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Abstract: The rotation of the earth generates dramatic daily and seasonal variation in the terrestrial environment. Plants, like other organisms, have evolved an
endogenous biological oscillator to predict these daily changes in light and temperature and adjust to shifting seasonal conditions. This system must be robust to
unexpected environmental challenges but can also assist plants to adjust physiology accordingly. Key features of the circadian system that contribute to achieve
these are the process of entrainment, by which external cues adjust the state of the
oscillator, and gating, by which the sensitivity to a stimulus is modified according
to the time of day. In this way, the circadian clock is a dynamic hub which integrates
physiology, metabolism, and growth in the context of a plant’s current environment. We provide a comprehensive summary of the molecular composition of the
core oscillator in Arabidopsis and the mechanisms of entrainment and gating. In
particular, we focus on phytohormone signalling, photosynthetic metabolism, and
defence responses as examples of core plant responses to environment that are integrated within the circadian system.
Keywords: circadian, abiotic, biotic, light, phytohormone, metabolism, defence,
gating, entrainment, Arabidopsis

1 Introduction
Life has evolved on a rotating planet, which orbits the sun on a tilted axis.
The orbit and rotation of the earth gives rise to dramatic daily and seasonal
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variation in the environment at any given fixed position on its surface.
For terrestrial organisms, these environmental variations are particularly
extreme. Plants, which are normally rooted in place for their life cycle,
face heightened challenges. To adapt to these conditions, organisms from
all three domains of life have evolved a timing mechanism to align their
biology according to these predictable daily and seasonal rhythms (Edgar
et al., 2012). This biological timer is a circadian clock (circa, about; diem,
day), which generates rhythms of approximately 24 h to control metabolism,
physiology, and behaviour. A defining feature of circadian rhythms is that
they are sustained in continuous conditions, illustrative of their endogenous
nature, and crucial to allow an organism to predict the external environment.
Circadian clocks also adjust to changes in photoperiod, which allows plants
to sense and adapt to seasonal variation.
There is circadian control of vegetative and reproductive growth, transpiration, metabolism, nutrient transport, and responses to the biotic and abiotic
environment. There is probably not any aspect of plant physiology that is
not affected by the circadian system. This is driven by an extensive regulatory network. Circadian clocks control at least 30% of the transcriptome in
plants (Michael et al., 2008b), with additional layers of post-transcriptional,
translational, and post-translational control. Circadian clocks confer a fitness
advantage. Plants grow better when their endogenous rhythms are matched
to the external light-dark cycle (Dodd et al., 2005).
Although the circadian system is broadly conserved among land plants,
there is genetic variation both within and between species. This variation
contributes to geographic adaptation in natural populations and has been
selected for in numerous crops to adjust life cycle and improve yield (Bendix
et al., 2015). For example, mutants in circadian clock genes in rice, wheat, and
barley with phenotypes affecting photoperiodic flowering have been introduced into breeding programs (Turner et al., 2005; Beales et al., 2007; Faure
et al., 2012; Campoli et al., 2013; Koo et al., 2013). Similarly, in elite cultivars of soybean (Glycine max) which have been artificially selected for specific growing regions, variation in circadian period correlates with latitude
(Greenham et al., 2017). In Brassica napus, circadian period varies between
different crop morphotypes. Root and leaf crops have longer period than
oilseed crops, which is likely associated with vegetative versus reproductive
productivity (Yarkhunova et al., 2016). The potential impact of selecting for
circadian-regulated traits in agriculture and horticulture is only beginning to
be realised because the circadian system integrates a wide range of important
environmental cues and responses including drought and defence.
Circadian rhythms arise from a system comprised of three components:
a core oscillator, which generates a self-sustaining rhythm; inputs, which
provide reference information to adjust the state of the oscillator; and
outputs, which are the processes controlled by the oscillator. The genetic
architecture of the circadian oscillator in plants is distinctly different from
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animals, fungi, and even green algae and photosynthetic bacteria (Hurley
et al., 2016). Nevertheless, there is deep conservation of the architecture of
the circadian clock among land plants (Lou et al., 2012; Calixto et al., 2015;
Linde et al., 2017). The core oscillator is comprised of three classes of transcriptional regulators: the REVEILLE (RVE) class of myb-like transcription
factors expressed from the morning; PSEUDO-RESPONSE REGULATORs
(PRRs) which generate a wave of transcriptional repression throughout the
day; and the evening complex (EC), a night-active trimeric transcriptional
repressor. An intricate understanding of the plant circadian system has been
developed over the last two decades using the model genetic organism,
Arabidopsis thaliana. Our knowledge of the circadian system in other plants is
slowly expanding, but we focus here on the state of knowledge with respect
to each of the three components of the circadian system in Arabidopsis.

2 Environmental Inputs to the Circadian System
The core oscillator is a gene regulatory network, which has evolved to
generate a cycle with a near-24-h period. The oscillator is temperature compensated to maintain this period over a wide range of ambient temperatures,
but this timing is plastic. For example, Aschoff’s rule is a well-described
phenomenon in chronobiology, whereby the pace of the oscillator increases
with light quantity (Pittendrigh, 1960). Similarly, despite temperature compensation, the Arabidopsis clock does modestly accelerate with elevated
temperatures (Salomé et al., 2010). A wide range of other internal stimuli,
including metabolites and nutrient status, can also adjust the pace of the
oscillator (Haydon et al., 2015).
The plasticity of the oscillator is crucial for entrainment, the process
by which the phase and period of the oscillator is adjusted according to
environmental stimuli. Entrainment ensures that endogenous rhythms of an
organism can adjust to the continuously shifting photoperiod in the natural
environment. Entrainment can also modify the timing of rhythmic processes
controlled by the oscillator by less predictable events such as fluctuations in
daylight, rainfall, or nutrient availability. These phase adjustments enable
fine-tuning of rhythmic physiology and metabolism. Entrainment cues are
called zeitgebers (timers), which include light, temperature, and sugar. The
nature of a zeitgeber in circadian entrainment can be determined experimentally by generating a phase response curve (PRC), which quantifies the
change in phase of circadian rhythms in response to a pulse of stimulus during free-running conditions. PRCs to pulses of either red or blue light induce
dramatic phase delays early in the night and phase advances late in the
night (Covington et al., 2001). In this way, the oscillator is adjusted to match
the light-dark cycles according to shifting photoperiod. By comparison, the
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shape of a temperature PRC is different with phase delays around dawn and
phase advances around dusk (Michael et al., 2003). A PRC to sucrose has a
similar shape to light PRCs, but with less dramatic phase shifts, advanced
around dawn, and delayed around dusk, which is consistent with a role
for photosynthetic output adjusting rhythmic metabolism and physiology
during the morning (Haydon et al., 2013).
Despite the well-defined importance of light for circadian entrainment, the
precise mechanisms by which light signalling affects phase adjustment are
not known. Functional red- and blue-light photoreceptors are required for
sensitivity of the oscillator to light quantity. For example, under continuous
red light, phytochrome A (phyA) and phyB mutants have lengthened circadian
period under low and high light quantity, respectively, and cryptochrome1
(cry1) and cry2 mutants have lengthened circadian period under blue light
(Somers et al., 1998). The oscillator in a phyABCDE quintuple mutant is
severely impaired in period adjustment to red light, with a nearly insensitive
response to change in red light quantity (Hu et al., 2013). Thus, the importance of phytochromes and cryptochromes for light entrainment is clear, but
precisely how they adjust the oscillator is not. Several genes in the circadian
oscillator are strongly induced by light. NIGHT-LIGHT INDUCIBLE AND
CLOCK REGULATED 1 (LNK1) and LNK2 are transcriptional coactivators
of clock genes and lnk1 and lnk2 mutants have reduced sensitivity to period
shortening by red or blue light, similar to photoreceptor mutants (Xie et al.,
2014). Therefore, LNKs may represent a key component of light entrainment
of the oscillator. Alternatively, since the inactive Pr form of PhyB has been proposed as a transcriptional repressor (Jung et al., 2016) and CRY2 binds to DNA
and has been reported as a transcriptional activator (Pedmale et al., 2016;
Yang et al., 2018), photoreceptors might regulate clock genes directly. Indeed,
PhyB associates with promoters of light-responsive clock genes LNK1, PRR9,
PRR7, LUX ARRHYTHMO (LUX), and GIGANTEA (GI) (Jung et al., 2016).
Two components of the circadian oscillator, PRR9 and PRR7, are necessary
for temperature entrainment. A prr7 prr9 double mutant cannot be robustly
entrained to temperature cycles under continuous light and a PRC reveals
insensitivity to phase adjustment of the oscillator to cold temperature pulses
in the double mutant (Salomé and McClung, 2005). The temperature-sensing
pathways for entrainment have not been defined, but it is notable that light
signalling components are emerging as key factors in temperature sensing
(Jung et al., 2016; Legris et al., 2016; Ma et al., 2016; Park et al., 2017). In particular, the temperature-dependent association of PhyB to clock gene promoters,
including PRR9 and PRR7 (Jung et al., 2016) presents a potential mechanism
for temperature entrainment.
The mechanism(s) by which temperature compensation of circadian
rhythms is achieved are not yet clear. It is possible the robustness of circadian period across ambient temperatures is due to compensation by
counteractive components of the oscillator and is thus an emergent property
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of the complexity of the clock. This is supported by the observation that
high-order combinations of clock mutants have compromised circadian
rhythms specifically at sub-optimal temperatures (Shalit-kaneh et al., 2018).
Nevertheless, temperature compensation can be achieved with simple
oscillators (Terauchi et al., 2007) and there appears to be specific roles for
particular clock-associated proteins. For example, temperature compensation in Arabidopsis requires GI because a gi mutant has a dramatically
short period at elevated temperature (Gould et al., 2006; Salomé et al., 2010).
There is also a role for CRY proteins. Temperature compensation requires
blue light because it is compromised in red light and in cry1 cry2 mutants.
A mathematical model based on transcript data across varying light and
temperature accurately predicted dramatic changes in LATE ELONGATED
HYPOCOTYL (LHY) abundance with temperature and mis-regulated
LHY in cry1 cry2 (Gould et al., 2013). Similarly to phytochromes, CRY1
contributes to thermomorphogenesis (Ma et al., 2016) but unlike the model
of temperature-regulated dark-reversion to Pfr of PhyB (Jung et al., 2016),
a mechanism for temperature sensing by cryptochromes has not been
proposed.
Entrainment by sugar requires PRR7 since prr7 mutants are insensitive to
period change by exogenous sucrose and are unable to adjust phase to pulses
of sucrose. Depletion of endogenous sugars during the day by inhibition
of photosynthesis increases PRR7 transcript levels and lengthens circadian
period (Haydon et al., 2013). Systematic modelling of PRCs to sucrose most
accurately recapitulates the experimental PRC when sugar either activates
expression of EC components or represses PRR7 (Ohara et al., 2018). The
arrhythmic phenotypes of EC mutants make it difficult to experimentally test
the role of EC components in entrainment, but the modelling corroborates
the severely compromised sucrose PRC observed in prr7 mutants (Haydon
et al., 2013).
The effect of sucrose on period also requires BASIC LEUCINE ZIPPER 63 (bZIP63), a transcription factor which is activated by the
starvation-responsive kinase Snf1-RELATED KINASE1 (SnRK1) and binds
to the PRR7 promoter (Mair et al., 2015; Frank et al., 2018). Over-expression
of KIN10, a catalytic subunit of SnRK1 and bzip63 mutants have attenuated
sucrose PRCs, similar to prr7 mutants (Frank et al., 2018). The precise mechanism by which energy status modulates SnRK1 activity is unresolved (Zhang
et al., 2009; Emanuelle et al., 2015), although it is possible that there may
be several signals. One possible mechanism involves trehalose-6-phosphate
(T6P), a signalling sugar which closely tracks sucrose status in Arabidopsis
(Figueroa and Lunn, 2016) and is reported to inhibit SnRK1 activity (Zhang
et al., 2009; Nunes et al., 2013). Null mutants in T6P SYNTHASE 1 (TPS1)
are embryo lethal (Eastmond et al., 2002; Schluepmann et al., 2003) but
hypomorphic alleles are impaired in circadian period adjustment and
entrainment by sucrose (Gómez et al., 2010; Frank et al., 2018). Thus, a
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signalling pathway for circadian entrainment from signal to oscillator has
been defined (Frank et al., 2018). This process of modulating the phase of
the oscillator by the status of photosynthesis, for example according to light
availability, might be important to optimise rhythmic metabolism, growth,
and physiology in photoautotrophs.

3 The Arabidopsis Circadian Oscillator
3.1 Transcription–translation Feedback Loops
Since genetic screens identified timing of cab 1 (toc1)/prr1, the first circadian
clock mutant in Arabidopsis (Millar et al., 1995a), there has been enormous
progress in understanding the transcriptional feedback loops that lie at the
core of the circadian oscillator. The current model of the Arabidopsis oscillator is comprised of around 20 genes (Figure 1), which continues to expand as
more components of regulatory complexes are revealed.
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), LHY and RVE8/LHY-CCA1LIKE 5 (LCL5) are expressed around dawn and encode myb-like factors
which bind to evening elements (EE) and CCA1-binding sites (CBS), which
are cis-regulatory sequences in gene promoters, to regulate transcription
(Alabadí et al., 2001; Farinas and Mas, 2011; Rawat et al., 2011; Hsu et al.,
2013). Their targets include PRR9, PRR7, PRR5, and TOC1, which are
expressed during the day and evening, and genes encoding the EC during
the night (Alabadí et al., 2001; Hsu et al., 2013; Adams et al., 2015; Kamioka
et al., 2016). EEs and CBSs are also present in many circadian-regulated
output genes. For example, CCA1 binds to promoter regions of ca. 1300
genes in the Arabidopsis genome (Nagel et al., 2015). CCA1 and LHY act
to repress these clock genes by recruiting a corepressor, DE-ETIOLATED 1
(DET1) to EEs (Lau et al., 2011). Loss of this repression in mutants of CCA1,
LHY, and DET1 give rise to short-period phenotypes (Millar et al., 1995b;
Green and Tobin, 1999). On the other hand, RVE8 and partially redundant
homologues RVE4 and RVE6 accumulate during the afternoon and act
as an activators of EE-containing genes by recruiting co-activators, LNK1
and LNK2 (Rugnone et al., 2013; Xie et al., 2014; Ma et al., 2018). LNKs
interact with the LCL domain of RVE8 and are recruited to the promoters
of PRR5 and TOC1. LNKs, but not RVE8, interact with RNA Pol II and
the histone chaperone FACILITATES CHROMATIN TRANSCRIPTION
(FACT) complex and promote transcription initiation and elongation of
TOC1 and PRR5 (Ma et al., 2018). Association of FACT complex to TOC1
mRNA is rhythmic and closely matches TOC1 mRNA abundance (Perales,
2007). Mutants in the activating components, RVE4, RVE6, RVE8, LNK1, or
LNK2, have long-period phenotypes (Hsu et al., 2013; Rugnone et al., 2013).
The activating and repressive myb-like factors are counteractive, which is
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Figure 1 Transcriptional control of the Arabidopsis circadian oscillator. A summary of
the current model of the components contributing to transcriptional control of the
oscillator. See Section 3.1 in the main text for details. Phases of expression for each
protein (blue) are represented by their position on the circle. Overlapping genes indicate
protein interactions. Activating and repressive interactions are shown by green and red
connections, respectively. Dashed lines indicate putative interactions.

evident in the near-wild-type period of a quintuple cca1,lhy,rve4,6,8 mutant
(Shalit-kaneh et al., 2018).
PRR9, PRR7, PRR5, and TOC1 are expressed sequentially through the
day in a wave of derepression by CCA1/LHY and activation by RVE8/6/4
(Matsushika et al., 2000). These PRR proteins bind to promoters of CCA1 and
LHY to repress their expression (Nakamichi et al., 2010; Gendron et al., 2012;
Huang et al., 2012). PRR9, PRR7, and PRR5 interact with TOPLESS (TPL), a
member of the Groucho/Tup1 corepressor family, which recruits HISTONE
DEACETYLASE 6 (HDA6) to CCA1 and LHY promoters (Wang et al., 2013).
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Triple prr9,7,5 mutants are arrhythmic (Nakamichi et al., 2005) and depletion
of TPL lengthens period (Wang et al., 2013). TOC1 also binds to promoters
and represses CCA1/LHY expression (Gendron et al., 2012; Huang et al.,
2012), but it does not interact with TPL (Wang et al., 2013). Like other PRRs,
TOC1 has general repressor activity (Gendron et al., 2012) and toc1 mutants
have a short-period phenotype (Millar et al., 1995a). TOC1 interacts with
CCA1 HIKING EXPEDITION (CHE), a TCP transcription factor, which also
binds to a TCP binding site (TBS) in the CCA1 promoter and contributes to
repression (Pruneda-Paz et al., 2009).
The EC, which is active during the night, is comprised of EARLY FLOWERING 3 (ELF3), ELF4, and LUX, another myb-like factor (Nusinow et al.,
2011). Mutants in any one of these components are arrhythmic (Hicks et al.,
1996; Doyle et al., 2002; Hazen et al., 2005). Expression of ELF3, ELF4, and
LUX are repressed by CCA1/LHY and activated by RVE8/6/4 (Hazen et al.,
2005; Kikis et al., 2005; Hsu et al., 2013). The EC binds to LUX-binding sites
(LBS) in the promoter of PRR9 to repress expression during the night, as well
as the LUX promoter (Dixon et al., 2011; Helfer et al., 2011; Nusinow et al.,
2011; Herrero et al., 2012). Chromatin immunoprecipitation followed by DNA
sequencing (ChIP-Seq) identified hundreds of additional EC-binding sites in
gene promoters, including CCA1, PRR7, and GI (Ezer et al., 2017).
In addition to derepression of morning-active genes by the PRRs and
the EC, activation of CCA1 expression involves LIGHT-REGULATED WD1
(LWD1), LWD2, and at least two TCP transcription factors (Wang et al., 2011b;
Wu et al., 2008, 2016). LWD1, LWD2, TCP20, and TCP22 transcript levels peak
during the night (Wu et al., 2008, 2016) and mutants have short circadian
period (Wang et al., 2011b; Wu et al., 2016). A lwd1 lwd2 double mutant has
a strikingly short ca. 18-h period, similar to cca1 lhy double mutants (Wang
et al., 2011b). Genetic evidence suggests TCP20 and TCP22, and probably
other Class I TCPs, activate CCA1 expression in a LWD-dependent manner
(Wu et al., 2016). LWDs lack a DNA-binding domain, but LWD1 associates
with promoters of CCA1, PRR9, PRR5, and TOC1 (Wang et al., 2011b; Wu
et al., 2016). LWD1, and probably LWD2, physically interacts with TCP20
and TCP22 in nuclei and both associate with a TBS in the CCA1 promoter
(Wu et al., 2016).
There is also a role for chromatin remodelling in transcriptional activation of circadian oscillator genes. There are daily rhythms in histone
3 acetylation (H3ac) and trimethylation (H3K4me3) of clock genes. These
histone marks are associated with transcriptional activation and peak levels
coincide with maximum clock gene expression. Pharmacological inhibition
of H3K4me3 or H3ac reduced amplitude and lengthened circadian period
of gene expression (Malapeira et al., 2012). Conversely, inhibition of histone
deacetylation increased clock gene expression amplitude and delayed phase
and/or period (Perales, 2007). Inhibition of H3K4me3 with nicotinamide
lead to increased association of transcriptional repressor binding to clock
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gene promoters (Malapeira et al., 2012). Thus, these histone modifications
might contribute to activation of oscillator genes by modulating repressor
binding.
There are distinct roles of histone demethylation in activation of morning and evening expressed clock genes. JUMONJI DOMAIN CONTAINING 5
(JMJD5/JMJ30) encodes a putative histone demethylase which is coexpressed
with TOC1. Mutants have a short circadian period and might act synergistically with TOC1 in derepression of morning expressed clock genes (Jones
et al., 2010; Lu et al., 2011a). CCA1 and LHY bind to the JMJD5 promoter
and repress expression (Lu et al., 2011a), suggesting a possible feedback loop.
By contrast, LYSINE SPECIFIC DEMETHYLASE 1-LIKE 1 (LDL1) and LDL2,
another class of histone demethylase, interact with CCA1 and LHY in a complex with a histone deacetylase HDA6. hda6 ldl1 ldl2 mutants have increased
H3ac and H3K4me at the TOC1 promoter and reduced amplitude of TOC1
transcript abundance (Hung et al., 2018) consistent with a role in transcriptional activation of TOC1.
3.2 Translational Control
In contrast to the deep knowledge of the mechanisms of transcriptional
control of the circadian oscillator, our understanding of the full extent of
translational regulation of circadian clocks is currently limited, particularly
in plant cells. There are daily rhythms of ribosome transition into polysomes
with the highest rates of translation occurring during the day (Pal et al.,
2013). Microarrays of mRNA in polysomes revealed rhythms of translational
state in ca. 10–50% of detected transcripts, including numerous oscillator
genes. The phase of mRNA abundance and translation states were different
for the majority of transcripts and the phase relationships were altered in
CCA1-overexpressors and/or in continuous light (Missra et al., 2015). These
observations suggest a role for the oscillator in regulating translation of
a significant proportion of mRNAs, as well as the possibility that there is
translational control of the oscillator.
Several oscillator genes have substantial phase offsets between mRNA and
protein abundances, which might represent a contribution from translational
control. Comparisons of mRNA and protein phase estimate a 4–8 h offset for
the PRR proteins (Fujiwara et al., 2008), 3–6 h for the RVE8 (Rawat et al., 2011)
and up to 8 h for ELF3 (Nusinow et al., 2011). The precise post-transcriptional
mechanism(s) that give rise to these phase differences are unknown but a
number of mechanisms of translational control have been linked to circadian
rhythms in other organisms and might contribute to regulation of the oscillator in plants.
Codon usage is correlated with gene expression level and can affect translational efficiency. Sub-optimal codon usage in core clock genes contributes
to oscillator function by affecting translation elongation rates in Drosophila,
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Neurospora, and cyanobacteria (Xu et al., 2013; Zhou et al., 2013; Fu et al.,
2016). It seems likely that similar effects of codon bias could contribute to
oscillator gene translation in plants.
Translation of short upstream open reading frames (uORFs) within the 5′
of mRNAs can act to repress translation of the main coding ORF. Approximately 35% of Arabidopsis transcripts are estimated to contain uORFs (Von
Arnim et al., 2014). LHY mRNA contains several uORFs and is translationally
induced by light (Kim et al., 2003a). Mutants that disrupt eukaryotic initiation factor 3 h (eIF3h) are impaired in efficient translation of several uORF
containing mRNAs, including LHY (Kim et al., 2004). However, it is not yet
clear what impact this has on oscillator function.
3.3 Post-translational Control
There are a range of post-translational mechanisms that act on proteins of
the core oscillator. These affect protein maturation, subcellular localisation,
transcription factor activity, and ubiquitin-mediated proteasome degradation
(Figure 2). In addition, histone modifications contribute extensively to transcriptional control (see Section 3.1).
Several circadian oscillator proteins have been shown to move between
the nucleus and cytoplasm including ELF3 and GI. ELF4 is required to recruit
ELF3, but not LUX, to the nucleus (Herrero et al., 2012). The best-described
contribution of post-transcriptional control of the oscillator involves an F-box
E3 ubiquitin ligase ZEITLUPE (ZTL), which interacts with GI to control
light-dependent nucleocytoplasmic partitioning and targets substrates TOC1
and PRR5 for degradation.
ZTL has properties of a blue-light photoreceptor and blue light strongly
promotes its interaction with GI via a LIGHT, OXYGEN VOLTAGE (LOV)
domain (Kim et al., 2007). GI is also stabilised by sucrose, which requires
ZTL, so sugar might similarly promote the GI-ZTL interaction (Haydon
et al., 2017). GI is a co-chaperone, which in cooperation with HEAT SHOCK
PROTEIN 90 (HSP90), promotes ZTL maturation in the cytoplasm (Kim
et al., 2011; Cha et al., 2017). After dusk, GI-ZTL dissociates, GI moves
to the nucleus and mature ZTL ubiquitinates TOC1, PRR5, and CHE for
degradation (Más et al., 2003; Kiba et al., 2007; Fujiwara et al., 2008; Kim
et al., 2013; Lee et al., 2018). In the nucleus, ELF3 promotes interaction of
GI with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), another E3
ligase which is required for rhythms of GI protein (Yu et al., 2008). ZTL is
also degraded by the proteasome (Kim et al., 2003b), but the identity of
the ligase is unknown. ztl mutants have a long circadian period (Somers
et al., 2000), consistent with a role in protein turnover of oscillator proteins.
This is partially redundant with related F-box proteins FLAVIN, KELCH
REPEAT F-BOX 1 (FKF1), and LOV KELCH PROTEIN 2 (LKP2) because
ztl fkf1 lkp2 triple mutants have a further lengthened period (Baudry et al.,
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
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Figure 2 Post-translation control of the Arabidopsis circadian oscillator. A
summary of post-translational modiﬁcations of oscillator proteins. See Section 3.2 in the
main text for details. Modiﬁcations of circadian oscillator proteins (blue) that promote or
inhibit protein activity are shown by green or red connections, respectively. Protein
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2010). Conversely, mutants in UBIQUITIN SPECIFIC PROTEASE 12 (UBP12)
have a short period (Cui et al., 2013) although the substrates are unknown.
The ZTL–HSP90 complex also contributes to thermal stability of the circadian clock. Warm temperature promoted the ZTL–HSP90 interaction and
the complex associates with insoluble protein aggregates to degrade those
damaged proteins through the ubiquitin–proteasome pathway. ztl and HSP90
RNAi seedlings are hypersusceptible to heat stress with respect to growth
and robustness of transcriptional circadian rhythms (Gil et al., 2017). Thus,
this role for ZTL demonstrates another example of converging light and temperature signals in plants.
In cyanobacteria, phosphorylation state of the KaiC protein drives a
self-sustaining post-translational oscillator (Nakajima et al., 2005; Rust et al.,
2007). In Arabidopsis, there are rhythms of phosphorylation state of PRR
proteins although the specific kinases are unknown (Fujiwara et al., 2008).
PRR5 interacts with TOC1 and promotes its phosphorylation and nuclear
localisation (Wang et al., 2010). Phosphorylated TOC1 and PRR5 more
readily interact with ZTL and are targeted for degradation. Phosphorylation
of PRR3 and TOC1 also promotes their interaction to prevent interaction
with ZTL (Fujiwara et al., 2008), but this PRR3–TOC1 complex would be
restricted to shoot vasculature (Para et al., 2007). Thus, this counteractive role
of phosphorylation of TOC1 to promote both stabilisation and degradation
might reflect sequential phosphorylation events controlled by distinct
kinases or relate to tissue-specific features of the oscillator (see Section 3.5).
Phosphorylation of CCA1 by CASEIN KINASE 2 (CK2) contributes to alteration of promoter-binding activity (Sugano et al., 1998, 1999; Daniel et al.,
2004). CK2 can phosphorylate CCA1 and inhibit its binding to promoters and
thus interfere with the transcriptional repression of CCA1 target genes (Portolés and Más, 2010). CK2 is also phosphorylated preferentially in the light
(Perales et al., 2006), which reduces its kinase activity and increases its susceptibility to proteasome-degradation (Hardtke et al., 2000). Thus, the effect
of CK2 on CCA1 would be diminished during the day and promoted during
the night. A triple mutant in CK2 catalytic subunits ck alpha (cka1) cka2 cka3
has a long period, consistent with hypophosphorylation of CCA1 (Lu et al.,
2011b). Inhibition or overexpression of CK2 impairs temperature compensation of the clock, which has been attributed to effects of warm temperature on
CK2 phosphorylation and CCA1 promoter-binding (Portolés and Más, 2010).
3.4 Calcium Signalling
Calcium is a second messenger which transduces extracellular signals to regulate plant physiological and developmental processes. Environmental stimuli such as cold, salt, hormones and pathogen invasion cause Ca2+ influx from
external and internal stores to the cytoplasm, which trigger downstream signalling (Dodd et al., 2010). There are also circadian oscillations of cytosolic
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free calcium concentrations ([Ca2+ ]cyt ) (Johnson et al., 1995). These are driven
by the core oscillator (Xu et al., 2007), but also contribute to regulate the oscillator (Martí Ruiz et al., 2018). In this way, circadian Ca2+ signalling could
integrate environmental signals to the oscillator.
The precise channel(s) which drive circadian rhythms of cytosolic Ca2+ are
unknown. Nicotinamide can inhibit the synthesis of cyclic adenosine diphosphate ribose (cADPR), a Ca2+ channel agonist in animal cells. Nicotinamide
dampens circadian [Ca2+ ]cyt oscillations and lengthens transcriptional circadian rhythms (Dodd et al., 2007; Hearn et al., 2018). There are circadian
oscillations of cADPR which correlate with Ca2+ rhythms (Dodd et al., 2007)
but the cADPR-activated channel(s) in plant cells are not known.
Transcript levels of oscillator genes including CCA1 and PRR7 are regulated by cADPR (Dodd et al., 2007) and robust rhythms of CHE expression
can be driven by an artificially imposed circadian Ca2+ oscillation (Martí
Ruiz et al., 2018). Input of Ca2+ signals to the clock requires a calcium sensor
CALMODULIN-LIKE 24 (CML24) because cml24 mutants have a long
circadian period and this effect is diminished in the presence of nicotinamide
or sucrose, either of which abolish circadian Ca2+ rhythms. Mutants in CHE
or TOC1 are epistatic to cml24 (Martí Ruiz et al., 2018), pointing to a potential
feedback loop between Ca2+ and the oscillator.
3.5 Spatial Heterogeneity of Circadian Oscillators
All plant cells contain a circadian oscillator, and circadian rhythms can be
sustained in a cell-autonomous manner (Nakamichi et al., 2003). However,
there is spatial heterogeneity in the genetic architecture and behaviour of the
oscillator in different organs, tissues, and cell types. The circadian period of
rhythmic gene expression is lengthened in roots and hypocotyls compared to
leaves (James et al., 2008; Takahashi et al., 2015; Bordage et al., 2016). Circadian period is also lengthened in young leaves and the shoot apex compared
to old leaves (Takahashi et al., 2015; Kim et al., 2016).
There is also spatial heterogeneity within organs. Although circadian
period is lengthened in whole roots compared to shoots, precise imaging
and quantification of CCA1-YFP fluorescence in nuclei of young seedlings
indicates that the period of oscillations in roots tips are dramatically shorter
(Gould et al., 2018). This phenomenon might also explain the observed
rephasing of the oscillator in emerging lateral roots (Voss et al., 2015). There
is similar heterogeneity within leaves (Wenden et al., 2012). Transcriptomes
of dissected leaves and imaging of cell-type specific luciferase reporters
revealed altered phase in leaf vasculature compared to whole leaves (Endo
et al., 2014). Cell-type specific expression of aequorin suggests circadian
oscillations of cytosolic Ca2+ are derived from mesophyll cells (Martí et al.,
2013). Thus, there is variation in the circadian oscillator in different tissues
and cell types.
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This variation could be due to tissue-specific differences of oscillator
gene expression. For example, the PRR3 promoter is strongly expressed
in shoot vasculature (Para et al., 2007). Similarly, other evening-expressed
clock genes cycle more robustly in vascular cells and misexpression of
CCA1, a morning-expressed gene, in phloem companion cells damps TOC1
expression (Endo et al., 2014). Distinct PRCs to temperature have been
determined for CATALASE3 (CAT3) or CAB2 rhythms, which might be due
to the expression of CAT3, but not CAB2, in leaf epidermis (Michael et al.,
2003). Overexpression of CCA1 in epidermal cells, but not mesophyll or
vasculature, increased sensitivity of hypocotyl elongation to warm temperature (Shimizu et al., 2015), suggesting epidermal cells are required for
temperature sensing and/or growth associated with thermomorphogenesis.
Despite the spatial heterogeneity and cell autonomy of oscillators in plant
cells, there is clear evidence of coupling between cells. Spatial waves of circadian gene expression have been observed in mature leaves (Wenden et al.,
2012) and roots and shoots of young seedlings (Gould et al., 2018), which
implies localised coupling between cells. Coupling of cellular oscillators
would aid a plant to coordinate effective circadian-mediated environmental
responses. At least two waves can be detected in young seedlings, each originating at the shoot and root apex, implying a hierarchy of cell type-specific
oscillators (Gould et al., 2018). Indeed, circadian rhythms in roots of decapitated plants are specifically compromised in continuous light, suggesting a
role for a shoot-derived signal (Bordage et al., 2016). Ablation of shoot apices
led to advanced phase in leaves and damped rhythms in roots, whereas
removal of cotyledons or leaves had no effect. Micrografting of shoot apices
between genotypes demonstrated that circadian rhythms can be largely
restored in both roots and shoots by a wild-type shoot apex on a mutant
plant (Takahashi et al., 2015). The mechanisms by which neighbouring cells
are coupled, or the signals derived from shoot or root apices, are yet to be
defined.

4 Outputs of the Plant Circadian System
Since the core oscillator is comprised of a network of rhythmically expressed
transcriptional regulators, it is straightforward to understand how the circadian system drives rhythmic physiological and developmental processes.
ChIP-seq experiments have revealed the large number of direct promoter targets of oscillator proteins in the Arabidopsis genome. Over 1000 promoters
are bound by each of CCA1, PRR7, or PRR5, about 150 by PRR9, over 700 by
TOC1 or LHY and nearly 900 by LUX (Huang et al., 2012; Nakamichi et al.,
2012; Liu et al., 2013, 2016; Nagel et al., 2015; Ezer et al., 2017; Adams et al.,
2018). There are significant overlaps between target genes but also specific
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targets for each oscillator component, which would be required to generate
specific phases of expression of target genes. For example, pairwise comparisons show 15–50% overlap between PRR protein targets (Liu et al., 2016)
and about one-third of CCA1 targets are also bound by LHY (Adams et al.,
2018). In addition to direct targets, these circadian regulators will feed into
transcription factor hierarchies that have been shown to be important in environmental responses (Song et al., 2016). Thus, the basis for circadian rhythms
of over a third of the transcriptome becomes evident. Furthermore, oscillator
proteins also bind to promoters of nonrhythmic genes. For example, about
one-third of CCA1 targets (Nagel et al., 2015) and nearly half of LHY targets
are not rhythmically expressed in continuous light (Adams et al., 2018). This
might suggest the circadian clock also contributes to regulating nonrhythmic
processes. CCA1 and LHY might also regulate a number of genes that only
have detectable rhythms of expression in light-dark cycles. The latter would
imply that the contribution of the circadian clock to rhythmic expression in
light-dark cycles has been underestimated.
4.1 Phytohormone Signalling
Phytohormones modulate most aspects of growth, development, and physiology. There is evidence the circadian clock contributes to control of biosynthesis and/or signalling of most phytohormones (Thain et al., 2004; Lee et al.,
2006; Covington and Harmer, 2007; Michael et al., 2008a; Goodspeed et al.,
2012). Among these, several play a central role in mediating responses to various environmental challenges including drought, cold, salinity, pathogens,
and herbivory (Figure 3).
LHY functions prominently in the control of abscisic acid (ABA) signalling.
There is significant enrichment of abscisic acid-responsive elements (ABRE)
in promoters of genes bound by LHY but not CCA1 (Adams et al., 2018).
ABA levels peak late in the day (Lee et al., 2006; Adams et al., 2018), consistent with a role of LHY as a repressor of ABA pathways. Induction of
LHY represses ABA-related target genes and overexpression of LHY dramatically damps rhythmic accumulation of ABA under drought stress. However, rhythms of ABA levels were unaltered in lhy or LHY overexpressors
in well-watered plants. ChIP-seq did not identify LHY bound to promoters
of ABA biosynthesis genes. LHY might bind to biosynthesis gene promoters
only under stress conditions or circadian rhythms of ABA might be controlled
indirectly by LHY via a distinct oscillator component (Adams et al., 2018).
The latter is supported by a role for TOC1 in ABA-mediated responses to
drought. TOC1 binds to the promoter of a putative ABA-signalling gene,
ABA-BINDING PROTEIN/GENOMES UNCOUPLED 5 (ABAR/GUN5), and
toc1 mutants and TOC1 overexpressors have altered responses to ABA and
drought (Legnaioli et al., 2009), but it is not known if these genotypes have
altered rhythms of ABA.
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Figure 3 Phytohormones integrate environmental cues in the circadian
system. The phase of circadian-regulated levels of JA, abscisic acid (ABA), ethylene, and
salicylic acid (SA) are represented by their position on the perimeter of the circle. The
deﬁned interactions between these phytohormones, circadian oscillator components
(blue), other genes and proteins (grey), and plant responses to environment are shown.
Green and red connections represent positive and negative interactions, respectively.

There are circadian rhythms of two defence hormones, jasmonic acid
(JA) and salicylic acid (SA), which are antiphased and peak during the
day and night, respectively. Circadian rhythms of defence responses are
important for resistance to herbivory because Arabidopsis seedlings that lack
a functional oscillator, or wild-type seedlings that are grown antiphased to
an herbivorous caterpillar, have reduced herbivory resistance. This is likely
to require rhythmic JA, which triggers plant responses to wounding because
mutants in either JA biosynthesis or JA signalling lack enhanced herbivory
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resistance conferred by resonant circadian rhythms (Goodspeed et al., 2012).
Similarly, there is temporal variation in susceptibility of Arabidopsis to
the fungal pathogen Botrytis cinerea, which is lowest during the morning.
This effect is diminished in arrhythmic elf3 mutants or in mutants of JA
ZIM 6 (JAZ6), encoding a transcriptional repressor of JA-mediated defence
responses (Ingle et al., 2015).
Circadian rhythms of SA are regulated by CHE (Zheng et al., 2015). CHE
binds to the promoter of ISOCHORISMATE SYNTHASE 1 (ICS1) encoding a
key enzyme in SA biosynthesis. In che mutants, circadian rhythms of SA levels were damped but also systemic induction of SA and pathogen-triggered
defence responses were diminished revealing a crucial role for the circadian
oscillator in regulating SA-mediated defence.
Exogenous application of SA can alter expression of oscillator genes.
Long-term application of SA increased clock gene expression, whereas
short-term application reduced amplitude and delayed phase (Zhou et al.,
2015; Li et al., 2018). The latter effect was phenocopied by localised Pseudomonas syringae infection, giving rise to systemic damping and period delay
in noninfected tissues (Li et al., 2018), possibly representing a SA-mediated
effect of pathogen infection on the circadian oscillator. NONEXPRESSOR
OF PATHOGENESIS-RELATED 1 (NPR1) is a transcriptional activator of
SA-mediated immune responses and of TOC1 (Zhou et al., 2015), revealing
at least one potential mechanism by which SA adjusts the oscillator.
Leaf senescence can be triggered by both developmental and environmental cues and can be activated by JA via MYCs, a subgroup of bHLH
transcription factors. The EC acts to inhibit JA-induced leaf senescence by
directly binding to the MYC2 promoter to repress expression. Mutants in
EC genes have accelerated JA-mediated senescence, which is suppressed
in myc2 mutants, as well as precocious leaf senescence phenotypes (Zhang
et al., 2017). TIME FOR COFFEE (TIC), which interacts with the EC (Huang
et al., 2016), also contributes to regulate MYC2. TIC interacts with MYC2 and
promotes its degradation, affecting circadian rhythms of MYC2 expression
and plant responses to JA (Shin et al., 2012).
PRR9 also contributes to age- and dark-induced leaf senescence and
directly regulates ORESARA1 (ORE1), a positive regulator of ageing. prr9
mutants have delayed senescence phenotypes (Kim et al., 2018). It is not
clear if or how this pathway involves phytohormones, but ORE1 is also
regulated by ethylene signalling (Kim et al., 2009). There are circadian
rhythms of ethylene emission in Arabidopsis, with levels peaking towards
dusk (Thain et al., 2004). These are likely driven by direct PIF-mediated
repression of AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC)
SYNTHASE (ACS) genes during the night (Song et al., 2018a). Exogenous
application of ACC, an ethylene precursor, shortens circadian period and
ethylene insensitive 3 (ein3) mutants have lengthened period (Haydon et al.,
2017). Since circadian period shortens with leaf age (Kim et al., 2016), there
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might also be a role for circadian-mediated ethylene signalling in ageing and
senescence.
4.2 Rhythmic Metabolism
As photoautotrophs, plant metabolism must be tightly coordinated with
the light-dark cycle. In this way, plant metabolism is inextricably linked to
the environment. This is highlighted by the contribution of photosynthetic
metabolism to circadian entrainment (Haydon et al., 2013; Frank et al., 2018).
There is circadian regulation of net CO2 assimilation and stomatal conductance in Arabidopsis (Dodd et al., 2005). This is, in part, driven by circadian
rhythms of photosynthesis-associated transcripts, which are upregulated
before dawn and peak during the middle of the day (Harmer et al., 2000).
Photosynthetic genes are direct targets of circadian oscillator proteins.
Based on ChIP-seq data, there is enrichment of photosynthesis-related genes
specifically among targets of morning expressed components CCA1, PRR9
and PRR7, and the EC (Nagel et al., 2015; Liu et al., 2016; Ezer et al., 2017).
Consistent with this, comprehensive metabolite profiling in circadian clock
mutants revealed greater changes in primary metabolites in cca1 lhy, prr7
prr9 and elf3 mutants compared to toc1 or gi (Flis et al., 2018). Furthermore,
the contributions of CCA1, PRRs and the EC to regulation of rhythmic
metabolism are also distinct from each other because the metabolic profiles
of the mutants are starkly different, despite similar circadian phenotypes
(Nakamichi et al., 2009; Flis et al., 2018). Thus, the role of the circadian
oscillator in controlling rhythmic metabolism is complex and challenging to
decipher.
An elegant example of circadian regulation of metabolism is that of starch
metabolism. In Arabidopsis, starch is synthesised from assimilated carbon
and accumulates approximately linearly during the day. At night, starch is
degraded to sustain metabolism and growth at a rate that will utilise almost
all of the starch by dawn (Gibon et al., 2004; Lu et al., 2005). This pattern is
maintained across a range of photoperiods, even in the event of an unpredictable early onset of dusk (Graf et al., 2010; Sulpice et al., 2014). In this way,
the control of starch biosynthesis and degradation are critical to ensure that
metabolic rhythms are matched to the rhythmic environment. The circadian
system controls the timing of starch exhaustion because patterns of starch
metabolism match the period of circadian clock mutants (Graf et al., 2010;
Flis et al., 2018). However, precisely how this is achieved is unknown.
Mathematical modelling has proposed two distinct hypotheses for control of rhythmic starch metabolism. One of these models proposes two
chloroplast-localised molecules: S, which measures the amount of starch;
and T, which measures the time to dawn (Scialdone et al., 2013). The model
supposes that these molecules interact at the surface of starch granules
and approximate a division computation to calculate the rate of starch
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degradation required to nearly exhaust starch around dawn. The model
accurately predicts a range of experimental data and a possible mechanism
for S has been proposed based on phosphorylation state of starch granules.
However, there is currently no candidate for T and so the model cannot be
fully tested.
An alternative model is based on homeostatic maintenance of sucrose
levels and integrates the effect of sucrose to adjust the phase of the circadian oscillator (Seki et al., 2017). This model suggests that circadian
phase adjustment is not required to alter rates of starch degradation in
response to an unexpected early night, because this is determined by sucrose
demand. However, the model predicted that circadian phase adjustment is
required to adjust rates of starch accumulation during the day according
to photoperiod. Consistent with the model’s predictions a prr7 mutant,
which is unable to adjust phase according to sucrose, over-accumulates
starch during the day. Since circadian phase adjustment to sucrose depends
on a T6P-dependent pathway (Frank et al., 2018), which correlates closely
with sucrose concentration (Figueroa and Lunn, 2016) and regulates starch
metabolism (Martins et al., 2013), a possible mechanism for integrating these
signals into the model emerges. Nevertheless, the precise mechanism by
which starch metabolism is controlled by the clock is not yet defined and
could involve either or both of the proposed models.
Rhythmic metabolism is associated with cycles of redox states and production of reactive oxygen species (ROS). In plants, these are tightly associated
with the availability of light to drive photosynthetic metabolism. There are
circadian rhythms of H2 O2 levels in Arabidopsis, which peak during the day
and are phased similarly with catalase activity (Lai et al., 2012). There are
also circadian rhythms of the reduction–oxidation coenzymes NADPH and
NADP+ , which are antiphased (Zhou et al., 2015), and of oxidation state of
peroxiredoxins (PRX) (Edgar et al., 2012). Circadian rhythms of PRX oxidation are conserved across all kingdoms of life (Edgar et al., 2012). These can be
sustained in the absence of transcription and translation (O’Neill et al., 2011),
which supports an intriguing hypothesis that a metabolic oscillator might
have established the basis for evolution of circadian oscillators.
The oscillator directly regulates ROS pathways and ROS can affect the
state of the oscillator. CAT genes were among the earliest transcriptional
reporters for circadian rhythms in Arabidopsis (Zhong et al., 1994) and are
directly regulated by the oscillator (Michael and Mcclung, 2002). Furthermore, CCA1 binds to promoters of ROS-regulated genes and overexpression
of CCA1 attenuates their transcriptional response to superoxide production
and suppresses H2 O2 accumulation (Lai et al., 2012). Transient application of
H2 O2 can delay phase (Li et al., 2018) suggesting that ROS signals might also
regulate the oscillator. The effects of the immune signal, SA, on the oscillator
have also been attributed to redox balance and ROS signalling (Zhou et al.,
2015; Li et al., 2018). Application of SA disrupts NADPH/NADP+ balance
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(Zhou et al., 2015) but is also known to trigger extracellular ROS production
by RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) proteins. The
effects of SA on the phase of the oscillator were absent in an rbohd mutant
(Li et al., 2018) suggesting a contribution of extracellular ROS production
on circadian rhythms. Redox and ROS signals could, therefore, provide
additional mechanisms by which metabolism adjusts the circadian system.
However, since these signals can also be derived from various environmental
challenges, they are likely involved in a wider range of circadian-mediated
responses.
4.3 Gating of Environmental Responses by the Circadian Clock
The benefit of the circadian network is not only to regulate the timing of
rhythmic outputs but also to control responsiveness of circadian outputs to
stimuli according to the time of day. This important phenomenon is termed
gating. The simplest mechanism by which gating can be controlled is through
rhythmic activity of a repressor or activator. Rhythms of activity can be controlled by light or temperature, but circadian gating must be controlled by the
oscillator and, by definition, must persist in constant conditions. Examples of
stimuli that are gated by the clock are light, sugar, phytohormones, cold, and
pathogens. In many cases, circadian gating is likely achieved by direct regulation by the oscillator because core clock genes bind to the promoters of
thousands of genes in the Arabidopsis genome.
CAB2 expression is induced by pulses of light in continuous dark and
responsiveness is gated, so that the effect is limited during subjective
night and maximal during the subjective day (Millar and Kay, 1996). This
circadian control might be important to limit the response of the oscillator
to false light cues, such as moonlight. Gating of this acute response to
light requires ELF3 (McWatters et al., 2000). Induction of CAB2 by light in
etiolated elf3 mutants and ELF3 overexpressors is enhanced and suppressed,
respectively, suggesting ELF3 represses this acute response to light during
the night. These genotypes are also compromised in phase resetting as
shown by aberrant PRCs to red and blue light, particularly with respect
to phase advances during the subjective night (Covington et al., 2001).
Thus, this repressive role of ELF3 in light signalling likely contributes to
entrainment.
There is also circadian gating of phytochrome-mediated shade responses in
Arabidopsis. Induction of PHYTOCHROME INTERACTING FACTOR (PIF)
3-LIKE 1 (PIL1) expression and hypocotyl elongation by pulses of far-red light
are greatest towards dusk (Salter et al., 2003). PIL1 interacts with TOC1 and
gating is severely compromised in a toc1 mutant (Makino et al., 2002; Salter
et al., 2003).
Hypocotyl growth is promoted by temperature, a process called thermomorphogenesis. EC components have been identified as repressors of this
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PIF-mediated process (Box et al., 2015; Raschke et al., 2015; Jung et al., 2016).
But thermomorphogenesis is also gated by the clock through TOC1 and
PRR5 (Zhu et al., 2016). TOC1 and PIF4 interact and bind to an overlapping
set of promoters, including a number of confirmed thermoresponsive genes.
These target genes are least responsive to pulses of warm temperature in
the evening when TOC1 is most highly expressed and they are derepressed
in toc1 and toc1 prr5 mutants. Thus, TOC1 likely interacts with PIF4 to
inhibit activation of target genes in the evening to gate thermoresponsive
growth.
There is circadian gating of responses to phytohormones, including ABA
(Legnaioli et al., 2009). Exogenous ABA induces TOC1 expression in the
evening and this requires ABAR. Since TOC1 directly regulates ABAR,
this suggests a feedback loop. Stomatal closure in TOC1 RNAi plants is
hyperresponsive to ABA and these lines are tolerant to dehydration, which
is consistent with gating of ABA responses late in the day by TOC1.
There is circadian gating of defence responses of Arabidopsis to bacterial
and fungal pathogens. Susceptibility of Arabidopsis to P. syringae, B. cinerea,
or Hyaloperonospora arabidopsidis (downy mildew) is greater at subjective
dusk than subjective dawn (Bhardwaj et al., 2011; Wang et al., 2011a; Ingle
et al., 2015). Gating of immune responses to downy mildew requires CCA1.
Promoters of transcripts regulated by downy mildew infection are enriched
for EEs and mutants in CCA1, but not LHY, have reduced susceptibility to infection at dawn but not at dusk (Wang et al., 2011a). Gating of
susceptibility to B. cinerea might depend directly on rhythmic JA signals
because temporal variation is diminished in a jaz6 mutant (Ingle et al.,
2015).

5 Conclusion
The circadian system is complex. This complexity is crucial to integrate environmental cues into coherent physiological and developmental responses
that enhance fitness. Exponential progress is being made to understand
the mechanisms by which environmental signals are incorporated into the
circadian system. Yet there are many questions about how diverse signals
converge on the oscillator and are ultimately decoded. This is particularly
important as we transfer experimental systems into the context of real
environments rather than controlled laboratory conditions (Annunziata
et al., 2017; Song et al., 2018b). Finally, although circadian traits have been
frequently selected for (or against) in domestication and breeding of many
of our staple crops (Bendix et al., 2015), there is an urgent need to accelerate
the transfer of our deepening knowledge of the circadian system into the
field.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

21

M.J. Haydon et al.

Acknowledgements
We are grateful for financial support from the University of Melbourne.

Related Articles
The Plant Circadian Clock: Review of a Clockwork Arabidopsis
Pseudo-Response Regulator Genes ‘Tell’ the Time of Day: Multiple Feedbacks
in the Circadian System of Higher Plants
Multiple and Slave Oscillators
Entrainment of the Circadian Clock
Circadian Regulation of Global Gene Expression and Metabolism
Photoperiodic Responses and the Regulation of Flowering
Circadian Regulation of Ca2+ Signalling
The Circadian Clock in CAM Plants
Clock Evolution and Adaptation: Whence and Whither?
Cell Cycle and Environmental Stresses
Circadian Regulation of Plant Growth

References
Adams, S., Manfield, I., Stockley, P., and Carré, I.A. (2015). Revised morning loops of
the Arabidopsis circadian clock based on analyses of direct regulatory interactions.
PLoS One 1: e0143943.
Adams, S., Grundy, J., Veflingstad, S.R. et al. (2018). Circadian control of abscisic acid
biosynthesis and signalling pathways revealed by genome-wide analysis of LHY
binding targets. The New Phytologist 220: 893–907.
Alabadí, D., Oyama, T., Yanovsky, M.J. et al. (2001). Reciprocal regulation between
TOC1 and LHY/CCA1 within the Arabidopsis circadian clock. Science 293 (80):
880–883.
Annunziata, M.G., Apelt, F., Carillo, P. et al. (2017). Getting back to nature: a reality
check for experiments in controlled environments. Journal of Experimental Botany 68:
4463–4477.
Baudry, A., Ito, S., Song, Y.H. et al. (2010). F-box proteins FKF1 and LKP2 act in concert
with ZEITLUPE to control Arabidopsis clock progression. Plant Cell 22: 606–622.
Beales, J., Turner, A., Gri, S. et al. (2007). A pseudo-response regulator is misexpressed
in the photoperiod insensitive Ppd-D1a mutant of wheat (Triticum aestivum L.). Theoretical and Applied Genetics 115 (5): 721–733.
Bendix, C., Marshall, C.M., and Harmon, F.G. (2015). Circadian clock genes universally control key agricultural traits. Molecular Plant 8: 1135–1152.
Bhardwaj, V., Meier, S., Petersen, L.N. et al. (2011). Defence responses of Arabidopsis
thaliana to infection by Pseudomonas syringae are regulated by the circadian clock.
PLoS One 6: e26968.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

22

Temporal Control of Plant–Environment Interactions by the Circadian Clock

Bordage, S., Sullivan, S., Laird, J. et al. (2016). Organ specificity in the plant circadian
system is explained by different light inputs to the shoot and root clocks. The New
Phytologist 212: 136–149.
Box, M.S., Huang, B.E., Domijan, M. et al. (2015). Report ELF3 controls thermoresponsive growth in Arabidopsis. Current Biology 25: 194–199.
Calixto, C.P.G., Waugh, R., and Brown, J.W.S. (2015). Evolutionary relationships
among barley and Arabidopsis core circadian clock and clock-associated genes.
Journal of Molecular Evolution 80: 108–119.
Campoli, C., Pankin, A., Drosse, B. et al. (2013). HvLUX1 is a candidate gene underlying the early maturity 10 locus in barley: phylogeny, diversity, and interactions
with the circadian clock and photoperiodic pathways. The New Phytologist 199 (4):
1045–1059.
Cha, J., Kim, J., Kim, T. et al. (2017). GIGANTEA is a co-chaperone which facilitates
circadian clock. Nature Communications 8: 3.
Covington, M.F. and Harmer, S.L. (2007). The circadian clock regulates auxin signaling
and responses in Arabidopsis. PLoS Biology 5: 1773–1784.
Covington, M.F., Panda, S., Liu, X.L. et al. (2001). ELF3 modulates resetting of the
circadian clock in Arabidopsis. Plant Cell 13: 1305–1315.
Cui, X., Lu, F., Li, Y. et al. (2013). Ubiquitin-specific proteases UBP12 and UBP13 act in
circadian clock and photoperiodic flowering in Arabidopsis. Plant Physiology 162:
897–906.
Daniel, X., Sugano, S., and Tobin, E.M. (2004). CK2 phosphorylation of CCA1 is necessary for its circadian oscillator function in Arabidopsis. Proceedings of the National
Academy of Sciences of the United States of America 101: 3292–3297.
Dixon, L.E., Knox, K., Kozma-Bognar, L. et al. (2011). Temporal repression of core circadian genes is mediated through EARLY FLOWERING 3 in Arabidopsis. Current
Biology 21: 120–125.
Dodd, A.N., Salathia, N., Hall, A. et al. (2005). Plant circadian clocks increase photosynthesis, growth, survival, and competitive advantage. Science 309: 630–633.
Dodd, A., Gardner, M., Hotta, C. et al. (2007). The Arabidopsis circadian clock incorporates a cADPR-based feedback loop. Science 318: 1789–1792.
Dodd, A.N., Kudla, J., and Sanders, D. (2010). The language of calcium signaling.
Annual Review of Plant Biology 61: 593–620.
Doyle, M.R., Davis, S.J., Bastow, R.M. et al. (2002). The ELF4 gene controls circadian
rhythms and flowering time in Arabidopsis thaliana. Nature 419: 74–77.
Eastmond, P.J., Van Dijken, A.J.H., Spielman, M. et al. (2002). Trehalose-6-phosphate
synthase 1, which catalyses the first step in trehalose synthesis, is essential for Arabidopsis embryo maturation. The Plant Journal 29: 225–235.
Edgar, R., Green, E., Zhao, Y. et al. (2012). Peroxiredoxins are conserved markers of
circadian rhythms. Nature 485: 459–464.
Emanuelle, S., Hossain, M.I., Moller, I.E. et al. (2015). SnRK1 from Arabidopsis thaliana
is an atypical AMPK. The Plant Journal 82: 183–192.
Endo, M., Shimizu, H., Nohales, M.A. et al. (2014). Tissue-specific clocks in Arabidopsis show asymmetric coupling. Nature 515: 419–422.
Ezer, D., Jung, J., Lan, H. et al. (2017). The evening complex coordinates environmental
and endogenous signals in Arabidopsis. Nature Plants 3: 17087.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

23

M.J. Haydon et al.

Farinas, B. and Mas, P. (2011). Functional implication of the MYB transcription factor RVE8/LCL5 in the circadian control of histone acetylation. The Plant Journal 66:
318–329.
Faure, S., Turner, A.S., Gruszka, D. et al. (2012). Mutation at the circadian clock gene
EARLY MATURITY 8 adapts domesticated barley (Hordeum vulgare) to short growing seasons. Proceedings of the National Academy of Sciences 109: 2–7.
Figueroa, C.M. and Lunn, J.E. (2016). A tale of two sugars: trehalose 6-phosphate and
sucrose. Plant Physiology 172: 7–27.
Flis, A., Mengin, V., Ivakov, A.A. et al. (2018). Multiple circadian clock outputs regulate diel turnover of carbon and nitrogen reserves keywords. Plant, Cell & Environment. doi: 10.1111/pce.13440.
Frank, A., Matiolli, C.C., Viana, J.C. et al. (2018). Circadian entrainment in Arabidopsis
by the sugar-responsive transcription factor bZIP63. Current Biology 28: 2597–2606.
Fu, J., Murphy, K.A., Zhou, M. et al. (2016). Codon usage affects the structure and
function of the Drosophila circadian clock protein PERIOD. Genes & Development
30: 1761–1775.
Fujiwara, S., Wang, L., Han, L. et al. (2008). Post-translational regulation of the
Arabidopsis circadian clock through selective proteolysis and phosphorylation
of pseudo-response regulator proteins. The Journal of Biological Chemistry 283:
23073–23083.
Gendron, J.M., Pruneda-Paz, J.L., Doherty, C.J. et al. (2012). Arabidopsis circadian
clock protein, TOC1, is a DNA-binding transcription factor. Proceedings of the
National Academy of Sciences 109: 3167–3172.
Gibon, Y., Bläsing, O.E., Palacios-Rojas, N. et al. (2004). Adjustment of diurnal
starch turnover to short days: depletion of sugar during the night leads to a
temporary inhibition of carbohydrate utilization, accumulation of sugars and
post-translational activation of ADP-glucose pyrophosphorylase in the following
light period. The Plant Journal 39: 847–862.
Gil, K., Kim, W., Lee, H. et al. (2017). ZEITLUPE contributes to a thermoresponsive
protein quality control system in Arabidopsis. Plant Cell 29: 2882–2894.
Gómez, L.D., Gilday, A., Feil, R. et al. (2010). AtTPS1-mediated trehalose 6-phosphate
synthesis is essential for embryogenic and vegetative growth and responsiveness
to ABA in germinating seeds and stomatal guard cells. The Plant Journal 64: 1–13.
Goodspeed, D., Chehab, E.W., Min-Venditti, A. et al. (2012). Arabidopsis synchronizes jasmonate-mediated defense with insect circadian behavior. Proceedings of the
National Academy of Sciences of the United States of America 109: 4674–4677.
Gould, P.D., Locke, J.C.W., Larue, C. et al. (2006). The molecular basis of temperature
compensation in the Arabidopsis circadian clock. Plant Cell 18: 1177–1187.
Gould, P.D., Ugarte, N., Domijan, M. et al. (2013). Network balance via CRY signalling
controls the Arabidopsis circadian clock over ambient temperatures. Molecular Systems Biology 9: 650.
Gould, P.D., Domijan, M., Greenwood, M. et al. (2018). Coordination of robust single
cell rhythms in the Arabidopsis circadian clock via spatial waves of gene expression. eLife 7: e31700.
Graf, A., Schlereth, A., Stitt, M., and Smith, A.M. (2010). Circadian control of carbohydrate availability for growth in Arabidopsis plants at night. Proceedings of the
National Academy of Sciences of the United States of America 107: 9458–9463.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

24

Temporal Control of Plant–Environment Interactions by the Circadian Clock

Green, R. and Tobin, E.M. (1999). Loss of the circadian clock-associated protein 1 in
Arabidopsis results in altered clock-regulated gene expression. Proceedings of the
National Academy of Sciences of the United States of America 96: 4176–4179.
Greenham, K., Lou, P., Puzey, J.R. et al. (2017). Geographic variation of plant circadian
clock function in natural and agricultural settings. Journal of Biological Rhythms 32:
26–34.
Hardtke, C.S., Gohda, K., Osterlund, M.T. et al. (2000). HY5 stability and activity in
Arabidopsis is regulated by phosphorylation in its COP1 binding domain. The
EMBO Journal 19: 4997–5006.
Harmer, S.L., Hogenesch, J.B., Straume, M. et al. (2000). Orchestrated transcription of
key pathways in Arabidopsis by the circadian clock. Science 290: 2110–2113.
Haydon, M.J., Mielczarek, O., Robertson, F.C. et al. (2013). Photosynthetic entrainment
of the Arabidopsis thaliana circadian clock. Nature 502: 689–692.
Haydon, M.J., Román, Á., and Arshad, W. (2015). Nutrient homeostasis within the
plant circadian network. Frontiers in Plant Science 6: 299.
Haydon, M.J., Mielzcarek, O., Frank, A. et al. (2017). Sucrose and ethylene signaling
interact to modulate the circadian clock. Plant Physiology 175: 947–958.
Hazen, S.P., Schultz, T.F., Pruneda-Paz, J.L. et al. (2005). LUX ARRHYTHMO encodes
a Myb domain protein essential for circadian rhythms. Proceedings of the National
Academy of Sciences of the United States of America 102: 10387–10392.
Hearn, T.J., Marti Ruiz, M.C., Abdul-awal, S.M. et al. (2018). BIG regulates dynamic
adjustment of circadian period in Arabidopsis. Plant Physiology 178: 358–371.
Helfer, A., Nusinow, D.A., Chow, B.Y. et al. (2011). LUX ARRHYTHMO encodes a
nighttime repressor of circadian gene expression in the Arabidopsis core clock. Current Biology 21: 126–133.
Herrero, E., Kolmos, E., Bujdoso, N. et al. (2012). EARLY FLOWERING4 recruitment
of EARLY FLOWERING3 in the nucleus sustains the Arabidopsis circadian clock.
Plant Cell 24: 428–443.
Hicks, K.A., Millar, A.J., Carré, I.A. et al. (1996). Conditional circadian dysfunction of
the Arabidopsis early-flowering 3 mutant. Science 274: 790–792.
Hsu, P.Y., Devisetty, U.K., and Harmer, S.L. (2013). Accurate timekeeping is controlled
by a cycling activator in Arabidopsis. eLife 2: e00473.
Hu, W., Franklin, K.A., Sharrock, R.A. et al. (2013). Unanticipated regulatory roles
for Arabidopsis phytochromes revealed by null mutant analysis. Proceedings of the
National Academy of Sciences of the United States of America 110: 1542–1547.
Huang, W., Perez-Garcia, P., Pokhilko, A. et al. (2012). Mapping the core of the Arabidopsis circadian clock defines the network structure of the oscillator. Science 336:
75–79.
Huang, H., Alvarez, S., Bindbeutel, R. et al. (2016). Identification of evening complex
associated proteins in Arabidopsis by affinity purification and mass spectrometry.
Molecular & Cellular Proteomics 15: 201–217.
Hung, F., Chen, F., Li, C. et al. (2018). The Arabidopsis LDL1/2-HDA6 histone modification complex is functionally associated with CCA1/LHY in regulation of circadian clock genes. Nucleic Acids Research. doi: 10.1093/nar/gky749.
Hurley, J.M., Loros, J.J., and Dunlap, J.C. (2016). Circadian oscillators: around the transcription – translation feedback loop and on to output. Trends in Biochemical Sciences
41: 834–846.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

25

M.J. Haydon et al.

Ingle, R.A., Stoker, C., Stone, W. et al. (2015). Jasmonate signalling drives time-of-day
differences in susceptibility of Arabidopsis to the fungal pathogen Botrytis cinerea.
The Plant Journal 84: 937–948.
James, A.B., Monreal, J.A., Nimmo, G.A. et al. (2008). The circadian clock in Arabidopsis roots is a simplified slave version of the clock in shoots. Science 322: 1832–1835.
Johnson, C.H., Knight, M.R., Kondo, T. et al. (1995). Circadian oscillations of cytosolic
and chloroplastic free calcium in plants. Science 269: 1863–1865.
Jones, M.A., Covington, M.F., Ditacchio, L. et al. (2010). Jumonji domain protein JMJD5
functions in both the plant and human circadian systems. Proceedings of the National
Academy of Sciences of the United States of America 107: 21623–21628.
Jung, J., Domijan, M., Klose, C. et al. (2016). Phytochromes function as thermosensors
in Arabidopsis. Science 354: 886–889.
Kamioka, M., Takao, S., Suzuki, T. et al. (2016). Direct repression of evening genes by
CIRCADIAN CLOCK-ASSOCIATED1 in the Arabidopsis circadian clock. Plant Cell
28: 696–711.
Kiba, T., Henriques, R., Sakakibara, H., and Chua, N.-H. (2007). Targeted degradation
of PSEUDO-RESPONSE REGULATOR5 by an SCFZTL complex regulates clock
function and photomorphogenesis in Arabidopsis thaliana. Plant Cell 19: 2516–2530.
Kikis, E.A., Khanna, R., and Quail, P.H. (2005). ELF4 is a phytochrome-regulated component of a negative-feedback loop involving the central oscillator components
CCA1 and LHY. The Plant Journal 44: 300–313.
Kim, J., Song, H., Taylor, B.L., and Carre, I.A. (2003a). Light-regulated translation
mediates gated induction of the Arabidopsis clock protein LHY. The EMBO Journal
22: 935–944.
Kim, W.-Y., Geng, R., and Somers, D.E. (2003b). Circadian phase-specific degradation
of the F-box protein ZTL is mediated by the proteasome. Proceedings of the National
Academy of Sciences of the United States of America 100: 4933–4938.
Kim, T., Kim, B., Yahalom, A. et al. (2004). Translational regulation via 5′ mRNA leader
sequences revealed by mutational analysis of the Arabidopsis translation initiation
factor subunit eIF3h. Plant Cell 16: 3341–3356.
Kim, W.-Y., Fujiwara, S., Suh, S.-S. et al. (2007). ZEITLUPE is a circadian photoreceptor
stabilized by GIGANTEA in blue light. Nature 449: 356–360.
Kim, J.H., Woo, H.R., Kim, J. et al. (2009). Trifurcate feed-forward regulation of
age-dependent cell death involving miR164 in Arabidopsis. Science 323: 1053–1058.
Kim, T.-s., Kim, W.Y., Fujiwara, S. et al. (2011). HSP90 functions in the circadian
clock through stabilization of the client F-box protein ZEITLUPE. Proceedings of the
National Academy of Sciences 108: 16843–16848.
Kim, J., Geng, R., Gallenstein, R.A., and Somers, D.E. (2013). The F-box protein
ZEITLUPE controls stability and nucleocytoplasmic partitioning of GIGANTEA.
Development 140: 4060–4069.
Kim, H., Kim, Y., Yeom, M. et al. (2016). Age-associated circadian period changes in
Arabidopsis leaves. Journal of Experimental Botany 67: 2665–2673.
Kim, H., Jung, H., Thi, Q. et al. (2018). Circadian control of ORE1 by PRR9 positively
regulates leaf senescence in Arabidopsis. Proceedings of the National Academy of Sciences 115: 8448–8453.
Koo, B., Yoo, S., Park, J. et al. (2013). Natural variation in OsPRR37 regulates heading
date and contributes to rice cultivation at a wide range of latitudes. Molecular Plant
6: 1877–1888.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

26

Temporal Control of Plant–Environment Interactions by the Circadian Clock

Lai, A.G., Doherty, C.J., Mueller-Roeber, B. et al. (2012). CIRCADIAN CLOCK-ASSOCIATED 1 regulates ROS homeostasis and oxidative stress responses. Proceedings of
the National Academy of Sciences 109: 17129–17134.
Lau, O.S., Huang, X., Charron, J.B. et al. (2011). Interaction of Arabidopsis DET1 with
CCA1 and LHY in mediating transcriptional repression in the plant circadian clock.
Molecular Cell 43: 703–712.
Lee, K.H., Piao, H.L., Kim, H. et al. (2006). Activation of glucosidase via stress-induced
polymerization rapidly increases active pools of abscisic acid. Cell 126: 1109–1120.
Lee, C., Feke, A., Li, M. et al. (2018). Decoys untangle complicated redundancy
and reveal targets of circadian clock F-box proteins. Plant Physiology. doi:
10.1104/pp.18.00331.
Legnaioli, T., Cuevas, J., and Mas, P. (2009). TOC1 functions as a molecular switch
connecting the circadian clock with plant responses to drought. The EMBO Journal
28: 3745–3757.
Legris, M., Klose, C., Burgie, E.S. et al. (2016). Phytochrome B integrates light and
temperature signals in Arabidopsis. Science 354: 897–900.
Li, Z., Bonaldi, K., Uribe, F. et al. (2018). A localized Pseudomonas syringae infection
triggers systemic clock responses in Arabidopsis. Current Biology 28: 630–639.e4.
Linde, A., Eklund, D.M., Kubota, A. et al. (2017). Early evolution of the land plant
circadian clock. The New Phytologist 216: 576–590.
Liu, T., Carlsson, J., Takeuchi, T. et al. (2013). Direct regulation of abiotic responses by
the Arabidopsis circadian clock component PRR7. The Plant Journal 76: 101–114.
Liu, T.L., Newton, L., Liu, M. et al. (2016). A G-lox-like motif is necessary for transcriptional regulation by circadian pseudo-response regulators in Arabidopsis. Plant Cell
170: 528–539.
Lou, P., Wu, J., Cheng, F. et al. (2012). Preferential retention of circadian clock genes
during diploidization following whole genome triplication in Brassica rapa. Plant
Cell 24: 2415–2426.
Lu, Y., Gehan, J.P., and Sharkey, T.D. (2005). Daylength and circadian effects on starch
degradation and maltose metabolism. Plant Physiology 138: 2280–2291.
Lu, S.X., Knowles, S.M., Webb, C.J. et al. (2011a). The Jumonji C domain-containing
protein JMJ30 regulates period length in the Arabidopsis circadian clock. Plant
Phsyiology 155: 906–915.
Lu, S.X., Liu, H., Knowles, S.M. et al. (2011b). A role for protein kinase casein kinase2
α-subunits in the Arabidopsis circadian clock. Plant Physiology 157: 1537–1545.
Ma, D., Li, X., Guo, Y. et al. (2016). Cryptochrome 1 interacts with PIF4 to regulate high
temperature-mediated hypocotyl elongation in response to blue light. Proceedings
of the National Academy of Sciences of the United States of America 113: 224–229.
Ma, Y., Gil, S., Grasser, K.D., and Mas, P. (2018). Targeted recruitment of the basal transcriptional machinery by LNK clock components controls the circadian rhythms of
nascent RNAs in Arabidopsis. Plant Cell 30: 907–924.
Mair, A., Pedrotti, L., Wurzinger, B. et al. (2015). SnRK1-triggered switch of bZIP63
dimerization mediates the low-energy response in plants. eLife 4: 1–33.
Makino, S., Matsushika, A., Kojima, M. et al. (2002). The APRR1/TOC1 quintet
implicated in circadian rhythms of Arabidopsis thaliana: I. Characterization with
APRR1-overexpressing plants. Plant & Cell Physiology 43: 58–69.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

27

M.J. Haydon et al.

Malapeira, J., Khaitova, L.C., and Mas, P. (2012). Ordered changes in histone modifications at the core of the Arabidopsis circadian clock. Proceedings of the National
Academy of Sciences of the United States of America 109: 21540–21545.
Martí Ruiz, M.C., Hubbard, K.E., Gardner, M.J. et al. (2018). Circadian oscillations of
cytosolic free calcium regulate the Arabidopsis circadian clock María. Nature Plants
4: 690–698.
Martí, M.C., Stancombe, M.A., and Webb, A.A.R. (2013). Cell- and stimulus
type-specific intracellular free Ca2+ signals in Arabidopsos. Plant Physiology 163:
625–634.
Martins, M.C.M., Hejazi, M., Fettke, J. et al. (2013). Feedback inhibition of starch degradation in Arabidopsis leaves mediated by trehalose 6-phosphate. Plant Physiology
163: 1142–1163.
Más, P., Kim, W.-Y., Somers, D.E., and Kay, S.A. (2003). Targeted degradation of TOC1
by ZTL modulates circadian function in Arabidopsis thaliana. Nature 426: 567–570.
Matsushika, A., Makino, S., Kojima, M., and Mizuno, T. (2000). Circadian waves
of expression of the APRR1/TOC1 family of pseudo-response regulators in
Arabidopsis thaliana: insight into the plant circadian clock. Plant & Cell Physiology
41: 1002–1012.
McWatters, H.G., Bastow, R.M., Hall, A., and Millar, A.J. (2000). The ELF3 zeitnehmer
regulates light signalling to the circadian clock. Nature 408: 716–720.
Michael, T.P. and Mcclung, C.R. (2002). Phase-specific circadian clock regulatory elements in Arabidopsis. Plant Physiology 130: 627–638.
Michael, T.P., Salomé, P.A., and McClung, C.R. (2003). Two Arabidopsis circadian
oscillators can be distinguished by differential temperature sensitivity. Proceedings
of the National Academy of Sciences of the United States of America 100: 6878–6883.
Michael, T.P., Breton, G., Hazen, S.P. et al. (2008a). A morning-specific phytohormone
gene expression program underlying ehythmic elant growth. PLoS Biology 6: e225.
Michael, T.P., Mockler, T.C., Breton, G. et al. (2008b). Network discovery pipeline elucidates conserved time-of-day-specific cis-regulatory modules. PLoS Genetics 4: e14.
Millar, A.J. and Kay, S.A. (1996). Integration of circadian and phototransduction pathways in the network controlling CAB gene transcription in Arabidopsis. Proceedings
of the National Academy of Sciences of the United States of America 93: 15491–15496.
Millar, A.J., Carré, I.A., Strayer, C.A. et al. (1995a). Circadian clock mutants in Arabidopsis identified by luciferase imaging. Science 267: 1161–1163.
Millar, A.J., Straume, M., Chory, J. et al. (1995b). The regulation of circadian period by
phototransduction pathways in Arabidopsis. Science 267: 1163–1166.
Missra, A., Ernest, B., Lohoff, T. et al. (2015). The circadian clock modulates global
daily cycles of mRNA ribosome loading. Plant Cell 27: 2582–2599.
Nagel, D.H., Doherty, C.J., Pruneda-Paz, J.L. et al. (2015). Genome-wide identification
of CCA1 targets uncovers an expanded clock network in Arabidopsis. Proceedings of
the National Academy of Sciences 112: E4802–E4810.
Nakajima, M., Imai, K., Ito, H., and Nishiwaki, T. (2005). Reconstitution of circadian
oscillation of cyanobacterial KaiC phosphorylation in vitro. Science 308: 414–416.
Nakamichi, N., Matsushika, A., Yamashino, T., and Mizuno, T. (2003). Cell
autonomous circadian waves of the APRR1/TOC1 quintet in an established cell
line of Arabidopsis thaliana cell autonomous circadian waves of the APRR1/TOC1
quintet in an established cell line of Arabidopsis thaliana. Plant & Cell Physiology 44:
360–365.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

28

Temporal Control of Plant–Environment Interactions by the Circadian Clock

Nakamichi, N., Kita, M., Ito, S. et al. (2005). PSEUDO-RESPONSE REGULATORS,
PRR9, PRR7 and PRR5, together play essential roles close to the circadian clock
of Arabidopsis thaliana. Plant & Cell Physiology 46: 686–698.
Nakamichi, N., Kusano, M., Fukushima, A. et al. (2009). Transcript profiling of an
arabidopsis PSEUDO RESPONSE REGULATOR arrhythmic triple mutant reveals
a role for the circadian clock in cold ctress response. Plant & Cell Physiology 50:
447–462.
Nakamichi, N., Kiba, T., Henriques, R. et al. (2010). PSEUDO-RESPONSE REGULATORS 9, 7, and 5 are transcriptional repressors in the Arabidopsis circadian clock.
Plant Cell 22: 594–605.
Nakamichi, N., Kiba, T., Kamioka, M. et al. (2012). Transcriptional repressor PRR5
directly regulates clock-output pathways. Proceedings of the National Academy of Sciences 109: 17123–17128.
Nunes, C., Hara, L.E.O., Primavesi, L.F. et al. (2013). The trehalose-6-phosphate/SnRK1
signaling pathway primes growth recovery following relief of sink limitation.
Plant Phsyiology 162: 1720–1732.
Nusinow, D.A., Helfer, A., Hamilton, E.E. et al. (2011). The ELF4–ELF3–LUX complex links the circadian clock to diurnal control of hypocotyl growth. Nature 475:
398–402.
O’Neill, J.S., van Ooijen, G., Dixon, L.E. et al. (2011). Circadian rhythms persist without
transcription in a eukaryote. Nature 469: 554–558.
Ohara, T., Hearn, T.J., Webb, A.A.R., and Satake, A. (2018). Gene regulatory network
models in response to sugars in the plant circadian system. Journal of Theoretical
Biology 457: 137–151.
Pal, S.K., Liput, M., Piques, M. et al. (2013). Diurnal changes of polysome loading
track sucrose content in the rosette of wild-type Arabidopsis and the starchless pgm
mutant. Plant Physiology 162: 1246–1265.
Para, A., Farré, E.M., Imaizumi, T. et al. (2007). PRR3 is a vascular regulator of TOC1
stability in the Arabidopsis circadian clock. Plant Cell 19: 3462–3473.
Park, Y., Lee, H., Ha, J. et al. (2017). COP1 conveys warm temperature information to
hypocotyl thermomorphogenesis. The New Phytologist 215: 269–280.
Pedmale, U.V., Huang, S.C., Zander, M. et al. (2016). Cryptochromes interact directly
with PIFs to control plant growth in limiting blue light. Cell 164: 233–245.
Perales, M. (2007). A functional link between rhythmic changes in chromatin structure
and the Arabidopsis biological clock. Plant Cell 19: 2111–2123.
Perales, M., Portolés, S., and Mas, P. (2006). The proteasome-dependent degradation of
CKB4 is regulated by the Arabidopsis biological clock. The Plant Journal 46: 849–860.
Pittendrigh, C.S. (1960). Circadian rhythms and the circadian organization of living
systems. Cold Spring Harbor Symposia on Quantitative Biology 25: 159–184.
Portolés, S. and Más, P. (2010). The functional interplay between protein kinase CK2
and cca1 transcriptional activity is essential for clock temperature compensation in
Arabidopsis. PLoS Genetics 6: e1001201.
Pruneda-Paz, J.L., Breton, G., Para, A., and Kay, S.A. (2009). A functional genomics
approach reveals CHE as a component of the Arabidopsis circadian clock. Science
583: 1481–1486.
Raschke, A., Ibañez, C., Ullrich, K.K. et al. (2015). Natural variants of ELF3 affect
thermomorphogenesis by transcriptionally modulating PIF4-dependent auxin
response genes. BMC Plant Biology 15: 197.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

29

M.J. Haydon et al.

Rawat, R., Takahashi, N., Hsu, P.Y. et al. (2011). REVEILLE8 and PSEUDO-REPONSE
REGULATOR5 form a negative feedback loop within the Arabidopsis circadian
clock. PLoS Genetics 7: e1001350.
Rugnone, M.L., Faigón Soverna, A., Sanchez, S.E. et al. (2013). LNK genes integrate
light and clock signaling networks at the core of the Arabidopsis oscillator. Proceedings of the National Academy of Sciences of the United States of America 110: 12120–12125.
Rust, M.J., Markson, J.S., Lane, W.S. et al. (2007). Ordered phosphorylation governs
oscillation of a three-protein circadian clock. Science 318: 809–813.
Salomé, P.A. and McClung, C.R. (2005). PSEUDO-RESPONSE REGULATOR 7 and 9
are partially redundant genes essential for the temperature responsiveness of the
Arabidopsis circadian clock. Plant Cell 17: 791–803.
Salomé, P.A., Weigel, D., and McClung, C.R. (2010). The role of the Arabidopsis morning loop components CCA1, LHY, PRR7, and PRR9 in temperature compensation.
Plant Cell 22: 3650–3661.
Salter, M.G., Franklin, K.A., and Whitelam, G.C. (2003). Gating of the rapid
shade-avoidance response by the circadian clock in plants. Nature 426: 680–683.
Schluepmann, H., Pellny, T., van Dijken, A. et al. (2003). Trehalose 6-phosphate is
indispensable for carbohydrate utilization and growth in Arabidopsis thaliana.
Proceedings of the National Academy of Sciences of the United States of America 100:
6849–6854.
Scialdone, A., Mugford, S.T., Feike, D. et al. (2013). Arabidopsis plants perform arithmetic division to prevent starvation at night. eLife 2013: 1–24.
Seki, M., Ohara, T., Hearn, T.J. et al. (2017). Adjustment of the Arabidopsis circadian
oscillator by sugar signalling dictates the regulation of starch metabolism. Scientific
Reports 7: 8305.
Shalit-kaneh, A., Kumimoto, R.W., Filkov, V., and Harmer, S.L. (2018). Multiple feedback loops of the Arabidopsis circadian clock provide rhythmic robustness across
environmental conditions. Proceedings of the National Academy of Sciences of the United
States of America 115: 7147–7152.
Shimizu, H., Katayama, K., Koto, T. et al. (2015). Decentralized circadian clocks process thermal and photoperiodic cues in specific tissues. Nature Plants 1: 15163.
Shin, J., Heidrich, K., Sanchez-Villarreal, A. et al. (2012). TIME FOR COFFEE represses
accumulation of the MYC2 transcription factor to provide time-of-day regulation
of jasmonate signaling in Arabidopsis. Plant Cell 24: 2470–2482.
Somers, D.E., Devlin, P.F., and Kay, S.A. (1998). Phytochromes and cryptochromes in
the entrainment of the Arabidopsis circadian clock. Science 282: 1488–1490.
Somers, D.E., Schultz, T.F., Milnamow, M., and Kay, S.A. (2000). ZEITLUPE encodes
a novel clock-associated PAS protein from Arabidopsis. Cell 101: 319–329.
Song, L., Huang, S.C., Wise, A. et al. (2016). A transcription factor hierarchy defines
an environmental stress response network. Science 354: aag1550.
Song, Q., Ando, A., Xu, D. et al. (2018a). Diurnal down-regulation of ethylene biosynthesis mediates biomass heterosis. Proceedings of the National Academy of Sciences of
the United States of America. doi: 10.1073/pnas.1722068115.
Song, Y.H., Kubota, A., Kwon, M.S. et al. (2018b). Molecular basis of flowering under
natural long-day conditions in Arabidopsis. Nature Plants 4: 824–835.
Sugano, S., Andronis, C., Green, R.M. et al. (1998). Protein kinase CK2 interacts with
and phosphorylates the Arabidopsis circadian clock-associated 1 protein. Proceedings of the National Academy of Sciences of the United States of America 95: 11020–11025.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

30

Temporal Control of Plant–Environment Interactions by the Circadian Clock

Sugano, S., Andronis, C., Ong, M.S. et al. (1999). The protein kinase CK2 is involved in
regulation of circadian rhythms in Arabidopsis. Proceedings of the National Academy
of Sciences of the United States of America 96: 12362–12366.
Sulpice, R., Flis, A., Ivakov, A.A. et al. (2014). Arabidopsis coordinates the diurnal
regulation of carbon allocation and growth across a wide range of photoperiods.
Molecular Plant 7: 137–155.
Takahashi, N., Hirata, Y., Aihara, K., and Mas, P. (2015). A hierarchical multi-oscillator
network orchestrates the Arabidopsis circadian system. Cell 163: 148–159.
Terauchi, K., Kitayama, Y., Nishiwaki, T. et al. (2007). ATPase activity of KaiC
determines the basic timing for circadian clock of cyanobacteria. Proceedings of the
National Academy of Sciences of the United States of America 104: 16377–16381.
Thain, S.C., Vandenbussche, F., Laarhoven, L.J.J. et al. (2004). Circadian rhythms of
ethylene emission in Arabidopsis. Plant Physiology 136: 3751–3761.
Turner, A., Beales, J., Faure, S. et al. (2005). The pseudo-response regulator Ppd-H1
provides adaptation to photoperiod in barley. Science 310: 1031–1035.
Von Arnim, A.G., Jia, Q., and Vaughn, J.N. (2014). Regulation of plant translation by
upstream open reading frames. Trends in Plant Science 214: 1–12.
Voss, U., Wilson, M.H., Kenobi, K. et al. (2015). The circadian clock rephases during
lateral root. Nature Communications 6: 7641.
Wang, L., Fujiwara, S., and Somers, D.E. (2010). PRR5 regulates phosphorylation,
nuclear import and subnuclear localization of TOC1 in the Arabidopsis circadian
clock. The EMBO Journal 29: 1903–1915.
Wang, W., Yang, J.B., Tada, Y. et al. (2011a). Timing of plant immune responses by a
central circadian regulator. Nature 470: 110–114.
Wang, Y., Wu, J.-F., Nakamichi, N. et al. (2011b). LIGHT-REGULATED WD1 and
PSEUDO-RESPONSE REGULATOR9 form a positive feedback regulatory loop in
the Arabidopsis circadian clock. Plant Cell 23: 486–498.
Wang, L., Kim, J., and Somers, D.E. (2013). Transcriptional corepressor TOPLESS complexes with pseudoresponse regulator proteins and histone deacetylases to regulate
circadian transcription. Proceedings of the National Academy of Sciences of the United
States of America 110: 761–766.
Wenden, B., Toner, D.L.K., Hodge, S.K. et al. (2012). Spontaneous spatiotemporal
waves of gene expression from biological clocks in the leaf. Proceedings of the
National Academy of Sciences 109: 6757–6762.
Wu, J.-F., Wnag, Y., and Wu, S.-H. (2008). Two new clock proteins, LWD1 and LWD2,
regulate Arabidopsis photoperiodic flowering. Plant Phsyiology 148: 948–959.
Wu, J., Tsai, H., Joanito, I. et al. (2016). LWD–TCP complex activates the morning gene
CCA1 in Arabidopsis. Nature Communications 7: 13181.
Xie, Q., Wang, P., Liu, X. et al. (2014). LNK1 and LNK2 are transcriptional coactivators
in the Arabidopsis circadian oscillator. Plant Cell 26: 2843–2857.
Xu, X., Hotta, C.T., Dodd, A.N. et al. (2007). Distinct light and clock modulation of
cytosolic free Ca2+ oscillations and rhythmic CHLOROPHYLL A/B BINDING
PROTEIN2 promoter activity in Arabidopsis. Plant Cell 19: 3474–3490.
Xu, Y., Ma, P., Shah, P. et al. (2013). Non-optimal codon usage is a mechanism to
achieve circadian clock conditionality. Nature 495: 116–120.
Yang, L., Mo, W., and Yu, X. (2018). Reconstituting Arabidopsis CRY2 signaling pathway in mammalian cells reveals regulation of transcription by direct binding of
CRY2 to DNA. Cell Reports 24: 585–593.e4.
Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

31

M.J. Haydon et al.

Yarkhunova, Y., Edwards, C.E., Ewers, B.E. et al. (2016). Selection during crop diversification involves correlated evolution of the circadian clock and ecophysiological
traits in Brassica rapa. New Phytologist 210 (1): 133–144.
Yu, J.W., Rubio, V., Lee, N.Y. et al. (2008). COP1 and ELF3 control circadian function
and photoperiodic flowering by regulating GI stability. Molecular Cell 32: 617–630.
Zhang, Y., Primavesi, L.F., Jhurreea, D. et al. (2009). Inhibition of SNF1-related protein
kinase1 activity and regulation of metabolic pathways by trehalose-6-phosphate.
Plant Physiology 149: 1860–1871.
Zhang, Y., Wang, Y., Wei, H. et al. (2017). Circadian evening complex represses
jasmonate-induced leaf senescence in Arabidopsis. Moleclar Plant 11: 326–337.
Zheng, X., Zhou, M., Yoo, H. et al. (2015). Spatial and temporal regulation of biosynthesis of the plant immune signal salicylic acid. Proceedings of the National Academy
of Sciences of the United States of America 112: 9166–9173.
Zhong, H.H., Young, C., Pease, E.A. et al. (1994). Interactions between light and the circadian clock in the regulation of CAT2 expression in Arabidopsis. Plant Physiology
3576: 889–898.
Zhou, M., Guo, J., Cha, J. et al. (2013). Non-optimal codon usage affects expression,
structure and function of clock protein FRQ. Nature 495: 111–115.
Zhou, M., Wang, W., Karapetyan, S. et al. (2015). Redox rhythm reinforces the circadian
clock to gate immune response. Nature 523: 472–476.
Zhu, J., Oh, E., Wang, T., and Wang, Z. (2016). TOC1–PIF4 interaction mediates the circadian gating of thermoresponsive growth in Arabidopsis. Nature Communications
7: 13692.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

32

