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Circadian Oscillations of Cytosolic and 
Chloroplastic Free Calcium in Plants 

Carl Hirschie Johnson," Marc R. Knight, Takao Kondo, 
Patrick Masson, John Sedbrook, Ann Haley, Anthony Trewavas 

Tobacco and Arabidopsis plants, expressing a transgene for the calcium-sensitive lu- 
minescent protein apoaequorin, revealed circadian oscillations in free cytosolic calcium 
that can be phase-shifted by light-dark signals. When apoaequorin was targeted to the 
chloroplast, circadian chloroplast calcium rhythms were likewise observed after transfer 
of the seedlings to constant darkness. Circadian oscillations in free calcium concentra- 
tions can be expected to control many calcium-dependent enzymes and processes 
accounting for circadian outputs. Regulation of calcium flux is therefore fundamental to 
the organization of circadian systems. 

T h e  circadian clock controls critical daily 
behavioral and reproductive activities in 
plants and.animals. This timing mechanism 
is an oscillator that orchestrates a variety of 
circadian outputs in processes as diverse as 
ion fluxes, behavior, and gene- expression 
(1 ). Recognition of the extraordinary diver- 
sity of calcium-regulated processes (2) has 
led to speculations that intracellular free 
calcium ([Ca2+],) acts as a component of 
the central circadian clockworks (1 ); that it 
entrains circadian clocks in plants, mol- 
luscs, and mammals (3); and that it regu- 
lates circadian outputs, including the ex- 
pression of specific genes (1,  4, 5). Tech- 
nical limitations of procedures (6) for in 
vivo [Ca2+], measurement have hindered 
direct tests of these speculations. We  have 
developed a method to monitor [Ca2+], in 
plants genetically transformed with the 
complementary DNA (cDNA) for apoae- 
quorin (7). When reconstituted to ae- 
quorin, this calcium-sensitive luminescent 
protein enables continuous noninvasive re- 
porting of [Ca2+], for many weeks in tissues, 
single cells, or whole seedlings (7,  8). 

For measurements of the cytosolic free 
calcium concentration ([Ca2+],), tobacco 
(Nicotlana plumbagznifolia) was genetically 
transformed with the cDNA for apoaequorin 
downstream of the cauliflower mosaic 
(CaMV) 35s promoter [strain MAQ 2.4, see 
(7)]. After reconstitution of aequorin with 
the luminophore coelenterazine (9), the lu- 
minescence of these seedlings (which reports 
[Ca2+],) was monitored after transfer to con- 
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tinuous light (LL), and a circadian pattern 
was observed (Fig. 1). The luminescence 
peak occurred shortly after dawn and re- 
curred at circadian intervals. This lumines- 
cence rhythm could be phase-shifted by an 
extension of the last dark interval (compare 
Fig. 1, A and B), which demonstrates that 
this rhythm is genuinely circadian. The lu- 
minescence rhythm could also be entrained 
by light-dark (LD) cycles; the two rhythms 
depicted in Fig. 1D come from separate 
groups of seedlings that were entrained to 
reversed-phase LD cycles and then were 
measured simultaneously. 

Luminescence was not detected in either 
nontransgenic wild-type seedlings incubated 
with coelenterazine (Fig. 1C) or transgenic 
seedlings that were not exposed to coelen- 
terazine (1 0). The rhythms of strain MAQ 
2.4 were measured in both white and red LL 
(Fig. 1, A to C).  In constant darkness (DD), 
the rhythm usually damped rapidly (Fig. 1, A 
and B). but in a few ex~eriments, an oscil- , , 

lation was observed in DD, albeit at a re- 
duced amplitude (Fig. ID). The greater am- 
plitude of the luminescence rhythm in LL 
may reflect the common observation that 
circadian ex~ression in ~ l a n t s  is more robust 
in LL (1 I) ,  or that the circadian pacemaker 
modulates the sensitivity of its photorecep- 
tive pathway (11), resulting in rhythmic 
phytochrome-mediated calcium flux (1 2). 

Aeauorin luminescence is s~ecif ic  for 
Ca2+ and is sensitive to free calcium in the 

Fig. 1. Luminescence of transgenic tobacco 
seedlings containing cytoplasmic aequorin (MAQ 
2.4) under various illumination regimes (9). White 
bars along the abscissas indicate white light back- 
ground (22 pE m-2 s-'), black bars indicate dark- 
ness, and gray bars indicate red light (18 pE m-' 
s-I). (A) Seedlings (two per vial) grown on a light- 
dark cycle of 16 hours light, 8 hours dark (LD 
16:8); the last light cycle is shown. (B) Same as in 
(A), except that the final dark period was extended 
by 12 hours, resulting in a delay of the subsequent 
rhythm. (C) Open circles, transgenic MAQ 2.4 
seedlings; closed circles, nontransgenic wild-type 
tobacco seedlings. Both groups were treated with 
coelenterazine (two seedlings per vial, grown on 
LD 16:8). (D) Separate cultures of MAQ 2.4 grown 
on reversed LD 16:8 cycles (1 0 seedlings per vial). 
The last light cycle for each is shown. The upper 
bar is for the open-circle trace, and the lower bar 
is for the closed-circle trace. Seedlings were ini- 
tially in LL, then transferred to DD at hour 120. 
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Fig. 2. Rhythmlc varlatlons In luml- I . , . ,  

nescence of transgen~c Arabidop- 4000 - 
sis seedllngs contaln~ng cytoplas- 3000 

+ + ' +  
mlc aequorln (29) after entrainment , 
to reversed-phase LD cycles Sep !: 3000 - 
arate cultures of Arabidopsis were $ 
grown In reversed LD 16 8 cycles g 
on medlum w~thout sucrose the 'g 2000 
last LD cycle for each 1s shown The ; 
upper bar and r~ght ordlnate 1s for 2 
the upper two traces, and the lower $ 1000 - 
bar and left ordlnate 1s for the low a 

est trace After reconstltutlon of ae- 
quorln (7, 9) 7-day-old seedlings O T . ~ . , . , . , .  
were transferred to v~als conta~n~ng 0 24 4 8 72 96 120 

med~a wlth or w~thout sucrose Time (hours) 

(three seedllngs per v~al), then exposed to LL (22 FE m % ') at 22-C to mon~tor luminescence Lower 
two traces 0 5 M&S medlum without sucrose, upper trace, 0 5 M&S med~um plus 1 % sucrose 

physiological range (6) .  Callbration of the 
[CaL'Ic changes requires knowledge of the 
total amount of reconstituted aequorin in 
the plants, which necessitates a destructi\re 
assay (6). A n  estimate was therefore made 
by using seedlings of equivalent age and 
overnight aequorin reconstitution for cali- 
bration (6) .  We estimate that the lumines- 
cence peaks in Fig. 1 represent [Ca2+], val- 

0 24 48 72 96 5 
Hours in LL 

Fig. 3. Comparison of luminescence expression of 
MAQ 2.4 seedlings with total extractable apoae- 
quorin activity. Open circles, luminescence rhythm 
measured as in Fig. 1 ;  closed squares, specific 
activity (normalized to protein concentration) of 
apoaequorin extracted (30) at the indicated times 
from seedlings under the same conditions as the 
vial used for luminescence monitoring. 

Fig. 4. Luminescence 
from reconstituted ae- 
quorin in tobacco seed- 
lings expressing chloro- 
plastic aequorin [MAQ 
6.3; see (16)l. In (A) and 
(B), seedlings treated 
with coelenterazine (9) 
were in LL from time 0 to 
hour 120, and thereafter 
in DD. Each panel shows 
the luminescence pat- 
tern from an indepen- 
dent sample. (A) Ten 

ues between 500 and 700 nM In the ii~ffer- 
ent experiments; the troughs represent ap- 
proximately 100 to 150 nM. A n  oscillation 
between 100 anii 600 nM free calcium will 
affect calciurn-denendent activities in 
plants (5,  13). Furthermore, these values 
could be an underestlrnate of the relevant 
calcium concentrations if the signals report- 
ed here come from a subset of cells in the 
seedlings, an issue that could be resolved by 
luminescence ilnaging (8). However, imag- 
ing of the luminescence in these seedlings 
at 600 nM [Ca2+], would require higher 
levels of circadian light emission than those 
currently proiiuced by straln M A Q  2.4. 

A transgenic line of thale-cress (Arabi- 
u 

dopsis thaliana) harboring the same chimae- 
ric transgene as the tobacco strain MAQ - - 
2.4 also expressed a circadian rhythm of 
luminescence which could be entraineii to 
reverseii-phase LD cycles (Fig. 2) .  Sucrose 
in the medium (I1%)) reduced the amplitude 
of the luminescence rhythm in Arabidopsis 
(Fig. 2) .  It is possible that this response is 
related to the effect of sucrose on the ex- 
pression of genes (14) regulateii by the cir- 
cadian clock and [Ca2+], (5). Sucrose (1%) 
d d  not affect luminescence rhythms In to- 
bacco MAQ 2.4 seeiilings (10). 

The luminescence rhythms cannot be at- 
tr~buted to rhythmic concentrations of apoae- 

quorin content assayed from extracts of MAQ 
2.4 seedlings at various circad~an times during 
a 48-hour perioii displayed no circadian oscil- 
lations that coulii account for the rhythm of 
luminescence (Fig. 3) .  There appeared to be a 
progressive increase in apoaequorln concen- 
trations (Fig. 3) which might result from seed- 
l~ng  growth and cont~nued apoaequorln svn- 
them anii could account for the Increases In 
overall luminescence seen in Fig. 1, C anii D, 
anii Flg. 2. In other experiments, we estimated 
the In vivo amounts of reconstituted aequorin 
by extracting seeiilings that hail been loaded 
with coelenterazine at the peak (50 hours) 
and trough (62 hours). We found that more 
aequorin activity could be extracted from 
seedlings at the trough than at the peak (10). 
We suggest that the differences in the extract- 
able amounts are due to the monotonic in- 
crease of aequorin content (as in Fig. 3). The 
apparentl) hlgher aequorln amounts at the 
troueh phases of the lurn~nescence could onl\ - 
lead to an underestimate of the true circaiiian 
\lariation in [CaL+Ic anii certa~nly cannot ac- 
count for the circaiiian changes in lurnines- 
cence levels that we observed. In agreement 
with the data shown here, the activity of the 
CaMV 355 promoter has been shown to be 
constitutive over the circaiiian cycle in LL 
and DD in Arabidopsis (4). We therefore con- 
clude that the osc~llations of luminescence are 
due to oscillations in [Ca2+],. 

Light signals have been suggested to alter 
[Ca2+], by regulating the Ca2+ flux into the 
chloroplast (15). We have tested the possibil- 
ity that the circadian [Ca2+]' variations were 
iiirectly regulated by flux across the chloro- 
plast membrane by using the transgenic to- 
bacco line MAQ 6.3, which contains the 35s 
promoter-driven apoaequorin transgene with 
the coiling sequence of the transit peptide of 
the small subunit of ribulose-1,j-bisphosphate 
carboxylase-oxygenase (RuBisCO) (rhcS) 
fused to the 5' end of the apoaequorin coiling 

A .  - 
region. These tranformants permit measure- 
ment of chloroplast Ca2' ([Ca2'],,,,) in vivo 
(Fig. 4).  With this construct, effectively lL?L?% 
of apoaequorln v\ as targeteii to Intact chloro- 

- - -  

Time (hours) Time (hours) Time (min) 

seedlings per vial, 10-day-old seedlings. (8) Five seedlings per vial, 22-day-old seedlings. (C) Ten seedlings per vlal, 10-day-old seedlings measured every 15 
s ;  time 0 is the time of the LL-to-DD transition. 
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usmm 
plasts, most probably to the stroma (16). In 
contrast to rhythms expressed in [Ca2+]c, the 
[Ca2+]chl of seedlings did not exhibit detect
able circadian variation in LL (Fig. 4, A and 
B). On transfer to DD, we reproducibly ob
served a large transient increase that peaked 
about 20 to 25 min (n = 7) after the LL-to-
DD transition (Fig. 4). We estimate that this 
transient peak represents 5 to 10 jxM chloro-
plast free calcium rising from basal concentra
tions of less than 150 nM. The timing of this 
peak after the LL-to-DD transition (Fig. 4C) 
suggests that this calcium spike may play a 
role in the recognition of lights-off. There
after, in DD damped oscillations of lumi
nescence were often observed that had a 
circadian period (Fig. 4, A and B). Because 
the transgenes MAQ 2.4 and MAQ 6.3 
share the same 35S promoter, these data 
support the conclusion that the circadian 
luminescence oscillations of MAQ 2.4 re
sult from rhythmic variations in [Ca2+]c. 
The variations in [Ca2+]ch l acquire signifi
cance from the reported detection of a 
number of calcium binding proteins in the 
chloroplast (15) and the observations that a 
number of chloroplast activities have a circa
dian basis (I). Calcium is apparently regulat
ed differentially by the clock in distinct com
partments, or there may be different circadian 
oscillators in the cytoplasm and the chloro
plast, as previously suggested (17). 

Oscillations of free calcium within the 
range reported here will affect the function of 
many cellular systems. Plant circadian proc
esses that involve movements of stems, peti
oles, or stomatal apertures are known to re
spond to turgor pressure which is regulated by 
movements of potassium ions across the plas
ma membrane through Ca2+-gated potassium 
channels (18). Other known [Ca2^-regulat
ed processes include growth and mitosis (19), 
plant protein kinases (13), and expression of 
genes such as those encoding chlorophyll a/b 
binding proteins (4,5, 11). All of these proc
esses also exhibit circadian variation. If calci
um is involved in both circadian inputs (3) 
and outputs (this study), then it could well be 
an integral component of the central mecha
nism itself (I). Finally, the photoperiodic tim
ing mechanism that regulates seasonal aspects 
of flowering, reproduction, and dormancy in
volves interactions of red light with a circa
dian clock (20). Our results implicate [Ca2+]c 

in the transduction of red light-activated phy-
tochrome events (12) and in circadian rhyth-
micity. The discovery of this link aids under
standing of circadian pacemakers and their 
role in the timing of flowering, movements, 
gene expression, and other aspects of plant 
development. 
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