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Abstract

Many stimuli induce short-term increases in the cytosolic concentration of free calcium ions
(Ca2*) that encode signaling information about diverse physiological and developmental events.
Slow cytosolic Ca2* oscillations that span an entire day have also been discovered in both plants
and animals; it is thought that these daily Ca2* oscillations may encode circadian clock signaling
information. A recent study focusing on the characterization of the extracellular Ca2*-sensing
receptor (CAS) has now provided insight into the molecular mechanisms by which the daily Ca2*
oscillation in plants is generated. Here we summarize the major findings regarding daily
oscillations of cytosolic Ca2* concentrations in plants and animals, and discuss hypothetical
biological roles for the circadian-clock-regulated physiology in plants.

Information about diverse physiological and developmental eventsis transmitted through
changes in the cytosolic concentration of free calcium ions ([Ca2*];), which often occur in
oscillatory patterns of various amplitudes, frequencies, and durations (1, 2). Most Ca2*
signals are brief, lasting from milliseconds to minutes. However, in both plants and animals,
researchers have also found a slow [Ca?*]; oscillation that spans an entire day (3-6). This
circadian Ca2* oscillation is arguably one of the most stable [Ca?*]; oscillations found in
nature, in terms of its period and phase (6). Many organisms have adaily internal
pacemaker, a circadian clock, that regulates the timing of various physiological processes
throughout the day and anticipates the daily and seasonal changes of the surrounding
environment. Although the daily [Ca?*]; oscillation is thought to encode circadian clock
signaling information, the physiological activities that it regulates and the underlying
mechanisms that maintain it remain unknown. A recent study performed by Pei and
colleagues has provided insight into the molecular mechanisms by which the daily [Ca?*];
oscillation can be generated in plants (7). Here we summarize the major findings regarding
the daily [Ca2*]; oscillation in plants and animals, and discuss its hypothetical biological
rolein plants.

Circadian [Ca?*]; oscillation in plants and animals

The daily oscillation of [Ca2*]; was first described in plants. Experiments using transgenic
plants expressing the Ca?*-sensitive luminescent protein aequorin to monitor [Ca2*];
changes in whole plants showed that [Ca2*]; oscillates with a period close to 24 hours, and
that, in tobacco and Arabidopsis, peak Ca2* concentrations occur just after dawn (3). That
this [Ca2™]; oscillation is apparent with bioluminescence imaging of whole plants suggests
that it must emanate from numerous cells that exhibit a synchronous [Ca2*]; oscillation. The
[Ca2*]; oscillation continues under constant light conditions for at least four days and is reset
by light-dark transitions, suggesting that the circadian clock isinvolved in its regulation. In
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addition, the amplitude of the oscillation dampens in continuous dark, indicating that light is
critical for sustaining this [Ca2*]; rhythm. These findings raised the question of whether the
circadian clock and light regulate some physiological responses through changesin cytosolic
cat.

Unlike the plant circadian clock, which likely operates independently in different tissues (8,
9), mammals have a master circadian pacemaker located in neurons of the hypothalamic
suprachiasmatic nucleus (SCN) that keeps other circadian oscillators throughout the body
synchronized (10-12). The SCN neurons exhibit a circadian [Ca2*]; oscillation with a
morning peak (5). Circadian-regulated Ca2* influx could provide an important mechanism
for regulating intracellular Ca2* homeostasis and controlling the rhythmic spontaneous
firing rate of SCN neurons (13), which is greater during the day than at night (14) and drives
some circadian behaviors (15). Thus, adaily cytosolic Ca2* oscillation appears to be a
conserved feature in both plant and animal cells and may participate in the transduction of
circadian information.

The circadian clock isinvolved not only in the regulation of daily physiological events but
also in seasonal photoperiodic responses (16-19). A recent study provided evidence that the
daily oscillation in the cytosolic free Ca2* concentration could encode photoperiodic
information in plants (6). Coincidence of light with circadian-regulated key component
expression at the end of the day is thought to be crucial to day-length-dependent responses.
For instance, in many plants, long-day-specific expression of the clock-regulated
CONSTANS protein at the end of the day is essential for photoperiodic flowering regulation
(17). Different day-length conditions control the phase and shape of circadian [Ca2];
oscillation, resulting in a[Ca2*]; that is high at dusk in short days but low in long days: this
differencein the [Ca2*]; level at dusk may contribute to the induction of day-length
dependent physiological responses such as photoperiodic flowering (6).

Although the above studies have demonstrated that [Ca2*]; fluctuates throughout the day, we
do not know the mechanisms that mediate this phenomenon, nor do we fully understand the
physiological relevance of the oscillation in plants and animals. One approach to identify
which circadian and photoperiodic responses are regulated by the [Ca2*]; rhythm would
involve elucidating the underlying molecular mechanisms. Once the mechanisms are
unveiled, hypotheses could be tested using mutants and transgenic plants in which the daily
[Ca2*]; oscillation patterns have been perturbed. Because Ca?* is a ubiquitous second
messenger, it isunclear how specificity of the response to a particular stimulusis achieved.
A recent study in Arabidopsishas led to amodel of stimulus-induced modulation of
cytosolic Ca?*-sensitive responses (“ Ca2+ sensor priming”) (20), in which different
physiological stimuli not only induce [Ca2*]; changes with various patterns but also
modulate the activity of the appropriate Ca2* sensors. This model could provide a potential
mechanism for mediating Ca?* specificity among the numerous Ca2* sensors expressed in
plant cells. A recent study has elucidated some of the molecular mechanisms that can
mediate the daily rhythmic [Ca2*]; oscillation (7).

mechanisms generating the daily [CaZ*]; oscillation

The extracellular Ca?*-sensing receptor (CAS) is arecently identified plant-specific
transmembrane Ca?* receptor with alow-affinity Ca?* binding site that isinvolved in
monitoring extracellular Ca2* concentrations ([Ca2*],) in the cell wall (21). Repression of
CAS expression with a CA Santisense (CA Sas) construct impairs extracellular Ca2*-induced
[Ca?*]; increasesin guard cells and the ensuing closure of stomata (21). Now, Pei and
colleagues report compelling evidence that CAS plays acrucial role in generating circadian
[Ca?*]; oscillations as well (7). In CASastransgenic plants, where CAS expression level is
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severely decreased, the amplitude of the circadian [Ca?*]; oscillation is also reduced (7). The
authors demonstrated a consistent correlation between the daily stomatal conductance
rhythm, which is regulated by both light and the circadian clock (22—-24), and the cytosolic
[Ca?*]; oscillation in leaves throughout the day (see Fig. 1). Using alow-affinity aequorin
isoform targeted to the extracellular space, they also showed a daily oscillation in the
[Ca?™],, of the cell wall. [Ca*], began to increase shortly after dawn and peaked at early
midday when the stomatal conductance reached its maximum level (Fig. 1). In addition, the
[Ca?*], peak occurred prior to the peak of [Ca2™]; (7). Daily cell wall [Ca2*],, oscillation
patternsin the CA Sasline were the same asin wild type plants. This reinforced the authors
proposal that CA'S senses changesin [Ca?*], and thus contributes to [Ca?*],-dependent
increases in [Ca?*); (Fig. 1). Further findings indicate that the CaZ* concentration in the soil
and transpiration rates likely contribute to determining the amplitudes of the oscillationsin
[Ca?*], and [Ca2™];. Moreover, Pei and colleagues provided evidence that the CAS-
dependent increase in [Ca2*]; could be controlled through production of inositol 1,4,5-
triphosphate (IP3), which in turn stimulates release of Ca?* from internal stores.

Thiswork enabled the authors to devel op the following model for the daily [Ca2*]; rhythm
production network. Light-induced increases in stomatal apertures and the ensuing increase
in transpiration rates in the daytime result in an increase in water and solute uptake during
the day. Subsequently, the higher rate of water and solute transport raises the extracellular
Ca2* concentrations. The [Ca2*], increase is sensed by CAS, which in turn triggers | P3
production and circadian release of Ca2* from intracellular stores (Fig. 1). Given that the
slow daily Ca?* oscillation is relatively robust, additional mechanisms may mediate this
pattern. As we obtain a more concrete framework for investigating the detailed molecular
mechanisms underlying the [Ca2*]; oscillation phenomenon, we will be able to assess its
biological role.

Physiological relevance of [Ca?*]; oscillation

For investigation of the biological function of the circadian [Ca2*]; oscillation, the CAS
antisense lines are currently the most useful material. Some differences in physiological
responses between the CA Saslines and wild type plants have already been reported. The
CASaslines are defective in external Ca2*-induced stomatal closure (21). However, thereis
no difference in the daily [Ca2*], oscillation in the cell wall between the CA Saslines and
wild type plants (7), suggesting that the CAS dependent [Ca2*]; change is not the primary
mechanism of stomatal aperture regulation and that the general daily stomatal conductance
oscill ations between these two plants might be similar. In other words, [Ca?*]; oscillation
information by itself would not be likely to regul ate the daytime stomatal opening pattern,
consistent with light-induced stomatal opening (23). Because some clock-regulated proteins
have been implicated in feedback to the clock or to the input pathway to the clock (25), the
CA Saslines can be used determine whether [Ca2*]; oscillation also influences the circadian
clock.

When the CA Saslines and wild type plants were grown on media containing only a small
amount of Ca2*, the CA Saslines flowered later than wild type plants (21). Taken together
with the findings regarding photoperiodic [Ca2*]; oscillation (6), this suggests that the daily
[Ca2*]; oscillation may influence flowering behavior. To examine whether [Ca2*];
oscillation affects photoperiodic flowering response, flowering time assays and expression
analyses of flowering genes under different day-length conditions and in the presence of
different concentrations of Ca2* in the media must be characterized in the CA Saslines. If
there is afunctional link between daily [Ca2*]; oscillation and flowering time, amajor
challenge will be to identify the key Ca2* sensor molecule(s) that decodes the information
on changesin [Ca2*]; to regulate the expression of the genes controlling flowering time.
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Hypocotyl growth rateis also regulated by the circadian clock. Maximal elongation of the
hypocotyl occurs around dusk (26). Extracellular Ca2* is required for regulating the
structural rigidity of the cell wall (27). Decreasing [Ca2*], might contribute to weakening of
the wall and enable shoot growth. [Ca2*],, oscillation reaches a trough around dusk (Fig. 1).
Thus, the daily oscillation of [Ca?*], might be a part of the mechanism by which the
circadian clock regulates hypocotyl growth.

The circadian [Ca2*]; oscillation has thus far been measured in whole seedlings using
aequiorin, suggesting that it emanates from synchronous changes in [Ca2*]; in many cells (3,
6, 7). Thus, more rapid typical [Ca2*]; transientsin individual cells are likely filtered during
whole organism aequorin imaging (28). Further research should attempt to analyze whether
the circadian [Ca2*]; oscillation is indeed global or localized to specific cells or cytoplasmic
regions within (specific) cells. Single cell Ca2* imaging should reveal which cells oscillate,
and whether this slow oscillation reflects a uniform gradual baseline adjustment in the
cytosolic Ca?* concentration, or agradual population change in the numbers of cells that
have a different cytosolic Ca2* concentration. Establishment of single cell Ca2* imaging will
also allow further analysis of the likely complex cell physiological and genetic mechanisms
that contribute to this[Ca2*]; oscillation.

We now have a molecular tool that enables us to pose more detailed questions about what
information is encoded in the daily cytosolic Ca2* concentration oscillation. If this
oscillation controls some or even many physiological responses, we anticipate that the
molecular components involved in each response may vary. The challenge liesin identifying
both the physiological functions of the remarkably robust daily Ca?* oscillation and the
further mechanisms and components that mediate this robust rhythm, as well as revealing
whether these oscillations mediate diverse functions in plant and animal physiology.
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Fig. 1.

A model for extracellular and cytosolic Ca2* oscillation generation as proposed by Pei and
colleagues. (7). Thismodel consists of three modules: 1) daily oscillation of stomatal
conductance, 2) resulting extracellular Ca2* oscillation, and 3) extracellular Ca2*-induced
cytosolic Ca?* oscillation. The daily change in stomatal conductance is regulated by blue
light (29) and the circadian clock (30). Red and far-red light and blue light entrain the
circadian clock, which comprises interlocking negative feedback loops, to a daily light-dark
cycle (25). Analyses of plant circadian clock mutants provide convincing evidence that the
circadian clock plays arolein the rhythmic regulation of stomatal apertures (22, 24). The
daily change in stomatal conductance results in modulation of the transpiration rate so that it
is high during the daytime, accelerating water and solute uptake. This daily oscillation of
water and sol ute uptake efficiency likely regulates the extracellular Ca2* concentration,
which is also high in the daytime (7). Soil Ca?* concentration affects the amplitude of the
extracellular CaZ* oscillation (7). The more the extracellular Ca2* concentration increases,
the more likely CASisto bind to Ca2*. CASisinvolved in the production of 1P possibly
through the regulation of phospholipase C (PLC) activity (31). IP3is proposed to stimulate
the release of Ca2* from internal stores, although the gene encoding |Ps-gated Ca2* channel
(IP3R) has not been identified in plants. Because the cytosolic Ca2* oscillation was not
totally abolished in the CASaslines (7), other Ca2* channels may participate in the
generation of the cytosolic free Ca2* oscillation. This daily cytosolic Ca2* oscillation may
encode information that regulates some circadian and photoperiodic responses.
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