
The Plant Cell, Vol. 14, 1279–1291, June 2002, www.plantcell.org © 2002 American Society of Plant Biologists

 

Dark-Stimulated Calcium Ion Fluxes in the Chloroplast Stroma 
and Cytosol

 

Jiqing Sai and Carl Hirschie Johnson

 

1

 

Department of Biological Sciences, Vanderbilt University, Nashville, Tennessee 37235

 

Using transgenic 

 

Nicotiana plumbaginifolia

 

 seedlings in which the calcium reporter aequorin is targeted to the chloro-
plast stroma, we found that darkness stimulates a considerable flux of Ca

 

2

 

�

 

 into the stroma. This Ca

 

2

 

�

 

 flux did not oc-
cur immediately after the light-to-dark transition but began 

 

�

 

5 min after lights off and increased to a peak at 

 

�

 

20 to 30
min after the onset of darkness. Imaging of aequorin emission confirmed that the dark-stimulated luminescence ema-
nated from chloroplast-containing tissues of the seedling. The magnitude of the Ca

 

2

 

�

 

 flux was proportional to the dura-
tion of light exposure (24 to 120 h) before lights off; the longer the duration of light exposure, the larger the dark-
stimulated Ca

 

2

 

�

 

 flux. On the other hand, the magnitude of the dark-stimulated Ca

 

2

 

�

 

 flux did not appear to vary as a
function of circadian time. When seedlings were maintained on a 24-h light/dark cycle, there was a stromal Ca

 

2

 

�

 

 burst
after lights off every day. Moreover, the waveform of the Ca

 

2

 

�

 

 spike was different during long-day versus short-day
light/dark cycles. The dark-stimulated Ca

 

2

 

�

 

 flux into the chloroplastidic stroma appeared to affect transient changes in
cytosolic Ca

 

2

 

�

 

 levels. DCMU, an inhibitor of photosynthetic electron transport, caused a significant increase in stromal
Ca

 

2

 

�

 

 levels in the light but did not affect the magnitude of the dark-stimulated Ca

 

2

 

�

 

 flux. This robust Ca

 

2

 

�

 

 flux likely
plays regulatory roles in the sensing of both light/dark transitions and photoperiod.

INTRODUCTION

 

A remarkable number of physiological stimuli increase cyto-
solic free Ca

 

2

 

�

 

 levels in plant cells, including light, abscisic
acid, gibberellin, touch, osmotic and oxidative stress, fungal
elicitors, temperature shocks, and nodulation factors (Bush,
1995; Sanders et al., 1999). One of the most important of
these stimuli that relates to the plant’s response to its envi-
ronment is the increase of cytosolic Ca

 

2

 

�

 

 elicited by light/
dark signals (Shacklock et al., 1992; Millar et al., 1994).
Light-induced Ca

 

2

 

�

 

 fluxes have been implicated in the en-
trainment of circadian oscillators in plants (Gomez and Simon,
1994), and there are circadian oscillations of cytosolic Ca

 

2

 

�

 

(and possibly of chloroplastidic Ca

 

2

 

�

 

) in tobacco and Arabi-
dopsis (Johnson et al., 1995). Ca

 

2

 

�

 

 is a regulator of myriad
processes in all organisms, including plants, in which a
number of Ca

 

2

 

�

 

-modulated proteins have been character-
ized, including calmodulin and a class of Ca

 

2

 

�

 

-dependent
but calmodulin-independent protein kinases called calcium-
dependent protein kinases that are found in plants and
some protozoa but are absent from animals and fungi
(Roberts and Harmon, 1992).

Although much is known about the regulation of cytosolic

and organellar Ca

 

2

 

�

 

 in plants, most of the focus of previous
research has been on the mechanisms by which cytosolic
Ca

 

2

 

�

 

 is controlled. The regulation of Ca

 

2

 

�

 

 in organelles has
tended to be relegated to determining the potential role of

 

the organelles in regulating cytosolic Ca

 

2

 

�

 

 (Moore and
Akerman, 1984; Bush, 1993, 1995; Sanders et al., 1999). Two
particular examples are the role of Ca

 

2

 

�

 

 stores in the endo-
plasmic reticulum and the vacuole in regulating cytosolic
Ca

 

2

 

�

 

, which is mediated by inositol triphosphate, cyclic ADP
ribose, and NADP (Sanders et al., 1999; Navazio et al., 2000).

The potential role of chloroplastidic Ca

 

2

 

�

 

 fluxes in regulat-
ing processes within the chloroplast and contributing to the
regulation of cytosolic Ca

 

2

 

�

 

 has been underappreciated.
Isolated chloroplasts take up Ca

 

2

 

�

 

 upon illumination (Muto
et al., 1982; Kreimer et al., 1985), a process that probably is
mediated by Ca

 

2

 

�

 

 transport across the inner envelope mem-
brane of the chloroplast (Roh et al., 1998). Light-induced
Ca

 

2

 

�

 

 uptake into chloroplasts probably occurs in vivo, at
least in characean algae, because in 

 

Nitellopsis

 

, direct
measurement using Ca

 

2

 

�

 

-selective microelectrodes demon-
strated that the cytosolic Ca

 

2

 

�

 

 was lower when the plants
were illuminated with strong light, and the phenomenon was
dependent on photosynthetic electron transport (Miller and
Sanders, 1987).

Indirect measurements implied that Ca

 

2

 

�

 

 levels in the
chloroplastidic stroma may increase as a result of this light-

 

induced Ca

 

2

 

�

 

 uptake (Kreimer et al., 1988), but direct
measurements of stromal Ca

 

2

 

�

 

 under these conditions have

 

not been reported. Based on the Ca

 

2

 

�

 

/H

 

�

 

 antiport into
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thylakoids (Ettinger et al., 1999), it is possible that the light-
induced Ca

 

2

 

�

 

 uptake across the inner envelope is trans-
ferred to the thylakoid or to other Ca

 

2

 

�

 

 stores without influ-
encing stromal Ca

 

2

 

�

 

 levels significantly.
Calcium plays both regulatory and structural roles within

the chloroplastidic stroma and thylakoids. Within the stroma,
Fru-1,6-bisphosphatase (the key Calvin cycle enzyme) is
activated by low concentrations and inhibited by high con-
centrations of Ca

 

2

 

�

 

 (Hertig and Wolosiuk, 1983; Kreimer et
al., 1988). Moreover, NAD kinase, which catalyzes the con-
version of NAD to NADP and therefore is crucial to providing
NADP for photosynthetic reduction to NADPH, is Ca

 

2

 

�

 

 acti-
vated, light regulated, and present in the chloroplastidic
stroma (Muto et al., 1981; Jarrett et al., 1982). High Ca

 

2

 

�

 

 con-
centrations within the stroma tend to inhibit photosynthetic
CO

 

2

 

 fixation (Portis and Heldt, 1976; Demmig and Gimmler,
1979).

On the other hand, within the thylakoid, functional as-
sembly of photosystem II (PSII) and the oxygen-evolving
complex requires proper assembly of polypeptides and
cofactors in a process that is light and Ca

 

2

 

�

 

 dependent
(Becker et al., 1985; Miller and Brudvig, 1989; Grove and
Brudvig, 1998). This Ca

 

2

 

�

 

 dependence is relevant not only
to the initial assembly of the PSII/oxygen-evolving complex
and to the repair of PSII reaction centers that have been
damaged by photoinhibition during a normal day (Mattoo et
al., 1989) but also to the mechanism of photosynthetic oxy-
gen evolution (Yocum, 1991). Therefore, Ca

 

2

 

�

 

 is required
within the thylakoid lumen for continued proper functioning
of PSII during the day.

We set out to measure Ca

 

2

 

�

 

 levels directly in the chloro-
plast stroma, especially with regard to stromal Ca

 

2

 

�

 

 regula-
tion during the day/night cycle and how it is influenced by
prolonged exposure to light. The method we used was that
of the Ca

 

2

 

�

 

-selective photoprotein aequorin, which enables
continuous noninvasive reporting of Ca

 

2

 

�

 

 in transgenic plant
seedlings (Knight et al., 1991). A particular advantage of the
aequorin technique is that it can be targeted to specific or-
ganelles so that its Ca

 

2

 

�

 

-dependent luminescence is a mon-
itor of a specific organelle’s Ca

 

2

 

�

 

 level that is not confounded
by signals from other compartments. Previously, we de-
scribed the development of a transgenic tobacco strain in
which apo-aequorin was targeted specifically to the chloro-
plastidic stroma (Johnson et al., 1995). In that investigation,
we found that upon transfer from prolonged light to dark-
ness, there was a large transient increase of Ca

 

2

 

�

 

 that
peaked at 

 

�

 

20 to 25 min after the light-to-dark transition;
occasionally, there was a lower level circadian oscillation of
Ca

 

2

 

�

 

 in darkness (Johnson et al., 1995).
Many questions remained unanswered after that study.

Did these Ca

 

2

 

�

 

 spikes occur after dusk every day on a regu-
lar day/night cycle? Was a prolonged light exposure neces-
sary to achieve the Ca

 

2

 

�

 

 spike and/or did a prolonged light
exposure affect the magnitude of the Ca

 

2

 

�

 

 spike? Was the
Ca

 

2

 

�

 

 spike “gated” by the circadian clock? Did the spec-
trum of light that was used for the exposure before darkness

influence the Ca

 

2

 

�

 

 spike? (If so, this might imply the involve-
ment of a specific signaling photoreceptor.) Finally, what
were the subcellular sources of the large Ca

 

2

 

�

 

 flux into the
stroma that was evoked by darkness? We address these
questions in the current investigation.

 

RESULTS

Patterns of Chloroplastidic Ca

 

2

 

�

 

 under Prolonged 
Illumination and after Transfer to Darkness

 

Figure 1A shows that transgenic seedlings (MAQ 6.3) ex-
pressing apo-aequorin which is targeted to the chloroplas-
tidic stroma and incubated in coelenterazine exhibited a
large burst of luminescence soon after the transition from
constant white light (LL) to constant darkness (DD). This
burst was not observed in nontransgenic wild-type seed-
lings that were incubated in coelenterazine (Figure 1A),
thereby showing that delayed chlorophyll fluorescence
from light excitation during the day could not account for
the luminescence profiles we observed in transgenic plants
(Jursinic, 1986). To illustrate the variable versus reproduc-
ible features of this dark-stimulated luminescence burst that
indicates a Ca

 

2

 

�

 

 flux, Figures 1B to 1D depict the patterns
of stromal Ca

 

2

 

�

 

 in LL for 5 days followed by DD for 3 days.
In LL, there was no circadian variation in stromal Ca

 

2

 

�

 

, un-
like the case for cytosolic Ca

 

2

 

�

 

 (Johnson et al., 1995).
Sometimes there were brief episodes of fluctuations in stro-
mal Ca

 

2

 

�

 

 in LL (Figure 1B), but these were not consistent.
Previously, we showed that the total amount of apo-

aequorin expression driven by the 35S promoter of 

 

Cauliflower
mosaic virus

 

 is relatively constitutive, with a possible in-
crease over time in LL (Johnson et al., 1995). The slight in-
crease of total apo-aequorin over time in LL may be
responsible for the increase of the luminescence readings in
LL (Figure 1C), or this might be attributable to continued
uptake of Ca

 

2

 

�

 

 into the stroma under illumination. Previ-
ously, we estimated the stromal Ca

 

2

 

�

 

 level to be 

 

�

 

150 to
200 nM in LL (Johnson et al., 1995), but this value might
increase over time, especially in the seedlings reported in
Figure 1C.

Upon transfer to DD, we reproducibly observed a large
transient increase in stromal Ca

 

2

 

�

 

 that began at 

 

�

 

5 to 10
min and peaked at 

 

�

 

20 to 25 min after the light-to-dark
transition (Johnson et al., 1995; see also the expanded time
scale in Figure 4A). We estimated that the peak concentra-
tion of stromal Ca

 

2

 

�

 

 reached 5 to 10 

 

�

 

M (Johnson et al.,
1995). The luminescence levels decayed from these peak
values over the next several hours in DD, but often they dis-
played damped oscillations that appeared to have a circa-
dian period (Figures 1C and 1D). The fact that these
circadian oscillations of luminescence were damped should
not be taken as proof that the stromal Ca

 

2

 

�

 

 oscillations were
necessarily damped in DD; the large stromal Ca

 

2

 

�

 

 spike that
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Fluxes 1281

 

followed the LL-to-DD transition might have discharged most
of the aequorin in the stroma, so this damping might be a re-
flection of the depletion of the reporter. The 5- to 10-min “lag
phase” could be reversed by light: if the lights were turned on
before the dark-induced Ca

 

2

 

�

 

 spike began, the spike was in-
hibited, and if the lights were turned on after the Ca

 

2

 

�

 

 spike
began, the spike was attenuated (data not shown).

 

Dark-Stimulated Luminescence Emanates from Plant 
Tissues That Have Chloroplasts

 

Figure 2 shows the integrated spatial pattern for the lumi-
nescence of three MAQ 6.3 seedlings during the first 30 min
after the LL-to-DD transition. The relative intensity of lumi-

nescence was strongest from the cotyledons, less from the
hypocotyl, and almost nonexistent from the rootlets. This
spatial distribution corresponds closely to that of chloro-
plasts in the seedlings and confirms the correct targeting of
the apo-aequorin that would be expected from the targeting
sequence (

 

rbcS

 

; see Methods) and that was measured
previously by Percoll gradient centrifugation of extracts
(Johnson et al., 1995).

 

Do the Duration and Spectrum of the Light Exposure 
Affect the Magnitude of the Ca

 

2

 

�

 

 Spike?

 

The data described above were obtained by exposing MAQ
6.3 seedlings to LL for 120 h and then transferring them to

Figure 1. Luminescence from Reconstituted Aequorin in Nicotiana plumbaginifolia Seedlings Expressing Aequorin That Has Been Targeted to
the Chloroplast Stroma (MAQ 6.3).

Seedlings were in LL (22 �E·m�2·s�1) until the time of transfer to DD (white bars along abscissa indicate LL, and black bars indicate DD).
(A) Comparison of dark-stimulated luminescence from MAQ 6.3 seedlings (open circles) and nontransgenic wild-type seedlings (closed circles).
Both MAQ 6.3 and wild-type seedlings were incubated in coelenterazine; transition to DD was at 111.7 h after the beginning of LL. There were
10 seedlings per vial, and seedlings were 10 days old.
(B) to (D) Three independent sets of MAQ 6.3 seedlings transferred from LL to DD at 120 h. There were five seedlings per vial, and seedlings
were 22 days old. (C) and (D) are redrawn from Johnson et al. (1995).
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darkness. To determine whether the duration of LL expo-
sure influenced the magnitude and/or kinetics of the dark-
stimulated stromal Ca

 

2

 

�

 

 spike, seedlings were placed in LL
for different durations from 24 to 120 h and then transferred
to darkness to measure luminescence. We found that both
the peak height and the integrated luminescence were di-
rectly proportional to the duration of the previous light expo-
sure before they were transferred to dark (Figure 3). The
integrated luminescence data (Figure 3B) showed a signifi-
cant difference among the groups by analysis of variance
(ANOVA) (

 

F � 19.62, P � 0.001).
Student’s t test further indicated significant increases

from the exposure of 72 to 96 h and from 96 to 120 h. Al-
though there were no statistical differences among the first
three durations of exposure (24, 48, and 72 h) by the t test,
the trend of the increase is clear (Figure 3B). These differ-
ences in peak height and integrated luminescence were re-
producible and significant. On the other hand, the small
differences in the kinetics (latency) of the Ca2� increase (Fig-
ure 3A) were not reproducible. The dependence of the mag-

nitude of the Ca2� spike on the duration of the previous light
exposure suggests that light progressively charges a pro-
cess that the transfer to darkness subsequently discharges,
like that of a capacitor being charged by electrical current.

We also wanted to determine if the spectrum of light was
important in allowing/preventing the dark-stimulated stro-
mal Ca2� spike. If specific wavelengths of light inhibited the
stromal Ca2� spike, this might imply the involvement of a
particular photoreceptor system. To test this hypothesis,
MAQ 6.3 seedlings that had been in LL for at least 16 h were
transferred to 1 h of relatively dim light of different colors:
blue, green, red, and cool white (all at 1.3 �E·m�2·s�1).
Then, each group of seedlings was transferred to DD to de-
termine if the stromal Ca2� spike had occurred. All four col-
ors of light prevented the Ca2� flux until the transfer to DD,
indicating that low intensities of blue, green, red, or white
light are capable of inhibiting the stromal Ca2� spike until
the seedlings are transferred to DD (data not shown). This
result indicates that the perception of the LL-to-DD transi-
tion that results in the dark-stimulated stromal Ca2� flux is
not accomplished by a single photopigment with a restricted
spectral sensitivity.

Total Apo-Aequorin Content Does Not Change after the 
LL-to-DD Transition

As mentioned above, we found the expression of apo-aequorin
from the 35S promoter of Cauliflower mosaic virus to be
constant in LL. However, we wanted to confirm that there
were no significant changes in apo-aequorin content during
the large dark-stimulated Ca2� spike. On an expanded time
scale, the profile of dark-stimulated MAQ 6.3 seedling lumi-
nescence confirmed that the signal started to increase be-
tween 5 and 10 min after the LL-to-DD transition, peaked at
�20 to 25 min, and then decayed gradually to the original
level (Figure 4A).

From the same batch of seedlings from which this lumi-
nescence was recorded, total apo-aequorin activities were
measured from the seedling homogenates at four different
times after the LL-to-DD transition: (1) immediately after the
LL-to-DD transition; (2) at 5 min after the transition; (3) at 25
min after the transition (just after the peak); and (4) at 60 min
after the transition. Although there appeared to be slightly
higher apo-aequorin activity at the first time point, there
were no significant differences among the four groups by
one-way ANOVA (F � 1.67, P � 0.249). Also, analysis by
Student’s t test showed no significant differences among
the values at each time point. Therefore, our conclusion is
that the large luminescence peak in MAQ 6.3 seedlings after
the LL-to-DD transition is not caused by a change in ae-
quorin activity but is an accurate reflection of a large Ca2�

spike within the chloroplast stroma.
Furthermore, we wanted to ascertain if the increased

magnitude of dark-stimulated luminescence after increasing
light exposures (Figure 3) was the result of increased Ca2�

Figure 2. Imaging of Luminescence from Three MAQ 6.3 Seedlings.

The top shows luminescence emission from seedlings after transfer
from LL (5 days at 22 �E·m�2·s�1) to DD. The image shown repre-
sents an integration of the light emission during the first 30 min after
the LL-to-DD transition. Integrations from 30 to 60 min and from 60
to 90 min showed the same distribution, but the intensity of lumines-
cence was lower. The bottom shows images of the same seedlings
in a bright field (i.e., under room lighting) to indicate the full size of
the seedlings. The resolution of the bright-field images is not opti-
mal; for example, the relative widths of the hypocotyls and rootlets
are larger in the image than in reality. The color bars on both sides
are the pseudocolor scales, with dark blue being dimmest and white
being brightest.
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flux or increased aequorin content. For example, if the long-
duration light exposure stimulated the synthesis of aequorin
(perhaps merely as a result of growth or developmental
changes), it is possible that the progressively increasing lu-
minescence was caused by a larger pool of aequorin and
not by changes in the magnitude of the Ca2� flux. Figure 4B
shows that this explanation is not valid. After light expo-
sures of 24, 72, and 120 h, there was a 6.7-fold increase in
dark-stimulated luminescence. But there was no significant
increase in specific apo-aequorin activity or in total apo-
aequorin activity in seedlings during this interval (Figure 4B).

These data show that the burst of dark-induced lumines-
cence after progressively longer durations of previous light
exposure was attributable to a progressive increase in the
magnitude of the Ca2� flux and not to changes in the apo-
aequorin content of the seedlings.

Do Stromal Ca2� Spikes Occur after Dusk Every Day on 
a 24-h Day/Night Cycle?

The observation that the duration of LL has a large effect on
the magnitude of the stromal Ca2� flux raised the possibility
that prolonged light exposure is necessary to achieve the
Ca2� spike and that such fluxes are not a component of
plant cell physiology on a normal 24-h light/dark cycle.
Therefore, we tested the Ca2� profiles of MAQ 6.3 seedlings
on 24-h light/dark cycles, both long-day cycles (LD 16:8;
16 h of light/8 h of dark) and short-day cycles (LD 8:16). As
shown in Figure 5, under both regimes, Ca2� spikes oc-
curred every day soon after lights off. In LD 16:8, these
spikes lasted for �1 h and then returned to the basal level
(Figure 5A). In short days (LD 8:16), the profile of Ca2� fluxes
included a second smaller peak later in the night that was
not observed in the long-day photoperiod (Figure 5C).

The height of the dark-stimulated Ca2� spike appeared to
be variable from cycle to cycle, but this effect almost cer-
tainly was attributable to a sampling artifact. Because the
30-channel apparatus we used collected data from each
channel approximately every 25 min, the variation of the
peak heights was likely the result of the fact that the appara-
tus will not consistently pick the same phase on the brief
Ca2� spike profile in every cycle. Although it is impossible at
present to conclude that the magnitude of the Ca2� flux is
the same from cycle to cycle, it is clear that it does occur af-
ter every dusk on 24-h light/dark cycles. Control nontrans-
genic seedlings (Figures 5B and 5D) did not show any
significant changes in their luminescence profiles over the
24-h cycle, again indicating that delayed chlorophyll fluores-
cence from light excitation during the day could not account
for the luminescence profiles we observed in transgenic
plants.

Is the Ca2� Spike Gated by the Circadian Clock?

The damped circadian oscillation of Ca2� in DD depicted in
Figure 1 (especially [C] and [D]) and the daily dark-stimu-
lated Ca2� spikes observed in LD cycles (Figure 5) implied
that a circadian clock could be involved in the regulation of
stromal Ca2� levels. One way that a clock might be involved
is by gating the Ca2� flux so that at some phases of the cir-
cadian cycle the gate is opened wider, allowing a larger
Ca2� flux, than at other phases. To determine if the magni-
tude of the Ca2� flux is a function of the circadian time
of transfer to darkness, MAQ 6.3 seedlings were germinated

Figure 3. The Magnitude of the Ca2� Spike into Chloroplasts Is Pro-
portional to the Duration of Light Exposure before the LL-to-DD
Transition.

(A) Relative luminescence immediately after the LL-to-DD transition
as a function of the duration of light exposure from 24 to 120 h (time
0 is the time of the transition). The protocol is shown in the inset.
Light intensity was 22 �E·m�2·s�1.
(B) Integration of the luminescence from 0 to 90 min after the LL-to-
DD transition as a function of the duration of previous LL treatments
for three separate experiments, including the one shown in (A). Inte-
grated luminescence was calculated as the cumulative light emitted
during 90 min as measured in 1-min bins and added together. The
solid line represents the mean from the three individual experiments,
and error bars indicate standard error of mean.
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and grown in LD 16:8 for 10 days, placed in LL for 5 days,
and transferred to darkness at different circadian times. As
shown in Figure 6, there was no obvious circadian modula-
tion of the magnitude of the Ca2� spike. ANOVA and
Student’s t test pattern analyses showed no statistically sig-
nificant differences among the different time points. There-
fore, even though there was circadian control of basal
stromal Ca2� levels (Figure 1) (Johnson et al., 1995), the
dark-stimulated Ca2� spike appears not to be gated by a
circadian timekeeper.

Corresponding Dark-Stimulated Changes in Ca2� Levels 
between the Cytosol and the Stroma

In an attempt to ascertain Ca2� movements between the cy-
tosol and the chloroplast stroma during the dark-stimulated
Ca2� flux, we compared aequorin luminescence profiles be-
tween strains in which the aequorin is targeted to the stroma
(MAQ 6.3) and the cytosol (MAQ 2.4). Figure 7 shows the fa-
miliar Ca2� spike from the stroma elicited by LL-to-DD
transfer (MAQ 6.3 trace). In the cytosol, Ca2� decreased
slightly during the increasing phase of the stromal Ca2�

spike and increased significantly as the stromal Ca2� spike
decayed (Figure 7). The second phase (cytosolic Ca2� in-
crease) was reproducible in MAQ 2.4 traces (it occurred in
all eight of the matched recordings), but the first phase (cy-
tosolic Ca2� decrease) appeared in half of the matched
MAQ 2.4/MAQ 6.3 comparisons (in four of the eight
matched recordings).

It also appeared that the first phase might be dependent
on the time during the circadian cycle when the LL-to-DD
transition occurred. The first phase suggests that some
Ca2� flows from the cytosol into the stroma, possibly con-
tributing to the increased Ca2� in the stroma, whereas the
second phase suggests that the dissipation of the large
dark-stimulated increase of stromal Ca2� is at least partially
attributable to a Ca2� flux from the stroma to the cytosol.
These data suggest that dark-stimulated Ca2� fluxes occur
between these two compartments (discussed below and il-
lustrated in Figure 9).

Inhibition of Photosynthetic Electron Transport 
Promotes a Ca2� Leak into the Stroma but Does
Not Reduce the Dark-Stimulated Ca2� Flux

The data reported by Ettinger et al. (1999) imply that a Ca2�/
H� antiporter in the thylakoid membrane is involved in the
regulation of stromal Ca2� levels. The activity of this anti-
porter should depend on the proton electrochemical gradi-
ent across the thylakoid membrane; therefore, it should be
at least partially inhibited when photosynthetic electron
transport is inhibited. If this Ca2�/H� antiporter is involved in
the dark-stimulated Ca2� flux into the stroma (possibly
by charging a thylakoid Ca2� store in the light), we would

Figure 4. Comparison of Luminescence of MAQ 6.3 Seedlings with
Total Apo-Aequorin Activity at Different Times.

(A) Relative apo-aequorin activity during the first hour after the transfer
from LL to DD. Seedlings had been in LL for 5 days (22 �E·m�2·s�1)
before transfer to darkness. Left ordinate and open squares show in
vivo luminescence of seedlings (in relative light units [RLU]); the ab-
scissa shows time after the LL-to-DD transition in minutes.
(B) Apo-aequorin activity of seedlings that had been exposed to dif-
ferent durations of previous light exposure (22 �E·m�2·s�1). Left or-
dinate and open squares show in vivo luminescence of seedlings
integrated for every minute for 90 min; left ordinate and open circles
show total apo-aequorin activity of each sample extracted and as-
sayed as for specific apo-aequorin activity (total activity, not normal-
ized to protein concentration); the abscissa shows the duration of
light exposure before the LL-to-DD transition; right ordinates and
closed symbols show specific activity of apo-aequorin (normalized
to protein concentration) extracted at the times indicated from seed-
lings under the same conditions as in the samples used for lumines-
cence recordings.
Extracted samples (both total and specific) were prepared in tripli-
cate, and apo-aequorin activity was measured in extracts as de-
scribed in Methods. Error bars indicate standard error of mean. AQ,
apo-aequorin; RLU, relative light units.
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expect that inhibition of photosynthetic electron transport
would block the dark-stimulated Ca2� flux or at least pro-
mote a leak of Ca2� into the stroma (presumably a leak from
thylakoids to the stroma). Figure 8 shows that an inhibitor of
photosynthetic electron transport, DCMU, did not prevent
the dark-stimulated Ca2� flux. However, it did cause a sig-
nificant increase in stromal Ca2� levels that might have been
caused by leaking of Ca2� from the thylakoid lumen to the
stroma or by a reduced rate of Ca2� transport from the
stroma to the thylakoid.

We used two different concentrations of DCMU (2 and 10
�M) with equivalent results, except that the magnitude of
the stromal Ca2� increase in the day was larger at 10 �M (10
�M is the concentration used in the experiment depicted in
Figures 8B and 8D). Clearly, the DCMU permeated the

seedlings and had an effect, based on the significant in-
crease in daytime stromal Ca2� levels for several days (cf.
Figures 8C and 8D), but there was no significant effect on
the magnitude of the dark-stimulated Ca2� flux (cf. Figures
8A and 8B). This result indicates that the inhibition of photo-
synthetic electron transport with DCMU affected the regula-
tion of stromal Ca2� levels (Figure 8D) but did not inhibit the
charging of the Ca2� store that was discharged by lights off.

DISCUSSION

Dark-Stimulated Ca2� Fluxes

The data shown in Figures 5 and 8 indicate that Ca2� spikes
in the chloroplast stroma are an everyday occurrence after
lights off. Note that throughout the day on both LD 16:8 and
LD 8:16, Ca2� levels remained low in the stroma, even
though Ca2� uptake from the cytosol into the chloroplast is
expected during the day (Muto et al., 1982; Miller and Sanders,
1987). These daily fluxes have potential regulatory conse-
quences (see below). Lights off discharges the process,
and light “charges” the process almost like a capacitor (Fig-
ure 3), but the magnitude of the discharge was not affected
by either the circadian phase (Figure 6) or the inhibition of
photosynthetic electron transport (Figure 8). We also show
that there was an exchange of Ca2� between the cytosol
and the stroma at lights off (Figure 7). The dark-stimulated
luminescence reported by aequorin was not the result of
changes in the levels of apo-aequorin (Figure 4), and the lu-
minescence of aequorin was specific for Ca2�, so it is al-
most certain that the luminescence we observed was
caused by Ca2� fluxes.

A Dark-Dischargeable Ca2� Store

The nature of the dark-dischargeable Ca2� store within the
chloroplast is not known. When photosynthetic electron
transport is allowed to proceed, Ca2� that is taken up during
the day does not accumulate in the stroma as free Ca2�;
rather, it is either transported into other compartments (e.g.,
the thylakoid) or bound (Kreimer et al., 1987). It has been re-
ported that Ca2� performs vital functions in the thylakoid
(Becker et al., 1985; Miller and Brudvig, 1989; Grove and
Brudvig, 1998). A Ca2�/H� antiporter has been character-
ized from thylakoids (Ettinger et al., 1999), and it is attractive
to consider the possibility that this antiporter transports
Ca2� into the thylakoid, driven by the proton electrochemi-
cal gradient generated by photosynthetic electron transport.
The data shown in Figure 8D demonstrate that inhibition of
photosynthetic electron transport alters Ca2� regulation
within the stroma, indicating that the Ca2�/H� antiporter
may be at least a partial aid in the regulation of stromal
basal Ca2� concentration in the face of light-induced Ca2�

Figure 5. Stromal Ca2� Spikes Occur after Lights Off in 24-h Light/
Dark Cycles.

(A) and (B) Long-day cycles (LD 16:8).
(C) and (D) Short-day cycles (LD 8:16).
Gray areas indicate dark intervals, and white areas indicate illumi-
nated intervals. Light Intensity was 22 �E·m�2·s�1. MAQ 6.3 seed-
lings were monitored in (A) and (C), whereas nontransgenic wild-
type seedlings were monitored in (B) and (D). Both the transgenic
and nontransgenic seedlings were treated with coelenterazine.
These data are representative traces for two separate experiments
for each photoperiod with four to five replicates for each condition.
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uptake across the inner envelope (Muto et al., 1982; Miller
and Sanders, 1987; Roh et al., 1998).

However, inhibiting photosynthetic electron transport with
DCMU appears to have little or no effect on the magnitude
of the dark-stimulated Ca2� flux (Figure 8B). This result indi-
cates that the source of the dark-stimulated Ca2� flux is not
a store whose charging is strictly dependent on photosyn-
thetic electron transport. The dark-stimulated Ca2� flux is
unlikely to be primarily from cytoplasm to stroma, because
our results indicate that there is no reproducible decrease in
cytoplasmic Ca2� at the time of the stromal Ca2� flux (Figure
7). Therefore, although there might be some contribution
from the cytoplasm, we favor the hypothesis that the Ca2�

flux at lights off comes primarily from within the chloroplast.
But from where in the chloroplast?

One alternative is that the large Ca2� binding capacity of
stromal proteins (Kreimer et al., 1987) might be enlisted to
bind Ca2� during the day and release Ca2� soon after sun-
set (membranes and/or small molecules in the stroma also
might perform this function). Another possibility is that there
is light-dependent uptake of Ca2� into the thylakoid that is
not inhibited significantly by treatment with 10 �M DCMU.
Because the identity of the relevant Ca2� store is unknown,
it is depicted in Figure 9 with dashed lines and outside of
the thylakoid. If subsequent research discovers light-depen-

dent, DCMU-independent uptake of Ca2� into the thylakoid,
then this Ca2� store might be identical with the thylakoid.

Based on our data and those reported by Ettinger et al.
(1999), our hypothesis is that Ca2� levels are relatively low
at the end of the night in the cytosol, stroma, Ca2� store,
and thylakoid lumen (Figure 9). Beginning at dawn, a light-
dependent Ca2� flux into the stroma increases stromal Ca2�,
which is transferred rapidly to the Ca2� store by an unknown
mechanism and to the thylakoid by the Ca2�/H� antiporter
(Figure 9A). Photosynthetic electron transport pumps pro-
tons into the thylakoid lumen, generating an electrochemical
gradient that is used for ATP production but also by the
Ca2�/H� antiporter to exchange Ca2� for H� across the thy-
lakoid membrane. As suggested in Figure 9B, DCMU re-
duces the electrochemical gradient, which results in less
efficient reduction of stromal Ca2� levels (or allows a Ca2�

leak from the thylakoid to the stroma).
Nevertheless, the Ca2� store charges continuously under

illumination in the presence or absence of DCMU. By the
end of the day, Ca2� accumulation in the store has reached
a relatively high level. When the illumination is prolonged
even further (Figure 3), the Ca2� level within the store
charges to even higher levels. Under these prolonged LL
conditions, it is possible that stromal Ca2� levels begin
gradually to drift upward beyond the usual basal levels as a

Figure 6. Ca2� Flux into Chloroplast Stroma as a Function of Circadian Time.

Seedlings were germinated and grown in LD 16:8 until the time of treatment with coelenterazine, as described in Methods. After the 8-h treat-
ment with coelenterazine in DD, the seedlings were transferred to LL. The protocol from the onset of LL was as shown in the inset: MAQ 6.3
seedlings were maintained in LL for 5 days (22 �E·m�2·s�1), after which they were transferred to DD at different phases of the circadian cycle.
The ordinate plots the integrated luminescence (0 to 90 min after the LL-to-DD transition) for four separate experiments, and the abscissa shows
the circadian time (CT) of the transfer to darkness (time 0 is subjective dawn, which is the time of transfer in the experiments depicted in Figures
1 to 4). The solid line connects the averages, and the error bars indicate standard error of mean. The large variation at circadian time 8 was
caused by one outlying point.
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result of saturation of the store (Figures 1C and 1D imply
such an effect).

Five to 10 min after lights off, the Ca2� store (with a possible
minor contribution from the cytosol) dumps its load of Ca2�

into the stroma, where it reaches a peak concentration at �20
to 25 min after darkness begins (Figure 9C). Subsequent to that
peak, the Ca2� level decreases again to basal levels, probably
by transfer of Ca2� to the cytosol, where it transiently increases
cytosolic Ca2� levels (the “second phase” in the MAQ 2.4 data
shown in Figure 7), which then are brought back to basal
levels by transport of the Ca2� to intracellular Ca2� stores (e.g.,
vacuole and endoplasmic reticulum) and/or by pumping into
the extracellular space. Eventually, the Ca2� bolus is trans-
ported out of the stroma, and Ca2� concentrations return to
basal levels in the cytosol, stroma, and thylakoid lumen.

A potential alternative that should be considered, how-
ever, is that the dark-stimulated Ca2� increase in the stroma
might be attributable to the dark-stimulated dissipation of
the proton gradient across the thylakoid membrane. This ef-
fect could lead to protons leaking back into the stroma, dis-
placing bound Ca2� (Ca2� and protons frequently compete
for the same binding sites) and increasing the level of free
calcium ions in the stroma. If this were true, we would ex-
pect a correspondence between the time course of the dis-
sipation of the electrochemical gradient across the thylakoid
membrane and the kinetics of the Ca2� spike within the
stroma. However, it has long been known that the proton
electrochemical gradient across the thylakoid membrane in
isolated chloroplasts is dissipated completely within 30 s of
lights off (Schuldiner et al., 1972). The increase of Ca2� within
the stroma does not begin until �5 min after the transfer to
darkness (Figures 3A and 4A). (Aequorin responds within
milliseconds to changes in Ca2� levels.) Consequently, there
is no correspondence between the H� and the Ca2� fluxes.

This conclusion must be tempered by the possibility that
proton electrochemical gradients might equilibrate across
the thylakoid membrane more slowly in the living plant than
in isolated chloroplasts. Nevertheless, the DCMU results
shown in Figure 8B also argue against the stromal Ca2� in-
crease being the result of displacement by protons, be-
cause inhibiting photosynthetic electron transport would be
expected to reduce the proton electrochemical gradient and
thus reduce the proton flux into the stroma at lights off.
Therefore, the data available at present suggest that the
dark-stimulated burst of Ca2� within the stroma is not likely
to be a direct result of the equilibration of proton gradients
across the thylakoid membrane.

Potential Regulatory Consequences of the Ca2� Burst

One of the most intriguing aspects of the dark-stimulated
Ca2� spike is the 5- to 10-min lag between lights off and the
increase of Ca2� in the stroma. If the lights are turned on be-
fore the Ca2� spike begins, the spike is inhibited. Moreover,
if the lights are turned on after the Ca2� spike has begun,

the spike is attenuated. This lag implies a signaling/regula-
tory function—it is as if some process is waiting for 5 to 10
min to be “sure” that lights off has occurred. Once the wait-
ing period is over, the Ca2� spike is initiated as an “end-of-
day” signal. Possible regulatory roles of the stromal Ca2�

spike are relevant to both the chloroplast and the cytosol.
These will be considered in turn.

For the chloroplast, the very large increase of Ca2� (up to
5 to 10 �M; Johnson et al., 1995) could have significant
consequences to the metabolic processes therein. The key
Calvin cycle enzyme, Fru-1,6-bisphosphatase, is inhibited
by high concentrations of Ca2� (Hertig and Wolosiuk, 1983;
Kreimer et al., 1988). On the other hand, NAD kinase is acti-
vated by Ca2� (Muto et al., 1981; Jarrett et al., 1982). High
Ca2� concentrations within the stroma tend to inhibit photo-
synthetic CO2 fixation (Portis and Heldt, 1976; Demmig and
Gimmler, 1979). Therefore, it is quite likely that the Ca2�

burst in the chloroplast stroma could help to put photosyn-
thetic processes “to bed for the night.” Furthermore, it is
likely that the Ca2� spike phases the subsequent Ca2� oscil-
lations in the stroma in DD (Johnson et al., 1995); therefore,
it may be an entrainment signal to the pacemaker that is
regulating the stromal Ca2� rhythm.

For the cytosol, the possible consequences of an end-of-
day signal are relevant to the entrainment of the circadian

Figure 7. Comparison of Luminescence Profiles of Stroma-Tar-
geted (MAQ 6.3) versus Cytosol-Targeted (MAQ 2.4) Aequorin.

The ordinate shows relative luminescence, and the abscissa shows
time in hours. The LL-to-DD transition occurred between 119 and
120 h, as shown by the black bar. Data are representative traces
from three separate experiments in which matched sets of MAQ 2.4
versus MAQ 6.3 seedlings were compared (n � 8 for MAQ 2.4, n �
12 for MAQ 6.3).
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systems of the plant. The magnitude of the Ca2� increase in
the cytosol after the Ca2� bolus in the stroma is not large
(estimated to be 300 to 400 nM, increasing from a basal
level of 150 to 200 nM), but locally (especially in cytosol near
the chloroplast envelope), this Ca2� increase could be sig-

nificant. There is abundant evidence for a role of Ca2� fluxes
in the entrainment of circadian rhythms in animals (Ding et
al., 1994; Geusz and Block, 1994; Colwell, 2000), and there
is some evidence in plants as well (Gomez and Simon, 1994;
Johnson et al., 1995). In some studies, light has been sug-

Figure 8. DCMU Promotes a Light-Dependent Increase of Ca2� in the Stroma but Does Not Inhibit the Dark-Stimulated Ca2� Flux in LD 16:8.

DCMU or MS medium was added to MAQ 6.3 seedlings at h 44 of LD 16:8. A total of 200 �L of MS medium or of 100 �M DCMU (dissolved in
MS medium) was added on top of seedlings on 2 mL of agar medium. The final DCMU concentration after diffusion into the agar medium was 10
�M. (C) and (D) show magnified versions of (A) and (B) ([C] is magnified from [A] and [D] is magnified from [B]). Representative traces are
shown for measurements from 18 different samples for each treatment (two separate experiments with three DCMU treatments at 2 �M, three
DCMU treatments at 10 �M, and three medium treatments in each experiment). To ensure that the signal observed with DCMU was specific for
stroma-targeted aequorin (and not for, e.g., delayed fluorescence [Jursinic, 1986]), we also treated nontransgenic seedlings that had been incu-
bated with coelenterazine and treated with DCMU. In those seedlings, there was no increase in basal luminescence levels after DCMU treat-
ment, nor was there a dark-stimulated luminescence burst.

Figure 9. Model for Ca2� Fluxes into and out of the Chloroplast Modulated by Light and Dark.

Relatively high concentrations of Ca2� and strong Ca2� fluxes are shown with thick red lines, and relatively low concentrations of Ca2� and weak Ca2�

fluxes are shown with thin blue lines. The source of Ca2� that is discharged by darkness is a hypothetical calcium store. This calcium store is shown
with dashed lines because it is not known (1) whether it is in the stromal lumen or the thylakoid, and (2) whether it is membrane bound (e.g., if it is iden-
tical with the thylakoid). Calcium stores in the cytosol and extracellular space are not shown, but they certainly are involved in the regulation of cytoso-
lic calcium. ap, Ca2�/H� antiporter; LR, light-regulated Ca2� uptake into chloroplasts; pet, photosynthetic electron transport; thy, thylakoid lumen.
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gested to stimulate cytosolic Ca2� increases in plants
(Shacklock et al., 1992; Millar et al., 1994), but the mecha-
nism depicted in Figure 9 and suggested by the data shown
in Figure 7 indicates that there could be a dark-stimulated
cytosolic Ca2� flux as well. This Ca2� flux appears to ema-
nate from a Ca2� store that is charged in the light by a pro-
cess that depends on the duration of illumination but is not
strongly dependent on the wavelength of the light.

A final titillating observation from this study is the differ-
ence in the profiles of the stromal Ca2� spike when plants
are in long-day versus short-day photoperiods (Figure 5). A
prolonged Ca2� transient within the stroma in short days
could lead to a prolonged end-of-day signal within either the
stroma or the cytosol and could be a means by which plants
perceive the difference between long days and short days
and thereby induce photoperiodic responses such as flow-
ering.

METHODS

Strains and Medium

Two transgenic lines of Nicotiana plumbaginifolia were used in this
study. Strain MAQ 2.4 has been transformed genetically with the
cDNA for apo-aequorin downstream of the 35S promoter of Cauli-
flower mosaic virus (Knight et al., 1991); in this strain, the apo-
aequorin is targeted to the cytosol. Strain MAQ 6.3 contains the 35S
promoter–driven apo-aequorin transgene with the coding sequence
of the transit peptide of the small subunit of pea ribulose-1,5-bisphos-
phate carboxylase (rbcS) fused to the 5� end of the apo-aequorin
cDNA coding sequence in frame. As expected from other studies
showing that the fusion of this signal sequence to foreign proteins re-
sults in their targeting to the stroma (Van den Broeck et al., 1985), the
apo-aequorin is targeted to the chloroplast in MAQ 6.3, as confirmed
by Percoll gradient centrifugation of lysed protoplasts (93.8% of total
apo-aequorin was in the chloroplast fraction; Johnson et al., 1995).

More recent studies have shown that intact chloroplasts from
MAQ 6.3 have an aequorin signal as measured in vitro, but osmoti-
cally shocked chloroplasts from MAQ 6.3 in which the inner and
outer envelopes are disrupted selectively but the thylakoid mem-
branes are intact have lost the aequorin signal (R. Shingles, personal
communication). These results support the conclusion that apo-
aequorin is targeted to the stroma in MAQ 6.3 seedlings. In both
MAQ 2.4 and MAQ 6.3, apo-aequorin is reconstituted into active ae-
quorin by incubation of seedlings with the luminophore coelentera-
zine (see below).

For germination, plant seeds were rinsed in 70% ethanol, sterilized
in 20% Clorox (5.25% sodium hypochlorite) for 15 min, and washed
in sterilized distilled water three times. The sterilized seeds were
soaked in 10 �M gibberellic acid overnight to synchronize germina-
tion. These seeds were germinated on 0.8% agar containing half-
strength Murashige and Skoog (1962) (MS) medium (Sigma) supple-
mented with 1 	 MS vitamins (Sigma) in a light/dark cycle (16 h of
light/8 h of dark) at 25
C. No carbon source was added to the me-
dium. The light source for germination and growth was cool-white
fluorescent light at 45 �E·m�2·s�1. Seeds of transgenic strains were
germinated on the same medium, to which 100 �g/mL kanamycin
was added.

Reconstitution of Aequorin in Vivo and Measurement
of Luminescence

The luminophore substrate coelenterazine (Biosynth, Naperville, IL)
was dissolved in a small amount of ethanol and then diluted with dis-
tilled water to a final concentration of 10 �M. Ten-day-old seedlings
were floated on a freshly prepared 10 �M coelenterazine solution for
8 h in darkness to reconstitute aequorin. The reconstituted seedlings
were placed in groups of 10 seedlings on fresh half-strength MS me-
dium (0.8% agar) in 20-mL scintillation vials, and luminescence
emission was monitored with either (1) an automated 30-chan-
nel photomultiplier/photon-counting apparatus (Johnson et al.,
1995) or (2) a single-channel photon-counting luminometer (Zylux
FB12 luminometer, Oak Ridge, TN). The former apparatus was used
for the long-term recordings. Recordings from seedlings in light were
performed as follows: luminescence was measured every 30 min by
placing the seedlings in darkness for 40 s, then their luminescence
was measured for 40 s, and then the seedlings were returned to light
for 30 min until the next measurement. Our standard illumination
conditions are relatively dim (�22 �E·m�2·s�1), and under these con-
ditions, chlorophyll fluorescence is dim and decays to undetectable
levels within 30 s; therefore, our luminescence measurements are
not contaminated by photons originating from fluorescence.

Imaging of Luminescence from Whole Seedlings

Luminescence from whole seedlings was imaged through a 50-mm
lens with a Princeton Instruments (Trenton, NJ) cooled charge-cou-
pled device camera (TE/CCD512BKS; Kondo et al., 1994). The im-
ages shown at top in Figure 2 are 30-min integrations of the lumines-
cence emitted by MAQ 6.3 seedlings in darkness. The images shown
at bottom are of seedlings visualized under room lighting. The cam-
era was controlled and images were saved by a program (CCDfocus)
written by Takao Kondo (Nagoya University, Nagoya, Japan).

In Vitro Assay of Apo-Aequorin Activity

Ten-day-old seedlings were collected at different time points (10
seedlings at each time point), snap-frozen in liquid nitrogen, and
stored at �80
C until all samples were collected. The protocol to re-
constitute and discharge aequorin in vitro was modified from
Johnson et al. (1995). Seedlings were homogenized in 0.5 mL of
buffer containing 0.5 M NaCl, 5 mM EDTA, 0.1% gelatin, 10 mM Tris-
Cl, pH 7.4, and 5 mM �-mercaptoethanol. After a brief spin, the su-
pernatants were incubated in 2.5 �M coelenterazine in darkness for
3 h, and the reconstituted aequorin was discharged with 1 mL of 40
mM CaCl2. The luminescence signal was integrated for 10 s and used
to calculate the apo-aequorin activity in the extracts. Total apo-
aequorin activity was the calculated in vitro luminescence of the en-
tire sample; specific apo-aequorin activity was the in vitro lumines-
cence normalized to the protein concentration in the homogenates.
These are expressed in relative light units per milligram of protein (pro-
tein concentration was measured by the Bradford assay; Bio-Rad).

Statistical Analyses

Data were analyzed first by one-way analysis of variance to test the
differences among the groups and then by Student’s t test for be-
tween-group differences. All analyses were performed with the pro-
gram JMP (SAS Institute, Carey, NC).
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