and Molecular Biology, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JH, United Kingdom 
Department of Plant Sciences, University of Oxford, South Parks Road, Oxford 0x1  3RB, United Kingdom 

Tobacco (Nicotiana plumbaginifolia) seedlings genetically transformed to express apoaequorin were incubated in 
h-coelenterazine to reconstitute the calcium-sensitive luminescent protein aequorin. Treatment of these seedlings with 
hydrogen peroxide resulted in a transient burst of calcium-dependent luminescence lasting severa1 minutes. Even though 
the hydrogen peroxide stimulus was persistent, the change in cytosolic free calcium concentration ([Ca2+Iw) was tran- 
sient, suggesting the presence of a refractory period. When seedlings were pretreated with hydrogen peroxide, there 
was no increase in [Ca2+]w upon a second application, which confirmed the refractory character of the response. Only 
when the two treatments were separated by 4 to 8 hr was full responsiveness recovered. However, treatment with hydro- 
gen peroxide did not inhibit mobilization of [Ca2+Iw induced by either cold shock or touching, suggesting that these 
three signals mobilize different pools of intracellular calcium. To examine whether [Ca2+Iw is regulated by the redox 
State of the cytoplasm, we pretreated seedlings with buthionine sulfoximine (to modify cellular glutathione levels) and 
inhibitors of ascorbate peroxidase. These inhibitors modify the hydrogen peroxide-induced transients in [Ca2+]w, which 
is consistent with their effects on the cellular prooxidantlantioxidant ratio. Treatment with hydrogen peroxide that elicited 
[Ca2+],, increases also brought about a reduction in superoxide dismutase enzyme activity. This reduction could be 
reversed by treatment with the calcium channel blocker lanthanum. This indicates that there is a role for calcium in plant 
responses to oxidative stress. 

INTRODUCTION 

Chemical activation of molecular oxygen as a result of partia1 
reduction or photosensitization has shaped the biochemistry 
of life since oxygen evolution began. The involvement of oxy- 
gen in normal respiratory processes and the production of 
oxygen during photosynthesis results in the generation of su- 
peroxides, hydrogen peroxide, hydroxyl radicals, and other free 
radicals that react with and damage DNA, proteins, and lipids 
(Bowler et al., 1992). This phenomenon is described as ox- 
idative stress, and complex protective mechanisms have been 
evolved by plants (and other organisms) to mitigate and re- 
pair the damage initiated by free radicals. The primary 
constituents of these protective mechanisms include enzymes 
such as superoxide dismutase (SOD), catalases and peroxi- 
dases, and free radical scavengers, such as carotenoids, 
ascorbate, tocopherols, and oxidized and reduced glutathione 
(GSSG and GSH, respectively). Enzymes of scavenger me- 
tabolism, such as ascorbate peroxidase, glutathione reductase, 
and dehydroascorbate reductase that together form the 
HalliwellAsada pathway, are shown in Figure 1 and also con- 
tribute (Halliwell and Gutteridge, 1985). 
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In green plants, these protective mechanisms play impor- 
tant roles in resistance to environmental stress. This is because 
many conditions that limit productivity result in the enhanced 
production of activated oxygen species either directly (for 
example, from herbicide treatment, UV radiation, ozone treat- 
ment, and transition metal toxicity) or indirectly (for example, 
drought, chilling, and senescence) (Elstner, 1982; Bowler et 
al., 1992; Fryer, 1992). An important feature of these protec- 
tive mechanisms is that their activity is enhanced when plant 
cells are exposed to conditions increasing free radical produc- 
tion. Cellular activities of SOD, for example, can increase by 
up to an order of magnitude during chilling, anaerobiosis, fun- 
gal invasion, and ozone or SOn treatments. Glutathione 
reductase and the levels of low molecular weight protectants 
may also increase (Bowler et al., 1992). During senescence, 
SOD levels may decline allowing enhanced free radical produc- 
tion and thus accelerating the death of plant tissues. 

The mechanism whereby plant cells are able to perceive 
increased free radical production and compensate by increas- 
ing the leve1 of oxidative protection (or the converse) is not 
understood. Special significance, however, is placed on the 
so-called prooxidant/antioxidant ratio. The primary prooxidant 
constituents are dehydroascorbic acid, quinones, and GSSG, 
and the antioxidants are the equivalent reduced forms. The 
prooxidant/antioxidant ratio is an indicator of the redox state 
of the cytoplasm. In animal cells, the ratio of GSH to GSSG 
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Figure 1. The Halliwell-Asada Enzyme Pathway. 

Pathway involving enzymes of scavenger metabolism, such as ascorbate peroxidase, glutathione reductase, and dehydroascorbate reductase, 
that together form the Halliwell-Asada pathway (adapted from Bowler et al., 1992). Ox., oxidation; red., reduction. 

is believed to be pivotal to cellular responses (Nicotera et al., 
1991,1992). The GSH/GSSG ratio determines the levels of pro- 
tein thiols and can modify cytosolic calcium homeostasis via 
oxidative changes in sensitive thiols of Ca2+-ATPases. During 
severe oxidative stress, the disruption of cytosolic calcium 
homeostasis is probably a critical step in the injury of animal 
cells leading to the activation of numerous calcium-dependent 
degradative enzymes (Nicotera et al., 1985; Tsokos-Kuhn et 
al., 1988; Orrenius et al., 1989). A more moderate rise in ox- 
idative stress, however, potentiates the protective mechanisms, 
and it is suggested that changes in cytosolic free calcium 
concentration ([Ca2+Icfl) resulting from enhanced oxygen ac- 
tivation help to mediate the necessary biochemical changes 
(Nicotera et al., 1991). 

There is currently no direct evidence in plant cells that relates 
oxidative stress or exogenous hydrogen peroxide treatment 
to [Ca2+JCfl, although indirect evidence (Price, 1990) suggests 
the possibility. Hydrogen peroxide has been speculated to be 
a second messenger in its own right, and exogenous hydro- 
gen peroxide can initiate plant defense responses, such as 
phytoalexin production (Aposto1 et al., 1989). The addition of 
exogenous hydrogen peroxide can also mimic the chilling- 
induced oxidative stress response in maize and stimulate the 
expression of catalase and peroxidase (Prasad et al., 1994). 
We have recently described the production of genetically trans- 
formed plants expressing apoaequorin (Knight et al., 1991, 
1992,1993). When these plants were incubated in the lumino- 
phore coelenterazine, the calcium-dependent photoprotein 
aequorin was reconstituted. The resultant luminous plants have 
luminosity directly reporting [Ca2+Icyt. Use of this simple 
method greatly eases the measurement of [Ca2+Icfl and has 
enabled us to investigate the effects of hydrogen peroxide treat- 
ment of whole tobacco seedlings. 

RESULTS 

Effects of Hydrogen Peroxide and Lanthanum Chloride 
on SOD Enzyme Activity 

The effects on SOD enzyme activity resulting from treatment 
of tobacco seedlings with 10 mM hydrogen peroxide are shown 

in Figure 2A. Treatment with hydrogen peroxide brought about 
a 45 and 67% reduction in SOD activity after 1 and 4 hr, respec- 
tively. Treatment with hydrogen peroxide for 10 min did not 
cause a significant inhibition in SOD activity after 1 hr, but 37% 
inhibition was detected after 4 hr. The fact that no inhibition 
was seen after 1 hr indicates that it is unlikely that inhibition 
of SOD activity seen is a result of direct inhibition of SOD by 
hydrogen peroxide in the reaction assay itself. Also, if this were 
the case, no increased inhibition would be expected after 4 
hr, but this does indeed occur. To see whether intracellular cal- 
cium might have a role in inhibiting SOD enzyme activity, we 
incubated plants with the calcium channel blocker lanthanum 
(111) chloride along with hydrogen peroxide. Figure 28  shows 
that treatment with lanthanum reverses the hydrogen perox- 
ide-mediated inhibition of SOD activity. The lower response 
to hydrogen peroxide alone in this experiment compared to 
Figure 2A illustrates the differences in response that we 
observed between different preparations of plants that presum- 
ably received different levels of stress during growth. Certainly, 
plants grown at higher densities showed a lower [Ca2+]cfl re- 
sponse to hydrogen peroxide (S.J. Ripley, A. Taylor, M.R. Knight, 
and A.J. Trewavas, unpublished results). Lanthanum on its own 
stimulated SOD activity almost twofold over untreated controls. 
Because these experiments suggested a role for calcium in 
mediating cellular responses to hydrogen peroxide, we decided 
to measure [Ca2+Icfl in plants challenged with hydrogen 
peroxide. 

Hydrogen Peroxide lncreases [Ca2+],, in Tobacco 
Seedlings 

Seeds of the transformed tobacco line MAQ2.4 expressing 
apoaequorin (Knight et al., 1991) were germinated on half- 
strength MS medium (Murashige and Skoog, 1962) in white 
light (16-hr photoperiod) for 1. to 2 weeks. Reconstitution of ac- 
tive aequorin was accomplished by incubating the seedlings 
in h-coelenterazine (Knight et al., 1993). When single seed- 
lings were placed in a luminometer and immersed in 10 mM 
hydrogen peroxide at room temperature as shown in Figure 
3 (Nicotera et al., 1991),'a single spike of calcium-dependent 
luminescence was observed. This spike followed a definite lag 
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period, which was observed to vary from 20 to 40 sec in differ- 
ent seedlings. The increase in [Ca2+Icyt was transient, lasting 
between 1 and 2 min, even though the seedlings remained 
immersed in the solution of hydrogen peroxide: a persistent 
stimulus induced a transient response. 

The mechanism of calciuminduced light emission from 
aequorin involves oxidation of the luminophore coelenterazine. 
To establish that hydrogen peroxide does not directly react with 
aequorin, thus initiating spurious light emission, the controls 
shown in Figure 4 and Table 1 were performed. Hydrogen 
peroxide treatments were performed on MAQ2.4 seedlings in- 
cubated in the absc 
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:e of coelenterazine (Figure 4, trace b) 
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Figure 3. The Hydrogen Peroxide-lnduced [Caz+Iw Response. 

A single transformed (MAQ2.4) tobacco seedling was incubated in 2 
pM h-coelenterazine for 4 hr. The seedling was then challenged se- 
quentially with 10 mM hydrogen peroxide followed by the addition of 
ice-cold water as indicated by the arrowheads. Luminescence was 
recorded graphically as described in Methods. 

Control HP2 H P 2  
(10 min) 

Figure 2. Effect of Hydrogen Peroxide and Lanthanum Chloride on 
SOD Enzyme Activity. 

(A) Tobacco seedlings were treated for 10 min with hydrogen perox- 
ide or continuously with hydrogen peroxide. Seedlings on water were 
used as a control. Total protein was extracted after 1 and 4 hr. SOD 
activity was measured as described in Methods and is expressed as 
units of enzyme per milligram of total protein. Foreach treatment, n = 6. 
(B) Seedlings were treated as given in (A) but incubated for 1 hr in 
either 10 mM hydrogen peroxide, 10 mM lanthanum (111) chloride, or 
a combination of the two. SOD measurements are as given in (A). SOD 
activity is expressed as relative to a water control (control = 1). For 
each treatment, n = 6. La, lanthanum. Bars = f standard error (SE). 

and on untransformed wild-type tobacco seedlings that were 
incubated for the requisite period in h-coelenterazine (Figure 
4, trace c). These traces also show cold shock treatments 
(Knight et al., 1991), and again no response was elicited. Two- 
week-old seedlings of MAQ2.4 were also homogenized and 
aequorin reconstituted in the homogenate in vitro using 
hcoelenterazine (Table 1). The addition of 25 mM CaC12 to the 
reconstituted extract gave luminescence values of over 100,000 
counts in 10 sec. The addition of 10 mM hydrogen peroxide 
to aliquots of this extract, in place of CaCI2, produced an av- 
erage of 253 counts over 10 sec, whereas the addition of 
hydrogen peroxide to aliquots of the reconstitution mixture mi- 
nus the plant homogenate gave 242. These results indicate 
that hydrogen peroxide does not detectably induce light emis- 
sion from isolated aequorin or h-coelenterazine, and the 
induced light emission from reconstituted aequorin in MAQ2.4 
(Figure 3) truly represents an increase in [Ca2+]c,+ 

After the hydrogen peroxide (10 mM) response had been 
recorded for 4 min, the seedlings were then immersed in sev- 
era1 volumes of ice-cold water to 'induce the cold shock 
[Ca2+]cyl response (Knight et al., 1991, 1992). Figure 3 shows 
that as previously observed, the cold shock response was very 
rapid and was generally completed within 5 to 10 sec of im- 
mersion. Most importantly, the inability of [Ca2+],,, to respond 
to further stimulation by hydrogen peroxide did not prevent 
a normal [Ca2+]cyt response to cold shock. Table 2 contains 
a summary of the effects of various hydrogen peroxide treat- 
ments on subsequent cold shock-induced luminescence. 
Pretreatment of seedlings with 1 or 10 mM hydrogen peroxide 
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Figure 4. Effect of Hydrogen Peroxide on Aequorin Luminescence 
in Tobacco Seedlings. 

Transformed (MAQ2.4) or untransformed tobacco seedlings were 
incubated in 2 pM h-coelenterazine or in water for 4 hr. The seedlings 
were then challenged with 10 mM hydrogen peroxide and/or ice-cold 
water as indicated by the arrowheads: luminescence was recorded 
graphically as described in Methods. Trace a represents MAQ2.4 seed- 
lings incubated in h-coelenterazine and challenged only with hydrogen 
peroxide. Trace b denotes MAQ2.4 seedlings not incubated in 
h-coelenterazine; hydrogen peroxide is indicated by the first arrow- 
head and ice-cold water by the second arrowhead. Trace c shows the 
response of untransformed seedlings incubated for 4 hr in h-coel- 
enterazine. This untransformed seedling was treated as given for 
seedlings represented by trace b. 

slightly increased the luminescent light released in response 
to cold shock, although the difference was small. Because the 
cold shock response is much more rapid than that of hydro- 
gen peroxide, responses in most experiments were measured 
numerically rather than estimated from chart recordings. A 
hydrogen peroxide treatment consumes only -5% of the recon- 
stituted aequorin in the seedling. 

The effect of hydrogen peroxide on [Ca2+]cyl is concentra- 
tion dependent. Figure 5 illustrates a dose response of 
hydrogen peroxide on luminescent light emission and shows 
that treatments with concentrations of hydrogen peroxide as 
low as 0.05 mM produced detectable responses. Ten experi- 
ments were performed to construct these dose-response data, 
and the traces shown best represent the average size of re- 
sponse for each concentration. The Figure 5 inset shows the 
average emitted light (plus standard errors) summed over the 
first minute for these 10 experiments. At the lower concentra- 
tions of hydrogen peroxide (0.1 and 0.05 mM), the lag period 
before a luminescence response commences was increased 
to 45 to 60 sec. 

Seedlings that had been immersed in hydrogen peroxide 
for periods of 10 min were removed, washed, and placed back 
on agar containing half-strength MS medium in light or 
darkness as described previously (Knight et al., 1991). At 

hydrogen peroxide concentrations of 20 mM or below, there 
were no discernible effects either on the tissues or on the 
growth or tropic sensitivity of the seedling in light or dark. With 
concentrations of 100 mM (a concentration we have not used 
elsewhere), slight browning of the cotyledons was observed 
after 24 to 48 hr in the light. Leaving seedlings in solutions 
of 100 mM hydrogen peroxide in darkness for periods of sev- 
era1 days produced no oxidation or bleaching effects. 

To identify the source of calcium giving rise to the hydrogen 
peroxide-induced increases shown in Figures 3 through 5, we 
pretreated seedlings with a variety of inhibitors. Substantive 
effects were only obtained with the plasma membrane chan- 
nel blocker lanthanum chloride (Tester, 1990) and the putative 
mitochondrial calcium channel blocker ruthenium red 
(Campbell, 1983). Data were obtained in 10 separate experi- 
ments, and the traces shown in Figure 6 best represent the 
average result. Lanthanum chloride at 1 mM reduced the in- 
crease in [Ca2+],yt to approximately one-half, whereas 
ruthenium red at 20 pM resulted in almost total abolition of 
the response. Lanthanum chloride concentrations had to be 
increased to 10 mM to obtain an equivalent reduction in re- 
sponse to that of ruthenium red (data not shown). From what 
is understood concerning the sites of action of these two in- 
hibitors, hydrogen peroxide is mobilizing [Ca2+Icyl from both 
externa1 and internal pools, although the greater sensitivity to 
ruthenium red might arguefor an emphasis on internal sources. 
However, the sites of action of these two inhibitors in plant cells 
are not yet well characterized, and conclusions can only be 
very tentative. 

All seedlings subjected to treatments with lanthanum chlo- 
ride and ruthenium red were given a cold shock treatment, 
and luminescence was recorded. The data(not shown) merely 
confirmed observations previously recorded (Knight et al., 1992) 
concerning these two inhibitors. Lanthanum chloride at 1 mM 
very substantially inhibited cold shock-induced luminescence, 
whereas ruthenium red at 20 pM had no detectable effect. This 
contrast seems to suggest that cold shock and hydrogen perox- 
ide mobilize different pools of [Ca2+Icyl. 

Table 1. Effect of Hydrogen Peroxide on the Luminescence of 
Reconstituted Aequorin 

Treatment 
Counts over 
10 Sec 

25 mM CaCI2 118,802 
10 mM H202 253 
10 mM H202 with no homogenate 242 
Water 106 

Five MAQ2.4 seedlings were homogenized, and aequorin was recon- 
stituted as described in Methods. Aliquots (10 pL) of the reconstitut- 
ed aequorin were treated with CaCI,, hydrogen peroxide, or water. 
In one case, hydrogen peroxide was added to the reconstitution mix- 
ture from which plant homogenate was omitted. 
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Table 2. Effect of Pretreatment with Hydrogen Peroxide, HU, 
HA, and BSO on the Cold Shock-lnduced Luminescence from 
Transformed Tobacco Seedlings 

Pretreatment Luminescence 
Cold Shock-lnduced 

None 
10 mM H202 
1 mM H202 

203,679 f 8,982 (n = 17) 
252,346 f 10,106 (n = 23) 
247,848 f 19,608 (n = 12) 

301,727 f 30,720 (n = 11) 

254,597 f 53,623 (n = 6) 

241,711 f 16,186 (n = 8) 

10 mM HU followed by 

1 mM HA followed by 

10 mM BSO followed by 

One- or two-week-old tobacco seedlings were incubated in 2 pM 
h-coelenterazine to re-torm aequorin. Cold shock was induced by 
irrigating the seedlings with water at OOC, and luminescence was 
recorded numerically for 20 sec. Values are given as f standard er- 
ror (SE). Seedlings were either pretreated with water or with hydro- 
gen peroxide for 4 min, or they were incubated for 4 hr in 10 mM 
HU, 1 mM HA, or 10 mM BSO, followed by 10 mM hydrogen perox- 
ide for 4 min before cold shock. 

10 mM H202 

10 mM H202 

10 mM H202 

Recovery of [Caz+lW Responsiveness from Hydrogen 
Peroxide Stimulation 

The data in Figures 3 through 6 show that transients in 
[Ca2+Icyt occur when seedlings are immersed in hydrogen 
peroxide: a transient response is induced by a persistent stimu- 
lus. This implies that a refractory period follows hydrogen 
peroxide treatment in which nofurther hydrogen peroxide stim- 
ulation of [Ca2+Icyt can be elicited. However, the [Ca2+Icyt 
homeostasis system is evidently not globally modified by hydro- 
gen peroxide because cold shock-induced luminescence can 
be elicited a few minutes after treatment with hydrogen perox- 
ide (Figure 3 and Table 2). 

The presence of a refractory period was confirmed in ex- 
periments summarized in Figure 7. Seedlings were challenged 
with an initial stimulus of 10 mM hydrogen peroxide, and the 
luminescence response was recorded. The seedlings were 
then removed from the luminometer and incubated on distilled 
water (to wash out cell wall hydrogen peroxide) for periods up 
to 8 hr before being rechallenged with 10 mM hydrogen perox- 
ide. In both cases, luminescence was recorded numerically 
over a 4-min period, and chart traces were used to assess 
[Ca2+]c,, kinetics. Figure 7 shows traces of repetitive treatment 
with hydrogen peroxide within 0.5 and 4 hr of the original stimu- 
lus; treatment was then followed by cold shock. After a 0.5-hr 
recovery from hydrogen peroxide, the touch response was not 
abated. The remaining data are summarized in the inset to 
Figure 7, and recovery is expressed as a percentage of the 
original response using numerical estimation of the lumines- 
cence over a 4-min period. The data indicate that complete 
recovery of responsiveness required 4 to 8 hr of incubation 
and that recovery starts within half an hour. At the end of each 

assay, seedlings were cold shocked (Figure 7), and lumines- 
cence was recorded, but equivalent changes or recovery in 
cold shock response was not observed. 

Effects of lnhibitors of Glutathione Synthesis and 
Ascorbate Peroxidase on the Hydrogen 
Peroxide-lnduced lncrease in [Ca2+Icfl 

1s the hydrogen peroxide-induced increase in [Ca2+Icyt the 
result of a direct cellular perception of hydrogen peroxide 
concentrations or the result of changes in the prooxidantl 
antioxidant ratio of the cytoplasm? To distinguish between these 
two possibilities, we conducted experiments in which seed- 
lings were pretreated with (1) buthionine sulfoximine (BSO), 
an inhibitor of glutathione synthesis that can reduce cellular 
glutathione contents by up to 80% (Griffith and Meister, 1979; 
Hell and Bergmann, 1990), and (2) inhibitors of ascorbate per- 
oxidase (hydroxyurea [HU], hydroxylamine [HA], and 
4-aminophenol [AP]; Chen and Asada, 1989). Ascorbate per- 
oxidase is the first member of the Halliwell-Asada pathway 
(Figure 1); it degrades hydrogen peroxide using NADPH 
(Bowler et al., 1992). The two remaining enzymes in this path- 
way, dehydroascorbate reductase and glutathione reductase, 
involve glutathione directly as a redox couple. 

60th groups of inhibitors should similarly retard the rate at 
which hydrogen peroxide is metabolized through the Halliwell- 
Asada pathway, ensuring that cellular hydrogen peroxide con- 
centrations are maintained for longer after the plants are 
challenged with externa1 hydrogen peroxide. But both groups 
of inhibitors should affect the prooxidant/antioxidant ratio in 
opposite ways. A lower cellular glutathione content, induced 

eot T I  

Figure 5. Effect of Different Hydrogen Peroxide Concentrations on 
the Luminescence of Reconstituted Aequorin in Transformed Tobacco 
Seedlings. 

Hydrogen peroxide (10, 1, 0.1, and 0.05 mM) was added to tobacco 
seedlings containing reconstituted aequorin as indicated by the ar- 
rowheads, and calcium-dependent luminescence was recorded. The 
inset shows the accumulated luminescence counts (means plus stan- 
dard error from 10 experiments) for the first minute in which hydrogen 
peroxide stimulation was observed. 
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Figure 6. Effect of Lanthanum Chloride and Ruthenium Red on 
Hydrogen Peroxide-lnduced Luminescence of Transformed Tobacco 
Seedlings Containing Reconstituted Aequorin. 

Transformed tobacco seedlings containing reconstituted aequorin were 
incubated in the presence (+) or absence of 1 mM lanthanum (111) chlo- 
ride (LaCI3) or 20 pM ruthenium red (RR) for 2 hr before being 
challenged with 10 mM hydrogen peroxide as shown by the arrow- 
heads. The traces were selected as being best representative of the 
means from 10 different experiments. 

by BSO, should diminish the apparent activities of the last two 
enzymes in the HalliwellAsada pathway. The rate of accumu- 
lation of ascorbic acid should be decreased, and the 
prooxidant/antioxidant ratio achieved should be higher than 
uninhibited controls. In contrast, inhibition of ascorbate per- 
oxidase should increase the rate at which dehydroascorbic 
acid and GSH accumulate, and the prooxidant/antioxidant ra- 
tio achieved should be lower than uninhibited controls. The 
data on [CaZ+lc,,, obtained with these inhibitors are summa- 
rized in Figures 8 and 9, and appropriate cold shock data are 
presented in Table 2. 

Seedlings that had been incubated in 10 mM BSO were chal- 
lenged with 10 mM hydrogen peroxide, and calcium-dependent 
luminescence was recorded. Figure 8 summarizes the data 
from 11 separate experiments, and the traces were selected 
as being representative of the mean change. The luminescence 
response was higher (mean total increase in luminescence 
is -60%) in seedlings incubated in BSO, but the kinetics of 
the hydrogen peroxide-induced transient, including the lag 
period, were largely unaltered. In contrast, the cold shock re- 
sponse was unchanged by preincubation in BSO and hydrogen 
peroxide (Table 2). 

Figure 9A shows that the preincubation of seedlings in 1 mM 
HU and 0.1 mM HA altered the kinetics of [Ca2+],,, response 
to hydrogen peroxide; the increase in [Caa], was slower, the 
peak was lower, and the increased luminescence continued 
for a much longer period. Figure 9B shows data for higher con- 
centrations of HU (10 mM) and HA (1 mM). The peak is lower 
again and the response further broadened, with increased lu- 
minescence continuing for well over 15 min. Only the first part 
of the trace is shown in Figure 9B. The lag period was also 

increased by these higher concentrations of inhibitors. Pretreat- 
ment with 1 mM AP completely abolished the response to 
hydrogen peroxide, but such seedlings retained responses to 
both touch and cold shock (Figure 9B). We have also observed 
that seedlings incubated in 10 mM HU and 1 mM HA exhibit 
a touch response with kinetics similar to theresponse recorded 
in Figure 9B. Use of 0.1 mM AP instead of 1 mM produced 
luminescence changes very similar to those shown with 1 mM 
HA in Figure 9B (data not shown). 

Pretreatment with HU increased subsequent cold shock re- 
sponses slightly, but HA pretreatment left this response 
unchanged (Table 2). In three experiments with 1 mM AP, the 
cold shock luminescence was estimated to be 177,900 counts 
over the first 20 sec, which is slightly lower than untreated con- 
trols (Table 2). 

With both groups of inhibitors, the response of [Ca2+JCyt to 
hydrogen peroxide was similar to the predicted changes in the 
prooxidant/antioxidant ratio. [Ca2+],,, was increased by prior 
reduction in glutathione content and decreased by prior as- 
corbate peroxidase inhibition. 

DlSCUSSlON 

The results described in this study suggest that oxidative stress 
in the form of hydrogen peroxide treatment increases 

I -  60sec 

r Kudl 
r 

Figure 7. Effect of a Second Challenge with Hydrogen Peroxide on 
the Luminescence of Transformed Tobacco Seedlings Containing 
Reconstituted Aequorin. 

Tobacco seedlings containing reconstituted aequorin were challenged 
with 10 mM hydrogen peroxide. Luminescence was chart recorded 
for 4 min. The seedlings were then removed and incubated on water 
for the times indicated before being rechallenged with 10 mM hydro- 
gen peroxide. Luminescence response to a second challenge with 
hydrogen peroxide was recorded numerically and expressed as a per- 
centage of the first challenge (shown as inset). 
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Figure 8. Effect of BSO on Hydrogen Peroxide-lnduced Luminescence 
from Transformed Tobacco Seedlings Containing Reconstituted 
Aequorin. 

Seedlings containing reconstituted aequorin were incubated in the pres- 
ente (+) or absence of 10 mM BSO for 4 hr before being challenged 
with 10 mM hydrogen peroxide as indicated by the arrowheads. 

[Ca2+Iw. As far as we are aware, the linking of this type of sig- 
na1 directly to changes in [Ca2+Icyt in plant cells is a nove1 
observation. Preliminary imaging data from whole tobacco 
seedlings(M.R. Knight, N.J. Watkins, and A.K. Campbell, un- 
published data) indicate that the hydrogen peroxide-induced 
[Ca2+]c,, elevations seen are relatively global and occur in 
most tissues in a manner similar to cold shock (Knight et al., 
1993). Although hydrogen peroxide is a chemically reactive 
compound and oxidative stress causes increases in ultraweak 
chemiluminescence in plants (Abeles, 1986, 1987), we were 
unable to obtain any evidence that direct chemical oxidation 
caused luminescent light emission under our experimental con- 
ditions (Figure 4 and Table 1). The effects of known inhibitors 
of calcium homeostasis (Figure 6) on the hydrogen peroxide- 
induced luminescence transients certainly support the hypoth- 
esis that oxidative stress increases [Ca2+]cyt. Hydrogen 
peroxide-mediated [Ca2+],,, elevation occurs after a lag 
period. The size of this lag period seems to be dependent on 
hydrogen peroxide concentration (Figure 5). This suggests that 
the lag period is a property of the accessibility of hydrogen 
peroxide to cells. However, the fact that inhibitors also alter 
the length of the lag period (Figure 9) suggests that the mech- 
anism involved is perhaps not that simple. 

Calibration of [Ca2+],, using recombinant aequorin requires 
knowledge of how much aequorin has been expressed, recon- 
stituted, and consumed in cells (Allen and Blinks, 1978; Blinks 
et al., 1978). There is currently no reliable way to make these 
estimates. One solution to this problem is the use of a ratio- 
metric aequorin method (Knight et al., 1993). However, this 
method relies on dual-wavelength luminometry using narrow 
bandwidth selective light filters, and the hydrogen peroxide 
[Ca2+]cyt response produces too low a luminescence signal 
to make these measurements technically possible. However, 
we know that the response of [Ca2+Ic,, to hydrogen peroxide 

is approximately an order of magnitude lower than that of cold 
shock. Because imaging indicates that the luminescence in 
response to both these stimuli is occurring globally in most 
of the plant, we can estimate that hydrogen peroxide-induced 
[Ca2+]c,, elevations are of the order of a few hundred nanomo- 
lar concentrations and certainly no higher than 1 pM. 

To obtain easily measurable effects of hydrogen peroxide, 
we had to immerse seedlings in solutions of 1 or 10 mM. These 
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Figure 9. Effect of HU, HA, and AP on the Hydrogen Peroxide- 
lnduced Luminescence from Transformed Tobacco Seedlings Contain- 
ing Reconstituted Aequorin. 

(A) Effects of HU and HA on [Cz+lcyt. Seedlings containing recon- 
stituted aequorin were incubated in the presence (+) or absence of 
1 mM HU or 0.1 mM HA for 4 hr before being challenged with 10 mM 
hydrogen peroxide as indicated by the arrows. 
(6) Effects of HU, HA, and AP on [CaZ++jcyt. Seedlings containing 
reconstituted aequorin were incubated in the presence (+) or absence 
of 10 mM HU, 1 mM HA, or 1 mM AP before being challenged with 
10 mM hydrogen peroxide as indicated by the arrows. The AP-treated 
seedlings were subsequently touch stimulated and finally cold shock 
treated. 
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concentrations do not seem to be permanently damaging be- 
cause seedlings could be left for severa1 days in darkness in 
10 mM hydrogen peroxide with no obvious effects on growth 
or tropic sensitivity. The cuticle and numerous peroxidases 
in the cell wall may account for some of the resistance to hydro- 
gen peroxide treatments. There is some indication that 
secretion into or synthesis of hydrogen peroxide in the cell wall 
may be part of the normal mechanism of resistance to funga1 
invasion (Bradley et al., 1992). Hydrogen peroxide is produced 
endogenously in response to chilling, and some of the gene 
expression changes associated with chilling can be mimicked 
by adding exogenous hydrogen peroxide (Prasad et al., 1994). 
Mechanisms for dealing with extracellular hydrogen peroxide 
would seem, therefore, to be present in plant cells. 

Currently, there is little information on the mechanism by 
which plant cells perceive oxidative stress. Conditions that 
cause oxidative stress and increase the synthesis of hydro- 
gen peroxide do initiate a counter program of enzyme synthesis 
designed to sequester free radicals (Bowler et al., 1992). An 
intracellular perception of hydrogen peroxide in this case is 
most likely and would be in agreement with our observations 
on [Ca2+],,,, described here. This suggests that a certain 
amount of exogenous hydrogen peroxide must penetrate into 
cells to initiate mobilization of [Ca2+],,,. However, we do not 
know whether it is hydrogen peroxide or some other compo- 
nent of the redox system that is responsible for some or all 
of the effects induced by our treatments with hydrogen perox- 
ide. A mobilization of [Ca2+Icyl, the ubiquitous second 
message, could well directly contribute to or help to coordinate 
the cellular response. 

Our data do suggest that a redox control of [Ca2+Icyl exists 
in plant cells. We used two groups of inhibitors of enzymes 
concerned with the metabolism of hydrogen peroxide. Seed- 
lings treated with BSO, an inhibitor of glutathione synthesis, 
were predicted to exhibit an acceleration of the rate of increase 
of the prooxidantlantioxidant ratio when challenged with hydro- 
gen peroxide. The change in [Ca2+]cyl (Figure 8) paralleled 
this prediction. lnhibitors of ascorbate peroxidase (HU, HA, 
and AP) were predicted to produce seedlings with a reduced 
rate of prooxidantlantioxidant increase when treated with hydro- 
gen peroxide. Again, the changes in [Ca2+]cyt conformed with 
this prediction (Figure 9). 60th groups of inhibitors, it should 
be noted, should similarly slow the rate of metabolism of hydro- 
gen peroxide. Our data therefore support a redox control of 
[Ca*+]cyl but do not conform to a hypothesis of direct hydro- 
gen peroxide perception. With seedlings incubated in both BSO 
and the ascorbate peroxidase inhibitors, a cold shock response 
on [Ca2+]cyl of approximately normal magnitude could be 
elicited. HU even increased the total cold shock luminescence 
slightly. This effect of HU could result from the sensitivity of 
the thiols of the CaZ+-ATPase to prolonged changes in the re- 
dox ratio as described in animal cells (Nicotera et al., 1991) 
but would not explain the different results obtained with HA 
and AI? 

The response of [Ca2+],,, to a single persistent challenge 
of hydrogen peroxide was transient and completed in 1 to 2 

min (Figure 3), suggesting that a refractory period follows stim- 
ulation. Furthermore, seedlings that were challenged with 
hydrogen peroxide failed to respond fully to a further stimula- 
tion until 4 to 8 hr had passed (Figure 7), confirming the 
existence of this refractory state. No effect of hydrogen perox- 
ide was observed on cold shock- or touchinduced changes 
in [Ca2+Icyl homeostasis, suggesting possibly that these two 
signals mobilize different pools of calcium. 

One possible explanation for this refractory period is that 
there is a strong homeostatic regulation of the proox- 
idantlantioxidant ratio. Upon oxidative challenge, a rapid 
compensating increase in the activity of protective enzymes 
could occur. From the kinetics of the [Ca2+jC,, change de- 
scribed here, any putative change in the activity of these 
enzymes would have to take place within a few seconds. It 
is known that the redox state controls chloroplast protein ki- 
nase activity (Bennett, 1991), and redox-sensitive protein 
kinases in the cytoplasm might be responsible for phos- 
phorylating protective enzymes. A prominent feature of the 
effects of the higher concentrations of the ascorbate peroxi- 
dase inhibitors HU and HA (Figure 96) was not only the much 
slower rate in the rise of [Ca2+],,, but a much slower rate of 
[Ca2+],,,, decline. If those variations directly describe equiva- 
lent changes in the prooxidant/antioxidant ratio, then it can be 
hypothesized that the homeostatic regulation of the proox- 
idantlantioxidant ratio is determined directly by the ratio itself 
or the rate of change of the ratio. 

We have used two channel blockers to try and deduce the 
possible intracellular or extracellular sources of [Ca2+Icyl that 
are mobilized by hydrogen peroxide (Figure 6). Ruthenium red 
is highly effective at inhibiting hydrogen peroxide-induced 
changes in [Ca2+Icg, suggesting that most of the mobilized 
calcium has an intracellular origin perhaps commensurate with 
sites at which hydrogen peroxide may be sensed. However, 
lanthanum chloride, a putative plasma membrane channel 
blocker, also reduces oxidatively induced [Ca2+ICyl, although 
complete inhibition required concentrations as high as 10 mM. 
It is possible that at a concentration of 10 mM, lanthanides 
may penetrate the plasma membrane (Quiquampoix et al., 
1990), resulting in ambiguity in any interpretation. We must 
again emphasize that uncertainties in identifying the cellular 
site of action of these two inhibitors mean that conclusions 
must be equally circumspect. 

As well as elevations in [Ca2+]cyl, we also observed inhibi- 
tion of SOD activity in plants treated with hydrogen peroxide 
(Figure 2A). A 10-min treatment with 10 mM hydrogen perox- 
ide was sufficient to result in a significant reduction in SOD 
activity after 4 hr. The fact that this hydrogen peroxide-induced 
inhibition of SOD activity was reversed by treatment with 
lanthanum (Figure 26) suggests that the rise in [Ca2+],, medi- 
ated by hydrogen peroxide is the causal factor for this inhibition. 
Indeed, lanthanum on its own causes an increase in SOD ac- 
tivity. Assuming that lanthanum is interfering with the constant 
cycling of calcium through the plasma membrane, which oc- 
curs even when cells are at rest, then the elevations in SOD 
activity seen could be a result of the prevention of the calcium- 
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mediated control of SOD, which might act to maintain the en- 
zyme activity at normal levels in nonstressed plants. The fact 
that plants need to and can sense how much hydrogen perox- 
ide is present in cells is indicated by the fact that they use 
hydrogen peroxide for defense (Aposto1 et al., 1989) and re- 
spond rapidly at the molecular leve1 to exogenous hydrogen 
peroxide (Prasad et al., 1994). The data presented in this study 
regarding SOD inhibition are another of such changes in re- 
sponse to exogenously applied hydrogen peroxide. If hydrogen 
peroxide levels are to be maintained at regulated levels, then 
SOD activity needs to be tightly coupled to cellular hydrogen 
peroxide levels because this enzyme is responsible for its syn- 
thesis. The simplest scheme of events would involve a system 
of product inhibition of the enzyme working through the proox- 
idant/antioxidant ratio and [Ca2+]cyt (Figure 10). 

We do not as yet know how [Ca2+Jc,, mediates the inhibi- 
tion of SOD activity and whether it does so directly or indirectly, 
but either phosphorylation by calcium-dependent protein ki- 
nases or the action of specific calcium-dependent proteases 
are possibilities. Work is currently in progress to help us to 
understand the exact mechanism(s) involved. 

METHODS 

Plant Materials and Growth Conditions 

Genetically transformed tobacco (Nicotiana plumbaginirolia line 
MAQ2.4) plants expressing apoaequorin (Knight et al., 1991) were used. 
Plants were grown on half-strength MS medium (Murashige and Skoog, 
1962), 0.8% agar at 25OC. with a 16-hr photoperiod and were gener- 
ally used when 2 weeks old, after which time the first two primary leaves 
had just emerged. 

Determination of Superoxide Dismutase Activity 

Seedlings were grown as described above until the primary leaves 
had fully emerged. They were then floated on distilled water and main- 
tained at 25OC in the dark. Hydrogen peroxide and lanthanum (111) 
chloride were added to 10 mM, and incubations continued in the dark. 
After 1 or 4 hr, seedlings were washed in distilled water prior to protein 
extractions (see below). In the case of the 10-min incubation with hydre 
gen peroxide, seedlings were washed in distilled water and incubated 
in water until extractions were performed at 1 and 4 hr. For each replicate 

experiment, seedlings were homogenized in 0.1 mM EDTA, 20% poly- 
vinylpolypyrrolidone, 50 mM Tris-HCI, pH 7.6. The soluble fraction was 
obtained as the supernatant after centrifugation at 13,OOOg for 10 min. 
Protein concentration was determined colorimetrically (Bramhall et al., 
1969). Superoxide dismutase (SOD) activity was calculated from the 
inhibition of the reduction of 0.1 mM nitro blue tetrazolium (monitored 
at 560 nm) by superoxide, which was generated by 0.05 units of xan- 
thine oxidase in the presence of 0.2 mM xanthine in 50 mM potassium 
phosphate, pH 7.8. 

Reconstitutlon of Aequorin 

Reconstitution of the calcium-sensitive photoprotein aequorin was per- 
formed in vivo by floating seedlings (or the excised first leaves) on 
water containing 2 pM h-coelenterazine (Knight et al., 1993) at 16OC 
for 4 or 6 hr. The use of the more sensitive h-coelenterazine enabled 
lower hydrogen peroxide concentrations to be used for experimental 
treatments. 

Aequorin was reconstituted in vitro by grinding five seedlings in wa- 
ter and clarifying by centrifugation (13,00Og, 10 min). Supernatant (50 
pL) was added to 50 pLof 0.5 M NaCI, 5 mM P-mercaptoethanol, 5 mM 
EDTA, 0.1% gelatin (w/v), and 10 mM Tris-HCI, pH 7.4. To this mixture, 
h-coelenterazine was added (final concentration 2 pM), and the mix- 
ture was left in darkness for 2 hr. 

Luminescence Measurements 

Luminescence measurements were made using a digital chemi- 
luminometer with a photomultiplier, model 9757 AM (THORN EM1 
Electron Tubes Limited, Ruislip, Middlesex, U.K.) at 1 kV with a dis- 
criminator (Campbell, 1988). Seedlings were floated on 300 pL of 
distilled water in a cuvette in the luminometer, and background read- 
ings were taken until luminescence had stabilized from touch stimulation 
(generally 1 to 2 min). Hydrogen peroxide was added from a syringe 
through a luminometer port, and luminescence counts were recorded 
every 10 sec for at least 4 min with continuous traces being made on 
a chart recorder attached to the luminometer. The seedlings were then 
irrigated with distilled water at OOC to induce cold shock or touch stimu- 
lated as described previously (Knight et al., 1991). For estimation of 
aequorin reconstituted in vitro, 10 pL of the reconstitution mixture de- 
scribed above was added to 500 pL of 200 mM Tris-HCI, O5 mM EDTA, 
pH 7.0, in a luminometer cuvette. After placing the cuvette in the Iu- 
minometer, the aequorin was discharged by the addition of 500 pL 
of 50 mM calcium (11) chloride, and luminescence counts were mea- 
sured over 10 sec. 

lnhibitor Studies 

+ SOD Prooxidantl 2+ When the inhibitors lanthanum chloride, ruthenium red, hydroxyurea 
(HU), hydroxylamine (HA), or buthionine sulfoximine (BSO) were used, 
aequorin reconstitution was first performed as described above, and 

20;+ 2H - H,O,+ 0,- antioxidant- [Ca ] cyt 
ratio 

Figure ,o. Model for Product of SOD Mediated by Ica2+lcyt, 
then the seedlings were floated on solutions of the inhibitor in dark- 
ness for 2 hr (lanthanum chloride and ruthenium redl or for 4 hr for 

The question mark denotes the unknown mechanism by which 
(Caz+JCyl regulates SOD activity. 

the others. After this time, the plants were washed in distilled water 
before stimulation with hydrogen peroxide. 
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