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Summary Text for the Table of Contents.  23 

Many environmental stresses are periodic and predictable, and plants have adapted to these by 24 

temporally organising their stress-responses to maximise efficiency and efficacy. We review the current 25 

evidence for temporal regulation of responses to the environment and the environmental impacts on 26 

the plant circadian clock. Better understanding of the reciprocal interactions between the plant 27 

circadian clock and environmental stresses may aid in the identification of mechanisms to improve plant 28 

growth to increase food security. 29 
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Abstract 1 

There are regular, and therefore predictable environmental changes on Earth due to the rotation of the 2 

planet on its axis and its orbit around the sun. Thus organisms have adapted their metabolism, 3 

physiology and behaviour to minimise stresses caused by unfavourable conditions and maximise 4 

efficiency of growth. Additionally, most organisms are able to anticipate these changes and accordingly 5 

maximise metabolic efficiency and growth, because they have a complex biological time-keeping system 6 

commonly referred to as the circadian clock. Multiple pathways in plants are organised in a temporal 7 

manner through circadian clock-regulation of gene transcription and post-translational modifications. 8 

What is becoming more apparent, is the bi-directional nature of interactions between the clock and 9 

stress-response pathways. Until recently, the focus of many studies had been on the unidirectional, 10 

hierarchical control of biological processes by the circadian clock, and impacts on the clock in response 11 

to environmental stress had been largely ignored. Studies of interactions of the circadian clock with the 12 

environment have primarily been to understand mechanisms of entrainment. We review the evidence 13 

and implications of the reciprocal interactions between the clock and the environment.  14 

 15 

Introduction 16 

Plants are challenged with a wide range of biotic as well as abiotic stresses within the environment. Due 17 

to their sessile nature, plants are unable to evade these stresses and are therefore equipped with 18 

various mechanisms to cope and respond to these stresses. Although activation of stress responses is 19 

crucial for survival, these processes draw on the same energy resources required for growth. Various 20 

mechanisms have evolved to balance growth and stress responses (Coley et al. 1985; Simms and 21 

Rausher 1987; Herms and Mattson 1992). 22 

Due to the 24 hour light dark cycles generated by the rotation of the earth about its axis, certain abiotic 23 

stresses such as light, heat and cold occur with a fairly predictable rhythm. Plants have evolved a 24 

mechanism which allows them to align their internal metabolic and physiological processes with the 25 

external rhythms of the environment. This mechanism is referred to as the circadian clock and plants 26 

with a circadian clock that is in phase with the external environment have greater fitness than those 27 

whose clocks are dysfunctional or do not resonate with the environment (Dodd et al. 2005). The 28 

circadian clock is able to direct plants to restrict their maximal responses to a stimulus to times of day 29 

when such strong responses were likely to be appropriate (a phenomenon referred to as circadian 30 

gating) (Harmer 2009). In this way plants can regulate the magnitude of their responses to optimise the 31 

allocation of energy to diverse processes required to ensure survival. The circadian clock allows plants to 32 

coordinate their gene expression to ensure that physiological and biochemical processes occur at 33 

optimal times of the day, (Dodd et al. 2005; McClung 2006).   34 

The circadian clock has been well described in the model plant species Arabidopsis thaliana. It is 35 

comprised of multiple interlocked transcriptional and translational regulatory feedback loops. The core 36 

feedback loop consists of the morning expressed MYB domain transcription factors CIRCADIAN 37 

ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) with overlapping functions. These 38 

proteins act to repress the expression of the evening expressed TIMING OF CAB EXPRESSION 1 (TOC1) 39 

also known as PSEUDORESPONSE REGULATOR 1 (PRR1) (Schaffer et al.1998; Wang et al. 1998; Strayer et 40 

al. 2000; Alabadi et al. 2001).  The sequential expression of the TOC1 homologues PRR9, PRR7, PRR5 and 41 
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TOC1 repress the expression of CCA1 and LHY (Matsushika et al. 2000; Strayer et al. 2000; Alabadi et al. 1 

2001; Nakamichi et al. 2010; Huang et al. 2012).  EARLY FLOWERING3 (ELF3), ELF4 and LUX ARRYTHMO 2 

(LUX) make up the evening complex (Schaffer et al.1998; Wang et al. 1998; Strayer et al. 2000). The 3 

members of the evening complex serve to relieve the repression of CCA1 and LHY late at night by 4 

repressing the expression of PRR7 and PRR9 allowing the cycle to start again (Hicks et al. 2001; Doyle et 5 

al. 2002; Hazen et al. 2005; Onai and Ishiura, 2005; Nusinow et al. 2011; Huang et al. 2012; Pokhilko et 6 

al. 2012 ; Dixon et al. 2011; Helfer et al. 2011).  7 

The plant circadian clock has been implicated in the response to various stresses such as drought, cold, 8 

salinity and pathogen attack.  A large number of studies have shown that the circadian clock is able to 9 

modulate various metabolic and physiological processes (reviewed by Seo and Mas 2015). It is also 10 

becoming increasingly clear that external environmental factors are themselves able to feed into the 11 

clock and influence certain clock parameters. The paradigm of the clock regulating certain pathways in a 12 

unidirectional manner has already been queried and revised (Paz and Kay 2010). Both TOC1 (Huang et 13 

al., 2012; Gendron et al., 2012) and CCA1 (Nagel et al., 2015; Kamioka et al., 2016) are transcription 14 

factors that have been demonstrated to bind to elements in the promoters of genes involved in diverse 15 

physiological processes and thus directly influence the expression of genes in multiple pathways. The 16 

expression of these two transcription factors themselves have been found to be influenced by a number 17 

of environmental factors, other than zeitgebers. This review will discuss some current examples of 18 

external factors that have been shown to impact on clock function as well as explore possible functional 19 

consequences of clock plasticity on the various systems discussed. 20 

 21 

Abiotic Stresses 22 

Temperature 23 

One of the key features of circadian rhythms is their temperature compensation and the genes that 24 

make up of the morning loop of the circadian clock have been implicated in this (Salome̒ et al. 2010; 25 

Johnson et al. 2003).  Because most biological processes occur faster at higher temperatures than they 26 

do at lower temperatures maintaining a 24 hour rhythm in fluctuating temperatures is a challenge. To 27 

address this challenge plants have evolved a variety of mechanisms which allow them to do so (Gould et 28 

al. 2006). However, it has also been reported that heat stress shortens the circadian period while cold 29 

results in loss of rhythmicity (Bieniawska et al. 2008; Kusakina et al. 2014). This feature was observed to 30 

be conserved over a variety of accessions of A. thaliana. Plants with robust temperature compensation 31 

mechanisms seem to perform poorer in warmer environments (Kusakina et al. 2014). This is because 32 

their dry mass was decreased as compared to those plants whose periods were more sensitive to 33 

fluctuations in temperature. The flexibility in clock periodicity conferred by having reduced temperature 34 

compensation may allow plants to uncouple certain physiological processes from clock control and 35 

thereby shift them to a more optimal time. This may have the advantage of allowing plants to perform 36 

certain metabolic and physiological activities at times of day when the damage brought on by heat 37 

stress is less deleterious (Kusakina et al. 2014). 38 

The heat stress transcription factor (Hsf) family are known to function in responses to environmental 39 

and heat stresses (reviewed in von Koskull-Doring et al. 2007). Recent studies have implicated the heat 40 

inducible HEAT SHOCK FACTOR B2b (HsfB2b) as a member of the circadian clock input pathway in A. 41 
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thaliana. HsfB2b has been shown to exert transcriptional repression on the morning clock gene PRR7 by 1 

binding to a conserved heat shock element (HSE) site, present in the promoter of PRR7 (Kolmos et al. 2 

2014). Quantitative RT-PCR (qPCR) revealed a low abundance of the PRR7 transcript in hsfB2b-ox 3 

mutants together with a loss of PRR7-promoter-driven luciferase bioluminescence. Analysis of the 4 

hsfB2b-1 mutant revealed a subtle increase in PRR7 transcript levels with a phase advance compared to 5 

WT. Taken together this data supports the role of HsfB2b as a repressor  of PRR7 (Kolmos et al. 2014).   6 

High temperatures have also been shown to be capable of reversibly inhibiting the repressive activity of 7 

the evening complex on PRR7 and PRR9 thus increasing the transcription of these genes during the dark 8 

phase (Mizuno et al. 2014). The elevated expression of PRR7 and PRR9 in response to exposure to higher 9 

temperatures was not observed in mutants for the genes of the evening complex suggesting that the 10 

evening complex was involved in the temperature responsiveness of these genes during the night period 11 

(Mizuno et al. 2014).  12 

Upon exposure to low temperatures plants respond by activating mechanisms that result in freezing 13 

tolerance in a process known as cold acclimation (Thomashow, 1999; Smallwood and Bowles, 2002).   14 

Low temperatures induce a suite of transcriptional activators known as C-REPEAT BINDING FACTORS 1-3 15 

(CBF1-3) (Stockinger et al. 1997; Gilmour et al. 1998; Medina et al. 1999) which are also known as 16 

DEHYDRATION RESPONSIVE ELEMENT BINDING1 proteins (DREB1a-1c; Lui et al. 1998).  CBFs/DREB1s 17 

recognise and bind DNA cis-acting regulatory elements known as C-repeat response elements (CRT) or 18 

dehydration response elements (DRE) in the promoters of a range of cold-inducible genes (Baker et al. 19 

1994; Yamaguchi-Shinozaki & Shinozaki, 1994; Stockinger et al. 1997). Nakamichi et al. 2012 20 

demonstrated that PRR5 associates with the CBF/DREB1 genes in vivo and directly activates cold-stress 21 

responses by repressing CBF/DREB1 genes. It has been observed that constitutive expression of CCA1 22 

results in freezing tolerance (Seo et al. 2012), while loss of CCA1/LHY impairs freezing tolerance (Fowler 23 

et al. 2005; Dong et al. 2011; Espinoza et al. 2010).  In addition, freezing tolerance was heightened in 24 

toc1, prr9, prr7, prr5 mutants and it was observed that TOC1 associates with CBF promoters (Nakamichi 25 

et al. 2009; Nakamichi et al. 2012; Lui et al. 2013; Kiely et al. 2013). Freezing tolerance and responses to 26 

cold temperature are regulated by the direct association of CCA1 and TOC1/PRRs to the promoter of 27 

CBFs/DREB1s to gate their expression (Fowler et al. 2005; Dong et al. 2011).  28 

In addition to clock regulation of responses to cold, low temperatures also affect clock function. Plants 29 

subjected to cold treatment (4°C) for 14 days in light-dark conditions, showed reduced amplitude TOC1 30 

oscillations, but maintained the amplitude of LUX expression (Bieniawska et al. 2008). These differential 31 

effects on clock component genes are intriguing and support the idea that central clock genes have 32 

distinct roles in other pathways, and may have been recruited as clock components secondarily 33 

(Rosbash, 2009; McClung, 2013). Cold responses which feedback into the clock to alter its function could 34 

possibly be mediated via CBF1 binding to the LUX promoter (Chow et al. 2014).  Chow et al also 35 

demonstrated that LUX contributes to freezing tolerance as lux-1 and lux-4 mutants did not survive cold 36 

treatment.  37 

 38 

Water  39 

One of the best studied cases of the circadian clock being influenced by external cues is in response to 40 

drought. One of the first stress-responses of plants to drought is the inhibition of leaf growth 41 
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(Baerenfeller et al. 2016; Dubois et al. 2017). Plant growth is rhythmic, controlled by the circadian clock, 1 

with day-time and night-time growth phases (Poiré et al. 2010; Dornbusch et al. 2014). When the effects 2 

of drought on growth dynamics were examined over the course of the day, it was found that plants 3 

restricted the day-time growth only (Dubois et al. 2017). A. thaliana mutants deficient in cca1 or lhy 4 

behaved similarly to wild-type, but those lacking toc1 had reduced leaf growth at night too, and thus 5 

displayed a greater reduction in leaf area than wild-type (Dubois et al. 2017). Loss-of-function toc1 6 

mutants had better survival rates under drought conditions than wild-type plants (Legnaioli et al. 2009), 7 

possibly due to having a much more conservative response to drought-stress (Dubois et al. 2017). Plants 8 

that constitutively express TOC1 (TOC1-ox) showed increased susceptibility and impaired responses to 9 

drought stress (Legnaioli et al. 2009). Many water-stress responsive genes in both A. thaliana and 10 

soybean (Glycine max) show diurnal and circadian expression patterns (Covington and Harmer 2007; 11 

Covington et al. 2008; Marcolino-Gomes et al. 2014), and many are TOC1 and PRR5 targets (Huang et al. 12 

2012; Nakamichi et al. 2016). As TOC1 and the PRRs mainly act as transcriptional repressors, and 13 

perhaps restrict drought-stress responses at times when water-stresses are likely to be lowest, at night. 14 

The toc1-null mutants lack the repressive function and display a more active drought-stress response. 15 

TOC1 binds to promoter of the gene which encodes a putative abscisic acid (ABA) receptor: ABSCISIC 16 

ACID RECEPTOR/CHELATASE H SUBUNIT/GENOMES UNCOUPLED 5 (ABAR/CHLH/GUN5), and negatively 17 

regulates its expression (Legnaioli et al. 2009). ABA is a plant hormone involved in a number of plant 18 

growth and development pathways, including seed germination/dormancy, seedling growth and water-19 

stress responses (Finkelstein & Somerville, 1990; Hirayama & Shinozaki, 2007).  Legnaioli et al. (2009) 20 

observed that the TOC1-ox plants were less responsive to ABA-induced stomatal closure.  This reduced 21 

sensitivity to ABA contributes to increased drought susceptibility seen in the TOC1-ox plants.  It was also 22 

observed that when wild-type plants were treated with ABA during the day TOC1 expression was 23 

induced, but not when treated at night (Legnaioli et al. 2009). This may serve to curtail the duration of 24 

ABA signalling effect to deal with a transient water stress, and allow plants to continue growth at night. 25 

Thus it seems that in the case of drought the reciprocal regulation between ABA and TOC1 serves to 26 

induce an acute response whereby the early on plants switch on mechanisms that prevent water loss, 27 

however due to the cost to photosynthesis they also switch on mechanisms which subsequently lead to 28 

the relief of the mechanisms involved in maintaining water. The balance of the process may be 29 

controlled by the relative amounts of ABA to which the plant is exposed (Legnaioli et al. 2009). 30 

The mechanism by which TOC1 integrates drought signalling and the circadian clock is dependent on the 31 

R2R3-type MYB transcription factor, MYB96 which is induced by high levels of ABA and is itself under the 32 

control of the circadian clock (Lee et al. 2016). Chromatin immunoprecipitation (ChIP) assays conducted 33 

on transgenic plants revealed that MYB96 may regulate clock activity by binding to the conserved R2R3-34 

type MYB-binding sequence motif in the TOC1 promoter. MYB96 deficient seedlings showed a reduction 35 

in the amplitude of TOC1 expression particularly at the time of peak expression. Treatment of wild type 36 

plants with ABA resulted in an advanced phase in CCA1 expression, and luciferase assays using a 37 

pCCA1:LUC construct revealed an advanced phase and shortened period (Liu et al. 2013; Lee et al 2016).  38 

Higher amplitude and delayed phase of CCA1 expression was observed in myb96-1 mutants which may 39 

suggest that by modulating TOC1 expression, MYB96 indirectly regulates CCA1 expression. Analysis of 40 

the MYB96 promoter revealed multiple CCA1-binding sites (CBS: AAAATCT) as well as evening elements 41 

(EE: AAATATCT) and ChIP assays confirmed binding of CCA1 to the MYB96 promoter at dawn but not at 42 

dusk. In the cca1-2 mutants (Seo et al. 2012) the peak phase of MYB96 expression was advanced with a 43 
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decrease in amplitude but a slight increase in expression was observed around dawn. This further 1 

supports the idea that TOC1 may indirectly strengthen MYB96 expression by its repressive action on 2 

CCA1 to coordinate circadian rhythms with the environment. Taken together the MYB96 transcription 3 

factor possibly acts as a key molecular component which mediates the bidirectional regulation between 4 

ABA and the circadian clock possibly via the clock component, TOC1. 5 

The effect of drought stress on the clock has been more broadly examined in A. thaliana and G. max 6 

(Marcolino-Gomes et al. 2014; Dubois et al. 2017). Under the water stress conditions used by Dubois et 7 

al. (2017), only very minor changes in the expression of TOC1, LHY and CCA1 were observed, but the 8 

nadirs of expression were lower for both TOC1 and LHY.  Circadian clock gene expression was also 9 

altered by moderate drought stress in soybean, with the many genes showing increased amplitude or 10 

advanced phase of expression (Marcolino-Gomes et al. 2014). Under severe drought stress, the 11 

amplitude and levels of expression of most genes was significantly reduced, with the GmTOC1, GmPRR7 12 

and GmLUX orthologues having advanced phases of expression. This may be indicative of the plant 13 

adapting to the long term water-stress by extending the drought-response gene repression-phase by 14 

TOC1 while still saving resources to ensure survival. 15 

 16 

Biotic stresses 17 

Plants are able to anticipate and respond more strongly at particular times of the day to a variety of 18 
pathogens and to herbivores (Wang et al. 2011; Bhardwaj et al. 2011; Goodspeed et al. 2012; Zhang et 19 
al. 2013; Ingle et al. 2015). Zhou et al. (2015) proposed that the temporal regulation of defences were 20 
reinforced by the cellular redox rhythm, and enabled plants to effectively defend themselves during the 21 
day and grow during the night. Plant responses to pathogen attack depend on the recognition of 22 
pathogen associated molecular patterns (PAMPs) which are epitopes generally displayed by plant 23 
pathogens (Jones and Dangl, 2006).  24 
 25 
There is a large-scale transcriptional response to PAMP detection (Zipfel et al. 2004) that up-regulates 26 
plant defences. In two sets of experiments examining the transcriptional response of A. thaliana to 27 
infection with the necrotrophic fungal pathogen Botrytis cinerea, it was noted that circadian clock gene 28 
expression was repressed, and their amplitude was reduced (Windram et al. 2012; Ingle et al. 2015). 29 
Treatment of A. thaliana with a PAMP of bacterial origin shortened the circadian period (Zhang et al. 30 
2013). Knocking out key salicylic acid-responsive gene NON-EXPRESSOR OF PATHOGENESIS-RELATED 31 
GENE 1 (NPR1) in A. thaliana resulted in reduced TOC1 expression (Zhou et al. 2015). They proposed 32 
that circadian clock gene expression is regulated by the plant defence protein NPR1’s activity in 33 
response to cellular redox status. This reciprocal regulation allow plants to temporarily divert resources 34 
from growth to defence, but minimise the costs of the diversion by allowing growth at particular times 35 
of day. 36 
 37 

Starch and sucrose 38 

Photosynthesis is tightly regulated by the circadian clock (Millar and Kay, 1991; Dodd et al. 2005). The 39 

circadian clock has been proposed to play a role in the breakdown of starch, which is a product of 40 

photosynthesis (Graf et al. 2010). The ability of plants to adjust the rate of starch breakdown to match 41 

the anticipated length of the night is dependent on a functional clock. Mutants lacking cca1 lhy are 42 
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unable to adjust the rate of starch breakdown in response to an extended night (Graf et al. 2010). As this 1 

phenotype was not observed in the toc1 loss of function mutant which also displays short-period 2 

circadian rhythms, this suggests that it was not due to the clock ‘running faster’ in short-period mutants, 3 

but rather that CCA1/LHY may be the link between starch metabolism and the clock (Graf et al. 2010).  4 

It has also been shown that sucrose is capable of influencing clock parameters (Dalchau et al. 2011). 5 

Application of exogenous sucrose has been shown to shorten the circadian period of the pCCA1:LUC 6 

reporter construct  in low light (Haydon et al. 2013).  Experiments with the pCCA1:LUC reporter system 7 

also showed that pulses of exogenous sucrose early in the morning were also shown to be capable of 8 

inducing phase advances in the expression of CCA1 while performing the same treatment at night was 9 

shown to be capable of inducing phase delays (Haydon et al. 2013). It was however noted that 10 

exogenous sucrose was most efficacious when applied in the subjective morning suggesting that 11 

sensitivity to this stimulus was gated (Haydon et al. 2013). The same study also observed that PRR7 is 12 

required for the entrainment of the clock by sucrose since the prr7 loss of function mutant was 13 

insensitive to phase changes induced by exogenous sucrose.  The addition of 3 % (w/v) sucrose to 14 

growth medium has been shown to induce rhythmicity in plants grown in constant darkness (Dalchau et 15 

al. 2011). This rhythm was dependent on functional GI as gi loss-of-function mutants were unable to 16 

maintain rhythmicity in constant darkness in sucrose-containing media. These gi mutants were however 17 

able to induce clock gene expression in response to exogenous sucrose (Dalchau et al. 2011).  18 

That sucrose feeds back to alter the expression of CCA1 which is normally expressed at dawn, has been 19 

suggested to act as a ‘metabolic dawn’ signal (Haydon et al. 2013). It has recently been proposed that 20 

sucrose feeds into the clock by causing an increase in the transcription of the Phytochrome Interacting 21 

Factor (PIF) proteins (Shor et al. 2017). This study showed that there is an enrichment in PIF protein 22 

occupancy of the CCA1 promoter regions in response to exogenous sucrose and that this enrichment 23 

correlated with an increase in the transcription of CCA1. The mechanism of phase setting of the clock by 24 

sucrose in the morning may therefore involve the induction of PIFs which in turn cause the activation of 25 

CCA1. This signalling may be the link back to the clock to modulate starch breakdown. The clock is 26 

necessary to regulate starch reserves during the night, and the clock is set to dawn when levels of 27 

sucrose are elevated signalling that starch breakdown is no longer required. In light of the fact that CCA1 28 

plays a key role in regulating both the rate of starch breakdown as well as phase setting of the clock by 29 

sucrose it is reasonable to speculate that CCA1 may be the integrator of metabolic signals in a similar 30 

fashion to the way TOC1 plays that role in drought signalling.  31 

 32 

Mineral status 33 

Various minerals that act as both macro- and micronutrients have been shown to affect clock function. 34 

Short term, i.e. up to 28 hours of Magnesium (Mg) deprivation was shown to result in the reduced 35 

repression of CCA1, LHY as well as PRR9 during the light period (Hermans et al. 2010a). Interestingly, 36 

Mg-deprivation activated ABA-signalling (Hermans et al., 2010a), previously demonstrated to be closely 37 

tied to TOC1 (Legnaioli et al. 2009) and recently, to be subject to clock regulation (Lee et al. 2016).  Long 38 

term, i.e.  a week of Mg-deprivation  resulted in reduced amplitude of circadian transcripts especially in 39 

the leaves (Hemans et al. 2010b). Copper has also been shown to affect the circadian clock, with an 40 

overabundance altering the amplitude and phase of circadian clock genes CCA1 and LHY (Andrés-Colás 41 
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et al. 2010). Plants that constitutively expressed the copper transporter protein COPT1 grown in 1 

medium supplemented with high copper levels had increased endogenous copper levels. Under these 2 

conditions, circadian rhythms were dampened and photoperiodic flowering times were altered (Andrés-3 

Colás et al. 2010).  4 

In three independent studies it was shown that iron (Fe)-deprivation leads to a lengthening of the 5 

circadian period (Chen et al. 2013; Hong et al. 2013; Salome et al.2013). The mechanisms by which this 6 

is achieved are not yet fully understood but preliminary work has uncovered some potential players. 7 

Hong et al. (2013) observed that the cca1 lhy double mutant nor the ztl loss-of-function mutant, ztl-4, 8 

did not display Fe-deprivation period lengthening, unlike the long period prr7 prr9 double mutant which 9 

had an even longer period in response to iron deprivation. This suggested that CCA1/LHY and ZTL are 10 

involved in the period lengthening in response to low Iron levels. However, the role of CCA1 and LHY in 11 

the Fe-response could not be established in the study by Salome et al. (2013). This could be due to the 12 

differences in growth media composition between the studies. Importantly the two studies utilised 13 

different percentages of sucrose and as highlighted earlier sucrose itself is capable of impacting the 14 

function of the central oscillator. In the study by Salome et al. (2013) it was also noted that the clocks of 15 

etiolated seedlings, or light-grown seedlings treated with a  plastid translation inhibitor had reduced 16 

sensitivity to Fe-status, indicating the centrally of chloroplasts in Fe-sensing. Their results suggested that 17 

a chloroplast-derived protein may be responsible for sensing the Fe-status of the plants. A role was 18 

proposed for HEMERA (HMR) a plastid protein responsible for translocation of the phytochrome 19 

proteins to the nucleus. The clock of hmr mutants showed reduced sensitivity to iron status compared 20 

to plants with functional HMR. The requirement of chloroplast translation was also supported by the 21 

Chen et al. (2013) study which also found that plants treated with inhibitors of plastid translation 22 

showed an increased circadian period but they did not further increase their period in response to Fe-23 

deprivation. Taken together it seems plausible to suggest that Fe-status might be sensed by the plastid 24 

derived protein HMR which then acts in concert with ZTL to regulate CCA1 levels. 25 

 26 

Conclusion 27 

The plant circadian clock co-ordinates the temporal execution of various metabolic and physiological 28 

processes. It is capable of receiving temporally informative signals, or zeitgebers, from the external 29 

environment which affect rhythm parameters allowing for the entrainment of the clock. It is becoming 30 

increasingly apparent that other environmental signals are capable of affecting circadian clock functions. 31 

Environmental signals affect clock parameters in a myriad of ways. However it seems that the various 32 

ways in which the circadian clock is regulated by environmental signals have beneficial effects on plant 33 

fitness. It seems likely that clock plasticity to various environmental signals evolved independently for 34 

the various pathways as an additional regulatory mechanism. This would explain why the various 35 

environmental inputs have varying effects on clock parameters and why they act via different targets. 36 

The reciprocal connections between the clock and plant responses to the environment allow plants to 37 

exquisitely fine tune their metabolism to enhance survival, and adds to the complexities of future 38 

research to better understand plant growth regulation.  39 

 40 

Conflict of interest statement 41 



9 
 

The authors declare no conflicts of interest. 1 

 2 

References 3 

Alabadi, D., Oyam, T., Yanovsky, M.J., Harmon, F.G., Mas, P., and Kay, S.A. (2001) Reciprocal regulation 4 

between TOC1 and LHY/CCA1 within the Arabidopsis circadian clock. Science 293, 880-883 5 

Andrés-Colás, N., Perea-García, A., Puig, S. and Peñarrubia, L. (2010) Deregulated copper transport 6 

affects Arabidopsis development especially in the absence of environmental cycles. Plant Physiology 7 

153,170-184 8 

Baker, S.S., Wilhelm, K.S., and Thomashow, M.F. (1994). The 5´-region of Arabidopsis thaliana cor15a 9 

has cis-acting elements that confer cold, drought and ABA- regulated gene expression. Plant Molecular 10 

Biology 24, 701-713 11 

Baerenfeller, K., Massonnet, C., Walsh, S., Baginsky, S., Buhlmann, P., and Hennig, L., et al. (2012). 12 
Systems-based analysis of Arabidopsis leaf growth reveals adaptation to water deficit. Molecular 13 
Systems Biology 8, 606 14 
 15 
Bhardwaj, V., Meier, S., Petersen, L.N., Ingle, R.A., Roden, L.C. (2011).  Defence responses of Arabidopsis 16 
thaliana to infection by Pseudomonas syringae are regulated by the circadian clock. Public Library of 17 
Science One 6, e26968 18 
 19 
Bieniawska, Z., Espinoza, C., Schlereth, A., Sulpice, R., Hincha, D.K., and Hannah, M.A. (2008). Disruption 20 

of the Arabidopsis circadian clock is responsible for extensive variation in the cold- responsive 21 

transcriptome. Plant Physiology 147, 263-279.   22 

Chen, Y.Y., Wang, Y., Shin, L.J., Wu, J.F., Shanmugam, V., Tsednee, M., Lo, J.C., Chen, C.C., Wu, S.H. and 23 

Yeh, K.C. (2013) Iron is involved in the maintenance of circadian period length in Arabidopsis. Plant 24 

Physiology 161, 1409-1420 25 

Chow, B.Y., Sanchez, S.E., Breton, G., Pruneda-Paz, J.L., Krogan, N.T., and Kay, S.A. (2014). Transcriptional 26 

regulation of LUX by CBF1 mediates cold input to the circadian clock in Arabidopsis. Current Biology 24, 27 

1518-1542.  28 

Coley, P.D., Bryant, J.P., and Chapin, F.S. (1985). Resource availability and plant antiherbivore defense. 29 

Science 230, 895-899 30 

Covington, M.F., and Harmer, S.L. (2007). The circadian clock regulates auxin signalling and responses in 31 

Arabidopsis. Public Library of Science Biology 5(8), e222 32 

Covington, M.F., Maloof, J.N., Straume, M., Kay, S.A., Harmer, S.L. (2008). Global transcriptome analysis 33 

reveals circadian regulation of key pathways in plant growth and development. Genome Biology 9, R130 34 

Dalchau, N., Baek, S.J., Briggs, H.M., Robertson, F.C., Dodd, A.N., Gardner, M.J., et al. (2011). The 35 

circadian oscillator gene GIGANTEA mediates a long-term response of the Arabidopsis thaliana circadian 36 

clock to sucrose. Proceedings of the National Academy of Science of the United States of America 108, 37 

5104-5109 38 



10 
 

Dodd, A.N., Salathia, N., Hall, A., Ke̒vei, E., To̒th, R., Nagy, F., et al., (2005). Plant circadian clocks increase 1 

photosynthesis, growth, survival, and competitive advantage. Science 309, 630-633 2 

Dong, M.A., Farre, E.M., and Thomashow, M.F. (2011).  Circadian clock-associated 1 and late elongated 3 

hypocotyl regulate expression of the C-repeat binding factor (CBF) pathway in Arabidopsis. Proceedings 4 

of the National Academy of Science of the United States of America. 108, 7241-7246 5 

Dornbusch, T., Michaud, O., Xenarios, I., and Fankhauser, C. (2014). Differentially phased leaf growth 6 

and movements in Arabidopsis depend on coordinated circadian and light regulation. Plant Cell 26(10), 7 

3911-3921 8 

Doyle, M.R., Davis, S.J., Bastow, R.M., Mcwatters, H.G., Kozma-Bognar, L., Nagy, F., et al. (2005). The 9 

ELF4 gene controls circadian rhythms and flowering time in Arabidopsis thaliana. Nature 419, 74-77 10 

Dubois, M., Claeys, H., Van den Broeck, L., and Inzeˊ, D. (2017). Time of day determines Arabidopsis 11 

transcriptome and growth dynamics under mild drought. Plant, Cell and Environment 40, 180-189 12 

Espinoza, C., Degenkolbe, T., Caldana, C., Zuther, E., Leisse, A., Willmitzer, L., Hincha, D.K., and Hannah, 13 

M.A. (2010). Interaction with diurnal and circadian regulation results in dynamic metabolic and 14 

transcriptional changes during cold acclimation in Arabidopsis. Public Library of Science One. 5, e14101 15 

Finkelstein, R.R., and Somerville, C.R. (1990). Three classes of abscisic acid (ABA)- insensitive mutations 16 

of Arabidopsis define genes that control overlapping subsets of ABA responses. Plant Physiology 94 (3), 17 

1172-1179 18 

Fowler, S.G., Cook, D., and Thomashow, M.F. (2005). Low temperature induction of Arabidopsis CBF1,2 19 

and 3 is gated by the circadian clock. Plant Physiology 137, 961-968 20 

Gendron, J.M., Pruneda-Paz, J.L., Doherty, C.J., Gross, A.M., Kang, S.E. and Kay, S.A. (2012) Arabidopsis 21 

circadian clock protein, TOC1, is a DNA-binding transcription factor. Proceedings of the National 22 

Academy of Sciences, USA 109, 3167-3172 23 

Gilmour, S.J., Zarka, D.G., Stockinger, E.J., Salazar, M.F., Houghton, J.M., and Thomashow, M.F. (1998). 24 

Low temperature regulation of the Arabidopsis CBF family of AP2 transcriptional activators as an early 25 

step in cold induced COR gene expression. Plant Journal 16, 433-442 26 

Gould, P., Locke, J., Larue, C., Southern, M., Davis, S., Hanano, S., et al. (2006). The molecular basis of 27 

temperature compensation in the Arabidopsis circadian clock. Plant Cell 18, 1177-1187 28 

Graf, A., Schlereth, A., Stitt, M., and Smith, A.M. (2010). Circadian control of carbohydrate availability for 29 
growth in Arabidopsis plants at night. Proceedings of the National Academy of Sciences of the United 30 
States of America 107, 9458–9463 31 
 32 
Goodspeed, D., Chehab, E.W., Min-Venditti, A., Braam, J., and Covington, M.F. (2012) Arabidopsis 33 
synchronizes jasmonate-mediated defense with insect circadian behavior. Proceedings of the National 34 
Academy of Sciences of the United States of America 109, 4674–7 35 
 36 

Gutierrez, R.A., Stokes, T.L., Thum, K., Xu, X., Obertello, M., Katari, M.S., et al. (2008). Systems approach 37 

identifies an organic nitrogen-responsive gene network that is regulated by the master clock control 38 



11 
 

gene CCA1. Proceedings of the National Academy of Science of the United States of America 195, 4939-1 

4944  2 

Harmer, S.L. (2009) The circadian system in higher plants. Annual Review of Plant Biology 60, 357-377 3 

Haydon, M.J. Mielczarek, O., Robertson, F.C., Hubbard, K.E., and Webb, A.A.R. (2013). Photosynthetic 4 

entrainment of the Arabidopsis thaliana circadian clock. Nature 502, 689-692 5 

Hazen, S.P., Schultz, T.F., Pruneda-Paz, J.L., Borevitz, J.O., Ecker, J.R., and Kay, S.A. (2005). LUX 6 

ARRYTHMO encodes a Myb domain protein essential for circadian rhythms. Proceedings of the National 7 

Academy of Science of the United States of America 102, 10387-10392 8 

Hermans, C., Vuylsteke, M., Coppens, F., Craciun, A., Inzé, D. and Verbruggen, N. (2010a) Early 9 

transcriptomic changes induced by magnesium deficiency in Arabidopsis thaliana reveal the alteration of 10 

circadian clock gene expression in roots and the triggering of abscisic acid-responsive genes. New 11 

Phytologist 187, 119-131 12 

Hermans C, Vuylsteke M, Coppens F, Cristescu SM, Harren FJ, Inzé D. and Verbruggen N. (2010b) 13 

Systems analysis of the responses to long-term magnesium deficiency and restoration in Arabidopsis 14 

thaliana. New Phytologist 187, 132-144 15 

Herms, D.A., and Mattson, W.J. (1992). The dilemma of plants: to grow or defend. Quarterly Review of 16 

Biology 67, 283-335. 17 

Hicks, K.A., Albertson, T.M., and Wagner, D.R. (2001). EARLY FLOWERING 3 encodes a novel protein that 18 

regulates circadian clock function and flowering in Arabidopsis. Plant Cell 13, 1281-1292 19 

Hirayama, T., and Shinozaki, K. (2007). Perception and transduction of abscisic acid signals: keys to the 20 

function of the versatile plant hormone ABA. Trends in Plant Science 12, 343-351 21 

Hong, S., Kim, S.A., Guerinot, M.L. and McClung, C.R. (2013) Reciprocal interaction of the circadian clock 22 

with the iron homeostasis network in Arabidopsis. Plant Physiology 161, 893-90 23 

Huang, W., Pe̒rez-Garcia̒, P., Pokhilko, A., Millar, A.J., Antoshechkin, I., Riechmann, J.L., and Mas, P. 24 

(2012). Mapping the core of the Arabidopsis circadian clock defines the network structure of the 25 

oscillator. Science 336, 75-79 26 

Ingle, R.A., Stoker, C., Stone, W., Adams, N., Smith, R., Grant, M., Carre ́, I., Roden, L.C., and Denby, K.J. 27 

(2015). Jasmonate signalling drives time-of-day differences in susceptibility of Arabidopsis to the fungal 28 

pathogen Botrytis cinerea. Plant Journal 84, 937-948  29 

Johnson, C.H., Elliott, J.A., and Foster, R. (2003) Entrainment of Circadian Programs. Chronobiology 30 

International 20, 741–774 31 

Jones, D.G., and Dangl, J.L. (2006). The plant immune system. Nature 444, 323-329 32 

Kamioka. M., Takao, S., Suzuki, T., Taki, K., Higashiyama, T., Kinoshita, T. and Nakamichi, N. (2016) Direct 33 

repression of evening genes by CIRCADIAN CLOCK-ASSOCIATED1 in the Arabidopsis circadian clock. Plant 34 

Cell 28, 696-711 35 



12 
 

Keily, J., Macgregor, D.R., Smith, R.W., Millar, A.J., Halliday, K.J., and Penfield, S. (2013). Model selection 1 

reveals control of cold signalling by evening- phased components of the plant circadian clock. Plant 2 

Journal 76, 247-257 3 

Kolmos, E., Chow, B.Y., Pruneda-Paz, J.L. and Kay, S.A. (2014) HsfB2b-mediated repression of PRR7 4 

directs abiotic stress responses of the circadian clock. Proceedings of the National Academy of Sciences, 5 

USA 111, 16172-16177 6 

Kusakina, J., Gould, P.D., and Hall, A. (2014). A fast-circadian clock at high temperatures is a conserved 7 

feature across Arabidopsis accessions and likely to be important for vegetative yield. Plant Cell 8 

Environment 37, 327-340. 9 

Lea, P.J., and Miflin, B.J. (2011). Nitrogen assimilation and its relevance to crop improvement.  Annual 10 

Plant Reviews, Nitrogen Metabolism in Plants in the Post-Genomic Era. 42, 1-40 11 

Lee, H.G., Mas, P., and Seo, P.J. (2016). MYB96 shapes the circadian gating of ABA signalling in 12 

Arabidopsis. Scientific Reports 6, 17754 13 

Legnaioli, T., Cuevas, J., and Mas, P. (2009). TOC1 functions as molecular switch connecting the circadian 14 

clock with plant responses to drought. EMBO J 28, 3745-3757. 15 

Lui, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1998). 16 

Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain separate two 17 

cellular signal transduction pathways in drought and low-temperature-responsive gene expression, 18 

respectively, in Arabidopsis. Plant Cell 10, 1391-1406 19 

Lui, T., Carlsson, J., Takeuchi, T., Newton, L., and Farre, E.M. (2013). Direct regulation of abiotic 20 

responses by the Arabidopsis circadian clock component PRR7. Plant Journal 76,101-114  21 

Marcolino-Gomes, J., Rodrigues, F.A., Fuganti-Pagliarini, R., Bendix, C., Nakayama, T.J., Celaya, B., et al. 22 

(2014). Diurnal oscillations of soybean circadian clock and drought responsive genes. Public Library of 23 

Science One 9(1), e86402 24 

Matsushika, A., Makino, S., Kojima, M., and Mizuno, T. (2000). Circadian waves of expression of the 25 

APRR1/TOC1 family of pseudo response regulators in Arabidopsis thaliana: Insight into the plant 26 

circadian clock. Plant Cell Physiology 41, 1002-1012 27 

McClung, R. (2006). Plant circadian rhythms. Plant Cell 18, 792-803 28 

McClung, C.R. (2013). Beyond Arabidopsis: The circadian clock in non-model plant species. Seminars in 29 
Cell and Developmental Biology 24, 430–436 30 
 31 

Medina, J., Bargues, M., Terol, J., Perez-Alonso, M., and Salinas, J. (1999). The Arabidopsis CBF gene 32 

family is composed of three genes encoding AP2 domain containing proteins whose expression is 33 

regulated by low temperatures but not by abscisic acid or dehydration. Plant Physiology 119, 463-470 34 

Melotto, M., Underwood, W., and Yang He, S. (2008). Role of stomata in plant innate immunity and 35 

foliar bacterial diseases. Annual Review of Phytopathology 46, 101-122 36 



13 
 

Millar, A.J., and Kay, S.A. (1991). Circadian control of cab gene transcription and mRNA accumulation in 1 
Arabidopsis The Plant Cell 3, 541-550 2 
 3 
Mizuno, T., Kitayama, M., Oka, H., Tsubouchi, M., Takayama, C., Nomoto, Y. and Yamashino, T. (2014) 4 
The EC night-time repressor plays a crucial role in modulating circadian clock transcriptional circuitry by 5 
conservatively double-checking both warm-night and night-time-light signals in a synergistic manner in 6 
Arabidopsis thaliana. Plant and Cell Physiology 55, 2139-2151 7 
 8 
Nagel, D.H., Doherty, C.J., Pruneda-Paz, J.L., Schmitz, R.J., Ecker, J.R. and Kay, S.A. (2015) Genome-wide 9 
identification of CCA1 targets uncovers an expanded clock network in Arabidopsis. Proceedings of the 10 
National Academy of Sciences, USA. 112, E4802-4810 11 
Nakamichi, N., Kusano, M., Fukushima, A., Kita, M., Ito, S., Yamashino, T., Santo, K., Sakakibara, H., and 12 

Mizuno, T. (2009). Transcript profiling of an Arabidopsis PSEUDO RESPONSE REGULATOR arrhythmic 13 

triple mutant reveals a role for the circadian clock in cold stress response. Plant Cell Physiology 50, 447-14 

462 15 

Nakamichi, N., Kiba, T., Henriques, R., Mizuno, T., Chua, N.H., and Sakakibara, H. (2010). PSEUDO-16 

RESPONSE REGULATORS 9,7 and 5 are transcriptional repressors in the Arabidopsis circadian clock. Plant 17 

Cell 22, 594-605 18 

Nakamichi, N., Kiba, T., Kamioka, M., Suzuki, T., Yamashino, T., Higashiyama, T., Sakakibara, H., and 19 

Mizuno, T. (2012). Transcriptional repressors PRR5 directly regulates clock-output pathways. 20 

Proceedings of the National Academy of Science of the United States of America. 102, 17123-17128  21 

Nakamichi, N., Takao, S., Kudo, T., Kiba, T., Wang, Y., Kinoshita, T., and Sakakibara, H. (2016).  22 

Improvement of Arabidopsis biomass and cold, drought and salinity stress tolerance by modified 23 

circadian clock-associated PSEUDO-RESPONSE REGULATORs. Plant Cell Physiology 57, 1085–1097 24 

Nusinow, D.A., Helfer, A., Hamilton, E.E., King, J.J., Imaizumi, T., Schultz, T.F., et al. (2011). The ELF4-25 

ELF3-LUX complex links the circadian clock to diurnal control of hypocotyl growth. Nature 475, 398-402   26 

Onai, K., and Andishiura, M. (2005). PHYTOCLOCK 1 encoding a novel GARP protein essential for the 27 

Arabidopsis circadian clock. Genes Cells 10, 963-972 28 

Poireˊ, R., Wiese-Klinkenberg, A., Parent, B., Mielewczik, M., Schurr, U., Tardieu, F., and Walter, A. 29 
(2010). Diel time- courses of leaf growth in monocot and dicot species: endogenous rhythms and 30 
temperature effects. Journal of Experimental Botany 61, 1751-1759 31 
 32 

Pokhilko, A., Fernandez, A.P., Edwards, K.D., Southern, M.M., Halliday, K.J., and Millar, A.J. (2012). The 33 

clock gene circuit in Arabidopsis includes a repressilator with additional feedback loops. Molecular 34 

System Biology 8, 574 35 

Pruneda-Paz, J.L., and Kay, S.A. (2010). An expanding universe of circadian networks in higher plants. 36 

Trends in Plant Science 15, 259-265 37 

Rosbash, M. (2009). The Implications of Multiple Circadian Clock Origins. Public Library of Science One 38 
7(3), e1000062 39 
 40 



14 
 

Salomé, P.A., Oliva, M., Weigel, D. and Krämer, U. (2013) Circadian clock adjustment to plant iron status 1 

depends on chloroplast and phytochrome function. EMBO Journal 32, 511-523 2 

Schaffer, R., Ramsay, N., Samach, A., Corden, S., Putterill, J., Carre̒, I.A., et al. (1998). The late elongated 3 

hypocotyl mutation of Arabidopsis disrupts circadian rhythms and the photoperiod control of flowering. 4 

Cell 93, 1219-1229 5 

Seo, P.J., and Mas, P. (2015). STRESSing the role of the plant circadian clock. Trends in Plant Science 20, 6 

230-237 7 

Seo, P.J., Park, M.J., Lim, M.H., Kim, S.G., Lee, M., Baldwin, I.T., and Park, C.M. (2012). A self-regulatory 8 

circuit of CIRCADIAN CLOCK-ASSOCIATED1 underlies the circadian clock regulation of temperature 9 

responses in Arabidopsis. Plant Cell 24, 2427-2442 10 

Shor, E., Paik, I., Kangisser, S., Green, R., and Huq, E. (2017). PHYTOCHROME INTERACTING FACTORS 11 

mediate metabolic control of the circadian system Arabidopsis. New Phytologist  12 

Simms, E.L., and Rausher, M.D. (1987). Costs and benefits of plant resistance to herbivory. The American 13 

Naturalist 130, 570-581  14 

Smallwood, M., and Bowles, D.J. (2002). Plants in a cold climate. Philosophical Transactions of the Royal 15 

Society B: Biological Science 357, 831-847 16 

Strayer, C., Oyama, T., Schultz, T.F., Raman, R., Somers, D.E., Mas, P., et al. (2000). Cloning of the 17 

Arabidopsis clock gene TOC1, an autoregulatory response regulating homolog. Science 289, 768-771  18 

Stockinger, E.J., Gilmour, S.J., and Thomashow, M.F. (1997). Arabidopsis thaliana CBF1 encodes an AP2 19 

domain containing transcriptional activator that binds to the C-repeat/ DRE, a cis-acting DNA regulatory 20 

element that stimulates transcription in response to low temperature and water deficit.  Proceedings of 21 

the National Academy of Science of the United States of America 94, 1035-1040  22 

Thomashow, M.F. (1999). Plant cold acclimation: freezing tolerance genes and regulatory mechanisms. 23 

Annual Review of Plant Physiology and Plant Molecular Biology 50, 571-599 24 

von Koskull-Döring, P., Scharf, K.D., Nover, L. (2007) The diversity of plant heat stress transcription 25 

factors. Trends in Plant Sciences 12, 452-457 26 

Wang, Z.Y. and Tobin, E.M. (1998). Constitutive expression of the CIRCADIAN CLOCK ASSOCIATED 1 27 

(CCA1) gene disrupts circadian rhythms and suppresses its own expression. Cell 93, 1207-1217 28 

Wang, W., Barnaby, J.Y., Tada, Y., Li, H., Tör, M., Caldelari, D., et al.  (2011). Timing of plant immune 29 
responses by a central circadian regulator. Nature 470, 110–4 30 
 31 
Windram, O., Madhou, P., Mchattie, S., Hill, C., Hickman, R., Cook, E., et al. (2012). Arabidopsis defense 32 
against Botrytis cinerea: chronology and regulation deciphered by high resolution temporal 33 
transcriptomic analysis. Plant Cell 24, 3530-3557 34 
 35 

Yamaguchi-Shinozaki, K., and Shinozaki, K. (1994). A novel cis-acting element in an Arabidopsis gene is 36 

involved in responsiveness to drought, low temperature, or high salt stress. Plant Cell 6, 251-264 37 



15 
 

Zhang, C., Xie, Q., Anderson, R.G., Ng, G., Seitz, N.C., Peterson, T., et al. (2013). Crosstalk between the 1 

circadian clock and innate immunity in Arabidopsis. Public Library of Science Pathogens 9(6), e1003370 2 

Zhou, M., Wang, W., Karapetyan, S., Mwimba, M., Marque̒s, J., Buchler, N.E., and Dong, X. (2015). Redox 3 

rhythm reinforces the circadian clock to gate immune response. Nature 523, 472-476 4 

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones, J.D.G., Felix, G., and Boller, T. (2004) Bacterial 5 
disease resistance in Arabidopsis through flagellin perception. Nature 428, 764–767  6 
 7 

 8 

 9 


	Roden cs
	Roden_et_al_Plant_circadian_networks

