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In this review, we focus on the interaction between the
circadian clock of higher plants to that of metabolic
and physiological processes that coordinate growth
and performance under a predictable, albeit changing
environment. In this, the phytochrome and cryptochrome
photoreceptors have shown to be important, but not essential
for oscillator control under diurnal cycles of light and dark.
From this foundation, we will examine how emerging findings
have firmly linked the circadian clock, as a central mediator in
the coordination of metabolism, to maintain homeostasis. This
occurs by oscillator synchronization of global transcription,
which leads to a dynamic control of a host of physiological
processes. These include the determination of the levels of
primary and secondary metabolites, and the anticipation of
future environmental stresses, such as mid-day drought and
midnight coldness. Interestingly, metabolic and stress cues
themselves appear to feedback on oscillator function. In such
a way, the circadian clock of plants and abiotic-stress tolerance
appear to be firmly interconnected processes.

General Background

Circadian clocks are a time-keeping mechanism used to coordi-
nate the physiology of an organism to its surrounding environ-
ment. These clocks anticipate the day to night transitions and
consequently have a periodicity of about 24 hours. This speed is
not exactly 24 hours, and natural variants and mutants have been
isolated, in a wide variety of organisms, that change the speed
of this oscillator. This speed has been termed periodicity and
periodicity variants/mutants have allowed for a detailed char-
acterization of physiological and developmental processes under
circadian control. Several clock-controlled responses include leaf
movement, flower-bud opening and stomata aperture in plants,
conidiation in fungi, behavioral mannerisms flies and melatonin
secretion and sleep cycles in mammals."! Thus a circadian clock
provides fitness by setting physiological events according to the
changes between day and night (Fig. 1A). In this way, responses
to predicted environmental stresses can be more appropriately
alleviated.

The selective advantage provided by an internal pacemaker has
been demonstrated in both photosynthetic bacteria and in higher
plants. In a competition experiment, strains of cyanobacteria that
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had circadian clocks with a wild type, short or long period, were
subjected to non-24-hour days. These artificial days consisted in
equivalent light/dark periods of 11, 12 or 15 hours to thus create a
day of 22, 24 and 30 hours, respectively. After 27 days of growth
under these conditions, the strain that outgrew the others was the
one with a clock period most similar to the subjected artificial
day.? Thus for each of these strains, an artificial day either longer
or shorter to their internal rhythm was proposed to cause stress
by desynchronizing the external and internal rhythms. In a simi-
lar fashion, Dodd et al.> demonstrated that higher plants with a
clock whose periodicity was most similar to the subjected artifi-
cial day outperformed those that had a periodicity less matched
to the respective environment (Fig. 2). This growth advantage
was concluded to be a consequence of higher carbon fixation and
improved photosynthesis.> These studies provided evidence that
a clock synchronized with the environment enhances fitness, in
both lower and higher organisms. Therefore it was proposed that
this fitness benefit was generated by the orchestration of meta-
bolic and stress pathways.

Circadian Clock Generalities

Circadian clocks consist of positive and negative elements that
comprise a transcriptional feedback loop.* In general, the tran-
scription of the positive elements induces the expression of the
negative elements, which in turn repress the expression of the
formers, thus closing the oscillator. Interestingly, though the
clocks of several model organisms share an analogous mecha-
nism, their components are not conserved between them, sug-
gesting that circadian clocks must have appeared several times
throughout evolution.

A transcriptional-translational feedback loop is not enough to
sustain a ~24 hour rhythm. To keep such a pace, post-transla-
tional processes which govern the activity and stability of both
the positive and negative elements. Reversible phosphorylation
has emerged as an essential mechanism that drives the timing
of the loop by activating, inactivating or providing a targeting
signal that ultimately leads to protein degradation.’ Sensing of
metabolite homeostasis and internal regulation of stress pathways
have numerous control steps that use kinases. One can wonder
if metabolic signals could feedback to the clock ensuring proper
fine-tuning; this is discussed below.

The oscillator is appropriately set to the correct time of day
through the perception of environmental signals, such as light
and temperature. These are termed the input pathways to the
clock (Fig. 1A). These input signals control responses such as
gene expression and metabolic reprogramming, which are termed
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Figure 1. The Plant Circadian System. (A) Crosstalk between the circadian clock
with environmental inputs and clock outputs. The clock is entrained by light/dark
and warm/cold cycles. In turn, the clock controls multiple output responses, some
of which feedback to the clock (red arrows), thus also serving as input signals. Both
inputs and some outputs are gated by the clock (lines in blue and red respectively).
(B) The current model for the circadian clock. An arrow indicates positive regulation.
A stopped arrow indicates negative regulation. Day and night is indicted by the

which have been considered the primary outputs of
the clock. As these clock-driven outputs can also
feedback to the clock serving as an input, this view of
input and output signals has recently been changed to
an intricate network [see below and reviewed in ref.
9]. As the outputs of a clock can serve as input sig-
nals and the input signals are gated to specific times of
the day, the picture that arises is that of a continuous
crosstalk between the input/environmental sensing
pathways and the circadian clock that sets a thythmic
time window of environmental perception.

The Arabidopsis thaliana Circadian Clock

The core of the A. thaliana oscillator was first pro-
posed to comprise of a loop between two morning
components and one evening component (Fig. 1B).
The formers are two Myb-related transcription
factors, CIRCADIAN CLOCK ASSOCIATED
(CCAI) and LATE ELONGATED HYPOCOTYL
(LHY),”*" whose encoded proteins bind to the
Evening Element (EE) in the promoter of 7IMING
OF CAB  EXPRESSION/PSEUDORESPONSE
REGULATORI (TOCI/PRRI), the evening compo-
nent.”? This binding represses 7OCI transcription, but
at dusk the protein levels of CCA1 and LHY diminish
and the repression of 7OCI is relieved. As a conse-
quence, 7OCI mRNA reaches its maximum around
dusk, and by an unknown mechanism, TOCI protein
activates the transcription of CCAl and LHY;'*" and
it has been proposed that this is direct."*" The role of
CCAI1/LHY and TOCI as core elements has been con-
firmed by genetic experiments.'® Though these three
elements have been considered the core of the plant
clock, this model cannot fully explain all experimen-
tal data.'”!

Mathematical models have been formalized to

background color (adapted from Kolmos et al."”8).

the outputs of the clock.® However these clock-driven outputs
can also feedback to the clock serving as an input. The oscil-
lator modulates the perception of the input signals in a process
called gating, which sets the clock susceptibility to certain inputs
to a particular time of day.”® Thus one ultimate function of the
circadian clock is to coordinate physiological and metabolic pro-
cesses in order to take place at the time when they are needed. For
instance, priming light harvesting at dawn.

The clock framework of transcription and translation is fine
tuned in a daily basis by environmental signals, which consist
mainly of light and temperature.®” Both of these have been con-
sidered as the key input signals to the clock. As the clock is sensi-
tive to the dark to light transitions and changes in temperature
at dawn, the clock is reset, thus providing and adjustment to
the environment on a daily basis.®” Once the clock is set to its
environment, it coordinates numerous processes, such as tran-
scription, hormone production, metabolic reactions (see below),
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comprise a clock with three interconnected feedback
loops, which harbors unknown components within
them. In a three-loop model,**? besides their described role in
the core oscillator, CCA1 and LHY also participate in a morn-
ing loop to induce the expression of the PSEUDO RESPONSE
REGULATOR 7 and 9 (PRR7 and PPR9), whose encoded pro-
teins in turn bind and repress the transcription of the form-
ers.”? A so-called evening loop places TOCI as a repressor of an
unidentified Y’ component, which feeds back by inducing 70CI
expression. GIGANTEA (GI) was proposed to be the Y compo-
nent, but this factor only partially fulfils this role.?* Within this
model, the identity of an X factor, which serves as the compo-
nent between 7OCI expression and CCA1/LHY was mathemati-
cally required. A gene with these characteristics has not yet been
found. An element acting after 7OCI was identified and termed
CCAI HIKING EXPEDITION (CHE)." This factor cannot be
X, as its protein only binds the promoter of CCAI and not that
of LHY. Furthermore CHE binding to CCAI promoter represses
CCAI transcription. This is opposed to the expected X function

Volume 6 Issue 2



of an activator.?” Thus the circadian clock model still has pieces

to be discovered and fit into the current model of the circadian
framework. Research efforts in this direction have placed EARLY
FLOWERING 4 (ELF4) within the oscillator as a key circadian
repressor.!71%:242

Other studies have shown that post-translational modifica-
tions, including protein targeted degradation and protein phos-
phorylation are essential for the function of the plant circadian
clock. As an example, it has been shown that ZEITLUPE (ZTL),
a light-sensitive protein, binds to TOCI during the night, direct-
ing TOCI to degradation by the proteasome.”** Furthermore
ZTL was proposed to be stabilized by GI when plants are under
blue light.?® In contrast to the action of ZTL on TOCI instabil-
ity, PRR3 protects TOCI1 from degradation.”” Targeted protein
degradation also takes place in the morning phase of the oscilla-
tor. As an example, LHY proteolysis was shown to be regulated
by DEETIOLATED 1 (DETT1). There it was demonstrated that
DET1 inhibited LHY degradation in a light-independent pro-
cess.’® Besides protein degradation, the localization and import of
clock components to the nucleus have been shown to be crucial
for clock function.> In that seminal work, the authors showed
that TOCI1 interacts with PRR5 in the cytosol and that this
interaction directs TOCI nuclear localization as well as its phos-
phorylation.®! Taken together, protein modification and stability
of clock components are essential for the oscillator function.

Light Perception and Signal Transduction
to the Clock

Light has at least three roles in a plant’s life. Firstly light pro-
vides the energy for photosynthesis. Secondly though light is
a source for energy, it also produces cellular damage and cell
death through the production of Reactive oxygen species (ROS).
Consequently plants are subjected on a daily basis to both events
and therefore adjust their metabolism to the duration and inten-
sity of the light source. Finally light also serves an environmental
signal by directing photomorphogenesis.

Plants perceive light through different classes of photorecep-
tors. Phytochromes are the dominant sensors for red and far-red
light, whereas the cryptochromes perceive predominantly blue
light.?* These chromic molecules are essential for plant develop-
ment, as mutations in photoreceptor genes impair the de-etiola-
tion process, development and fitness.*

As light is the most dominant input signal to the clock, the
role of the photoreceptors in the circadian clock has been stud-
ied. Photoreceptors gene transcription was reported to be under
circadian control.?® Photoreceptor mutants were used to establish
their role within the circadian clock. It was shown that the photo-
receptor function within the clock was wavelength and intensity
specific as for photomorphogenesis: phytochrome B (phyB) was
shown to be the main red light photoreceptor, cryptochrome 1
(cryl) the blue light photoreceptor and phytochrome A (phyA)
the low-fluence photoreceptor.** It was shown that photorecep-
tors mutants such as that phyA and phyB were not necessary for
sustaining circadian responses.” Also photoreceptors mutants
displayed a light intensity dependent effect on clock periodicity.
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10 light : 10 dark
(22 hour day)

12 light : 12 dark
(22 hour day)

14 light : 14 dark
(28 hour day)

Figure 2. Resonation between the internal oscillator and the external
environment enhances plant fitness and performance. An illustration
adapted from Figure 4B of (Dodd et al.%). The vigor of wild type, and
short- and long-period plants is enhanced when the environment
closely matches the ambient environment, in part through improved
photosynthesis. Note that the light and dark periods over the depicted
days intentionally do not fit the normal diurnal 24 h period (between
the horizontal lines). White and black bars denote day and night respec-
tively and their length denotes its duration.

In a fluence rate and light-quality dependent manner, photore-
ceptor mutants exhibited a lengthened period.** Interestingly
Devlin et al.’® demonstrated that red-light signaling through

1.7 showed

phyA required a functional cryl. In parallel, Mds et a
that phy and cry2 proteins interacted, forming foci in a light-
dependent manner. Thus phytochromes and cryptochromes
interaction coordinate light input to the clock. Recently Paldgyi
et al. showed that phyB amino terminus is sufficient for the red
light signaling to the clock; however under white light, the car-
boxy terminus was shown to be required.?®

Further research showed that even a quadruple photoreceptor
mutant (phyA/phyB/eryl/cry2),% as did a quintuple phytochrome
mutant (phyA/phyB/phyClphyD/phyE), displayed robust circa-
dian rhythms.® Consequently though light input is essential for
clock periodicity, photic-entrainment can still take place without
canonical photoreceptors. This result could suggest that other
molecules could be responsible of transducing the light signals
to the oscillator.

If photoreceptors are not required to transduce light signals to
the clock, other light perceiving molecules could act as circadian
photoreceptors. As mentioned before, ZTL has been proposed
as a blue-light photoreceptor. ZTL structure contains a Light-
Oxygen-Voltage (LOV) domain that is essential for the light
dependent binding of ZTL with GI.?® z#/ was described as a clock
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mutant that altered period in a fluence-dependent manner.”!
Two other proteins exist in the A. thaliana genome with a simi-
lar structure to ZTL. These are the LOV-KELCH PROTEIN 2
(LKP2) and FLAVIN BINDING KELCH REPEAT F-BOX 1
(FKF1), which both posses a LOV domain, though no clear role
in light perception has yet been established for these products.
lkp2 and fkfT single mutants were found to display subtle effects
on circadian rhythms, but a z#//lkp2/fkfI triple mutant became
essentially arrhythmic.®> Thus Z7Z had a major role in the cir-
cadian clock. Consequently Z7L remains a likely candidate for
light transduction to the clock.

Several other loci have been genetically shown to affect light
input to the clock. These include genes such as ELF3,*> ELF4,»
TIME FOR COFFEE/% SENSITIVITY TO RED LIGHT
REDUCED (SRRI), LIGHT INSENSITIVE PERIOD 1
(LIPI),7% and XAPS CIRCADIAN TIMEKEEPER (XCT).*
None of these genes encode a protein with apparent chromo-
phore interactions, required as a canonical domain involved
in light perception, which suggests that their protein products
act as signaling components in a step downstream of the light
signal perception. As an example, /ip! mutant, which encodes
for an atypical plant GTPase, is almost insensitive to changes
in light intensity.”* In summary, light input to the clock,
in particular to entrainment, is far from resolved. Finding
the missing pieces, as well as fully understanding the input
function of known light signaling mutants may help elucidate
photoentrainment.

Genome Transcriptional Control
by the Circadian Clock

Microarray expression analysis demonstrated the pervasiveness of
the circadian clock in the plant transcriptome.”® Estimates of the
percentage of genes under circadian control ranged between 6%
up to 15%, but more thorough experimentation concluded that
at least 30% of the transcriptome is under clock control.?%°">
Within this percentage of genes, it was found that a number of
transcription factors including the MYB, bHLH and bZIP fami-
lies were overrepresented as being under circadian control.” This
is suggestive of a mechanism by which rhythms in several tran-
scription factors drive a genome wide transcriptional rhythm on
a daily basis. Besides transcription factors, phytohormone pro-

duction and sensitization,’">

as well as the expression of cold
responses” appeared under clock control. These transcript profile
analyses demonstrated how the circadian clock drives the expres-
sion of different biological processes in anticipation of physiologi-
cal events.

Other transcriptomic analysis took into consideration not
only circadian microarray datasets, but also diurnal data and
concluded that at least 89% of the transcribed genome is rhyth-
mic under natural, diurnal conditions.’®” This analysis sug-
gested that such an extensive control was achieved by dispersed
promoter sequences throughout the plant genome that provide a
particular time frame of expression.”®*” These authors also found
that at least in one of the conditions tested, more than 10,000
genes were under circadian control, while more than 16,000 were
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diurnally controlled. Interestingly, an overlap of 8,500 between
them was found, providing the possibility that a substantial frac-
tion of diurnal rhythms are not under clock control. Furthermore
gene-expression peaks mainly tended towards being either at
dawn or dusk. Thus, it seems that either clock or diurnal con-
trolled, most of the responses to the environment are tightly time
coordinated using the light/dark transitions as the main environ-
mental signal.

Covington et al” found a significant set of genes involved
in hormonal metabolism to be circadian regulated. In particu-
lar ABA, cytokinines, methyl jasmonate, salicylic acid and auxin
were strongly circadian controlled. This exerted control by the
circadian clock on the transcription of hormones is not a surprise
as hormones are outputs of the clock. Interestingly it has also
been shown that hormones can feedback to the clock, being capa-
ble of affecting period length, amplitude or phase. Furthermore
the physiological responses to hormones have been shown to be
gated by the circadian clock. For example stomatal opening is
dictated by the clock in well-watered plants, opening at dawn
and closing before dusk.? Similarly, treatment with the hormone
ABA, which promotes stomatal closure, is less effective early in
the day than at the end of it.”® Additionally, many auxin genes are
clock regulated and the later gates the sensitivity to the hormone
depending on the time of day.”**® The gated response to auxin
explains the observed growth of plants around dawn in a diur-
nal photoperiod.® At this time of the day, auxin levels and plant
responsiveness coincide with increased water turgor pressure and
renewal of carbon supply, promoting growth. In summary, the
plethora of genes under circadian control and the capacity the
clock has on modulating multiple responses through a gating
mechanism, highlights the importance of the circadian clock in
adjusting the plant to its environment.

ABA and Non-ABA Stress Responses:
Drought, Cold and Osmotic Stress

From the available microarray expression profiles, circadian
datasets were found to extensively overlap mainly with ABA®®
and cADPR® datasets. The relationship between the clock and
ABA is interesting because ABA controls many environmental
stress responses, such as water use and responses to drought, as
well as to priming for frost tolerance. Recently it was found that
TOCI expression is induced by ABA.® These authors found that
the central oscillator component 7OC! was implicated in plant
responses to drought by controlling stomatal aperture through
the circadian and diurnal regulation of the H subunit of the mag-
nesium-protoporphyrin IX chelatase, also known as GENOME
UNCOUPLED 5 (ABAR/GUNS5).% Overexpression of 70CI
led to drought hypersensitivity, as it impeded stomatal closure.”
Therefore, the reciprocal link between the circadian clock and
ABA-related responses could define how the clock prepares and
deals with stress responses to enhance fitness.

The overlap between ABA and clock microarray datasets
arose from the circadian control of many key genes involved in
ABA biosynthesis and signal transduction. Genes such as EARLY
RESPONSE TO DEHYDRATION 10 (ERDI0) and 7 (ERD7),
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COLD REGULATED 15 B (CORI5B) and A (CORI5A) and
RESPONSE TO DISSECATION (RD29A) were found to be
transcriptionally induced during the day.®® All of these genes
are known to be involved in the responses to drought and water
deprivation, and to the responses to osmotic stress. A detailed
examination by Covington et al.”” showed not only that ABA
inducible genes are expressed during the day, but that key enzymes
in ABA precursors and biosynthesis are also clock controlled.
These included CLOROPLASTOS ALTERADOS 1 (CLAI),
PHYTOENO SYNTHASE (PSY), 9-CISSEPOXYCAROTENOID
DIOXYGENASE (NCED3) and ABA DEFICIENT 2 (ABA2),
which participate in isoprenoid precursors synthesis, carotenoid
synthesis and ABA biosynthesis, respectively. Recalling that
carotenoids participate in the xanthophyll cycle in chloroplast to

%6 as well as the circadian

avoid excess of solar energy absorption,
control of stomatal opening,’® the clock seems to link the daytime
heat from solar irradiation with stress and water loss, and conse-
quently prepares in advance to them.

Given the relationship between the circadian clock and ABA,
it is perhaps not surprising that microarray datasets from osmotic,
salt and water deprivation stress also have a high number of
genes under circadian control” Through the use of genome till-
ing arrays, it was shown that both annotated and unannotated
regions responded to a diversity of abiotic stress.”” In the same
report the similarity between salt and osmotic stress profiles was
the highest between all the treatments. ABA treated samples
showed certain similarity with the previous stresses, whereas cold
and heat profiles shared less identity.”’

Dusk plays a role as an environmental signal for circadian con-
trol. At dusk, genes involved in starch remobilization and lipid
modification reach their peak expression.”*¢*% The later has been
interpreted as a correlation with the anticipation of cold nights
and consequently freezing tolerance.”” In fact, the circadian
clock controls the expression of cold responsive genes through
the C-REPEAT BINDING FACTOR 1/DEHYDRATION
RESPONSIVE ELEMENT BINDING 1 (CBF1/DREBI) family
of transcription factors. Expression of CBF1/2/3 is gated by the
clock to take place in the light phase, but the signal transduction
to CBFs targets delays the freezing tolerance after dusk, a time in
which the plant faces chilling.”> Furthermore the expression of
the more than 100 targets known as the CBF/DREB regulon not
only provides freezing tolerance, but also resistance to salt and
drought.”*’? Though the later share the resistance profile with
the ABA induced genes, the CBF/DREB transcription factors are
independent of ABA signals.”® Interestingly Franklin et al. dem-
onstrated that CBFI, CBF2 and CBF3 expression was increased
under a low R/FR ratio (increased far-red light), which is typi-
cally present under a canopy or other shading. After experiencing
a low R/FR illumination, plants acquired freezing tolerance. An
enriched far-red light quality is mainly found during dawn and
dusk and its duration is particularly longer in higher latitudes.
Then the requirement of a low R/FR for CBF expression together
with the gating of cold responses to dusk by the circadian clock
prepares the plant for the oncoming night. Thus the circadian
clock, ABA and light signals coordinate the transcriptional cold
response and interconnects the clock input and output pathways.
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Links between the Plant Circadian Clock
and Metabolism

A key piece of molecular-genetic evidence mediating between the
plant circadian clock and metabolism was provided by Dodd et
al.* These authors found that cyclic adenosine diphosphate ribose
(cADPR), which is synthesized from NAD by the ADP ribosyl
cyclase, peaked early in the morning and affected the oscillator. A
decrease in the concentration of cADPR lengthened the period of
clock-controlled genes, whereas nicotinamide inhibited the ADP
ribosyl cyclase and weakened circadian calcium oscillations.*

Previously it was demonstrated that ADPR cyclase activity
was induced by ABA and that 30% of all ABA responsive genes
were expressed in a similar pattern that those from cADPR.”
Recalling that circadian clock microarray datasets overlapped
with ABA transcriptomic profiles,” a link between the circa-
dian clock and metabolism in plants through cADPR has been
suggested.®*

What could emerge as a common factor between the clock,
ABA and energy is the status of carbon availability throughout
the day. Previously several screens for altered sugar responses
led to the description of glucose insensitive (gin), sugar insensitive
(sis) and sucrose uncoupled (sun) mutants. Many of these mutants
also displayed ABA response mutant phenotypes, and some were
allelic to ABA INSENSITIVE 4 (ABI4) and ABA DEFICIENT 2
(ABA2).”® Thus forward-genetic screens have implicated a direct
link from carbon availability to ABA signaling.

As the circadian clock has a tight crosstalk with ABA gene
expression profiles, the influence of carbohydrates on the expres-
sion of clock responsive genes is of particular interest. Blasing
et al. reported that half of the circadian-controlled genes could
respond to sugar. Similarly cellular sugar levels showed a major
contribution in the establishment of diurnal gene expression
patterns.”” Interestingly these authors described that sugar-con-
trolled gene expression was sensitive and responsive to low sugar
levels, but not to high sugar. Through the study of the phospho-
glucomutase (pgm) mutant, which impaired starch synthesis, they
observed that when endogenous sugars levels diminished, sugar
responsive genes were rapidly induced. In contrast, when high
sugar levels were present during the light period, gene expression
did not change. Therefore in the wild type, transcriptional repro-
gramming to declining levels of sugars occurs at the end of the
night.”” It seems that the circadian clock and diurnal changes in
carbon availability through photosynthesis are tightly linked and
are responsible for many of the cyclic patterns of gene expression
under natural day lengths.

Recently the results obtained by Graf et al. indicated that
plant fitness and performance are obtained through the adequate
consumption of carbon resources. Starch is broken during the
night phase and its consumption rate lasts until the end of the
dark period.®® Then, can carbon sources can be replenished by
photosynthesis at dawn. These authors demonstrated that a short-
period mutant consumed its starch before the end of the night
and consequently triggered a starvation response, which lead
to diminished growth. Therefore Graf et al. concluded that the
anticipation of the light and dark cycles provides an advantage by
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adjusting carbon supplies and not through affecting the photo-
synthesis rate, as suggested by Dodd et al.? It remains to be seen
if this principle also applies to clock mutants that cause a long
period and/or starch accumulation.

Light-Induced Oxidative Stress

Photosynthesis is the primary and most important metabolic
process in plants. Prime metabolites in the photosynthetic pro-
cess are NADPH and ATP. Though photosynthesis is essential,
the process of light absorption creates oxidative stress due to the
formation ROS species, such as singlet oxygen ('O,), superoxide
(O,") and hydrogen peroxide (H,0O,).”” Furthermore, under high
light, the electron flow through the photosynthethic chain over-
comes the passage of electrons from ferredoxin to several reduc-
tases, and this causes an over-reduction of the plastoquinone and
cytochrome b complex.”” Thus, during a day with high irradi-
ance, plants are under constant oxidative stress.

As ROS generation is concomitant to photosynthesis and res-
piration, it was surprising that ROS responsive genes were not
found to be under clock control.’* This could be explained by
three characteristics of ROS responsive genes. Firstly, the tran-
scription of these genes is induced upon stress. Thus, if a ROS
responsive gene is expressed at a low constitutive level through
the day or at a particular time, its expression will increase signifi-
cantly only after being subjected to stress. Secondly, the activity
of many ROS quenching enzymes depends on the redox state,”*
which bypasses the need for regulated transcription. Finally, the
rate of transcription of genes involved in ROS quenching is envi-
ronment dependent. It has been observed that the longer the pho-
toperiod or the higher the light intensity, ROS antioxidant genes
are higher expressed and the ascorbate pool increases (reviewed in
ref. 81 and 82, respectively). In summary, plants have a complex
response system to cope with ROS generation and the role of the
circadian clock in ROS transcriptional control is still unclear.

Stress and Energy as a Metabolic Input to the Clock

A link between energy metabolism, ROS production and envi-
ronmental responses, could be provided by the changes in NAD
and poly-ADPribosylation in response to stress. NAD synthesis
has been shown to be rhythmic in mammals.**%4 As photosynthe-
sis is under circadian control, pyridine nucleotide levels could also
oscillate through the day in plants. It has been reported that the
degree of poly ADP ribose (PAR) synthesis by the PAR polymer-
ases (PARP) is increased in proportion to stress severity.*> PARP
reaction consumes NAD and ATD, therefore affecting energy
homeostasis.’® These authors observed that the downregulation
of PARP enhanced stress tolerance probably due to a reduced
consumption of NAD and ATP. However Vanderauwera et al.
suggested an alternative hypothesis in which the downregulation
of PARP activity caused plants to display abiotic stress tolerance
due to induction of ABA responsive and ABA signaling genes and
not through the direct consumption of energy (NAD and ATD).
PAR changes also occur in response to ROS and DNA damage.®
Thus it seems that a tight correlation in the appropriate use of
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energy is essential to acquire resistance against ROS, regardless
of their origin.

Polyribosylation of proteins by PARPs is overcome by the
antagonistic reaction of the PAR glycohydrolases (PARG).
Interestingly one A. thaliana clock mutant, zej (from the Sanskrit
word for “bright”) was identified as a PARG.¥ z¢ displayed
higher luciferase activity that traduced into brighter lumines-
cence (thus the gene name). Also the periodicty of circadian
thythms in zej was lengthened independent of light quality and
quantity. Furthermore, the mutant was found to display altera-
tions in the transcript accumulation of clock-regulated genes, and
the mutant flowered earlier than the wild type, independent of
the photoperiod.*” Therefore it could be plausible that PARP/
PARG activity modifies ABA signaling through changes in NAD
and cADPR levels. Consequently the changes in cADPR and
ABA would alter the pace of the clock.® Conceptually, any of
these molecules could provide signals of stress to the oscillator.
Taken together, these results suggest that a link exists between
energy homeostasis and the plant circadian clock, though this
interaction has not been completely defined. Intriguingly, the
signaling interactions between the metabolic and stress signaling
networks centrally require the sucrose non-fermenting-1 (SNF1)-
related protein kinases.”® Whether these kinases participate in
integrating abiotic stress signals to the oscillator is not known,
but deserves investigation.

The Circadian Clock Beyond Transcriptional Control:
Clock Mutants with Abiotic Stress Phenotypes

Recently the effects on metabolism and plant performance as a
consequence of disrupted rhythms in circadian clock mutants
have been reported in reference 65 and 91. Mutation in zocl, dis-
played altered plant responses to drought by controlling stomata
aperture (see above) and thus gas exchange. TOCI effect on sto-
mata aperture requires a functional ABAR as the former binds
the promoter of ABAR/GUNS5.® Related to TOCI effects on
ABA responses, Kant et al. used a functional genomic pipeline
to search for genes involved in multiple abiotic stresses. These
authors found that the mutation in ccal and /by, the other two
components of the central loop, displayed hypersensitivity to
salt, osmotic and heat stress. Thus the core of the plant clock is
involved in modulating abiotic responses.

In a comprehensive work, Fukushima et al.”® demonstrated
that the triple mutant prr9/prr7/prr5 had several metabolic
defects that were different to those produced as a consequence
of CCAI overexpression. The authors found through a metabolic
profile of the triple prr9/prr7/prr5 mutant was altered. This was
particularly rue in examinations of primary metabolism, in par-
ticular the tricarboxilic acid cycle (TCA). This mutant-combi-
nation also displayed defects in biosynthethic pathways involved
in chlorophyll, carotenoid, tocopherol and ABA. The later was
found to result in an increased content of ABA. Furthermore this
triple mutant displayed drought resistance, higher freezing tol-
erance, as well as upregulation of cold responsive genes.”” The
extensive analysis of the prr9/prr7/prr5 triple mutant provided
evidence, for the first time in plants, of a molecular link between
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metabolism and the circadian clock. In particular, this study also
showed that respiration is imbalanced by disruption of the circa-
dian clock.”" It is tempting to speculate that the circadian clock is
tightly linked to primary metabolism associated with mitochon-
dria respiration and photosynthesis.

A prime example of an interconnection between transcriptomic
and metabolic pathways is seen in the mutant gigantea. The GI
locus, which encodes for a protein with uncharacterized domains,

is involved in rosette development”

96,97

and flowering time,” starch
metabolism,’®®” correct circadian clock function,’*® and resistance
to oxidative stress.”” While the role of G7 in clock control and tim-
ing of flower development are starting to emerge, its role in starch
accumulation and oxidative stress is still obscure. GI protein is not
thought to be an enzyme directly involved in starch metabolism,
but the gi mutant was found to display a starch-excess phenotype.’®
Not only does g7 accumulate starch, it also has higher proportions
of simple carbohydrates,” suggesting that a higher rate of carbon
fixation must take place to sustain such a carbohydrate metabolic
imbalance. The oxidative-stress resistant phenotype observed by
Kurepa et al.”” was partly explained by a constitutive higher expres-
sion of ascorbate peroxidase (APXI) and Cd/Zn and Fe superox-
ide dismutases (CSD2 and FeSOD, respectively).'”® Furthermore,
when oxidative stress was created by methylviologen application,
gi showed lower increase in H,O, and superoxide production com-
pared to wild type, > 100
However in both cases, the mechanism that leads to starch accu-

as well as reduced lipid peroxidation.

mulation and oxidative stress resistance in g7 is still unknown.
Given the pleiotropy of gi phenotypes, one could speculate that
either these are a consequence of the disruption of the clock in
gi, or perhaps more likely that GI is involved in several protein
complexes in different cellular compartments with different and
distinct biochemical/enzymatic functions.

It is still unclear if the mutations in the clock genes cause the
transcriptomic and metabolic reprogramming so far observed
through circadian processes. It is alternatively plausible that
clock components have functions beyond their role in generating
the oscillator. For example, it is a possibility that circadian-clock
components are directly linked to primary metabolic functions.
A continuous crosstalk through signaling between the clock and
the organelles, and more generally, cellular metabolism could be
responsible of providing a selective advantage upon a changing
environment.

Perspectives

In the last decade, the plant circadian clock has essentially
been elucidated at a molecular-genetic level of understanding.
Research efforts established a coherent model of transcription
and translational control.”®!2 However the biochemical and
mechanistic functions of the clock components beyond its clock
control are broadly unknown. As the biochemistry of clock pro-
teins is characterized, we may gain insight into their more specific
mechanistic function. Simultaneously, these analyses, together
with transcriptomic, proteomic and metabolic studies could
uncover how clock components are linked to cellular metabo-
lism. After all, the circadian clock evolved to enhance fitness in
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Figure 3. Interconnections between stress, metabolism and the
circadian clock. An illustration that highlights the strong over lap in
transcriptomic and molecular genetic data sets from the clock, from
ABA, and from cADPR revealed extensive inter-connections between
the systems that generate the circadian oscillator, abiotic stress signal-
ing and control of basal metabolism.

response to a perpetually and predictably changing environment.
Thus “solving” the clock could be a key to understand how envi-
ronmental signals are integrated by an organism in its response
toward its environment.

Taking into consideration the abiotic-stress phenotypes dis-
played by clock mutants, a scenario results in which the clock
and abiotic stress responses are tightly linked. However, the rela-
tionship between the clock components and their phenotypes is
not straightforward. We hypothesize that the various described
abiotic/metabolic phenotypes seen in circadian mutants cannot
solely be explained by the given alterations of transcript levels
of other clock genes. Gene overexpression or null mutant muta-
tions do not correlate with a particular phenotypes. As exam-
ples: we note that the increase in 7OCI in the ccal/lhy does not
explain drought/osmotic stress phenotypes,®* nor the increase
in CCAI in the prr9/ppr7/prr5 triple mutant explain alterations
in TCA metabolites.”” Thus, the alteration of transcript levels of
clock components are not the sole cause of a metabolic imbalance
nor are the only cause of their abiotic stress phenotype. Thus, it
seems that the general disruption of the circadian clock affects
plant homeostasis and development. This could take place by
desynchronizing the transcriptional control of the clock from its
24-hour environment.

The biological significance of the circadian clock is to
enhance fitness over intervals that range from the daily to the
life-span.® Recent reports by numerous groups have firmly
implicated the circadian clock as an integral component of plant
homeostasis. As the chronobiological community expands its
knowledge on the biochemistry and domain structure of clock
components, it should emerge how the specificities of clock-
protein action mediate in the convergence of circadian signal-
ing to that of ABA, osmotic stress and primary metabolism
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signaling-responses (Fig. 3). Similarly as research fields take
a more integrative approach towards studying the interaction

metabolism, we should gain a clearer picture of how homeo-
stasis, growth and fitness are a product of correct timing to the

between the clock, stress/ABA responses/cADPR and primary  prevailing ambient environment.
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