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The plant circadian clock allows organisms to anticipate the predictable changes in the
environment by adjusting their developmental and physiological traits. In the last few
years, it was determined that responses known to be regulated by the oscillator are also
able to modulate clock performance. These feedback loops and their multilayer communi-
cations create a complex web, and confer on the clock network a role that exceeds the
measurement of time. In this article, we discuss the current knowledge of the wiring of the
clock, including the interplay with metabolism, hormone, and stress pathways in the model
species Arabidopsis thaliana. We outline the importance of this system in crop agricultural
traits, highlighting the identification of natural alleles that alter the pace of the timekeeper.
We report evidence supporting the understanding of the circadian clock as a master regulator
of plant life, and we hypothesize on its relevant role in the adaptability to the environment

and the impact on the fitness of most organisms.

s sessile organisms, plants cannot escape

from herbivores or elude unfavorable con-
ditions. In addition, they have to cope with
the constantly changing surroundings, for ex-
ample, light—dark cycles imposed by the rota-
tion of the planet. The circadian clocks enable
plants to track those periodic changes, allowing
them to anticipate and synchronize multiple
physiological and developmental responses
to the best time of the day or the year, which
finally contributes to an enhanced fitness (Mi-
chael et al. 2003; Dodd et al. 2005; Greenham
and McClung 2015).

Conceptually, the early understanding of
the biological clock in plants suggested a linear
or “stepwise” process in which environmental

signals (inputs) were responsible for synchro-
nizing the endogenous timekeeper (the molec-
ular mechanism tracking time), which then
modulated several physiological responses such
as leaf movement and gene expression (outputs)
(Harmer 2009). Currently, the number of pro-
cesses known to be regulated by the circadian
oscillator has significantly expanded and, more
surprisingly, most of these pathways feed back to
modulate the function of the core clock itself.
This review focuses on the model species Arabi-
dopsis thaliana and provides an overview of the
physiological pathways regulated by the biolog-
ical clock and the feedback loops adjusting the
endogenous timekeeper. In addition, we pro-
pose that the molecular pieces of the clockwork
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might act as hubs directly linking it to different
processes of plant development. This intricate
system led us to propose a model in which the
core oscillator could function as a central regu-
lator. For this, the information coming from the
environment (external) and the endogenous
status (internal) would be integrated, and a ba-
lanced output determined and translated to the
many physiological and developmental traits
this system modulates. This entire mechanism
helps organisms to not only be synchronized
with environmental stimuli and related changes,
but also to determine the magnitude of different
responses to better harness their resources, such
as energy, to ensure survival and improve the
fitness of the individual.

CLOCK ORGANIZATION IN Arabidopsis
thaliana

A. thaliana is the model species used in almost
every field of plant physiology and molecular

biology research (Meinke et al. 1998; McClung
2013). Consequently, it is the organism in which
the molecular mechanism underlying the en-
dogenous clock is best described and has exten-
sively been reviewed (Nagel and Kay 2012; Hsu
and Harmer 2014). In this section, we will sum-
marize the current knowledge for this model
plant (Fig. 1).

The first molecular model of a biological
timekeeper in plants was proposed in 2001 for
A. thaliana, and was based on a negative tran-
scriptional —translational feedback loop includ-
ing three genes: two MYB transcription factors,
LATE ELONGATED HYPOCOTYL and CIR-
CADIAN CLOCK ASSOCIATED 1 (LHY and
CCAI, respectively), and TIMING OF CAB
EXPRESSION 1 (TOCI) also known as PRRI
(PSEUDO-RESPONSE REGULATOR 1) (Ala-
badi et al. 2001). CCAI and LHY are morning
expressed genes. After translation, CCAl and
LHY mutually interact and repress TOCI ex-
pression (Alabadi et al. 2001; Lu et al. 2009;

-

K .

Figure 1. Minimal architecture underlying the circadian clock of Arabidopsis thaliana. In this simplified model,
only a subset of the pieces of the trascriptional —translational feedback loops is shown. The clockwork compo-
nents are represented from left to right according to the time-of-day of their peak expression. White and gray
background depict day and night, respectively. CCAI and LHY are expressed in the morning and repress the
expression of all clock components represented here. The “evening complex” (EC) is formed by LUX, ELF3, and
ELF4, and induces CCA1/LHY. PRRs are repressed by TOC1, and PRRY is also negatively regulated by the EC.
TOC1 represses GI, which in turn induces CCA1/LHY by an unknown mechanism. All members of the PRR
family are known to negatively regulate CCA1/LHY. Rectangles denote “functional groups,” either because the
components are members of the same gene family (CCA/LHYand PRR9/PRR7/PRR5) or they act as a complex
(EC). Despite PRR9, PRR7, and PRR5 being homologs of TOC1 (PRR1), the latter seems to have a different role
in the oscillator. Arrowheads and perpendicular lines illustrate induction and repression of transcriptional
activity, respectively. For references and a complete description, please refer to the main text.
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Yakir et al. 2009). At dusk, CCA1 and LHY levels
decrease; TOCI is expressed and negatively reg-
ulates CCA1 and LHY transcription (Gendron
et al. 2012; Huang et al. 2012). An additional
loop is formed by PRR9, PRR7, and PRR5
(members of the PRR gene family) that are
expressed sequentially throughout the day,
with PRRY peaking in the morning (Nakamichi
et al. 2005). These three genes show partially
redundant functions, are homologs of TOCI,
and repress CCAI and LHY transcription (Na-
kamichi et al. 2010). Genetic experiments sug-
gest that PRR9 and PRR7 would be induced by
CCAl and LHY (Farré et al. 2005). However,
recent evidence shows that LHY is, in fact, a di-
rect repressor of these two genes, as well as PRR5
(Adams et al. 2015). In addition, they are also
repressed by TOC1 (Huang et al. 2012). Fur-
thermore, PRRY expression is also repressed
by a complex known as the “evening complex”
(EC) (Nagel and Kay 2012). The EC is formed
by the MYB-like transcription factor LUX
ARRHYTHMO (LUX, also known as PHYTO-
CLOCK1), and EARLY FLOWERING 3 (ELF3)
and ELF4, two nuclear proteins with unknown
biochemical function (Nusinow et al. 2011).
The EC and CCAI and LHYare reciprocally reg-
ulated with the EC indirectly promoting the ex-
pression of these two morning genes and, in
turn, CCA1 and LHY repress the EC compo-
nents (Nagel and Kay 2012; Adams et al. 2015).
Furthermore, it has been shown that CCA1 and,
LHY can bind to their own and each other’s
promoter to repress their transcription (Adams
etal. 2015).

In recent years, a new loop was described
encompassing a morning-expressed group of
genes, REVEILLE (RVE), homologs of CCAI
and LHY. The novelty is that RVE8 induces the
transcriptional activity of afternoon and eve-
ning-phased genes such as PRR5, TOCI, LUX,
and ELF4 (Hsu et al. 2013). In turn, RVES
is repressed by PRR9, PRR7, and PRR5. In ad-
dition, RVE6 and RVE4 appear to have partially
redundant roles with their close relative RVES
(Rawat et al. 2011; Nakamichi et al. 2012;
Hsu et al. 2013; Hsu and Harmer 2014). Anoth-
er small family of morning-expressed genes
that plays an important role in the circadian
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oscillator is comprised by the NIGHT LIGHT-
INDUCIBLE AND CLOCK-REGULATED
(LNK1, 2, 3, and 4) components (Rugnone
et al. 2013). LNKs interact with the RVEs and
have been shown to be able to either antagonize
or coactivate RVES8 (Xie et al. 2014; Pérez-Garcia
et al. 2015).

CCA1, LHY, and TOC1 have also been
shown to repress GIGANTEA (GI) expression,
and in turn, GI induces CCAI and LHY expres-
sion through an unknown mechanism (Park
et al. 1999; Huang et al. 2012; Lu et al. 2012;
Kim et al. 2013b; Adams et al. 2015). Although
GI is not considered a core clock component,
it might be an essential piece connecting the
central oscillator with many physiological pro-
cesses (Panigrahi and Mishra 2015). Recently,
GI has been proposed as a hub regulating key
features of plant life, such as flowering and salt
and freezing tolerance, among others (Kazan
and Lyons 2015; Panigrahi and Mishra 2015).

In addition to the transcriptional —transla-
tional feedback loops described above (and all
the additional components not mentioned in
this review), the biological timekeeper owes its
robustness to many other mechanisms, includ-
ing epigenetic, posttranscriptional, and post-
translational regulation (Seo and Mas 2014;
Nolte and Staiger 2015; Romanowski and Ya-
novsky 2015). Communication between organ-
elles (nucleus—chloroplast) also contributes to
the proper ticking of the clock (Hassidim et al.
2007). Furthermore, similar to what is known in
animals, Arabidopsis might also contain tissue-
specific clocks (James et al. 2008; Allada and
Chung 2010; Mohawk et al. 2012; Endo et al.
2014; Takahashi et al. 2015). Nevertheless, the
interaction and the hierarchical structure be-
tween these timekeepers remain to be clarified.

THE CLOCK WIRING IN Arabidopsis thaliana

The biological clock modulates a myriad of
plant responses referred to as “outputs.” Most
of these processes feed back to the central oscil-
lator, creating a complex web of connectivity.
High-throughput assays have allowed us to de-
termine the extent of the pervasiveness of the
clock on gene expression (Harmer et al. 2000;
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Nagel et al. 2015), and multiple studies contin-
ue to confirm the impact of this regulation in
different processes of plant physiology.

Two of the earliest and best-characteri-
zed outputs are photoperiodic flowering and
growth of the seedling stem (hypocotyl). Both
of these processes require the appropriate coin-
cidence between internal rhythms, driven by
the endogenous clock, and external conditions
guided by photoperiod. However, the molecu-
lar mechanisms underlying these responses
have been described and extensively reviewed
(Greenham and McClung 2015), and therefore
will not be discussed further in this review. In-
stead, we attempt to briefly describe some other
key connections established by the clock.

METABOLISM

Carbohydrates

Photosynthesis enables plants to obtain energy
and the structural components needed for
growth and development from sunlight. Differ-
ent steps of this process are circadian regulated
(Harmer et al. 2000; Dodd et al. 2005; Noordally
et al. 2013; Haydon et al. 2015). During the
Calvin cycle, atmospheric carbon dioxide is as-
similated by the enzyme ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco). This
protein is composed of several subunits and,
to be functional, it needs to be assembled and
activated (Andersson and Backlund 2008). The
genes RCA (RUBISCO ACTIVASE) and at least
one of the components of the RUBISCO SMALL
SUBUNIT (RCBS) gene family have a circadian
profile of expression, with a peak after dawn
(Pilgrim and McClung 1993). In addition, the
messenger RNA of RCA is alternatively spliced,
giving rise to two proteins with different regu-
latory features depending on light intensity
(Zhang et al. 2002). Considering that the ratio
between these isoforms has also been shown to
follow a circadian rhythm (Sanchez et al. 2010),
this regulation could be hypothesized to have
a physiological relevance. This suggests that
the clock contributes to the fine-tuning of
this efficient system, providing the tools to bet-
ter respond to the variable light conditions
throughout the day.

The thioredoxin family of proteins is essen-
tial in the redox balance that enables carbon
assimilation, and constitutes another example
of the control imposed by the endogenous
oscillator on carbohydrate metabolism. The
thioredoxin f and m show a circadian profile of
expression and biochemical assays suggest that
CCALI might be directly involved in that regula-
tion (Barajas-Lopez et al. 2011).

During the day, carbon is assimilated as glu-
cose, then converted to sucrose for transport
and stored as starch, which is gradually con-
sumed during the night (Smith and Stitt
2007). Despite the fact that the detailed mech-
anism is unknown, it has been shown that the
linear and appropriate starch degradation dur-
ing the night requires a functional circadian
clock (Graf et al. 2010). In seedlings, it has
been established that stem elongation is rhyth-
mic with maximal growth at the end of the night
(Nozue et al. 2007). Therefore, it is likely that
failure to adjust the proper rate of starch degra-
dation during the night might result in carbon
starvation before dawn with the consequent re-
duction of growth (Graf et al. 2010).

High-throughput  expression  analysis
showed that glucose modulates many circadi-
an-regulated genes in carbon-starved seedlings,
suggesting that sugar could be an input for the
core oscillator (Blésing et al. 2005). Supporting
this idea, exogenous sucrose has the ability to
shorten the period in wild-type plants grown
under free-running conditions (Knight et al.
2008). In addition, the sensitivity of the circa-
dian clock to sugar was also reported, and these
studies showed that exogenous sucrose can
modify properties of the circadian oscillator
such as amplitude and period, as well as entrain
the promoter activity of several core clock genes
under continuous dark (Dalchau et al. 2011).
Interestingly, genetic experiments revealed that
Gl is necessary for the proper clock response to
sugar and its own expression is modulated by
sucrose (Dalchau et al. 2011). Finally, Webb and
colleagues have presented very convincing evi-
dence suggesting that the endogenous clock is
entrained by photosynthetic cues (Haydon et al.
2013). In that study, the investigators showed
that metabolically active sugars (sucrose, fruc-
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tose, and glucose but not mannitol) are able to
entrain and modify the phase of the core oscil-
lator. Although the inhibition of photosynthesis
modifies the pace of the clock, the normal pe-
riod can be reestablished by the exogenous ad-
dition of sucrose. The clock gene PRR7 was
shown to be an important link in the connec-
tion between sugar and the central oscillator,
although CCAI and LHY might also be impli-
cated in the pathway (Haydon et al. 2013). In
summary, carbohydrates can influence the bio-
logical timekeeper by regulating the transcrip-
tome and the period or the phase of the clock
under different growing conditions. Consider-
ing that sugar could contribute to the fine-tun-
ing of the circadian clock and that flowering
time in long days is tightly controlled by the
endogenous oscillator, it has been hypothesized
that carbohydrates could also have a role in
modulating the sensitivity to photoperiodic
detection (Dodd et al. 2015).

Mineral Nutrients

Nutrient elements and ions play numerous roles
in plant metabolism. They can act as cofactors
or signaling molecules, and are required for
protein and macromolecule biosynthesis. Both
micro (e.g., copper, iron, zinc, manganese) and
macronutrients (i.e., nitrogen, phosphorous,
sulfur, calcium, magnesium, potassium) are es-
sential, but in precise amounts. Deficiency im-
pacts plant growth and excess may be toxic
(Haydon et al. 2015). Nutrient demand follows
a rhythmic pattern as a consequence of diel
changes, for instance, in photosynthesis and
transpiration rates, suggesting they are under
a tight metabolic and clock control (Fig. 2A)
(Haydon et al. 2015).

Nitrogen

Nitrogen (N) is an essential constituent of nu-
cleotides and proteins. Downstream products
from N assimilation (organic N) can modulate
the inorganic N uptake by different mechanisms
(Xu et al. 2012). Gutiérrez et al. (2008) showed
that organic N is able to modify CCAI expres-
sion levels and to induce phase-shifts in the
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circadian clock, suggesting that organic N can
act as an entrainment signal. Conversely, CCA1
transcriptionally regulates genes downstream in
the N metabolism by binding their promoters
(Gutiérrez et al. 2008). This evidence supports
CCA1, a core clock protein, as the main candi-
date linking the circadian oscillator with nitro-
gen metabolism.

Calcium

Calcium (Ca*") participates in cell signaling as
a secondary messenger (Dodd et al. 2010). Cy-
tosolic concentration of free Ca*" ([Ca2+]cyt) is
rhythmic (Johnson et al. 1995; Love et al. 2004)
and most likely under the control of the circa-
dian clock (Love et al. 2004 ), providing a poten-
tial mechanism for the biological oscillator to
modulate some of its outputs. Furthermore,
transcripts of genes coding for several channels
and transporters related to Ca®" metabolism
have been shown to be clock regulated (Haydon
et al. 2011, 2015). cADPR is a cytosolic metab-
olite involved in Ca** homeostasis and its con-
centration is circadian regulated (Dodd et al.
2007). Nicotinamide inhibits the synthesis of
cADPR and abolishes the [CaZ“L]Cyt oscillations,
proposing that the core clock might modulate
[Ca®"] oy thythms, at least partially, by regulat-
ing cADPR (Dodd et al. 2007). Using transgenic
plants and microarray experiments, the expres-
sion of GI, PRR5, PRR7, LHY, and CCAI,
among others, was shown to be controlled by
cADPR (Sanchez et al. 2004; Dodd et al. 2007),
suggesting a reciprocal regulation.

Iron

Iron (Fe) can change the oxidation state and
participates in many metabolic processes in-
volving electron transfer reactions. In plants,
Fe has a major role in photosynthesis, which
in turn impacts carbon assimilation and bio-
mass production (Ravet et al. 2009; Gayomba
et al. 2015). On the other hand, Fe ions pro-
mote oxidative stress that can be toxic for cells
(Gayomba et al. 2015). Therefore, it is crucial
for the organism to possess tightly regulated
and coordinated responses to cope with either
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Figure 2. Interlocked communication between the central clock and different plant pathways. (A) The central
clock modulates carbohydrate metabolism, nitrogen, calcium, iron, and copper homeostasis. In turn, all
metabolic processes involving these nutrients feed back to the core oscillator. (B) The central clock mod-
ulates the hormone pathways illustrated in the figure: ABA, abscisic acid auxin; BRs, brassinosteroids; CK,
cytokinin; ethylene; GA, gibberellin; JAs, jasmonates; SA, salicylic acid. All of these hormones with the
exception of ethylene, GA, and JA contribute to the fine-tuning of the timekeeper. The outer arrows and
circle reflect the clock independent interaction of these plant pathways, adding further complexity to the

system as a whole.

iron deficiency or overload. The messenger
RNA of FERI, a gene encoding an Fe storage
protein located in plastids, oscillates with a
period of 24 h and that rhythm is abolished
in different core clock gene mutant back-
grounds. FERI, as well as other members of the
gene family, and Fe transporters are circadian
regulated and repressed by TIC (TIME FOR
COFFEE) (Duc et al. 2009; Hong et al. 2013),
a nuclear protein able to modulate the clock
function (Hall et al. 2003; Ding et al. 2007).
Moreover, PRR7 binds to Ferl, Fer3, and Fer4
promoters (Liu et al. 2013), strengthening the
notion that iron homeostasis is regulated by
the biological timekeeper. This might reflect
biological relevance, because both tic mutants
and PRR7 overexpressor lines show phenotypes
associated with inefficient regulation of Fe (Duc
et al. 2009; Liu et al. 2013).

In 2013, three independent studies showed
that Fe-deficiency slows down the pace of the
core clock (Chen et al. 2013; Hong et al. 2013;
Salomé et al. 2013). Functional chloroplasts,
but not photosynthetic activity, were shown to

be necessary for the period lengthening induced
by Fe deficiency (Chen et al. 2013; Salomé et al.
2013). Although CCAI and LHY are necessary
for the signaling of Fe deficiency to the core
clock, there is contradictory evidence for the
role of GI and ZTL in this process (Chen et al.
2013; Hong et al. 2013; Salomé et al. 2013).
These compelling data supports a mechanism
for Fe homeostasis and the circadian clock be-
ing reciprocally regulated. Interestingly, retro-
grade signals (“message” from chloroplast to
nucleus) synchronizing the core clock in re-
sponse to Fe deficiency, constitute the second
evidence of the role of this organelle as a timer
for the central oscillator (Hassidim et al. 2007;
Chen et al. 2013; Salomé et al. 2013).

Copper

Copper (Cu) is a cofactor involved in redox
pathways and also has an effect on the ticking
of the biological clock. Despite the fact that the
connection appears elusive, it has been shown
that addition of Cu in the growth medium
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dampens the amplitude of oscillation of CCA1
and LHY transcripts (Andrés-Colas et al. 2010),
as well as GI transcriptional activity (Perea-Gar-
cia etal. 2015). A phase response curve (adding
Cu at different moments of the day) evidenced
that this metal can modify the phase and am-
plitude of LHY promoter activity, although that
response is not gated by the endogenous clock
(Andrés-Colas et al. 2010). However, the period
of core clock transcripts does not seem to be
altered neither by the excess nor the deficiency
of Cu (Andrés-Colas et al. 2010; Chen et al.
2013; Salomé et al. 2013; Perea-Garcla et al.
2015). Recently, genes regulating Cu homeosta-
sis have been shown to follow a circadian pat-
tern (Perea-Garcia et al. 2015), suggesting a re-
ciprocal interaction. To fully understand
whether the responses observed on increased
Cu levels are a direct effect on the circadian
oscillator or simply the consequence of altering
the general metabolic status of the cell, for
example, by modifying its redox balance or
hormonal pathways (Penarrubia et al. 2015),
more experiments need to be performed.

Summary

The mechanisms by which developmental and
physiological responses are modulated by the
availability of a particular metal are not known
(Chen et al. 2013). Considering the ability of
several nutrients to regulate the ticking of the
core clock, it is tempting to speculate that the
biological oscillator could be the link between
the metal status and the metabolic pathways
controlling the general plant responses.

HORMONE PATHWAYS

Plant hormones (phytohormones) are small
signaling molecules that are able to orchestrate
multiple cellular processes that impact physiol-
ogy and growth (de Lucas and Prat 2014; Lar-
rieu and Vernoux 2015). Notably, a single hor-
mone can modulate many responses, whereas
several hormones can regulate a specific process.
For such a complex system to work, a delicate
cross talk among these endogenous molecules
is necessary. Furthermore, different hormone
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pathways interact with the circadian oscillator,
increasing the complexity of the network (Fig.
2B) (Robertson et al. 2009; Seung et al. 2012; de
Lucas and Prat 2014; Penarrubia et al. 2015).

In 2008, Covington et al. (2008) showed that
transcript levels of hormone-responsive genes
were circadian regulated, suggesting that the
endogenous oscillator was either modulating
the hormone levels and/or the activities within
the signaling pathway for most of the phytohor-
mones. The circadian regulation of several hor-
mone signaling pathways was further confirmed
by an array of other studies (Thain et al. 2004;
Bancos et al. 2006; Covington and Harmer
2007; Mizuno and Yamashino 2008; Arana
et al. 2011; Shin et al. 2012; Wang et al. 2014;
Zheng et al. 2015). Furthermore, diel oscilla-
tions in phytohormone abundance have been
determined (Thain et al. 2004; Novakova et al.
2005; Robertson et al. 2009). Conversely, exog-
enously added cytokinin, auxin, brassinoste-
roids (BR), or abscisic acid (ABA), modifies at
least one clock parameter, indicating that these
molecules modulate the core oscillator activity
(Hanano et al. 2006). Several hormone mutants
also display clock phenotypes (Hanano et al.
2006), reinforcing the idea that hormone path-
ways feed back to the molecular clock. Never-
theless, experiments with gibberellin (GA) (Ha-
nano et al. 2006; Arana et al. 2011) and ethylene
(Thain et al. 2004; Hanano et al. 2006) showed
subtle or no effect on circadian clock function-
ing. Finally, whereas the role of jasmonates (JA)
remains to be elucidated, the evidence suggests
that salicylic acid (SA) modulates the oscillator
activity, although through a more elusive path-
way (Fig. 2B) (Hanano et al. 2006; Zhou et al.
2015).

ABA regulation constitutes a good example
of the many processes coordinated by a single
molecule, and the numerous cross talk that oc-
curs to achieve a balanced response and proper
development of the organism. This phytohor-
mone, known as one of the canonical “stress
hormones,” regulates, for example, seed germi-
nation, stomatal opening, osmotic stress toler-
ance, and pathogen attack responses (Seung
etal. 2012). ABA connection with the circadian
clock has also been established. Clock regula-
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tion of genes involved in different steps of ABA
synthesis (Covington et al. 2008; Fukushima
et al. 2009) and rhythmic diel levels of ABA in
leaves have been reported (Lee et al. 2006). Fur-
thermore, ABA-responsive genes are also circa-
dian regulated, either as direct targets of the
central clock or as a response of the rhythmic
ABA signaling network (Seung et al. 2012; Liu
et al. 2013). For example, TOC1 binds to ABAR
(ABA-related gene) promoter. This gene is one
of the putative ABA receptors and TOC1 bind-
ing is necessary for its circadian profile of ex-
pression (Legnaioli et al. 2009). This suggests
that TOC1 modulates the sensitivity to ABA.
Surprisingly, ABA acutely induces TOCI ex-
pression in a gated fashion, and this regulation
depends on a functional ABAR (Legnaioli et al.
2009), closing an elegant feedback loop ABA—
CLOCK-ABA.

There is also cross talk between ABA and
Ca®" metabolism. ABA induces the activity of
ADPR (ADP-ribosyl cyclase), the enzyme re-
sponsible for cADPR synthesis, and cADPR
up-regulates the expression of ABA-related
genes (Sanchez et al. 2004). As explained in
the previous section, cADPR is a metabolite in-
volved in Ca?" homeostasis, and it is known to
be a target as well as a regulator of the circadian
clock (Dodd et al. 2007). Therefore, ABA me-
tabolism is associated with Ca** homeostasis
and the circadian clock. Importantly, this regu-
latory network leads the stomatal opening to
follow a circadian profile (opening at dawn
and closing before evening), and therefore also
implicates a link to drought tolerance (Seo and
Mas 2015).

BIOTIC AND ABIOTIC STRESSES

As sessile organisms, plants have to cope with
different stresses, either biotic or abiotic, from
which they cannot escape. Hormone signaling,
followed by a rearrangement of the transcrip-
tome and metabolism, is necessary to overcome
these unfavorable conditions. More recently, the
circadian clock has been shown to play an im-
portant role in the proper establishment of these
responses and has been extensively reviewed
(see Bolouri Moghaddam and Van den Ende

2013; Goodspeed et al. 2013; Greenham and
McClung 2015; Grundy et al. 2015; Seo and
Mas 2015).

Abiotic Stress

The most common abiotic stresses encompass
drought, high and low temperature, and salinity.
As mentioned above, in Arabidopsis, ABA plays
an important role in drought responses due
to its cross talk with calcium metabolism and
the control of stomata opening and closure.
In addition, the plant responses to drought
are modulated by the biological oscillator,
which acts through different components. As
explained above, TOC1 forms a regulatory
feedback loop with the ABA pathway, and
drought-responsive genes have been shown to
be negatively controlled by PRR7, through a
TOCI-independent mechanism. Furthermore,
tic mutants show an enhanced tolerance to
drought, suggesting that this clock component
is either directly or indirectly associated to this
phenotype (Sanchez-Villarreal et al. 2013). In
terms of salt tolerance, GI appears to be the
molecular link between the clock and the trig-
gered responses (Kim et al. 2013a), although
PRR7 might also be involved in this mechanism
(Kolmos et al. 2014).

The canonical response to cold tempera-
tures is mediated by the CBF/DREBI (C-
REPEAT BINDING FACTOR/DEHYDRA-
TION-RESPONSIVE =~ ELEMENT-BINDING)
family of genes. CBFs activate the expression
of the COLD-REGULATED (COR) genes, and
are also involved in drought-tolerance respons-
es. CBFs are clock regulated, therefore, their cir-
cadian oscillation is abolished in clock mutants
and their targets also follow a diel profile of
expression (Covington et al. 2008; Dong et al.
2011; Liu et al. 2013). Several clock mutants
have also been shown to have cold phenotypes,
suggesting the relevance of the timekeeper in
establishing a proper response in this path-
way (Nakamichi et al. 2009; Dong et al. 2011;
Chow et al. 2014). In contrast, it is known
that cold responses feed back to the central os-
cillator and dampen the amplitude of several
core clock genes. For example, CBF1 binds to
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the LUX promoter and regulates its expression,
providing a possible molecular mechanism for
the feedback loop (Chow et al. 2014). Moreover,
cold temperatures can modulate alternative
splicing of CCA1 and other clock genes, which
impacts the proper functioning of the time-
keeper (Grundy et al. 2015). The central oscilla-
tor is also modulated by high temperatures,
either by regulation of the alternative splicing
of clock components (Grundy et al. 2015) or
through direct transcriptional regulation of
them: HsfB2b (a heat shock factor) and FLOW-
ERING BASIC HELIX-LOOP-HELIX 1 (FBH1),
bind to PRR7 and CCAI promoters, respecti-
vely (Kolmos et al. 2014; Nagel et al. 2014).

Biotic Stress

JA and salicylate (SA) are key phytohormones in
the biotic stress-response pathways. Essentially,
JA is associated with defense responses against
herbivore attacks, whereas SA is implicated
against pathogens. The signaling pathways for
JA and SA are connected and show an antago-
nistic role on each other (Smith et al. 2009). In
recent years, several publications revealed the
importance of the core clock in the regulation
of these two hormones, and therefore the re-
sponses they control. JA and SA accumulation
patterns follow a circadian profile but with op-
posite phases. The timing of JA accumulation
seems to be physiologically relevant, because its
phase anticipates the peak of the insect feeding
behavior, and a functional clock was shown to
be required for this response (Goodspeed et al.
2012, 2013). In addition, JA signaling also con-
tributes to the rhythmic susceptibility of
A. thaliana to Botrytis cinerea, a necrotrophic
fungal pathogen (Ingle et al. 2015). The clock
gene TIC has been shown to be involved in the
regulation of the JA receptor CORONATINE-
INSENSITIVE 1 (COIl) and MYC2, a bHLH
transcription factor that induces the transcrip-
tion of JA-responsive targets (Shin et al. 2012).
Hence, TIC might represent the molecular link
between the core oscillator and JA signaling.
SA responses also seem to depend on a func-
tional clock. Biosynthesis of SA, and there-
fore SA accumulation, are regulated by CCAl

The Circadian Clock: A Master Regulator of Plant Life

HIKING EXPEDITION (CHE), a core clock
component (Zheng et al. 2015). Furthermore,
CCALl was shown to directly regulate PHT41, a
phosphate transporter involved in SA-media-
ted defenses (Wang et al. 2014). Altogether,
these data suggest that the biological oscillator
is required for the establishment of proper re-
sponses against biotic stresses. However, the
molecular understanding of this regulatory
network is limited and requires further studies.

THE CLOCK AS THE “MASTERMIND”
OF PLANT LIFE

In the previous sections, we outlined the mo-
lecular basis of the endogenous biological clock
and highlighted its relevance in A. thaliana de-
velopment and physiology. The processes con-
trolled by the clock, as well as the molecular
structure and several components of the core
oscillator are conserved across different groups
in the green lineage, including angiosperms and
gymnosperms (Farré and Liu 2013; McClung
2013; Bendix et al. 2015). Agricultural traits,
such as flowering time and light responses,
have been extensively studied and shown to be
under circadian clock regulation in different
species, including many crops (Bendix et al.
2015). A clear example of the significant role
the pacemaker plays in plant performance has
recently been described in tomato (Miiller et al.
2015). In this study, the investigators showed
that diverse accessions of wild and cultivated
tomato show different period lengths as a con-
sequence of carrying distinct natural alleles of a
gene involved in clock regulation. In addition,
cultivated tomatoes grown in long days show
an enhanced performance compared with wild
relatives grown in long days. This different phe-
notype might be the result of the resonance be-
tween the pace of the endogenous clock and the
environmental cues (Miiller et al. 2015). This
work suggests that human selection of a natural
allele led to the enhancement of the crop per-
formance under certain environmental condi-
tions through alteration of the biological clock.
It also supports the longstanding idea that
manipulating the clock can increase yield and
improve other agricultural traits.
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Surprisingly, despite the relevance of the
pacemaker in governing the fate of plant life,
proper functioning of the timekeeper is not re-
quired for the survival of the organism. It has
been described that plants with an arrhythmic
or desynchronized oscillator are still able to
complete their life cycle (Hazen et al. 2005;
Okada et al. 2009; Campoli et al. 2013). For
example, as mentioned before, TIC is a circadi-
an regulator related to iron homeostasis and JA
signaling. Moreover, transcriptomic, metabolic
and physiological analyses established that tic
mutants show developmental, metabolic, and
stress-related phenotypes (Sanchez-Villarreal
et al. 2013). However, these plants are able to
complete their life cycle and produce offspring.
It is important to mention that some plant spe-
cies (i.e., tomato and eggplant) show negative
effects, such as leaf chlorosis and necrosis, when
grown under continuous light that leads to de-
creased yield (Velez-Ramirez et al. 2011, 2014).
The asynchrony between the endogenous clock
and the external conditions has been proposed
as one of the several components underlying
this behavior (Velez-Ramirez et al. 2011).

Examining the evidence supporting the wir-
ing of the oscillator to virtually every response
of the organism, we propose that the central
clock could be considered as a master regulator
of plant growth, development, and physiology,
providing not only time prediction features, but
also adaptability to changing environmental
conditions (Fig. 3). In this model, as a conse-
quence of the perception of the surrounding
cues and endogenous signaling, the core oscil-
lator is fed with information coming from many
different plant processes (e.g., metabolism and
light signaling). This data is integrated and
feedback messages are sent to establish the be-
havior (“output”) of the organism. The final
phenotype is modulated by clock-independent
interactions of these different pathways. The
continuous feedback loops and the many layers
of communication provide robustness and flex-
ibility to the endogenous clock. This mecha-
nism can influence nutrient homeostasis, ener-
gy metabolism, and water usage to achieve an
optimized balance that maximizes the fitness of
the organisms and ensures the survival of the

species. Although the idea of the clock as a main
hub has been previously suggested (Perea-
Garcia et al. 2010; Pruneda-Paz and Kay 2010;
Fogelmark and Troein 2014; Greenham and
McClung 2015; Pefiarrubia et al. 2015) contin-
uous evidence over the years has greatly en-
riched and reinforced this notion.

For example, the clock seems to play an es-
sential role in the classic trade-off between
growth and defense (Huot et al. 2014) by timing
immunity to the morning (Wang et al. 2011)
and growth to the night (Nozue et al. 2007;
Nusinow et al. 2011). Activation of plant de-
fenses has a cost for growth and fitness (Huot
et al. 2014). Data show that perturbation of the
oscillator might induce an enhanced plant re-
sponse to pathogens but also results in less
growth (Zhou et al. 2015). In addition, the ef-
fect on the fitness costs has been proved to be
different depending on the time of day that the
pathogen attack occurs (Baldwin and Meldau
2013). This suggests that clock regulation of
these mechanisms might represent an adaptive
advantage and be related to the fitness of the
organism.

Itis tempting to speculate that the role of the
biological clock might be more relevant under
unfavorable conditions, when resources are lim-
iting and the system is really challenged. The
tight regulation and the effective communica-
tion conferred by the presence of a clockwork
would provide an increased adaptability of the
organism to the environment. Perhaps this sys-
tem is not required for a single organism to
survive but represents a significant adaptive ad-
vantage by improving the fitness of all individ-
uals, which could then impact the evolution of
the species. To test this hypothesis, long-term
studies aimed at understanding the population
dynamics of plants with a defective clock need
to be explored.

CONCLUDING REMARKS

Manipulating the central oscillator to enhance
crop yield and traits of agronomic interest has
been suggested for a long time (Bendix et al.
2015). However, a key limitation in achieving
this goal is that engineering the clockwork
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Figure 3. Schematic model of the circadian clock as the master regulator of plant life. The toroid represents all of
the possible combinations of environmental parameters a plant can encounter through its life cycle. It comprises
seasonal and diel changes of temperature and light, heat or cold stresses, water and mineral availability, and the
presence of pathogens or herbivores, among others. Each slice of the toroid is therefore one particular combi-
nation of these external cues. For example, the bottom-right circle illustrates one hypothetical scenario. The
different ellipses represent specific plant processes that interact with each other, converging in the center to feed
the clock with exogenous and endogenous information, contributing to its synchronization. The central oscil-
lator “interprets and translates” that information to determine an integrative and balanced response, which is

then transmitted to the “outputs.” The interaction between the core clock and the outputs establishes the plant

pathways are prevalent over others.

might lead to not only the expected response,
but also unexpected interactions and behavior.
Furthermore, due to the tangled connections
and feedback loops of the endogenous clock,
it is hard to intuitively predict the resultant phe-
notype after perturbation (Fogelmark and
Troein 2014). Contributions from mathemati-
cal models and system-level approaches that
have already proved to be useful (Gutiérrez

Cite this article as Cold Spring Harb Perspect Biol 2016;

phenotype, represented in the figure by the edge of the circle. The two smaller circles depict other environmental
interactions and scenarios. As the “input” cues differ in each example, the outcome is also different. In these
examples, the change in the size of the ellipses represents that under certain conditions some physiological

et al. 2008; Pokhilko et al. 2012; Fogelmark
and Troein 2014; Zhou et al. 2015) might help
to pave the way for this undertaking.

These methodologies could allow research-
ers to predict how a plant will behave under a
certain set of environmental conditions, saving
a lot of time and effort compared with generat-
ing a transgenic organism and testing it in the
field (Ruffel et al. 2010). To build accurate
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mathematical models and to apply integrative
system-level approaches, a solid and compre-
hensive knowledge of the clockwork is required.
To determine clock features such as the period,
it is necessary to perform experiments under
continuous conditions. However, data of the
biological oscillator behavior under set-ups
resembling natural circumstances (i.e., light—
dark cycles) are limited. The upcoming chal-
lenge for plant circadian clock research is
performing studies under such conditions,
which better mimic the natural scenarios. These
approaches will improve our understanding of
the biological clock, and therefore help us to
better predict how a modified genome would
respond to diverse and dynamic environmental
cues.
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