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How plants tell the time
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Plants, like all eukaryotes and most prokaryotes, have evolved
sophisticated mechanisms for anticipating predictable environ-
mental changes that arise due to the rotation of the Earth on its axis.
These mechanisms are collectively termed the circadian clock.
Many aspects of plant physiology, metabolism and development
are under circadian control and a large proportion of the tran-
scriptome exhibits circadian regulation. In the present review,
we describe the advances in determining the molecular nature
of the circadian oscillator and propose an architecture of several

interlocking negative-feedback loops. The adaptive advantages
of circadian control, with particular reference to the regulation of
metabolism, are also considered. We review the evidence for the
presence of multiple circadian oscillator types located in within
individual cells and in different tissues.
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INTRODUCTION

Many aspects of the behaviour and physiology of plants and
animals fluctuate over the course of each day. Some of these fluc-
tuations occur solely in response to environmental factors, such as
light/dark cycles, but a subset persist under constant conditions.
Persistent rhythms that have periodicities matching that of the
Earth’s rotation on its axis (approx. 24 h) are termed circadian.
Circadian rhythms were first measured in 1729 by the French
biologist de Mairan, who noted that a heliotrope plant (probably
Mimosa) sustained rhythms in leaf movement in continuous
darkness [1-4]. Circadian rhythms have since been observed
in most eukaryotes and in many prokaryotes [4,5]. Circadian
outputs range from the relatively subtle, such as rhythms in photo-
synthesis, to the comparatively overt, such as rhythms in animal
activity, plant leaf movement and floral opening [2,3,5].
Circadian rhythms are governed by an internal timekeeper re-
ferred to as the circadian clock. The clocks in different kingdoms
are composed of a network of transcription factors arranged in
interlocking negative-feedback loops [2,5-7]. The clock main-
tains an internal estimate of the passage of time and schedules
physiological processes to occur at appropriate points in the day.
In order to remain synchronized with the environment, circadian
clocks are reset or entrained by specific cues that relay information
about the external time. The ‘time-givers’ (or zeitgebers) are
generally the light/dark and temperature cycles, although rhythms
in nutrient availability may also act as a resetting signal in some
organisms [5,8]. A critical property of circadian oscillators is
temperature compensation, or the stability of the period of the
clock over a wide range of temperatures in the physiological range.
This allows clocks to maintain an accurate phase relationship
between physiology and the environment in circumstances of
unpredictable change in environmental temperature [2,4,5,9].
Recently, the molecular nature of the plant circadian clock,

the processes regulated by circadian signals and some of the
advantages conferred by temporal control of physiology have been
identified. In this review, we examine the advances in identifying
the genetic components of the oscillator and mechanisms of
rhythmic gene control. We speculate also as to the processes
by which rhythmic gene control may contribute to the enhanced
fitness of plants that is conferred by the circadian clock and
consider areas for future research. This emerging picture of the
circadian clock describes how plants, even without a central
nervous system, have sophisticated systems to tell the time.

WHY DO PLANTS HAVE CIRCADIAN CLOCKS?

In order to understand why organisms have circadian clocks, it is
necessary to understand the selective pressures that shaped their
evolution [1,10]. Pittendrigh [1] hypothesized that the primary
force behind the evolution of circadian clocks is the inherent
advantage of phasing reactions that are adversely affected by
sunlight so that they occur during the night. There also could be
several other selective advantages to temporal programming. The
anticipation of regular changes in the environment shortens
the delay between a change in the environment and the appropriate
alteration in physiology [5,10-12]. In plants, the induction of
light-input pathways before dawn may allow full use to be made
of the light period, while the induction of stress-response mech-
anisms may anticipate water-deficit stress in the late afternoon
[13—15]. Scheduling of biological programmes also may be
advantageous by allowing incompatible reactions to be segregated
temporally. Although advantages of temporal control by the clock
appear to be intuitive, there are very few examples in the plant
or other kingdoms where they have been conclusively been de-
monstrated to occur.

Direct experimental evidence for a fitness benefit associated
with the possession of a biological clock has, until recently,
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Figure 1 Schematic representation of circadian clock structures

(a) A model depicting division of the clock into an input pathway, a central oscillator and an output pathway. (b) An elaborated description of the clock, consisting of multiple core oscillators, gated
input pathways and outputs which feed back into the central oscillator. Arrows are positive arms and perpendicular lines represent negative arms of the pathway.

remained elusive. The first rigorous demonstration used cyano-
bacterial strains with free running circadian periods of 22, 25
or 30 h [11]. When the strains were cultured together in 22 h
cycles (11 h light/11 h dark), the mutant with a 22 h circadian
clock period outgrew the strains with longer periods. However,
in a 30h cycle (15h light/15h dark), the 30 h period mutant
dominated. Similarly, under a normal 24 h cycle (12 h light/12 h
dark), the wild-type (25h period) strain outgrew the mutants
[11]. These results demonstrated that cyanobacteria that had clock
periods most closely matching that of their environment were able
to outcompete those with mismatched clock periods [10,11]. The
benefits of this ‘circadian resonance’ [16] also occur in plants.
When wild-type and long- and short-period circadian clock
mutants of Arabidopsis were grown in a range of environmental
period lengths, plants with clock periods similar to the period of
the total light/dark cycle grew more successfully than those with
dissimilar periods [12]. Similarly, plants overexpressing CCA/
(CIRCADIAN CLOCK ASSOCIATED 1), which are circadian
arrhythmic, performed worse for all parameters measured than
wild-type plants in 12 h light/12 h dark cycles [12]. This study
also identified some of the metabolic pathways that are enhanced
by matching the period of the endogenous circadian oscillator
with that of the environmental cycles [12]. Plants with resonant
circadian periods accumulated more chlorophyll, fixed more car-
bon, attained approx. 45% greater biomass and grew faster
[12]. In competition studies, the plants with resonant clocks out-
competed those plants with clock periods that did not match the
period of the light/dark cycle [12]. Atleast under some conditions,
wild-type plants produce more viable seeds than circadian
mutants, suggesting that the clock can genuinely increase fitness,
i.e. fecundity [17]. However, because the clock in Arabidopsis is
intimately connected with the photoperiodic response apparatus,
interpreting the effects of clock mutants on fitness by measuring
seed production is difficult. It is not just photosynthetic organisms
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that benefit from circadian clocks, as mice with mutations in the
key circadian transcription factor CLK (CLOCK) have severe
metabolic disorders, including hyperglycaemia, hypercholesterol-
aemia and hyperlipidaemia [18].

PRINCIPLES OF CLOCK ARCHITECTURE

The components of the circadian clock are not conserved be-
tween kingdoms, suggesting that clocks must have evolved in-
dependently on several occasions [15,19]. To date, the only con-
served elements of the clock in plants and animals are the
blue-light-sensing CRYs (cryptochromes) and protein kinase
CK2« [5,20,21]. Nevertheless, there is a remarkable convergence
of architectures and mechanisms among clocks from different
organisms.

The simplest models describe the circadian clock as consisting
of input pathways entraining a core oscillator which generates
rhythmic outputs (Figure 1a). However, this linear progression
is an oversimplification, because many components of the input
pathways are themselves outputs of the clock [22,23] and rhythmic
outputs from the clock may feed back to affect the functioning
of the core oscillator (Figure 1b) [5]. Additionally, in Neuropsora
crassa, Drosophila melanogaster, Arabidopsis and mammals,
the core oscillator is composed of multiple interlocking loops
(Figure 1b) [5,24,25]. Itis believed that, owing to the decentralized
organization of the plant body plan, a core circadian oscillator is
located in each cell of the plant [26]. This contrasts with mammals,
for example, where core oscillators are located in specialized cells
in the SCN (suprachiasmatic nucleus) of the brain. The SCN forms
a central pacemaker, whereas semi-autonomous ‘slave’ oscillators
occur in the peripheral tissues [5,27,28].

An alternative hypothesis is that there may be no core
molecular oscillator, but rather multiple independent feedback
loops that contribute collectively to timekeeping [8,29,30]. The
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existence of multiple oscillators has been demonstrated in Lin-
gulodinium polyedrum (formerly Gonyaulax polyedra) [31,32]
and N. crassa [33]. In N. crassa, a secondary oscillator maintains
rhythms in NR (nitrate reductase) activity in the absence of
the integral clock component FRQ (FREQUENCY) [34], indi-
cating that it is a self-sustaining oscillator. A similar oscillator
maintaining rhythms in NR activity may operate in plants [30].

It is likely that our understanding of the complexity of clock
architecture will continue to expand as new clock genes, additional
levels of molecular control and layers of cell-specificity are
incorporated into the basic models. However, it is pertinent to ask
why circadian clocks appear to have converged on such complex
architectures. Several authors have speculated that the complexity
provides the clock with stability and protection against stochastic
perturbations [35-37]. More recently, modelling studies have
suggested that complexity is a necessary in order to impart
flexibility to circadian oscillators [38]. This flexibility forms the
basis of the key clock property of entrainment [38]. It is also
probable that the complexity is indicative of the need for clocks
to have widespread control in order to confer effective temporal
separation of diverse physiological programmes.

THE CIRCADIAN CLOCK OF ARABIDOPSIS: INPUT PATHWAYS
AND ENTRAINMENT

The circadian clock of Arabidopsis has an intrinsic period of
between 22 and 29 h, depending on plant accession and growth
conditions [39]. Consequently, the clock mechanism is reset
each dawn and/or dusk [15,40] to prevent the clock becoming
increasingly desynchronized with the external light/dark cycles.
Resetting of the clock involves a change in phase that does not
alter the internal sequence of processes, but re-aligns the sequence
with the daily environmental progression [15]. This flexibility of
the clock allows the organism to adjust to changing day length
and time of dawn during seasonal transitions [40].

Light is probably the predominant entrainment cue in
Arabidopsis thaliana [40]. Correct entrainment of the clock to
light signals is dependent, in part, on different responses of the
clock to light at different times of day. At some points in the di-
urnal cycle, light pulses will advance the clock, and, at other
points, the clock will be delayed [41]. The mechanisms by which
these changes in sensitivity or ‘gating’ of the responsiveness to
light during entrainment occur are obscure but provide evidence
for the oscillator being responsive to resetting cues only at ap-
propriate points in the day. Additionally, the light signal must
be relatively prolonged in order to reset the clock [40,42]. These
properties of the clock may provide the advantage of preventing
resetting by inappropriate signals; gating preventing moonlight
from resetting the oscillator and the requirement for a prolonged
signal preventing responses to flashes of lightning.

In diurnal organisms such as Arabidopsis, the free-running
period of the clock is shortened as the intensity of light increases,
a phenomenon known as Aschoff’s rule [41,43]. Aschoff’s rule
provides evidence for continuous readjustment of the period dur-
ing the photoperiod as opposed to phase-specific responsiveness
of the clock to resetting cues. It is likely that accurate synchro-
nization and maintenance of circadian rhythms relies on both
phase-responsive and continuous resetting mechanisms.

Both the red-light-sensing PHY's (phytochromes) and the blue-
light-sensing CRY's contribute to light input to the circadian clock
in Arabidopsis [41,44]. This was established by analysing the
response of PHY- and CRY-null mutants carrying the CAB2
(CHLOROPHYLL A/B-BINDING PROTEIN 2)::LUC (LUCI-
FERASE) reporter to increasing fluence rates of red and blue

light [44]. The results indicated that PHYA acts as a receptor of
low-fluence-rate red and blue light for the clock, PHYB as a high-
fluence-rate red light receptor [40,44]. phyD and phyE mutants
also have clock phenotypes in red light, but only in the absence of
PHYB. This suggests that they share an overlapping functionality
with PHYB and are partly redundant [40,45]. Intriguingly, not all
red light input into the clock is accounted for by the action of
PHYA, PHYB, PHYD and PHYE. It is likely that this residual
input is due to the action of PHYC, but this remains to be
verified experimentally [40,45]. Both CRY1 and CRY2 probably
act as blue light receptors to entrain the clock with a degree of
redundancy [41]. CRY 1 may also act downstream of PHYA in red
light signalling [40.,45].

Although the CRY's and PHY's govern light input, they are also
rhythmic outputs of the clock. All exhibit circadian oscillations
at the RNA level, though only PHYA, PHYB and PHYC appear
to oscillate at the protein level [13,46—49]. This may contribute to
the rhythmic sensitivity of the clock to light [40,50] in concert
with other factors, such as ELF3 (EARLY FLOWERING 3). The
elf3 mutant has an arrhythmic phenotype in constant light, but
displays robust thythms in constant dark [51-53]. elf3 mutants
also fail to gate the acute induction of CAB2::LUC, and show
increased sensitivity to light stimuli during the subjective night.
This suggests that ELF3 acts to antagonize light input into the
clock during the night and also contributes to resetting of the oscil-
lator [52,53].

It is possible that photoreceptors other than CRYs and PHYs
also participate in entrainment of the core oscillator. PHOTs
(phototropins) may be candidates for transducing blue light sig-
nals to the clock, since they are involved in sensing blue light
in Arabidopsis. However, at the time of writing, their role in
the clock has not been thoroughly tested [13,40,41]. An alter-
native possibility is that additional light input is mediated by
ZTL (ZEITLUPE) and LKP2 [LOV (LIGHT OXYGEN OR
VOLTAGE)/KELCH PROTEIN 2]. ZTL and LKP2 are two of the
three members of a family of F-box, KELCH and LOV domain
proteins. The LOV domain is similar to the chromophore-binding
domain of the PHOT light receptors, and undergoes light-induced
conformational changes in vitro [54-56]. This suggests that the
ZTL family of proteins could act as blue light receptors. However,
ztl mutations also cause period lengthening in darkness, and ZTL
has been shown to form part of the mechanism that targets TOC1
(TIMING OF CAB EXPRESSION 1) for degradation [41,57].
Mutations in ZTL affect the ability of ZTL to interact with TOC1,
and probably other proteins. Therefore it is probable that the LOV
domain may function in regulating a light-dependent activity of
ZTL that is involved in targeting proteins for degradation [58,59].
The role of ZTL in targeting clock proteins for degradation is
discussed further below.

The circadian clock can also be entrained by temperature
cycles in which the day and night temperatures differ by 4°C
or more [15,40,60]. The molecular basis of temperature entrain-
ment of the clock is not well understood. It has been sug-
gested that the failure of the prr7 (pseudo response regulator
7)/prr9 double mutant to maintain circadian rhythms after tem-
perature entrainment indicates that PRR7 and PRR9 are involved
in temperature input to the clock [61]. Alternatively, the observed
phenotype may be a consequence of the possible involvement
of these genes in the central oscillator itself [62] or light entrain-
ment of the oscillator [41]. Temperature is a very difficult signal to
study because all biochemical systems are sensitive to temperature
changes, making identification of specific components of temper-
ature-sensing pathways a challenge. With the exception of the
data described above, we know little about temperature-sensing
by the clock.
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Figure 2 Proposed structure of the CCA/LHY-TOC1 feedback loop

Light input, together with TOC1, induces the expression of CCA1 and LHY. CCA1 and LHY
activate the expression of clock-controlled genes (CCGs, shown in mauve) and repress T0C1
expression [63] which in turn represses LHY/CCAT expression. Light input is mediated by
the CRYs and PHYs. Arrows represent positive regulatory steps, perpendicular lines indicate
negative interactions. Genes are represented by rectangles and proteins as ovals.

THE CIRCADIAN CLOCK OF ARABIDOPSIS: THE CORE OSCILLATOR

As in other organisms, the central oscillator in Arabidopsis is
proposed to consist of elements arranged in interlocking tran-
scriptional feedback loops [5,62]. The first loop to be de-
scribed consists of TOC1, LHY (LATE ELONGATED HYPO-
COTYL) and CCALl (Figure 2) [63]. CCAl and LHY encode
MYB-like transcription factors that share considerable sequence
similarity and have partly redundant functions in the clock [64,65].
Overexpression of either gene severely compromises detectable
rhythms, indicating that they are components of the oscillator
[63—65]. CCA1 and LHY bind to the promoter of TOCI, a PRR
that is also required for the maintenance of circadian rhythms in
constant light or constant dark [63,66-68]. TOC1 is predicted
to promote both CCAI and LHY expression by an unknown
mechanism [63]. The CCA1-LHY-TOCT1 feedback loop has been
proposed to function as follows: CCAl and LHY are expressed
rhythmically with a peak in transcript abundance at subjective
dawn. The cognate proteins are produced within 2—-3 h and inhibit
TOC1 expression by binding an evening element in the TOC!
promoter [63]. This causes a gradual decline in TOC1 levels, and
consequently a decline in CCA1 and LHY production. As CCA1
and LHY levels decline, the repression of TOCI expression is
lifted, and the cycle is re-initiated (Figure 2) [15,63,69].

Several lines of evidence suggest that this first model of the
plant clock is incomplete. First, ccal/lhy double-null mutants are
not completely arrhythmic [65,70]. Secondly, rhythms in ELF3
expression persist in mutants constitutively overexpressing LHY
[71]. Thirdly, the model cannot account for why mutation and
overexpression of TOC1 both lead to reductions in CCAI and LHY
expression [69]. Finally, it is unclear whether TOCI is directly
responsible for regulating CCAI and LHY expression, or, if so,
how this might be achieved [15,69]. Thus other components are
required for the functioning of the core oscillator.

A mathematical model incorporating two additional compo-
nents has recently been proposed [72,73]. In this model, light
activates the expression of a hypothetical component, ‘Y’, which
induces expression of TOC1. TOCI acts via another hypothetical
component, ‘X’, to induce LHY expression, and LHY and TOCI
both act to repress the expression of Y (Figure 3) [72,73]. Although
the identity of Y has not been confirmed, both mathematical and
experimental data suggest that its function might be fulfilled by
GI (GIGANTEA) [72-74]. GI expression follows a circadian
pattern, and has a broad peak in the late subjective afternoon,
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Figure 3 Revised model of the LHY-TOC1 feedback loop [72,73]

Mathematical analysis indicates that the additional components X and Y are required in order
to form a robust oscillator that matches the properties of the Arabidopsis clock. X is a gene that
is required for the activation of LHY by TOC1. Y is a hypothetical gene that is activated by light
and in turn activates TOCT. Y is repressed by both TOC1 and LHY. G/ is a candidate for the
identity of Y. X is currently unknown. Arrows represent positive regulatory steps, perpendicular
lines indicate negative interactions. Genes are represented by rectangles and proteins as ovals.

matching the predicted expression profile for Y [72,73]. GI is also
rapidly but transiently induced by light, and its promoter regions
contain several evening elements required for LHY-mediated
repression [72,73]. Overexpression or mutation of GI affects
circadian rhythms in both continuous light and continuous dark,
implying that GI acts within the central clock mechanism [72-74].

Several members of the PRR gene family, of which TOC/ is
a member, have a role in clock function and may have a dual
role in light input [25,62,75,76]. The members of the family are
expressed between dawn and dusk in the sequence PRR9—PRR7—
PRR5-PRR3-TOC1 [25]. CCA1 regulates the expression of PRR7
and PRRY directly by binding to a CBS (CCAI-binding site) in
their promoters [62]. However, the prr7/prr9 double mutation
results in a delay in the period of CCA/ and LHY expression of
4-5 h, indicating that the PRRs feed back to regulate CCAI and
LHY expression [62]. Additionally, the prr7/prr9 double mutant
has extremely long periods in constant light and constant dark,
which is consistent with a role in the central oscillator [62,75].
Nevertheless, the position of the PRRs in the core oscillator
remains ambiguous because they have been implicated in both
light and temperature entrainment [25,61,62,77].

ELF4 and LUX (LUX ARRYTHMO, also called PHYTO-
CLOCK) have also recently been proposed to be components
of the core oscillator [78-80]. LUX encodes a MYB transcription
factor which is expressed co-ordinately with TOC! in both dif-
ferent photoperiods and mutant backgrounds [78]. The LUX pro-
moter contains an evening element which is bound by CCA1 and
LHY, suggesting that these proteins repress LUX transcription
[78]. Curiously, the MYB domain of LUX is also present in
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Figure 4 Model of the Arabidopsis circadian clock

The model is based on recent analyses which indicate that multiple feedback loops exist within the Arabidopsis clock. The CCA1-LHY-TOC1-GI-X feedback loop is outlined in [72,73], the PRR
loop in [62,25], and the ELF4 loop in [79]. PHYs, CRYs and ELF3 are under transcriptional control by the circadian clock, so essentially represent additional loops [48,53]. The circle around
the model indicates time of day, with 0 representing dawn. Components are positioned within the circle according to their approximate maximal transcript abundance in continuous light, with the
exception of LKP2 and ZTL which are not transcribed in a circadian-dependent manner [105,108] and thus are represented by hexagons. Only interactions demonstrated experimentally are shown;
positive interactions are shown with arrows, and negative interactions are indicated by perpendicular lines. Dotted lines indicate interactions assumed from a mathematical model but not conclusively
demonstrated experimentally [72,73]. Components and interactions associated with light perception are shown in orange, and components and interactions involved in gating are shown in blue. The
circadian regulator of ELF3 is unknown and therefore control of ELF3 by the clock is indicated by a dotted line.

CCA1 and LHY. Mutation of the LUX gene leads to arrhythmia
in constant light and constant dark for most outputs and
CCAI/LHY are clamped low, while TOC1 is clamped high [78].
Overexpression of LUX reduced the levels of expression of both
GI and LUX and damped oscillations of LUX as well as TOCI,
CCAl and LHY in continuous light [80]. ELF4 is required for
maintenance of rthythmic outputs and for light-induced expression
of CCAI and LHY, but not TOCI [79,81]. ELF4 expression is
repressed by CCAl and LHY, indicating the existence of an
additional feedback loop in the central oscillator which includes
CCAI,LHY and ELF4,butnot TOC1 (Figure 4) [79]. Collectively,
the data indicate that there are multiple interlocking feedback
loops in the central oscillator of Arabidopsis. We propose one
model of the arrangement these multiple regulatory loops in
Figure 4. Positioning the many elements accurately requires
further information and will be aided by mathematical analyses.

How many different types of oscillator are there?

The evidence suggests that every cell in plants has an oscillator
and, at least in above-ground tissue, these oscillators are entrained
by light and temperature independently of the oscillators in

neighbouring cells. The circadian clocks of plants are thought to
be cell autonomous because CAB2::LUC luminescence persists
in cultured cells [82] and in isolated tissue explants [83]. Further-
more, CAB2::LUC luminescence rhythms can be entrained to op-
posite phases in the same leaf of a single plant and these oppositely
phased rhythms are maintained in constant light, indicating that
the oscillators driving the rhythms remained uncoupled [83].
Dissecting the molecular nature of the circadian oscillator is
complicated by the possibility that tissue- or cell-specific oscil-
lators may be present, yet most genetic dissection of oscillator
structure and function is performed by measuring outputs at the
whole-plant scale of observation which summates the outputs of
many cell and tissue types [84]. Numerous studies have reported
desynchronization of the periods of rhythmic outputs between
distinct tissue types, raising the possibility that there are cell-
or tissue-specific oscillators (Figure 5a). The periods of PHYB or
CHS (CHALCONE SYNTHASE) promoter activity, which are pre-
dominantly associated with epidermal cells, are 1-1.5 h longer
than the period of CAB2 promoter activity, which is mainly asso-
ciated with mesophyll tissue [85,86]. The periods of leaf move-
ment and CAB2::LUC luminescence rhythms also sometimes
differ markedly [87], as can the periods of leaf movement and
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Figure 5 Model to explain how multiple rhythms may be generated from
similar oscillators

Gene 1and Gene 2 are expressed in similar tissues, but have different free running periods and
sensitivity to entrainment signals. (a) This could be due to multiple oscillators present within
each cell. Each oscillator is based on the CCA1/LHY model shown in Figure 4, with multiple
interlocking loops. Gene 1 expression is preferentially regulated by light which is mediated by
an oscillator containing component A. Gene 2 expression is entrained primarily by temperature
cycles, and is controlled via an oscillator containing component B. (b) Alternatively, different
cells within the same tissue contain different oscillators. Circadian expression of Gene 7 and
Gene 2 occur in different cells (X and Y), and the expression data obtained experimentally are an
average of all cell types. Gene 7 expression is controlled by an oscillator with the cell-specific
factor X, and Gene 2 expression is controlled by an oscillator containing cell-specific factor Y.

stomatal conductance [88]. Finally, the phase of circadian rhythms
in [Ca®*]., (cytosolic free Ca** concentration) differs depending
on the promoter used to drive the expression of the aequorin
reporter in different tissues [89]. However, it should be noted that,
since the period of the clock in diurnal organisms lengthens with
decreasing light intensity [43], some of these effects could be
caused by attenuation of light input by outer cell layers [90]. In
this scenario, the different period of thythms of circadian markers
may reflect the intensity of light input to the cell populations in
which that marker is active. For example, in the z#// mutation, the
period of the oscillator is particularly sensitive to light intensity,
and stomatal and photosynthetic rhythms are desynchronized
because these outputs occur in different cell layers [90]. This
can be explained by the cell-autonomous nature of plant circadian
oscillators rather than evoking cell-specific oscillator types. The
period of the rhythms of stomatal conductance are longer than
the period for photosynthesis in z#// because the majority of the
stomata are on the lower epidermis and receive approx. 25 % of
the light received by the photosynthetic mesophyll cells, which
are nearer the light source [90].

The most compelling evidence for the existence of oscillators
with different properties comes from studies of temperature and
light entrainment. In plants transformed with a CAB2::LUC
reporter, the rhythm of luminescence is set preferentially by
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light/dark cycles relative to temperature cycles, and is responsive
to differences in the entrainment photoperiod [60]. In contrast, lu-
minescence rhythms due to a CAT3 (CATALASE 3)::LUC reporter
are set preferentially by temperature cycles rather than light/dark
cycles, and are insensitive to the entrainment photoperiod [60].
Additionally, the luminescence rhythms in the CAB2::LUC and
CAT3::LUC lines have distinct phase responses to low temper-
ature pulses [60]. Since the two promoters drive LUC expression
in similar tissues, the results indicate the presence of two circadian
oscillators with different sensitivities to entraining signals [60]. To
conclusively determine whether the different circadian regulation
of the promoters of the CAB2 and CAT3 genes is due to dif-
ferences in oscillator function between cell types or is due to the
presence of multiple oscillators within cells requires simultaneous
measurement of both promoter activities over a circadian time
course within a single cell (Figure 5) [4,60,82].

If multiple oscillator types are present in different cells or
tissues, it is likely that they have a broadly similar molecular archi-
tecture, since lesions in core oscillator components tend to have
similar effects on rhythmic outputs in all tissues. For example,
although the periods of the luminescence thythms in CHS::LUC
and CAB2::LUC plants differ, the foc/-I mutation shortens
both [86]. The focl-I mutation also shortens the periods of
leaf movement [87] and stomatal conductance [67]. elf3-1 and
mutants, and LHY- and CCAI-overexpressing lines all have
arrthythmic PHYB and CAB2 promoter activity, despite the fact
that PHYB and CAB2 promoter activities are associated with dif-
ferent tissues [85]. Consequently, specialization of the circadian
clock in different cell types could be dependent on factors that
affect the entrainment of the core oscillator, impinge on its
functioning, or modify components of the output pathways [21].

MOLECULAR BASIS OF CLOCK GENE REGULATION

Most clock genes have rhythms in transcript abundance that are
followed by rhythms in the abundance of the cognate proteins
[5,6]. These proteins bind to promoter elements in other clock
genes and initiate their expression. The secondary proteins in turn
bind to the promoter elements in the initial gene, and negatively
regulate its expression. This process generates rhythms in the
steady-state transcript and protein abundance of both components
[4,5,29]. However, at least one component must show a significant
delay between the expression of the transcript and the expression
of the active protein to maintain 24 h periodicity and prevent
attenuation of the rhythms [5,6,37]. Several levels of control
can contribute to the imposition of appropriate delays and the
maintenance of rthythms in transcript and/or protein abundance.

Transcriptional control of clock genes

Cis-acting elements that confer circadian expression have been
characterized in various organisms [13,91-94]. In Arabidopsis,
these include the evening element (AAAATATCT) [13] in genes
which encode transcripts expressed towards the end of the
subjective afternoon, and the CBS (AAAAATCT) [95] and morn-
ing element [94] in genes which encode transcripts expressed
around subjective dawn. However, rhythmic transcription is not
always necessarily a prerequisite for the generation of rhythms
in steady-state transcript abundance. In Arabidopsis, there are
variations in degradation rates for the circadian transcripts
COLD AND CLOCK REGULATED-LIKE and SENESCENCE-
ASSOCIATED GENE 1, suggesting there are rhythmic changes in
the half-life of the mRNA [96]. Rhythmic production of natural
aRNA (antisense RNA) may underlie the rhythms in RNA degrad-
ation rates. aRNAs complementary to clock transcripts have been
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found in N. crassa, Antheraea pernyi and mammals [97,98]. In N.
crassa, an aRNA complementary to the core clock transcript FRQ
has circadian rhythms in abundance, with the peak abundance
180° out of phase with the peak in FRQ transcript abundance. The
antisense PER (PERIOD) transcript shows a similar cycle invers-
ion relative to PER abundance in Antheraea pernyi [98].
Alternative splicing of transcripts may also play a role in gen-
erating rthythmic phenomena. In Arabidopsis, alternative splicing
is involved in the GRP7/8 (GLY CINE-RICH PROTEIN 7/8) slave
oscillator feedback loop. GRP7 accumulates during the subjective
day, binds to the 3'-untranslated region of the GRP7/8 transcripts
and shifts the splice site selection in favour of a truncated vers-
ion of both transcripts. These transcripts are degraded rapidly,
ultimately leading to a decrease in the abundance of GRP7 [99].

Translational and post-translational control of clock genes

Translational control may be important in introducing a delay
between the production of certain clock transcripts and the
synthesis of the corresponding proteins. Control of protein degrad-
ation is integral to the maintenance of robust circadian oscillations
in protein levels [6,100]. Targeted degradation of at least one key
clock protein occurs in cyanobacteria, N. crassa, D. melanogaster,
Arabidopsis and mammals [5]. Progressive phosphorylation
before degradation appears to be a key feature in all these systems,
and in many instances, CK1 and CK2 may be the primary protein
kinases responsible [20,101].

The proteins phosphorylated by CK1, CK2 and other kinases
are targeted for degradation via the ubiquitin—proteasome pathway
[58]. This involves the addition of a polyubiquitin chain to the
protein, a process mediated by the SCF [Skpl (S-phase kinase-
associated protein 1)/cullin/F-box] ubiquitin ligase-mediated
proteasomal pathway [102,103]. Different F-box proteins can be
assembled on to the SCF to target core clock components for
degradation, including TOC1 in Arabidopsis [58]. Since yeast-
two hybrid assays indicate that LKP2 interacts with both Skpl1-
like proteins and TOC1 [104], LKP2 may have a similar function
to ZTL in mediating TOC1 degradation. The potential redundancy
of ZTL and LKP2 is underscored by the fact that neither z¢/ nor
lkp2 mutants are arrhythmic, whereas mutants overexpressing
either ZTL or LKP2 are, presumably due to increased degradation
of TOC1 [56,59,105]. The ztl/lkp2 double mutant has a phenotype
identical with that of z#/, suggesting that the effects of /kp2 on
circadian function are subtle [41]. A third member of the ZTL
family, FKF1 (FLAVIN-BINDING KELCH REPEAT F-BOX 1),
is structurally quite similar to ZTL and LKP2 but appears to
function in the regulation of flowering time by mediating the de-
gradation of a repressor of CO (CONSTANS) [55,106,107].
Protein degradation may also be important in the control of the
ZTL protein itself because these oscillate, whereas the abundance
of ZTL transcripts do not [108,109].

Targeted degradation of clock elements also appears to be
a feature of light input to the clock. DET1 (DE-ETIOLATED
1) and the E3 ubiquitin ligase, COP1 (CONSTITUTIVELY
PHOTOMORPHOGENIC 1) act as negative regulators of light
input into the clock [110,111]. DET1 functions by targeting
the core clock component LHY for degradation [110] and it is
likely that COP1 acts in a similar manner. Both det/ and copl
mutations lead to period shortening in constant light [87,110].
However, DET1 may also regulate light-independent processes,
and therefore might function close to, or within, the core oscillator
[110].

Other post-translational mechanisms that affect the functioning
of the circadian clock include rhythmic activation by phos-
phorylation [112], modification of protein—protein interactions,

alteration of subcellular localization and poly(ADP-ribosyl)ation
[113,114]. Only the latter has been studied extensively in plants.
In Arabidopsis, the tej (‘Tej’ means ‘bright’ in Sanskrit) mutation
indicates a role for poly(ADP-ribosyl)ation in the control of
clock period [115]. TEJ encodes a functional poly(ADP-ribosyl)
glycohydrolase, which degrades ADP-ribosyl polymers [115].
The tej mutation lengthens the period of the expression of all
known circadian transcripts, suggesting that a core clock com-
ponent may be the target of poly(ADP-ribosyl)ation [115].

THE CIRCADIAN CLOCK OF ARABIDOPSIS: CLOCK OUTPUTS

The outputs of the central oscillator are pathways that lead to
physiological and biochemical rhythms such as photosynthesis,
leaf movement, hypocotyl elongation, stomatal movement and
circumnutation [4,5,21,26,116]. It is these thythms in clock out-
puts that ultimately provide the advantages in growth and com-
petition conferred by the clock [12]. In general, the pathways
by which temporal information from the core oscillator regulates
cell physiology have not been extensively described. Rhythms in
steady-state transcript abundance are almost certainly an initial
output of the circadian oscillator, since several transcription
factors that make up the core clock regulate directly the express-
ion of downstream components. CCA1, for example, initiates the
expression of light-harvesting-complex genes [65] and represses
the expression of several other genes by binding the evening
element in their promoter regions [13,63]. The oscillator also regu-
lates the expression of key transcription factors, which in turn
regulate the circadian expression of distal elements [13,94,117].
Approx. 2-16% of transcripts encoded in the Arabidopsis
genome have rhythms in steady-state abundance [9,13,117].
These include transcripts encoding proteins involved in flowering,
flavonoid synthesis, lignin synthesis, cell elongation, nitrogen
fixation, carbon metabolism, mineral assimilation and photo-
synthesis [9,13,117]. Transcripts that encode proteins involved
in related pathways tend to be co-regulated, with the peak in
transcript abundances occurring at specific phases of the light/dark
cycle [13,15]. For example, transcripts encoding components of
the light-harvesting complexes tend to be co-expressed during the
middle part of the day when light intensity is greatest [13,15].
Similarly, transcripts that encode proteins involved in auxin tran-
sport and cell elongation tend to be maximally expressed in the
subjective afternoon, which is coincident with the peak in cell-
elongation rates [4,13]. Cell elongation is responsible for rhythms
in both leaf movement [118] and hypocotyl elongation [119].
Diurnal changes in sugar content of the plants appear interact
with output pathways of the clock to reinforce circadian signals
and contribute to the control of transcript abundance in light and
dark cycles [120]. Collectively, the data suggest that rhythmic
transcript abundance underlies many of the known physiological
rhythms in Arabidopsis.

Mechanisms other than rhythmic transcript or protein abun-
dance may also couple the central oscillator to rhythms in
cellular physiology. At least one output pathway is likely to
be based on rhythms in [Ca®"]., [21,26,28,84]. In Arabidopsis,
[Ca**],, oscillates with a circadian rhythm in constant light
and light/dark cycles. The levels of Ca®" peak in the middle
or late subjective afternoon at concentrations between 350 and
700 nmol - 17! [3,121]. The phase and shape of the [Ca**],,, oscil-
lations depend on the photoperiod during entrainment, with the
peak in [Ca*']., occurring later in plants entrained to long
photoperiods compared with those entrained to short photoperiods
[121]. Ca’* is a potent second messenger and therefore cir-
cadian modulation of [Ca®'],, could have profound effects
on physiology. Although the functions of circadian [Ca’*],

© 2006 Biochemical Society
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oscillations are unknown, roles in light input, photoperiodism,
stomatal and leaf movements and Crassulacean acid metabolism
have been proposed [21,26,28,84,121]. Identifying a role for
circadian oscillations of [Ca®"]., has been hampered by the
technical difficulties of measuring this output at the single-cell
level, resulting in problems in determining the precise nature of
the Ca** signal and identifying downstream targets [28,84].

One well-defined output pathway from the Arabidopsis clock
is the photoperiodic response pathway that controls the transition
from vegetative growth to flowering. Arabidopsis is sensitive to
day length and flowers earlier in long days than in short days [69].
This response is partly regulated by the circadian oscillator
[69], and mutant analyses have identified GI as a clock component
that regulates the induction of flowering [74]. GI interacts with
SPY (SPINDLY), a protein implicated in gibberellin signalling
[122]. Together, GI and SPY induce the circadian expression of
CO. CO encodes a zinc-finger protein which is activated by light.
Under short day conditions, CO expression peaks during the night
phase. In long days, however, the peak in the abundance of CO
occurs during the light period [123]. This leads to the produc-
tion of active CO which is then capable of inducing the expression
of a putative kinase inhibitor, FT (FLOWERING LOCUS T)
[123]. Like CO, FT is expressed predominantly in the leaves,
but FT mRNAs relocate to the shoot apex [124]. In the shoot
apex, FT interacts with a transcription factor, FD, to induce
the expression of additional genes that mediate the transition to
flowering [125,126]. It is possible that circadian oscillations of
[Ca®"].,, may participate in the photoperiodic control of flowering.
Circadian oscillations of [Ca®'].,, and oscillations of [Ca**]. in
day/night cycles encode photoperiodic relevant information [121]
and a cell-surface sensor of Ca’" has a role in regulating the
transition from vegetative growth to flowering [127].

CONCLUSIONS

Tremendous progress has been made in identifying the genetic
components of the circadian oscillator in plants, the photo-
receptors governing the light-dependent resetting of the oscillator
and understanding how these interact. It is a tribute to genomic
technologies that this progress has been made in just over ten
years. This contrasts sharply with physiological investigations,
which, in the nearly three centuries since de Mairan’s initial
identification of circadian rhythms, yielded little information
about the players in the circadian network of plants. However,
large gaps remain: the processes of phototransduction from the
photoreceptors to the core oscillator(s) lack detail; only slowly
is the role of post-transcriptional events in the clock work being
revealed; the emergent properties of the oscillator that underlie
robust 24 h rhythms are a matter of speculation; and the mech-
anisms by which outputs are controlled by the oscillator are
virtually unknown. Ironically, investigation of the signalling path-
ways by which clock outputs are regulated requires a return to
physiological approaches, because it is very probable that fluxes
of ions, particularly Ca®>* and K*, and protein modifications will
be central to these processes. Another exciting challenge for
circadian biologists has emerged with the recent demonstrations
that an important role of the circadian clock in plants [12]
and mammals [18] is to enhance the performance of metabolic
pathways. Our current understanding of metabolism in plants
does not easily explain how the circadian clock enhances the
operation of the biochemical pathways leading to chlorophyll
accumulation and carbon assimilation [12]. It is likely that prog-
ress in understanding these mechanisms will not only inform cir-
cadian biology, but also provide insight into more general aspects
of the control of biochemistry and metabolism.
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