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Introduction 

1. Overview of the circadian clock function 

An endogenous time-keeping mechanism has been observed in almost every organism 

studied to date. This endogenous clock maintains robust rhythms of approximately 24 

hours even under constant environmental conditions, thus the name circadian (from 

Latin for “about a day”). The circadian clock provides a competitive advantage in 

fitness and survival, regulates daily rhythms of physiology and behavior, and can be 

re-entrained to match the environmental conditions (Doherty and Kay, 2010).  

 

The classical view of the circadian clock function consists of three main components: 

input pathways, central oscillators, and output pathways (Figure 1). The input 

pathways refer to all the external environmental cues and molecular components that 

pass time-of-day information to the central oscillator. Several environmental 

conditions, including light, temperature or feeding and social cues, act as main 

Zeitgebers (from the German for “time givers”) able to reset the clock every day 

(Crosthwaite et al., 1995). In most organisms, the central oscillator is composed of a 

variety of core clock components that regulated each other through several multiple 

transcriptional/translational interlocked feedback loops (Bell-Pedersen et al., 2005). 

The core clock components are genes whose protein products are important for 

generating and sustaining the circadian rhythms (Ko and Takahashi, 2006). The clock 

components receive the information from the input pathways to generate the 

biological rhythms in multiple output pathways including among many other, sleep-

wake cycles, feeding-fasting cycles, blood pressure, hormone release, energy 

metabolism, locomotor activity (Kalsbeek et al., 2011; Matsuo and Ishiura, 2010). The 

circadian regulation ensures that all the rhythmic biological processes occur at 

suitable time-of-day, thus improving the organism´s fitness (Green et al., 2002; 

Ouyang et al., 1998). 
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Figure 1. A simplified schematic of the similarities of the different compartments of the circadian 

clock among different species (Mus musculus, Drosophila melanogaster, and Arabidopsis thaliana). 

The simplified model consists of inputs (light, temperature), the central oscillator, and outputs. 

Abbreviations: CCA1, CIRCADIAN CLOCK ASSOCIATED 1; CLK, circadian locomotor output cycles 

protein kaput; CRY, cryptochrome; dCLK, Drosophila circadian locomotor output cycles protein 

kaput; EE, evening element; LHY, late elongated hypocotyl; PER, period; TIM, timeless; TOC1, timing 

of CAB expression 1. Modified from (Doherty and Kay, 2010).  

 

The clock in most organisms shares a remarkable property known as temperature 

compensation, whereby the period length of the biological rhythms remains nearly 

unaltered over a wide range of physiological changes in temperature. The 

phenomenon of temperature compensation was first observed in Drosophila 

pseudoobscura pupae (Pittendrigh, 1954). The clock also exhibits a property known as 

nutritional compensation, whereby the period length of the biological rhythms 

remains the same over different nutritional supplements (Iwasaki and Dunlap, 2000). 

Temperature and nutritional compensation are crucial for organisms to sustain the 

internal 24 hours rhythms independently of the temperature or nutritional variations 

in the environment. The circadian clocks from different species also share other 

properties: the circadian clock can be re-entrained each day to match the 

environmental conditions; and the circadian rhythmicity driven by the circadian clock 

is able to maintain the 24 hours rhythmicity in the absence of changes in 
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environmental cues, i.e. under constant free-running conditions (Harmer, 2009; Más, 

2008). 

  

In many multicellular organisms, circadian clocks are able to generate self-sustaining 

and cell-autonomous oscillations in every single cell (Doherty and Kay, 2010; Jolma et 

al., 2010). These cellular circadian rhythms need to be integrated into a tissue or 

organismal level to accomplish coordinated and balanced physiological responses. It 

has become widely accepted in mammals the existence of hierarchical and tissue-

specific functions of networked circadian clocks. The circadian clock in the 

suprachiasmatic nucleus (SCN) is known as a master oscillator, whereas clocks in 

peripheral tissues, including liver lung heart and muscle, are termed slaver oscillators 

(Barclay et al., 2012; Schibler and Sassone-Corsi, 2002).  

 

2. The Plant Circadian Clock 

As sessile organisms, plants cannot elude unfavorable environmental conditions. They 

have to cope with the changing external cues (for example, light and temperature 

oscillations) to properly adapt their growth and development (Sanchez and Kay, 2016). 

The circadian clock is the endogenous cellular mechanism that temporally coordinates 

this adaptation. From a simplified point of view, and as mentioned above for other 

organisms, the circadian system in Arabidopsis also consists of three main 

components: inputs, central oscillators, and outputs. External environmental signals 

(inputs) are responsible for synchronizing the internal timekeeper or the molecular 

mechanism responsible for tracking time (central oscillator) and generating the 

rhythms in multiple biological processes (outputs) (Harmer, 2009). Research over the 

last years has shown that this is a rather simplified organization as the circadian 

system is much more complex. Clock inputs could directly regulate clock output 

pathways and the core clock components could play some roles in the central 

oscillator as well as clock inputs and outputs (Harmer, 2009).  
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2.1 The central oscillator 

The components of the central oscillator are regulated by transcriptional feedback 

loops (Figure 2) (Huang et al., 2016; McClung, 2019) in conjunction with additional 

mechanisms including post-transcriptional and post-translational regulation, and 

chromatin modifications (Seo and Mas, 2014). The central loop has been initially 

defined to be composed of two morning-expressed MYB-related transcription factors, 

LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al., 1998) and CIRCADIAN CLOCK 

ASSOCIATED 1 (CCA1) (Wang and Tobin, 1998) and the dusk-expressed TIMING OF 

CAB2 EXPRESSION1 (TOC1) or PSEUDO RESPONSE REGULATOR1 (PRR1) (Makino et al., 

2002; Strayer et al., 2000). CCA1 and LHY are partially redundant (Mizoguchi et al., 

2002) and heterodimerize (Lu et al., 2009; Yakir et al., 2009) to perform their circadian 

function. Over-expression of either gene leads to arrhythmia, whereas single loss-of-

function CCA1 or LHY mutations exhibit a shortened period and advance phase (Green 

and Tobin, 1999; Mizoguchi et al., 2002; Schaffer et al., 1998; Wang and Tobin, 1998). 

On the other hand, the cca1/lhy double mutant is arrhythmic under free-running 

conditions (Alabadí et al., 2002). CCA1 and LHY function as negative regulators that 

contribute to the repression of TOC1 (Alabadí et al., 2001) by binding to the Evening 

Element (EE) motif present at the TOC1 promoter (Alabadí et al., 2002). TOC1 in turn 

represses CCA1 and LHY expression (Gendron et al., 2012; Huang et al., 2012) and 

functions as a general repressor of other morning- and evening-expressed oscillator 

genes (Huang et al., 2012). TOC1 mutant plants exhibit a shortened period phenotype 

while over-expression of TOC1 causes arrhythmia in several clock outputs (Strayer et 

al., 2000; (Makino et al., 2002; Más et al., 2003a). 
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Figure 2. A simplified schematic of the transcriptional feedback loops (core circadian oscillator) in 

Arabidopsis thaliana. The sequential expression of each clock main component during a light/dark 

cycle is shown from left to right. The time of activity (each clock component) is displayed in hours 

after dawn (below the white (light) and black(dark) bar on the bottom). Clock components within 

a colored dashed box belong to the same circadian function group. Brown bars suggest repression 

of transcription, and blue arrows suggest activation. Modified from (Nohales and Kay, 2016). 

 

TOC1 belongs to the PRR (PSEUDO-RESPONSE REGULATOR) family composed of four 

additional components (along with TOC1). The PRR genes are expressed sequentially: 

the PRR9 transcript peaks close to dawn, followed by PRR7, PRR5, PRR3, and lastly 

PRR1 at dusk (Makino et al., 2001; Mizuno and Nakamichi, 2005). PRR9, PRR7 and 

PRR5 are direct transcriptional targets repressed by CCA1 and LHY (Adams et al., 2015; 

Kamioka et al., 2016). PRR9 and PRR7 in conjunction with PRR5 in turn repress CCA1 

and LHY (Nakamichi et al., 2010).  

 

In addition to TOC1, other circadian factors are also expressed during the night. For 

instance, the components of the evening complex (EC), which include the MYB-like 

transcription factor LUX ARRHYTHMO (LUX, also known as PHYTOCLOCK1), EARLY 

FLOWERING 3 (ELF3) and ELF4, two plant-specific nuclear proteins with unidentified 

domains (Herrero et al., 2012; Nusinow et al., 2011). The EC functions as a 
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transcriptional negative regulator and is directly recruited to the promoters of PRR9, 

PRR7 and GIGANTEA (GI), and to the LUX promoter itself (Chow et al., 2012; Dixon et 

al., 2011; Helfer et al., 2011; Mizuno et al., 2014).The functions of the EC and ELF4 are 

further described in sections 2.5 and 2.6. 

 

GI is a large plant-specific protein without well-characterized functional domains 

(Martin-Tryon et al., 2007). This gene is inhibited in the morning by CCA1 and LHY (Lu 

et al., 2012a), and conversely, CCA1 and LHY appear to be induced by GI (Martin-Tryon 

et al., 2007). In the evening, TOC1 and the EC both participate in GI repression (Huang 

et al., 2012; Mizuno et al., 2014). The gi-1 mutant exhibits a shortened period of the 

rhythmic reporter (CHLOROPHYLL A/B-BINDING PROTEIN 2, CAB2) and leaf movement, 

whereas gi-2 mutant causes a similar shortened period of leaf movement but a 

lengthened period of the rhythmic reporter (CAB2) (Park et al., 1999). Besides, over-

expression of GI leads to a shortened circadian period and a delayed circadian phase 

(measured for COLD CIRCADIAN REGULATED2 (CCR2) rhythmic reporter), suggesting 

that GI plays a significant role in controlling circadian rhythms (Mizoguchi et al., 2005). 

 

A number of transcriptional activators are observed to play important roles in the 

plant circadian clock. LIGHT-REGULATED WD1 (LWD1) and LWD2 are transcriptional 

co-activators recruited to the promoters of a set of clock genes, including CCA1, PRR9, 

PRR5, and TOC1 (Wu et al., 2008, 2016). Three CCA1/LHY homologs, REVEILLE8 (RVE8), 

RVE4, and RVE6 protein form complexes with transcriptional coactivators, NIGHT 

LIGHT-INDUCIBLE AND CLOCK-REGULATED1 (LNK1), and LNK2 to activate expression 

of PRR5, TOC1, and ELF4 (Pérez-García et al., 2015; Rugnone et al., 2013; Xie et al., 

2014). Latest results show that the MYB domain of RVE8 has the DNA binding 

specificity, whereas the LCL domain of RVE8 could recruit LNKs to target promoters. 

Besides, the LNKs could recruit RNA Polymerase II and the transcript elongation FACT 

complex to activate rhythmically the transcription of TOC1 and PRR5 (Ma et al., 2018). 
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2.2 Input pathways 

Environmental signals such as light and temperature convey time information and are 

required to synchronize the internal clock. The impact of light controlling the pace of 

the plant circadian clock is very important, and multiple regulatory levels are affected 

by the light intensity and quality (Nohales and Kay, 2016). Light perceived through a 

set of photoreceptors has been shown to be involved in setting the pace of the clock 

(Fankhauser and Staiger, 2002; Fehér et al., 2011; Ito et al., 2012; Jones et al., 2015). 

The speed of the clock increases with higher light intensity, whereas the speed of the 

clock slows down at lower light intensity (following the so-called Aschoff's rule) 

(Aschoff, 1979).  

 

Light has the ability to acutely induce the expression of multiple core-clock genes 

(Farré et al., 2005; Lu et al., 2009; Rugnone et al., 2013; Wang and Tobin, 1998). 

Etiolated plants irradiated with light with different wavelengths for around 2 hours 

present an rapid response, inducing the transcription of several core clock genes 

including CCA1, LHY, PRR9, LNK1, LNK3, ELF4, and TOC1 (Makino et al., 2001; Shikata 

et al., 2014; Tepperman et al., 2001). LWD1 and LWD2 seem to participate in the 

activation and light input to the plant circadian system (Wang et al., 2011; Wu et al., 

2008). Light can also induce the expression of PRR7 and GI (Farré et al., 2005; Park et 

al., 1999). This acute effect of light on the accumulation of core clock components 

could affect proper resetting and the regulation of expression of target genes, which 

would eventually affect the transcriptome. 

 

In Arabidopsis, there are at least five families of photoreceptors: PHYTOCHROMES, 

CRYPTOCHROMES, the ZEITLUPE (ZTL) family, phototropins, and UV Resistance Locus 

8 (UVR8) (Figure3). 
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Figure 3. A simplified schematic of the crosstalk among light-signals and their integration into the 

circadian clock network in plants. Light signals (RED/FAR RED, BLUE, UV-B) are sensed by different 

groups of photoreceptors (PHYs, CRYs, ZTL, UVR8), which pass the external environmental signals 

to molecular signaling hubs. Core-circadian clock components are downstream targets of 

regulation of photoreceptors and signaling hubs. Lines with blunt ends and arrows indicate 

repression and activation of transcription, respectively. Abbreviations: FR, far-red; UV-B, 

ultraviolet-B; EC, evening complex. Modified from (Sanchez et al., 2020). 

 

The PHYTOCHROME protein family (red and far-red light receptors) has five members, 

PHYA-PHYE (PHYA and PHYB play dominant Roles) (Franklin and Quail, 2010; Wang 

and Wang, 2015). PHYB (main red light sensor) is a major PHYTOCHROME member in 

light-grown seedlings, whereas PHYA (main far-red sensor that also participates in 

blue-light signaling) is highly abundant in dark-grown plants (Sanchez et al., 2020; 

Sharrock and Clack, 2002). PHYB interacts with CRY2 in the control of flowering time, 

hypocotyl elongation and circadian period length by the clock (Más et al., 2000). The 

interaction of PHYB and CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1, one E3 

ubiquitin ligase) provides a direct link between ELF3 and light-signaling pathways (Liu 

et al., 2001a; Yu et al., 2008a). The interaction of ELF3 and COP1 enables the link 

between light input signaling and the circadian clock through targeted destabilization 

of GI (Yu et al., 2008a). Recent evidence has further revealed that PHYB plays a major 

role in this molecular connection, because it mediates ELF3’s interaction with other 
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light-signaling components (Huang et al., 2016). PHYB also appears to directly interact 

with various clock components (CCA1, LHY, LUX, TOC1) and the interaction is 

differential under red and far-red light (Yeom et al., 2014).  

 

The connection between light-signaling pathways and clock components for proper 

oscillator function is best demonstrated by the transcriptional regulation of the clock 

gene ELF4, whose rhythmic expression is affected by the coordination of light and the 

clock (Li et al., 2011a). Three positive regulators of PHYA signaling, ELONGATED 

HYPOCOTYL 5 (HY5), FAR RED IMPAIRED RESPONSE 1 (FAR1) and FAR RED ELONGATED 

HYPOCOTYL 3 (FHY3), directly bind the ELF4 promoter and stimulate its expression (Li 

et al., 2011a). This binding is later repressed by the core clock proteins CCA1 and LHY, 

which repress ELF4 expression in the morning (Li et al., 2011a).  

 

PHYTOCHROMES also interact with PHYTOCHROME INTERACTING FACTORS (PIFs), 

which are basic helix-loop-helix (bHLH)-motif-containing transcription factors (Shin et 

al., 2013). PIFs are able to directly bind to the DNA G-box (CACGTG) motif to 

subsequently regulate the transcription of their target genes. Several clock genes (such 

as LHY, CCA1, PRR9, PRR7, PRR5, and LUX) have G-box motifs in their promoter region. 

Indeed, PIF3 has been shown to bind to CCA1 and LHY promoters in vitro (Martínez-

García et al., 2000). On the other hand, circadian clock proteins could regulate PIFs. 

TOC1 has the ability to directly repress the transcriptional-activator activity of the PIF 

protein (Soy et al., 2016). PIF3 protein and TOC1 protein can directly interact in plants 

(Soy et al., 2016). 

 

CRYPTOCHROME 1 (CRY1) and CRY2 (members of the CRYPTOCHROME protein family) 

are involved in a set of blue-light-mediated physiological responses (including 

photomorphogenesis, de-etiolation, entrainment of the circadian clock, and flowering) 

(Yang et al., 2017). The mechanism linking CRYPTOCHROMES to the core of the clock 

components is still not fully understood but several findings provide evidence that the 



16 
 

circadian clock is regulated by blue light. Under constant blue light condition, cry1 

mutants exhibit a lengthened period phenotype compared with wild type (Somers et 

al., 1998), whereas cry2 mutants show a more subtle phenotype (Devlin and Kay, 2000; 

Somers et al., 1998; Yanovsky et al., 2001). However, the double cry1/cry2 mutant 

seedlings show a longer period phenotype compared with wild type or single mutant 

under continuous blue light (Devlin and Kay, 2000). Blue light is also able to stabilize 

COLD REGULATED GENE 27 (COR27) and COR28 proteins, which bind to the promoters 

of several clock components (such as PRR5 and TOC1) and repress their transcription 

(Li et al., 2016). Similarly, blue light has the ability to induce HY5 and HY5-HOMOLOG 

(HYH) gene expression and protein abundance. HY5 has been found to associate with 

the promoter of several main clock genes including CCA1, PRR9, and LUX in a light-

quality-dependent manner (Hajdu et al., 2018; Li et al., 2011a). Under blue light, the 

association of HY5 to the promoters of several clock genes (PRR5, LUX, and BROTHER 

OF LUX ARRHYTHMO (BOA) is increased and correlated with changes in their 

expression (Hajdu et al., 2018; Li et al., 2011a).  

 

Blue-light perception can be also achieved through the ZTL family of photoreceptors, 

composed of three members: ZTL, FKF1 (FLAVIN-BINDING, KELCH REPEAT, F-BOX 1), 

and LKP2 (LOV KELCH PROTEIN 2) (Nelson et al., 2000; Schultz et al., 2001; Somers et 

al., 2000). ZTL, FKF1, and LKP2 have partially overlapping functions in the regulation 

of the circadian function. ZTL is involved in the targeted degradation of PRR5 and TOC1 

protein (Kiba et al., 2007; Más et al., 2003b), and similarly, ZTL has been shown to 

mediates ubiquitylation of CCA1 HIKING EXPEDITION (CHE) and regulate its stability in 

a light-dependent and ubiquitin proteasome system-dependent manner (Lee et al., 

2018; Pruneda-Paz et al., 2009). 

 

Ultraviolet-B (UV-B) light (280–315 nm) is sensed by UV Resistance Locus 8 (UVR8) 

(Rizzini et al., 2011). UVR8 interacts with COP1 in a UV-B-dependent manner, 

promoting the nuclear accumulation of UVR8 (Favory et al., 2009; Rizzini et al., 2011). 
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It has been shown that UV-B reduces PIF4 expression, hence reducing the abundance 

of PIF4. Regardless of the well-characterized roles of ELF3 and HY5 as transcriptional 

regulators of PIF4, these two regulators have not been found to involve in the UV-B-

mediated inhibition of PIF4 levels (Delker et al., 2014; Hayes et al., 2017; Nusinow et 

al., 2011). 

 

The plant circadian system can also be reset by temperature changes. The predictable 

cold/warm cycles during the day and night with differences as small as 4°C (12 hour 

18°C:12hour 22°C) are capable of entraining the clock (Michael et al., 2003). Low 

temperature treatments can cause a considerable dampening of amplitude of rhythms 

(Bieniawska et al., 2008). The circadian regulation of C-REPEAT BINDING FACTOR1-3 

(CBF1-3, cold-induced transcription factors) genes is disrupted in cca1/lhy double 

mutant, probably owing to the loss of both CCA1 and LHY binding to the promoters of 

these genes (Dong et al., 2011). A complex circadian clock model simulation has 

predicted negative regulation of CBF3 through TOC1, which binds to the CBF3 

promoter and contributes to its gated response to cold conditions (Keily et al., 2013). 

PRR7 and PRR9 clearly play an important role in responding to external environment 

temperature signals. prr7/prr9 double mutant plants cannot be entrained through 

temperature cycles and cannot respond properly to external temperature pulses 

(Salome and McClung, 2005), suggesting an important role in response to 

temperature signaling. The EC is also required for changes in transcript abundance in 

response to varying temperatures (Box et al., 2015; Ezer et al., 2017a). Temperature 

is known to input to the clock through regulating the EC function through LUX 

transcriptional activity (Chow et al., 2014). The connection of the EC with temperature 

is further described in section 2.5.2.  

 

Temperature is also known to input to the clock at several different levels including 

alternative splicing of multiple core-clock genes. The alternative splicing of CCA1 

(temperature-responsive) is thought to give rise to a non-functional version of the 
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CCA1 protein (CCA1β, lacks the MYB domain) that can compete with the full-length 

CCA1 (CCA1α) and LHY in the formation of homo- and heterodimers, resulting then in 

the formation of non-functional complexes (Seo et al., 2012). Notably, an LHY splice 

variant with a premature stop codon accumulates under cold conditions (James et al., 

2012).  

 

As mentioned above, the circadian clock also exhibits a remarkable property known 

as temperature compensation, i.e. it is able to sustain circadian periods of 24 hours 

within a physiological range of varying temperatures. The clock thus buffers the 

changes in the rates of biochemical responses (Greenham and McClung, 2015). A 

molecular mechanism responsible for temperature compensation in Arabidopsis has 

been described (Portolés and Más, 2010). The mechanism relies on the balance 

between the CCA1 DNA binding activity and its phosphorylation by CK2: their activities 

are antagonistic, but both of them are enhanced by temperature (Portolés and Más, 

2010). The repression of CCA1 activity increases with higher temperature, resulting in 

stronger repression to target genes, whereas the CK2-dependent CCA1 

phosphorylation, which results in reduced promoter binding affinity by CCA1, 

increases with higher temperature and leads to reduced repression of CCA1 target 

genes. Therefore, both activities (phosphorylation and transcriptional repression) 

balance each other at different temperatures and the circadian period remains 

unchanged (Portolés and Más, 2010). 

  

The maintenance of a similar free-running period at different temperatures might be 

also achieved by the temperature-dependent regulation of the expression of morning- 

and evening-phased circadian clock genes (Gould et al., 2006). Therefore, the 

circadian clock does not run slower at lower than at higher temperatures, sustaining 

a period close to 24-hours within a physiological range of temperatures (Chen et al., 

2020). Phosphorylation of the S45 residue in ELF4 has been found to oscillate over the 

course of the day in a circadian manner (Choudhary et al., 2015). This phosphorylation 
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appears to enhance ELF4 binding to ELF3 and to be involved in temperature 

compensation. 

 

 

2.3 Output pathways 

The central oscillator generates rhythms in multiple output processes allowing 

organisms to anticipate and adapt to the changing environment (Huang and Nusinow, 

2016). Many studies have uncovered a number of physiological, metabolic and 

developmental processes controlled by the clock (Gehan et al., 2015). 

 

It has long been known that the circadian clock is able to influence plant responses to 

low temperature (Eriksson and Webb, 2011). The major players in plant cold 

acclimation are the CBF protein family (CBF1, CBF2 and CBF3) that activate 

downstream cold-regulated genes. Transcript abundance of CBFs are clock-regulated 

(peaking at midday) and the cold-induction of these genes is gated by the circadian 

clock (Eriksson and Webb, 2011). Several main clock components such as CCA1, PRR5, 

PRR7, and TOC1 have been reported to bind to the promoters of some or all of these 

CBF genes (Dong et al., 2011; Huang et al., 2012; Nakamichi et al., 2012). CCA1 

activates CBFs and improves plant freezing tolerance (Dong et al., 2011) whereas PRR5 

and PRR7 repress the expression of CBFs and inhibit freezing tolerance (Nakamichi et 

al., 2009).  

 

Hypocotyl elongation is extremely sensitive to light conditions and changes in 

temperature (Niwa et al., 2009; Nomoto et al., 2012). The circadian clock has the 

ability to regulate the photoperiodic and thermoresponsive hypocotyl growth through 

PIFs (Leivar and Monte, 2014), particularly PIF4 and PIF5 (Mizuno et al., 2014; Nusinow 

et al., 2011; Raschke et al., 2015). PIF4 and PIF5 are positive regulators of hypocotyl 

growth, and their gene expression patterns coincide with the end-of-night phase of 
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elongation (Greenham and McClung, 2015). The proper circadian regulation of PIF4 

and PIF5 gene expression depends on early night repression through the EC (Nusinow 

et al., 2011). The carboxy-terminal domain of the ELF3 (EC component) interacts with 

PIF4 to inhibit its activity as a transcriptional regulator (Nieto et al., 2015a) in the early 

evening (Nozue et al., 2007).  

 

Photoperiodic flowering in higher plants relies on the oscillation of flowering-related 

components driven by the circadian clock in consonance with the external 

environmental conditions. Plants are able to use the circadian clock to measure the 

duration of the day (photoperiodic pathway) and consequently trigger (or not) 

flowering (Amasino and Michaels, 2010; Kobayashi and Weigel, 2007). Very briefly, 

flowering is under the control of the florigen gene FLOWERING LOCUS T (FT), which is 

activated by CONSTANS (CO, a critical transcriptional activator) (Kobayashi et al., 1999). 

CO is a clock regulated protein, which is stable only in the light (Putterill et al., 1995; 

Valverde et al., 2004). On short days, repression of CO transcription is relieved after 

dusk, but unstable CO protein fails to accumulate in the dark. Therefore, FT 

transcription is not activated. On long days, CO mRNA and protein accumulate before 

dusk, which stabilizes CO protein. Stabilized CO protein accumulates and binds to the 

FT promoter to induce transcription. FT protein moves from leaves to the shoot apex 

and induces the transition from vegetative to reproductive growth (Corbesier et al., 

2007; Song et al., 2015). The movement of FT is further described in section 2.7. 

 

 

2.4 Tissue specificity at the core of the plant clock 

Regarding the circadian structure and organization of the circadian system within the 

plant, it is widely accepted that every plant cell harbors a clock. The plant cells are 

coupled by two key connections: plasmodesmata and vascular bundles (Ludewig and 

Frommer, 2002; Turner and Sieburth, 2003). Plasmodesmata directly connect nearest-
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neighbor cells (Ding, 1998) whereas vascular bundles connect distal parts of the plant 

(Ludewig and Frommer, 2002; Turner and Sieburth, 2003). Plasmodesmata is relevant 

for short-distance while the vascular bundles are amenable for long-distance 

communication. Therefore, it is very possible that plasmodesmata and vasculature 

could contribute to the cell-to-cell (short-distance) and long-distance coupling of the 

oscillation networks, respectively. Consistent with this notion, tissue-specific studies 

have showed that the vasculature and mesophyll clocks of leaf tissues regulate each 

other with unequal features. The circadian clock in the vasculature has distinct 

properties from other leaf tissues: without external environmental cues, vasculature 

clock system is still robust and regulates the coupling of the circadian clock in neighbor 

mesophyll leaf cells (Endo et al., 2014).  

 

The circadian clock in the shoot apex is also reported to be hierarchically dominant in 

the plant circadian system (Takahashi et al., 2015) with characteristics very similar to 

those of the Suprachiasmatic Nucleus (SCN) in mammals (Figure 4) (Schibler and 

Sassone-Corsi, 2002). The shoot apex clocks are tightly coupled, exhibiting a high 

degree of circadian communication. Signals coming from the clocks at the shoot apex 

have the ability to synchronize distant clocks such as the ones in roots (Takahashi et 

al., 2015). Indeed, the circadian rhythms in roots are altered by shoot apex excision 

(Takahashi et al., 2015). Analysis of root circadian rhythms in plants with excised shoot 

apex have shown  similar results to those found in excised roots, suggesting the 

importance of the shoot-to-root circadian communication (Takahashi et al., 2015). The 

long-distance circadian signaling influence of shoot apexes on the rhythmic activity of 

roots has also been demonstrated by micrografting approaches. The rhythmic 

recovery of arrhythmic mutant rootstocks when WT shoot apexes are used as scions 

in grafting experiments, also confirms the long-distance communication. This notion 

is also supported by the observed arrhythmia in WT rootstocks when arrhythmic shoot 

apexes are grafted as scions (Takahashi et al., 2015). The circadian clock in roots seems 

to be also synchronized by photosynthesis-related signals from the shoots, suggesting 
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the possibility that inter-tissue coupling and long-distance shoot-to-root signaling may 

occur in plants (James et al., 2008a). Further research proves that light piping down 

the root might contribute to this entrainment (Nimmo, 2018) but only in cells very 

closed to the hypocotyls. 

 

 
Figure 4. A simplified schematic of the similar synchronize circadian function of shoot apex (in 

plants) and SCN (in mammals). In mammals, the circadian clock in SCN is well coupled and could 

influence the circadian activity in distal organs (such as liver, intestine, and lung). The circadian 

clock in the shoot apex function in the same way and could influence the circadian activity in distal 

roots. Modified from (Takahashi et al., 2015). 

 

Some key components of the plant circadian clock show tissue-specific expression 

patterns. For instance, GUS staining assays have suggested that PRR3 shows 

vasculature-enriched expression patterns (Para et al., 2007). The circadian cycling of 

LUX expression in vascular tissues peaks at dusk, while in mesophyll and epidermis 

tissues LUX expression shifts to the morning (Shimizu et al., 2015). Rhythmic 

vasculature-enriched clock genes tend to be expressed at night, while mesophyll-
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enriched clock genes are mostly expressed in the morning (Endo et al., 2014). We are 

only starting to unravel the cell-, tissue-and organ-specific circadian function and their 

integration within the whole plant.  

 

 

2.5 The Evening Complex   

2.5.1 Role of The Evening Complex at the central oscillator  

The EC plays a major role within the plant circadian system. Loss-of-function mutation 

of any of the EC components (elf3, elf4, or lux) causes an arrhythmic phenotype (Doyle 

et al., 2002; Hazen et al., 2005; Hicks et al., 1996; Onai and Ishiura, 2005). The 

arrhythmia is accompanied by many other phenotypes such as early flowering or long 

hypocotyl elongation (Doyle et al., 2002; Hazen et al., 2005; Hicks et al., 2001; Khanna 

et al., 2003; Kim et al., 2005; Liu et al., 2001a; Nozue et al., 2007; Nusinow et al., 2011; 

Onai and Ishiura, 2005; Zagotta et al., 1996). Both ELF4 and LUX promoters contain 

one evening element motif (EE, AAAATATCT), which is the binding site of CCA1 and LHY 

(Harmer et al., 2000). The ELF3 promoter has one EE-like element (AATATCT) and two 

CCA1 binding sites (CBS, AA(A/C)AATCT) (Huang et al., 2012; Mikkelsen and 

Thomashow, 2009; Wang et al., 1997). CCA1 binds to the promoter of ELF3 in the early 

morning to repress its expression, which supports genetic data showing that ELF3 is 

repressed by CCA1 (Lu et al., 2012a). A recent study identifying genome-wide targets 

of CCA1 using chromatin immunoprecipitation followed by high-throughput 

sequencing (ChIP-seq) has shown that CCA1 occupies the promoter regions of all EC 

components (Kamioka et al., 2016; Nagel et al., 2015). Two or more of the EC 

components have been shown by ChIP analysis to associate with the promoters of 

PRR7, PRR9, GI, and LUX (Chow et al., 2012; Dixon et al., 2011; Helfer et al., 2011). LUX 

also undergoes autoregulation by binding to its own promoter through the LUX binding 

site (LBS, GAT(A/T)CG), suggesting that the EC regulates its own accumulation by 
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suppressing LUX expression (Helfer et al., 2011).  

 

Several chromatin remodeling complexes have also been found to contribute to the 

regulation of the EC. ELF3 interacts with the chromatin-related complex (SWI2/SNF2-

RELATED, SWR1), which is responsible for the deposition of the histone variant H2A.Z. 

This interaction provides the means for repressive chromatin domains to repress a set 

of target genes in plants (Tong et al., 2020). HOS15 also forms a large protein complex 

with the EC components and the histone deacetylase HDA9. This HOS15–EC–HDA9 

histone-modifying complex associates to the GI promoter and negatively regulates GI 

transcription (Park et al., 2019). 

 

Recent studies have indicated that the EC components may also have independent 

functions of the EC. Indeed, a recent study has shown that the ability of LUX to bind 

its target genes is independent of ELF3 and ELF4 (Silva et al., 2020a). A similar finding 

shows that many overlapping binding sites of LUX are found among wild type 

background and elf3-1 background, suggesting that the binding ability of LUX is EC-

independent (Ezer et al., 2017a). ELF4 also has some EC-independent functions. For 

instance, the physical interaction of ELF4 with GI results in GI’s sequestration from the 

nucleoplasm (GI binds to the CO promoter in the region of nucleoplasm) and its 

localization into nuclear bodies, thus the binding to the CO promoter from GI is 

released and photoperiodic flowering in plants is regulated (Kim et al., 2013). ELF3 also 

regulates hypocotyl growth via PIF4 in an EC-independent manner by directly 

interacting with PIF4 to limit the activation of PIF4 downstream targets (Nieto et al., 

2015a). ELF3 functions as a thermosensor and the rapid shift between ELF3 active and 

inactive states (through phase transition) is temperature-dependent (Jung et al., 2020). 

Besides, the above temperature related function of ELF3 could be modulated by the 

amounts of ELF4, suggesting the stabilizing function of ELF3 by ELF4 (Jung et al., 2020). 
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2.5.2 Role of The Evening Complex in the input pathways 

The EC plays significant roles integrating and transmitting multiple light and 

temperature signals to the plant circadian clock. Both ELF3 and ELF4 are regulated by 

light signaling pathways and are induced by light (Kikis et al., 2005; Liu et al., 2001a). 

FAR1, FHY3 and HY5 (positive transcriptional regulators of the PHYA signaling) bind to 

the promoter of ELF4 to activate its expression during the day (Li et al., 2011a). It is 

known that PHYB and COP1 regulate the abundance of ELF3 protein in vivo (Liu et al., 

2001a; Nieto et al., 2015a; Yu et al., 2008a). Besides, the B-BOX DOMAIN PROTEIN 19 

(BBX19, a photomorphogenesis regulator) physically interacts with COP1 and ELF3 to 

promote the COP1-dependent degradation of ELF3 (Wang et al., 2015). The EC also 

regulates responses to and is regulated by UV-B light (low-intensity and non-damaging). 

ELF4 abundance is highly induced by UV-B light, and null mutants of elf3, lux, or elf4 

display defects in the gating of UV-B-responsive gene abundance (Fehér et al., 2011; 

Takeuchi et al., 2014). Consistently, ChIP analysis shows that LUX and ELF4 are 

associated with the promoter of EARLY LIGHT INDUCIBLE PROTEIN 1 (ELIP1), a gene 

involved in the UV-B signaling pathway (Takeuchi et al., 2014).   

 

Similarly to light, the EC is also important for temperature signaling. ELF3 is required 

for the proper induction of several clock genes including GI, LUX, PIF4, PRR7, and PRR9 

when seedlings are moved to warmer temperature conditions. Accordingly, the 

temperature-responsiveness of clock gene expression is abolished in elf4, elf3, as well 

as lux null mutants (Mizuno et al., 2014). The association of the EC with the promoters 

of PRR9, LUX, and PIF4 is reduced at warmer temperatures, suggesting that 

temperature might directly and specifically regulate EC recruitment to the promoters 

of the EC target genes (Box et al., 2015). This conclusion is also reinforced by ChIP-Seq 

analyses showing that the strength of the EC binding is increased at lower 

temperatures, whereas it is weaker at higher temperature (Ezer et al., 2017a).  

 

Several studies have shown that cold signals could be integrated into the circadian 
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clock through different mechanisms such as transcriptional and post-transcriptional 

regulation. The CBF1 transcription factor has been shown to bind to the LUX promoter 

to regulate LUX expression (Chow et al., 2014). Besides, decreased intron retention of 

ELF3 has been discovered in the gemin2-1 mutant, which is known to affect the 

temperature-responsive alternative splicing of CCA1, RVE8, and TOC1 (Schlaen et al., 

2015). Temperature changes may directly regulate ELF3 activity through regulating 

alternative splicing (Schlaen et al., 2015). 

 

2.5.3 Role of The Evening Complex in the output pathways 

As mentioned above, the EC connects the clock to several output pathways, such as 

the photoperiod-dependent plant growth, flowering and seed dormancy. PIF4 and 

PIF5 protein accumulation is post-translationally suppressed during the day, whereas 

PIF4 and PIF5 expression is transcriptionally repressed by the EC during the early night 

(Niwa et al., 2009; Nozue et al., 2007; Nusinow et al., 2011; Yamashino et al., 2013). 

As the accumulation of the EC decreases as dawn approaches, transcriptional 

suppression of PIF4/PIF5 is abolished (Nozue et al., 2007; Nusinow et al., 2011; 

Yamashino et al., 2013). Therefore, the long hypocotyl phenotype of the EC mutants 

can be explained by the loss of transcriptional suppression at night, which leads to the 

premature accumulation of PIF4/PIF5 proteins (Huang and Nusinow, 2016). ELF3 also 

regulates hypocotyl growth via PIF4 in an EC-independent manner by directly 

interacting with PIF4 to limit the activation of PIF4 downstream targets (Nieto et al., 

2015a). 

 

ELF3 and ELF4 have been initially identified by their early flowering phenotype. A 

possible mechanism explaining their regulation of flowering is provided (Lee et al., 

2007b; Mizoguchi et al., 2005; Yoshida et al., 2009; Yu et al., 2008a). GI promotes 

flowering by increasing the transcription of CO and FT (Mizoguchi et al., 2005). ELF3 

cooperates with COP1 to destabilize GI, thereby resulting in reduced expression of CO 
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and FT (Yu et al., 2008a). In addition, a transcription factor known as SHORT 

VEGETATIVE PERIOD (SVP, a FT transcriptional repressor) has been shown to directly 

interact with ELF3 and accumulate in the ELF3 over-expression line (Lee et al., 2007b; 

Yoshida et al., 2009), which explains the late-flowering phenotype of ELF3 over-

expressing plants (Yu et al., 2008a). The EC-target PIF4 also binds to the promoter of 

FT in a temperature-dependent manner and interacts with CO to regulate the high-

temperature induced flowering under non-inductive short-day conditions (Fernández 

et al., 2016; Kumar et al., 2012). 

 

A recent study has also shown that the EC together with PICKLE (PKL, a chromatin-

remodeling factor) regulate the expression of DELAY OF GERMINATION1 (DOG1), a 

critical gene involved in seed dormancy during seed development (Zha et al., 2020). 

The germination of freshly harvested seeds is reduced in pkl, lux, or elf3 null mutants, 

suggesting that PKL, ELF3 and LUX are negative regulators of seed dormancy (Zha et 

al., 2020). Besides, the transcription of DOG1 is much higher in pkl, elf3, or lux mutants 

compared with wild type (Zha et al., 2020). Further experiments have shown that PKL 

interacts with LUX to transmit circadian signals for directly regulating DOG1 

expression(LUX binds to the promoter of DOG1) (Zha et al., 2020).  

 

 

2.6 EARLY FLOWERING 4 

ELF4 has been identified by its function in photoperiod perception and circadian 

regulation (Doyle et al., 2002). ELF4 improves clock accuracy and is required for 

sustained robust oscillations. ELF4 mRNA expression oscillates, displaying a peak at 

night (Doyle et al., 2002). Various clock components contribute to this pattern of 

expression. A recent study has found that RVE8, a morning-phased protein, 

antagonizes CCA1 and is able to activate the expression of ELF4 through binding to the 

EE element (Hsu and Harmer, 2014; Hsu et al., 2013). In the afternoon, ELF4 expression 
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is reduced in the double mutant of LNK1 and LNK2, which integrate light input into the 

clock (Rugnone et al., 2013). In addition, the evening-expressed clock component 

TOC1 has been also found to suppress the expression of ELF4 (Huang et al., 2012). 

 

elf4 mutants exhibit a wide array of phenotypes, including arrhythmic circadian 

patterns, abnormal hypocotyl elongation, as well as early flowering (Doyle et al., 2002). 

Plants over-expressing ELF4 (ELF4-ox) are late flowering under inductive (long-day) 

photoperiods, whereas ELF4-ox plants show no delay in flowering under short days 

(McWatters et al., 2007). ELF4-ox PLANTS show rhythms albeit with longer circadian 

periods under constant light (LL) conditions following entrainment under light:dark (LD) 

cycles (McWatters et al., 2007). A recent study has defined the ELF4 non-annotated 

domain (DUF1313) and biochemically confirmed that ELF4 forms a homodimer with 

α-helical composition (Kolmos et al., 2009). A new isolated elf4 mutant (through a 

TILLING mutagenesis screen over the ELF4 locus) has revealed that ELF4 is a repressor 

of the pace of the clock. ELF4 achieves this function through promoting the nuclear 

localization of ELF3 (Herrero et al., 2012) and by repressing the expression of several 

circadian clock genes (GI, TOC1,LUX, PRR9, and PRR7) (Kolmos et al., 2009).  

 

Recent results have identified a role for ELF4 as a gatekeeper, preventing the EC from 

associating with other proteins, including the CHLOROPLAST RNA BINDING (CRB, a 

chloroplast-associated protein) and the EFLs (ELF4-likes, DUF-1313 domain containing 

family) (Huang et al., 2016). The mechanism of the “gatekeeper” probably relies on a 

combination of steric interference and maintaining the complex in the nucleus and/or 

nuclear speckles (Herrero et al., 2012). ELF4 also displays functions independent from 

the EC (Kim et al., 2013). ELF4 influences GI nuclear dynamics and ELF4 physically 

interacts with GI in nuclear bodies (Kim et al., 2013). Through this protein interaction, 

ELF4 regulates the nuclear distribution of GI (Kim et al., 2013). GI binds to the 

promoter of CO in the nucleoplasm, but ELF4 sequesters GI from the nucleoplasm to 

nuclear bodies (Kim et al., 2013). Thus, the binding to the CO promoter from GI will be 
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released (Kim et al., 2013). The spatial regulation of GI with ELF4 in the nucleus may 

contribute to the regulation of photoperiodic flowering (Kim et al., 2013).    

 

Structural studies and extensive in vitro assays have been used to understand the 

molecular mechanisms of the temperature-dependent EC binding to DNA and to 

demonstrate the critical function of ELF4 in this mechanism. In vitro DNA binding 

assays have shown that the full EC is able to act as a direct thermosensor (Silva et al., 

2020a). The EC exhibits stronger DNA binding at 4°C than at 27°C (Silva et al., 2020a). 

An excess of ELF4 is able to restore the poor EC binding at 27°C, suggesting that ELF4 

is a key modulator of thermosensitive EC activity (Silva et al., 2020a). 

 

ELF4 is found to be enriched in the vasculature (Endo et al., 2014). The tissue-specific 

ELF4 expression pattern strongly suggests the possibility of discrete functions of the 

circadian clock in vasculature (Endo, 2016). One recent research study of the shoot 

and root clocks in elf3, elf4, or lux mutants have shown specific effects on roots 

(Nimmo et al., 2020). The shoots of lux mutants have a short-period phenotype while 

the roots of lux are very weakly rhythmic under red + blue light (Nimmo et al., 2020). 

However, both elf3 and elf4 mutants show a short period in roots and abolish the 

differences in root period under red and blue light (Nimmo et al., 2020).  

 

 

2.7 LONG DISTANCE PROTEIN MOVEMENT IN PLANTS  

A number of different studies have shown that the movement of transcription factors 

is widespread during plant development and play significant roles in plant growth (Lee 

et al., 2006; Rim et al., 2011). As mentioned above, FT is a long-distance movement 

protein and controls the floral transition from vegetative to reproductive growth 

(Corbesier et al., 2007; Jaeger and Wigge, 2007). External environmental cues are 

sensed by the leaves. However, the responses for flowering occur at the shoot apex. 
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This requires the long-distance communication between leaves and the shoot apex 

(Jaeger and Wigge, 2007). The long-distance mobile signal has been termed as 

‘‘florigen’’ and has been later discovered to be a mobile FT protein (Corbesier et al., 

2007; Jaeger and Wigge, 2007; Mathieu et al., 2007a). FT mRNA is predominantly 

produced in the leaf blades and the cotyledons in response to photoperiod (Wigge et 

al., 2005). FT protein moves from leaves to the shoot apex through the vasculature 

and acts in concert with a bZIP (basic leucine zipper ) transcription factor FLOWERING 

LOCUS D (FD) at the shoot apex to regulate flowering (Jaeger and Wigge, 2007; Wigge 

et al., 2005). FT interacts with FD to promote the expression of APETALA1 (AP1) and 

SUPPRESSOR OF CONSTANS1 (SOC1), which in turn promotes LEAFY (LFY) and the 

floral transition (Abe et al., 2005; Corbesier et al., 2007; Kardailsky et al., 1999; 

Kobayashi et al., 1999; Wigge et al., 2005). Thus, the movement of FT protein from 

leaves to shoot apex ensures the flowering occurs at the right seasonal time. 

 

It has been also recently described that HY5 acts as a shoot- to-root mobile protein 

that promotes nitrate uptake and root growth (Chen et al., 2016). HY5, a member of 

the photomorphogenic bZIP transcription factor family (Jakoby et al., 2002) inhibits 

the growth of hypocotyl and the development of lateral root (Chen and Xiong, 2011; 

Osterlund et al., 2000; Oyama et al., 1997). HY5 also regulates a set of fundamental 

processes in plants related to cell elongation, cell proliferation, chloroplast 

development, and nutrient assimilation (Jing et al., 2013; Koornneef et al., 1980; 

Oyama et al., 1997). HY5 regulates the transcription of many genes by binding directly 

to cis-regulatory elements (Lee et al., 2007a). Indeed, genome-wide ChIP-chip 

experiments show that nearly one-third of the Arabidopsis genes are controlled by 

HY5, and 3000 genes of them are regulated by HY5 direct binding (Lee et al., 2007a; 

Zhang et al., 2011).  

 

HY5 also acts as a shoot-to-root mobile signal. Shoot-derived HY5 protein moves from 

shoots to roots and activates its own expression to promote root nitrate uptake 
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through the activation of NITRATE TRANSPORTER 2.1 (NRT2.1, a high-affinity nitrate 

transporter) (Cerezo et al., 2001; Chen et al., 2016). HY5 protein improves carbon 

assimilation and translocation (Chen et al., 2016). HY5 activation of NRT2.1 

transcription and nitrate uptake in the root is enhanced through the increase of 

carbon photoassimilate (sucrose) levels (Chen et al., 2016). Thus, the mobile HY5 

protein mediates homeostatic regulation of carbon versus nitrate status in fluctuating 

environments (Chen et al., 2016).  

 

A recent study using a set of HY5 constructs have shown that local HY5 function in 

specific cell types of the hypocotyl is enough to regulate hypocotyl length and can 

recover the primary root growth phenotypes of hy5 mutants, without movement to 

the root. The authors have proposed that these functions might be due to a mobile 

signal downstream of HY5 (Burko et al., 2020). This study has shown that HY5 could 

be detected in the roots of plants expressing HY5-GFP under the CAB3 (CHLOROPHYLL 

A/B BINDING PROTEIN3) promoter, a photosynthetic-tissue-specific promoter (An et 

al., 2004; Corbesier et al., 2007). However, HY5 protein could not be detected in the 

roots of plants expressing CAB3p: HA-YFP-HA -HY5 (Burko et al., 2020; Chen et al., 

2016). The different localization might be explained by the different positions of the 

tags or the folding of HY5 protein. Thus, the movement and determinants conditioning 

such movement remain to be further investigated. 
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Objectives 

The general aim of our research project is to understand the temperature-dependent 

role of the clock component ELF4 in the root clock, and its function as a mobile protein. 

The specific objectives include: 

 

1. Characterization of ELF4 function both in shoots and roots. We will use 

bioluminescence assays to examine clock gene rhythmic expression in shoots and 

roots of WT plants. We will also use different ELF4 mis-expressing plants. 

 

2. Analyses of rhythms in roots after blocking ELF4 movement by shoot excision. We 

will explore the circadian changes in clock gene expression in roots after abolishing 

ELF4 trafficking by shoot excision. 

 

3. Genome-wide view of the circadian transcriptional landscape controlled by ELF4 

in roots. We will use RNA-Seq analyses of WT and elf4-1 mutant roots as well as in WT 

roots in which the shoots are excised.  

 

4. Analyses of ELF4 movement from shoots to roots. We will perform micrografting 

experiments with different genetic scions and rootstocks to determine the effect of 

ELF4 movement from shoots on the rhythms in roots. 

 

5. Analyses of the effect of environmental conditions on ELF4 movement. We will  

perform micrografting experiments with different scions and rootstocks under 

different photoperiodic and temperature conditions to determine their effect on ELF4 

movement. 

 

 

 

 



33 
 

Results 

1. Prevalent function of ELF4 sustaining rhythms in roots.  

We first approached the investigation of the circadian mobile signal by simultaneously 

following rhythms in shoots and roots of intact plants (Takahashi et al., 2015). The 

waveforms of the morning-expressed CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and 

LATE ELONGATED HYPOCOTYL (LHY) promoter activities displayed a long period, 

slightly reduced amplitude and phase delay in roots compared with shoots (Figure 5A-

C). The rhythmic messenger RNA (mRNA) accumulation assayed by quantitative PCR 

with reverse transcription (RT–qPCR) followed the same trend (Figure 6A). Similar 

patterns were observed for the promoter activity of the evening-expressed clock 

component TIMING OF CAB EXPRESSION1 (TOC1) or PSEUDO RESPONSE REGULATOR1 

(PRR1) (Figure 6B and C). Therefore, the clock is fully operative in roots but its overall 

pace is slower and the phase is delayed compared with shoots. 

 

 
Figure 5. (A) Luminescence of CCA1::luciferase (LUC) oscillation simultaneously measured in shoots 

(Sh; left axis) (n = 9) and roots (Rt; right axis) (n = 9). (B) Period (left y axis) estimates of CCA1::LUC 

rhythms in shoots and roots (n = 8 for each) and amplitude (right y axis) estimates of CCA1::LUC 

rhythms in shoots (n = 7) and roots (n = 8). In box plots, the centre line is the median, box edges 

show 25th and 75th percentiles and whiskers extend to minimum and maximum values. ***P < 

0.0001; two-tailed t-tests with 95% confidence. Luminescence of (C) LHY::LUC (n=6 for Sh, n=6 for 

Rt) rhythms simultaneously measured in shoots (Sh) and roots (Rt). Root luminescence signals in a, 

are represented in the right Y-axis. (A-C) Two biological replicates were performed for all 

experiments, with measurements taken from distinct samples grown and processed at different 

times.  
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Figure 6. (A) Circadian time-course analyses of CCA1 mRNA expression in wild-type (WT) shoots 

and roots. Luminescence of (B) TOC1::LUC (n=16 for Sh, n=15 for Rt) rhythms simultaneously 

measured in shoots (Sh) and roots (Rt). Root luminescence signals in (B) are represented in the 

right Y-axis. (C) Circadian period (left Y-axis, n=16 for Sh, n=14 for Rt) and amplitude (right Y-axis, 

n=16 for Sh, n=15 for Rt) estimates of TOC1::LUC luminescence signals (data are represented as the 

median ± max and min; 25-75 percentile). *** p-value<0.0001; two-tailed t-tests with 95% of 

confidence. (A-C) Two biological replicates were performed for all experiments, with 

measurements taken from distinct samples grown and processed at different times.  

 

Under free-running conditions (in the absence of environmental time cues), the 

circadian clock is unable to properly run in mutant plants of any of the evening 

complex components (Doyle et al., 2002; Hazen et al., 2005; Hicks et al., 1996; Onai 

and Ishiura, 2005). We therefore examined the roles of the evening complex 

components in the root clock, particularly focusing on ELF4. Circadian time-course 

analyses showed that although some very weak oscillations could be detected (Figure 

7A), the CCA1 and LHY promoter activities and their mRNA expression were 

suppressed in elf4-1 mutant compared with WT roots (Figure 7B-E), following a similar 

trend to that described in shoots (McWatters et al., 2007) (Figure 7F-H). 

Overexpression of ELF4 (ELF4-ox) lengthened the period of LHY::LUC (Figure 8A and B), 

indicating that increased ELF4 activity in roots slows the clock. The expression of 

PSEUDO RESPONSE REGULATOR 9 (PRR9), a previously described direct target of the 

evening complex in shoots, was upregulated in elf4-1 mutant roots (Figure 8C), 

suggesting that the evening complex also represses PRR9 in roots. Thus, ELF4 has an 

important regulatory function in the root clock: mutation compromises rhythms, 

whereas overexpression lengthens the circadian period. 
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Figure 7. (A) Luminescence of CCA1::LUC rhythms in elf4-1 Rt (n=8) (from Fig. 1d) showing the weak 

rhythms of the mutant. (B) Luminescence of CCA1::LUC rhythms in WT (n=9) and elf4-1 Rt (n=8). 

(C) Circadian time course analyses of ELF4 mRNA expression in WT and elf4-1 mutant Rt. (D) 

Luminescence of LHY::LUC rhythms in WT (n=6) and elf4-1 mutant Rt (n=6). (E) Circadian time 

course analyses of LHY mRNA expression in roots of WT and elf4-1. (F) Circadian time course 

analyses of ELF4 mRNA expression in WT and elf4-1 mutant Sh (also in Extended Data Fig. 3c). (G) 

Luminescence of LHY::LUC (n=6) and (H) CCA1::LUC (n=9) rhythms in WT and elf4-1 mutant Sh. The 

“n” values refer to independent samples. (A-H) Two biological replicates were performed for all 

experiments, with measurements taken from distinct samples grown and processed at different 

times.  

 

Figure 8. (A) Luminescence of LHY::LUC rhythms in WT (n=8) and ELF4-ox Rt (n=9). Data are 

represented as the means + SEM. (B) Circadian period estimates of LHY::LUC in WT (n=12) and 

ELF4-ox (n=14) roots; data are represented as the median ± max and min; 25-75 percentile). *** 

p-value<0.0001; two-tailed t-tests with 95% of confidence. (C) Circadian time course analyses of 

PRR9 mRNA expression in roots of WT and elf4-1. Sampling was performed under constant light 

conditions (LL) following synchronization under light:dark cycles (LD). Data are represented as the 

means + SEM. Data for all experiments are representative of two biological replicates, with 

measurements taken from distinct samples grown and processed at different times. 

 

RNA-sequencing (RNA-seq) analyses of WT and elf4-1 mutant roots provided a 
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genome-wide view of ELF4 function in roots. We found that about 15% of the root 

genes were significantly mis-regulated in the absence of a functional ELF4, with a 

similar proportion of upregulated (1,297) and downregulated (1,555) genes (Figure 9). 

The expression of core clock genes was among the most significantly mis-regulated 

(Figure 10 and Figure 11) Together, the results indicate a prevalent function for ELF4 

in sustaining rhythms in roots. 

 

 
Figure 9. (A) Heatmap of the median-normalized expression (Z-scaled FPKM values) of DEGs 

following a hierarchical clustering using the Euclidean distance. (B) Relationship between average 

expression of WT (count 1) and elf4-1 (count 2) and fold change for each gene. Black dots represent 

genes that are not differentially expressed, while red and green dots are the genes that are 

significantly up- and down-regulated, respectively. (C) Quantitative analysis of DEGs in elf4-1 versus 

WT roots. The statistical analyses of the DEGs are detailed in Materials and Methods. Data for all 

experiments are representative of two biological replicates. 

 

 
Figure 10. (A) Heatmap of the median-normalized expression (Z-scaled FPKM values) of the 

oscillator genes in WT and elf4-1 roots. (B) Volcano plot showing fold-change versus significance of 

the differential expression test. Black dots represent genes that are not differentially expressed, 

while red and green dots are the genes that are significantly up- and down-regulated, respectively. 

Data for all experiments are representative of two biological replicates. 



37 
 

 
Figure 11. Analyses by RT-QPCR of (A) ELF4, (B) PRR7, (C) CCA1 and (D) LUX mRNA expression in 

roots at CT75 after three days in LL. (A-D) Two biological replicates were performed for all 

experiments. 

 

2. ELF4 moves from shoots to regulate oscillator gene expression in roots.  

Our previous study showed that a signal from shoots is important for circadian 

rhythms in roots (Takahashi et al., 2015). Micrografting assays are a powerful tool to 

identify the nature of mobile signals. The grafting technique per se does not alter the 

rhythms in roots (Takahashi et al., 2015), as grafted WT scions into WT roots show 

similar rhythms as non-grafted WT plants (Figure 12A and B). By micrografting 

different genotypes, we found that grafts of ELF4-ox shoots into elf4-1 rootstocks 

(ELF4-ox (Sh)/elf4-1 (Rt)) (Figure 12C) were particularly efficient in recovering the 

rhythms in roots (Figure 12D and E). The results are noteworthy, as CCA1::LUC rhythms 

are affected in elf4-1 mutant roots (Figure 12F). Restoration of the rhythms reflected 

circadian function exclusively in roots, as water instead of luciferin was applied to 

shoots (ELF4-ox, Sh, H2O) to avoid luminescence signals leaking from shoots into roots 

of adjacent wells. Rhythms in roots were also recovered when ELF4-ox scion was 

grafted into elf4-2 mutant (Figure 13A) rootstocks (Figure 13B). To exclude the 

possibility that the observed results were due to the high overexpression in ELF4-ox 

plants, we grafted WT shoots into elf4-1 roots. Although the recovery of the rhythms 

was not as robust as with ELF4-ox grafts, a rhythmic pattern was observed in roots 

(Figure 14A). Thus, ELF4 mRNA or protein is able to move from shoots to roots. This 

notion was reinforced by results showing the rhythmic recovery of elf4-1 rootstocks 

grafted with ELF4 minigene scion (Figure 14B and C). These results rule out the 
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possibility that the recovery of the rhythms was solely a result of the high 

overexpression of ELF4-ox scion.  

 

 
Figure 12. Luminescence of PRR9::LUC in (A) shoots (n=3) and (B) roots (n=3) of WT scion into WT 

rootstocks and its comparison with luminescence in (non-grafted) WT roots (n=4). (C) Circadian 

time course analyses of ELF4 mRNA expression in shoots of WT, elf4-1 and ELF4-ox (also in 

Extended Data Fig. 1h). CCA1::LUC luminescence in roots of ELF4-ox scion into (D) elf4-1 (n=4) 

rootstocks. Water instead of luciferin was added to the wells containing ELF4-ox shoots. (E) 

Individual waveform of CCA1::LUC rhythmic recovery in roots of ELF4-ox scion and elf4-1 

rootstocks. Water instead of luciferin was added to the wells containing ELF4-ox shoots. (F) 

Luminescence of CCA1::LUC rhythms in WT (n=9) and elf4-1 Rt (n=8). (A-F) Data are represented 

as the means + SEM. The mRNA expression and promoter activity analyses were performed under 

constant light conditions previous synchronization of plants under LD cycles at 22ºC. The “n” 

values refer to independent samples. (A-F) Two biological replicates were performed for all 

experiments. 
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Figure 13. (A) CCA1::LUC luminescence in shoots and roots of elf4-2 mutant plants (n=5 for each). 

CCA1::LUC luminescence in roots of ELF4-ox scion into (B) elf4-2 (n=3) rootstocks. Water instead 

of luciferin was added to the wells containing ELF4-ox shoots. (A-B) Data are represented as the 

means + SEM. The promoter activity analyses were performed under constant light conditions 

previous synchronization of plants under LD cycles at 22ºC. The “n” values refer to independent 

samples. (A-B) Two biological replicates were performed for all experiments. 

 

 

Figure 14. CCA1::LUC luminescence in elf4-1 rootstocks with (A) WT (n=8) and (B) ELF4 Minigene 

(ELF4MG) (n=10) scions. WT scions do not express reporters and water instead of luciferin was 

added to the wells containing ELF4MG shoots. (C) Individual waveform of CCA1::LUC rhythmic 

recovery in roots of E4MG scion into elf4-1 rootstocks. Water instead of luciferin was added to the 

wells containing E4MG shoots. (A-C) Data are represented as the means + SEM. The promoter 

activity analyses were performed under constant light conditions previous synchronization of 

plants under LD cycles at 22ºC. The “n” values refer to independent samples. (A-C) Two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 

 

To investigate whether the mRNA is the mobile signal, we performed RT–qPCR time-

course analyses of roots from ELF4-ox (Sh)/elf4-1 (Rt) grafts. Our results showed no 

detectable amplification of ELF4 mRNA at any time point analysed (Figure 15A), which 

suggests that ELF4 mRNA did not move through the graft junctions. To confirm this 

notion, we injected purified ELF4 protein into elf4-1 mutant (Figure 16A-B). Injection 
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of ELF4 into shoots was able to restore rhythms in roots (Figure 16C). The percentage 

of plants injected with ELF4 that recovered rhythms was low (5–8%) but the rhythmic 

recovery was observed reproducibly in different biological replicates. The restoration 

of root rhythms (relative amplitude error < 0.6) supports the notion that ELF4 protein 

moves from shoots to roots. Rhythmic recovery was not apparent when purified green 

fluorescent protein (GFP) was injected instead of ELF4 (Figure 16C). The movement of 

ELF4 protein was further assayed by using shoots of plants overexpressing ELF4–GFP 

grafted into elf4-1 mutant roots. Confocal imaging showed that ELF4–GFP fluorescent 

signals accumulated in the vasculature of elf4-1 mutant rootstock, across the graft 

junctions (Figure 17A-D). Furthermore, western blot analyses of roots from ELF4–GFP 

(Sh)/elf4-1 (Rt) grafts detected ELF4 protein as a band of the expected size (arrows in 

Figure 18A) that was absent from protein extracts of elf4-1 mutant roots (Figure 18A). 

Grafting ELF4-ox fused to three GFPs (ELF4–3×GFP) scion into elf4-2 mutant rootstock 

did not lead to an obvious recovery of rhythms (Figure 19A and B), suggesting that a 

mobile ELF4 protein is required. The ELF4–3×GFP is still functional, as its 

overexpression in the elf4-1 mutant background restored the hypocotyl phenotypes 

of elf4-1 mutant plants (Figure 19C) and repressed PRR9 gene expression (Figure 20A 

and B). The functional relevance of ELF4 movement was also verified in elf4-1 

(Sh)/elf4-1 (Rt) grafts, in which roots did not recover rhythms (Figure 21A and B). 

Therefore, multiple lines of evidence, including the ELF4 injection data, the grafting 

assays showing the recovery of the rhythms, the ELF4–GFP fluorescent signals across 

graft junctions, the detection of ELF4 protein in roots of the grafted plants, the lack of 

rhythmic recovery in roots of ELF4–3×GFP grafts and in elf4-1 scion grafts, support the 

notion that ELF4 protein moves from shoots to regulate rhythms in roots. Other 

mobile proteins such as FLOWERING LOCUS T (FT) and LONG HYPOCOTYL 5 (HY5) 

share features with ELF4 protein in terms of low molecular weight and high isoelectric 

point (Figure 22A). 
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Figure 15. (A) Circadian time course analyses of ELF4 mRNA expression in roots of WT, elf4-1 and 

ELF4-ox scion and elf4-1 rootstocks. (A) Data are represented as the means + SEM. (A) Two 

biological replicates were performed for all experiments. 

 

 
Figure 16. (A) ELF4 and (B) GFP proteins purified from bacteria and injected in shoots of elf4-1 

mutant plants to examine rhythmic recovery in roots. (C) Luminescence of LHY::LUC rhythms in 

elf4-1 roots after injection in shoots of purified ELF4 (n=4) or GFP proteins (n=8) and elf4-1 roots 

as a control (n=6). (C) Data are represented as the means + SEM. (A-C) Two biological replicates 

were performed for all experiments, with measurements taken from distinct samples grown and 

processed at different times. 

 

 
Figure 17. (A) Representative image showing the lack of fluorescence signals in roots of WT scion 

and WT rootstock. (B) Representative image showing fluorescence signals in roots of ELF4-ox scion 

into elf4-1 rootstock. Scale bar: 100 µm. (C-D) Representative images showing fluorescence signals 

in roots of ELF4-ox-GFP scion and elf4-1 rootstock. Scale bars: 100 µm. (A-D) At least two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 
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Figure 18. (A) Western-blot analysis of ELF4-GFP protein accumulation (arrows) in roots of ELF4-

ox-GFP scion (E4ox) grafted into elf4-1 rootstock (e4-1) (two pools of independent grafting assays, 

#1 and #2, are shown). Asterisks denote non-specific bands. (A) At least two biological replicates 

were performed for all experiments, with measurements taken from distinct samples grown and 

processed at different times. 

 

 
Figure 19. (A) CCA1::LUC luminescence in elf4-2 rootstocks grafted with ELF4-x3GFP scions (n=5). 

Water instead of luciferin was added to the wells containing ELF4-x3GFP shoots. (A) Data are 

represented as the means + SEM. (B) Gene expression analyses of ELF4 mRNA expression in WT 

and different ELF4-x3GFPs lines. Data are represented as the median ± max and min; 25-75 

percentile. (C) Hypocotyl length of different lines expressing ELF4-x3GFPs (E43GFP) (E43GFP1 n=34; 

E43GFP3 n=35) transformed into elf4-1 mutant plants. Hypocotyl length was also assayed for WT 

(n=27), elf4-1 (n=48) and plants over-expressing ELF4 fused to 1 GFP (E41GFP) (n=19). *** p-

value<0.0001; two-tailed t-tests with 95% of confidence. Data are represented as the median ± 

max and min; 25-75 percentile. (A-C) At least two biological replicates were performed for all 

experiments, with measurements taken from distinct samples grown and processed at different 

times. 
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Figure 20. Circadian time course analyses of (A) ELF4, and (B) PRR9 mRNA expression by RT-QPCR 

in shoots of WT and ELF4-x3GFPs. (A-B) Data are represented as the means + SEM. (A-B) At least 

two biological replicates were performed for all experiments, with measurements taken from 

distinct samples grown and processed at different times. 

 

 

Figure 21. (A) Luminescence of elf4-1 scion into elf4-1 rootstocks elf4-1 (Sh)/elf4-1(Rt) (n=4) and 

its comparison with luminescence in WT (Sh)/WT(Rt) roots (n=5). (B) Luminescence signals of elf4-

1 (Sh)/elf4-1(Rt) from (A) shown in a separate graph. Water instead of luciferin was added to the 

wells containing WT and elf4-1 shoots. (A-B) Data are represented as the means + SEM. (A-B) At 

least two biological replicates were performed for all experiments, with measurements taken from 

distinct samples grown and processed at different times. 

 

 
Figure 22. (A) Protein features of various plant mobile proteins. 
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3. Blocking ELF4 movement by shoot excision alters circadian rhythms in roots.  

We next aimed to identify the function of the mobile ELF4 by blocking ELF4 movement 

via shoot excision. Analyses of the rhythms showed that excised roots sustained 

robust oscillations (Figure 23A and B) confirming that the root clock is able to run in 

the absence of shoots. However, comparison of intact versus excised roots uncovered 

a shorter period in excised roots (Figure 24A and B). As accumulation of ELF4 results 

in long periods in shoots (McWatters et al., 2007) and roots (Figure 8A and B), it is 

plausible that blocking ELF4 movement by shoot excision results in shorter periods in 

excised roots. If this is the case, blocking ELF4 movement should also affect ELF4 

target-gene expression in excised roots. Time-course analyses by RT–qPCR revealed 

that the expression of PRR9 and PRR7 was upregulated in excised roots compared with 

intact roots (Figure 25A and B), which suggests that in the absence of ELF4 movement 

from shoots, repression of these genes is alleviated in roots. The use of ELF4-ox intact 

roots confirmed that PRR9 and PRR7 are targets of ELF4, as their expression was 

downregulated in intact ELF4-ox roots compared with WT intact roots (Figure 26A and 

B). Furthermore, ELF4-ox excised roots still showed repression of target-gene 

expression (Figure 27A and B) suggesting that excision per se is not responsible for the 

upregulation observed in WT excised roots. 

 

 

Figure 23. Luminescence of (A) PRR9::LUC (n=5) and (B) LHY::LUC (n=8) circadian rhythms in WT 

excised roots. Data are represented as the median ± max and min; 25-75 percentile. The “n” values 

refer to independent samples. (A-B) Two biological replicates were performed for all experiments, 

with measurements taken from distinct samples grown and processed at different times. 
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Figure 24. (A) Comparison of PRR9::LUC circadian rhythms in WT intact (n=6) versus excised roots 

(n=6). (B) Period estimates of LHY::LUC (left graph) (n=8) and PRR9::LUC (right graph) (n=8) rhythms 

in WT intact versus excised roots. Data are represented as the median ± max and min; 25-75 

percentile. The “n” values refer to independent samples. *** p-value<0.0001; two-tailed t-tests 

with 95% of confidence. (A-B) Two biological replicates were performed for all experiments. 

 

 
Figure 25. Circadian time course analyses of (A) PRR9 and (B) PRR7 mRNA expression in WT intact 

versus excised roots. (A-B) Data are represented as the means + SEM. (A-B) Two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 

 

 
Figure 26. Circadian time course analyses of (A) PRR9 and (B) PRR7 mRNA expression in WT and 

ELF4-ox intact roots. (A-B) Data are represented as the means + SEM. (A-B) Two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 
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Figure. 27 Circadian time course analyses of (A) PRR9 and (B) PRR7 mRNA expression in WT excised 

and ELF4-ox excised roots. (A-B) Data are represented as the means + SEM. (A-B) Two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 

 

4. Mobile ELF4 does not regulate the photoperiod-dependent phase in roots.  

In aerial tissues, the circadian clock controls the photoperiodic regulation of growth 

and development (de Montaigu et al., 2010). To determine whether ELF4 movement 

is important to deliver photoperiodic information, we analysed rhythms under short 

day (ShD) and long day (LgD) conditions. In roots, PRR9::LUC waveforms displayed a 

subtle phase delay under LgD compared to ShD (Figure 28A) following a similar trend 

to that observed in shoots (Figure 28B). Time-course analyses by western blot of roots 

of ELF4 minigene plants (Nusinow et al., 2011) confirmed the phase delay of ELF4 

protein accumulation under LgD compared with ShD (Figure 29A and B). We reasoned 

that if ELF4 movement is correlated with the photoperiodic-dependent phase delay, 

then excision of shoots might affect the phase shift in roots. In agreement with the 

oscillations in promoter activity (Figure 24A and B), the phase of ELF4 protein 

accumulation was advanced following excision under both LgD and ShD (Figure 30 A-

D). Of note, under LgD conditions, excision resulted in a similar pattern of ELF4 

accumulation than in intact roots under ShD (Figure 31 A and B). Thus, excision 

abolished the phase delay observed in intact root under LgD (compare Figure 29A and 

B with Figure 31 A and B). The results suggest that the photoperiod-dependent phase 

shift in roots is hampered by blocking ELF4 movement. However, excised roots still 
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showed the phase delay under LgD compared with excised roots under ShD (Figure 32 

A and B). Furthermore, analyses of rhythms under LgD conditions showed that plants 

misexpressing ELF4 (ELF4-ox and elf4-1 mutant) displayed very similar rhythms to WT 

plants both in shoots and roots (Figure 33 A and B) suggesting that ELF4 function is 

not essential to sustain rhythms under entraining conditions. Together, the results 

suggest that blocking ELF4 movement by excision advances the phase of the root clock, 

but the mobile ELF4 does not directly regulate the photoperiod-dependent phase shift 

in roots.  

 

 

Figure 28. Luminescence analyses of PRR9::LUC rhythms in (A) roots (n=5 for ShD, n=6 for LgD) and 

(B) shoots (n=6 for ShD, n=4 for LgD) of plants grown under short day (ShD) or long day (LgD) 

conditions. (A-B) Data are represented as the means + SEM. The “n” values refer to independent 

samples. Dashed lines indicate dusk under LgD. (A-B) Two biological replicates were performed for 

all experiments, with measurements taken from distinct samples grown and processed at different 

times. 
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Figure 29. (A) Western-blot analyses and (B) quantification of ELF4 protein accumulation in ELF4 

Minigene roots (E4MG Rt) of plants grown under ShD and LgD (also in Figure 31). (B) Data are 

represented as the means + SEM. Dashed lines indicate dusk under LgD. (A-B) Two biological 

replicates were performed for all experiments, with measurements taken from distinct samples 

grown and processed at different times. 

 

 

Figure 30. (A) Western-blot analysis and (B) quantification of ELF4 protein accumulation in ELF4 

Minigene (E4MG) intact and excised roots under ShD (also in Figure 30). (C) Western-blot analysis 

and (D) quantification of ELF4 protein accumulation in E4MG intact and excised roots under LgD 

(also in Figure 32). (B, D) Data are represented as the means + SEM. (A-D) Two biological replicates 

were performed for all experiments, with measurements taken from distinct samples grown and 

processed at different times. 
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Figure 31. (A) Western-blot analyses and (B) quantification of ELF4 protein accumulation in E4MG 

roots of plants grown under ShD and excised roots under LgD (also in Figure 31 and Figure 33). 

Arrows indicate the ELF4 protein. (B) Data are represented as the means + SEM. Dashed lines 

indicate dusk under LgD. (A-B) Two biological replicates were performed for all experiments. 

 

 

Figure 32. (A) Western-blot analysis and (B) quantification of ELF4 protein accumulation in E4MG 

excised roots under ShD and LgD (also in Figure 32). (B) Data are represented as the means + SEM. 

(A-B) Two biological replicates were performed for all experiments. 

 

 
Figure 33. Luminescence of LHY::LUC oscillation in WT, ELF4-ox and elf4-1 plants measured in (A) 

shoots (Sh) (n=12) and (B) roots (Rt) (n=12) under LgD conditions. (A-B) Data are represented as 

the means + SEM. Dashed lines indicate dusk under LgD. The “n” values refer to independent 

samples. (A-B) Two biological replicates were performed for all experiments, with measurements 

taken from distinct samples grown and processed at different times. 
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5. ELF4 movement contributes to the temperature-dependent changes in circadian 

period of the root clock.  

As the evening complex also coordinates temperature responses, we examined 

whether a mobile ELF4 can convey temperature information from shoots to roots. We 

first examined the effect of different temperatures (28 °C, 18 °C and 12 °C) on circadian 

rhythms in roots. We found that the circadian period of LHY::LUC was shorter at higher 

temperatures (Figure 34 A and B). Shortening of period length with increasing 

temperature was also observed for other circadian reporter lines (Figure 35 A-D), 

indicating that at this developmental stage and under our experimental conditions, 

the circadian clock in roots is not able to sustain circadian period length within a range 

of temperatures. 

 

 
Figure 34. (A) Luminescence waveforms of LHY::LUC rhythmic oscillation in WT roots at 28ºC (n=8), 

18ºC (n=8) and 12ºC (n=8) and (B) circadian period estimates of LHY::LUC rhythmic oscillation in 

WT roots at 28ºC (n=12), 18ºC (n=23) and 12ºC (n=14). Data are represented as the median ± max 

and min; 25-75 percentile. (B) *** p-value<0.0001; two-tailed t-tests with 95% of confidence. (A) 

Data are represented as the means + SEM. The “n” values refer to independent samples. 
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Figure 35. (A) Luminescence waveforms of PRR9::LUC rhythmic oscillation in roots at 28ºC (n=8), 

18ºC (n=16) and 12ºC (n=8) and (B) circadian period estimates of PRR9::LUC rhythmic oscillation 

in roots at 28ºC (n=14), 18ºC (n=16) and 12ºC (n=12). (C) Luminescence waveforms and (D) 

circadian period estimates of CCA1::LUC rhythmic oscillation in roots at 28ºC (n=6), 22ºC (n=6) and 

12ºC (n=6). (A, C) Data are represented as the median ± max and min; 25-75 percentile. (B, D) ** 

p-value<0.005; *** p-value<0.0001; two-tailed t-tests with 95% of confidence. (A, C) Data are 

represented as the means + SEM. The “n” values refer to independent samples.  

 

As ELF4 accumulation increases period length, we next examined the possible 

contribution of ELF4 to the long period phenotype at low temperatures. Changes in 

period length could be mediated by increased ELF4 activity and/or by increased 

protein movement from shoots to roots. To examine these possibilities, we compared 

the effects of blocking ELF4 movement by excision at low and high temperatures. 

Essentially, if the long period in roots at 12 °C is independent of movement but results 

from the increased activity of ELF4, blocking movement from shoots by excision 

should not have a major effect on period length. However, if ELF4 movement 

contributes to the period regulation, abolishing ELF4 traffic should lead to an 

observable and differential effect on period length at different temperatures. 

 

Our results showed that excision shortened the period length at 12 °C but not so 

markedly at 28 °C (Figure 36A-D). Therefore, blocking ELF4 movement by excision 
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shortens the period of WT roots at 12 °C. Analyses of other circadian reporter lines 

and at 18 °C also showed that excision shortened period length compared to intact 

roots (Figure 37A and B). The results suggest a temperature-dependent control of ELF4 

movement that regulates period length in roots. To further verify this notion, we 

examined the rhythmic recovery in grafts of ELF4-ox scion into elf4-1 rootstock at low 

and high temperatures. Our results showed an evident rhythmic recovery at 12 °C but 

not at 28 °C (Figure 38A and B). Furthermore, grafts of E4MG scion into elf4-1 

rootstock also efficiently recovered rhythms at 12 °C but not at 28 °C (Figure 39A and 

B). ELF4 was still able to delay the phase and lengthen the period at 28 °C (Figure 40A 

and B), suggesting that movement, rather than changes in activity, were responsible 

for the observed effects. ELF4 protein accumulation in roots of ELF4-ox scion into elf4-

1 rootstock was higher at 12 °C than at 28 °C (Figure 41A-C) but ELF4 protein 

accumulation in shoots was similar at different temperatures (Ezer et al., 2017a) 

(Figure 42A). Therefore, ELF4 movement, rather than protein accumulation or activity, 

appears to be regulated by temperature, contributing to the temperature-dependent 

control of circadian period in roots. 
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Figure 36. Circadian period estimates of (A) LHY::LUC in intact (n=8) versus excised WT roots (n=7) 

at 12ºC and 28ºC (n=8 for intact and n=8 for excised) and (B) PRR9::LUC in intact (n=12) versus 

excised WT roots (n=13) at 12ºC and 28ºC (n=14 for intact and n=16 for excised). Data are 

represented as the median ± max and min; 25-75 percentile. *** p-value<0.0001; * p-value<0.05; 

ns: non-significant p=0.369; two-tailed t-tests with 95% of confidence. Luminescence rhythmic 

oscillation in WT intact and excised roots (n=8 for each) at 12ºC of (C) LHY::LUC, (D) PRR9::LUC (n=8 

for each). The “n” values refer to independent samples. (A-D) Two biological replicates were 

performed for all experiments, with measurements or analyses taken from distinct samples grown 

and processed at different times.  

 

 
Figure 37. Luminescence rhythmic oscillation in WT intact and excised roots (n=8 for each) at 12ºC 

of (A) CCA1::LUC (n=4 for excised, n=5 for intact). (B) Luminescence of PRR9::LUC rhythmic 

oscillation in WT intact and excised roots at 18ºC (n=16 for each). (A-B) Data are represented as 

the means + SEM. The “n” values refer to independent samples. (A-B) Two biological replicates 

were performed for all experiments. 
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Figure 38. Individual luminescence waveforms of CCA1::LUC rhythmic oscillation in ELF4-ox scion 

into elf4-1 rootstocks at (A) 12ºC (n=10) and (B) 28ºC (n=8). Water instead of luciferin was added 

to the wells containing ELF4-ox scions. Two biological replicates were performed for all 

experiments, with measurements taken from distinct samples grown and processed at different 

times. 

 

 
Figure 39. Individual luminescence waveforms of CCA1::LUC rhythmic oscillation in E4MG scion 

into elf4-1 rootstocks at (A) 12ºC (n=7) and (B) 28ºC (n=8).Water instead of luciferin was added to 

the wells containing E4MG scions. Two biological replicates were performed for all experiments, 

with measurements taken from distinct samples grown and processed at different times. 
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Figure 40. (A) Luminescence of LHY::LUC rhythmic oscillation in WT and ELF4-ox roots at 28ºC (n=8 

for WT, n=5 for ELF4-ox). Data are represented as the means + SEM. (B) Circadian period estimates 

of LHY::LUC in WT (n=12) and ELF4-ox (n=17) at 28ºC. Data are represented as the median ± max 

and min; 25-75 percentile. Promoter activity analyses were performed under constant light 

conditions previous synchronization of plants under LD cycles at 22ºC. The “n” values refer to 

independent samples. (A-B) Two biological replicates were performed for all experiments, with 

measurements or analyses taken from distinct samples grown and processed at different times. 

 

 

Figure 41. (A) Western-blot analysis of ELF4-GFP protein accumulation (arrow) in roots of ELF4-ox-

GFP scion (E4ox) grafted into elf4-1 rootstock (e4-1) at 12ºC and 28ºC. elf4-1 mutant protein 

extracts were used as a control. Asterisks denote non-specific bands. Ponceau S staining of the 

membrane is shown in the right panel. (B) Coomassie Blue staining of protein extracts from roots 

of ELF4-ox-GFP scion (E4-ox) grafted into elf4-1 rootstock (e4-1) at 12ºC and 28ºC. (C) Western-blot 

analyses of ELF4-GFP protein accumulation (arrows) in roots of ELF4-ox-GFP scion (E4-ox) grafted 

into elf4-1 rootstock (e4-1) at 12ºC and 28ºC. WT protein extracts were used as a control. Asterisks 

denote non-specific bands. Ponceau S staining of the membrane is shown in the right panel. 
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Figure 42. (A) Western-blot 

analyses of ELF4 protein 

accumulation (arrow) in shoots of 

ELF4 Minigene (E4MG) grafted into 

elf4-1 rootstock (e4-1) at 12ºC and 

28ºC. elf4-1 protein extracts were 

used as a control. Ponceau S 

staining of the membrane is shown 

in the right panel. 

 

 

We propose a model by which mobile ELF4 (MbE4) from shoots to roots defines a pool 

of active ELF4 protein that is competent to repress target circadian gene expression in 

roots. ELF4 trafficking is favoured at low temperatures, resulting in a slow-paced clock 

(Figure 43A), whereas high temperatures decrease the movement, leading to a faster 

root clock (Figure 43B). The temperature-dependent movement of ELF4 enables a 

shoot-to-root dialogue that controls the pace of the clock and provides a mechanism 

by which temperature cues from shoots set the circadian period length in roots. 

 

 
Figure 43. Schematic drawing depicting (A) the increased shoot-to-root movement of ELF4 (Sh-to-

Rt mov, thick blue vertical arrows), increased PRR9 repression and the slow pace of the root clock 

at low temperatures, and (B) the decreased shoot-to-root movement (Sh-to-Rt mov, thin red 

vertical arrows), decreased PRR9 repression and fast-paced root clock at high temperature. 
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Discussion 

The simultaneous examination of rhythms in shoots and roots of single individual 

plants shows that the promoter activities and mRNA accumulation of clock genes in 

roots display a longer period and delayed phase compared with shoots. A similar trend 

was observed for morning- and evening-expressed key oscillator genes, suggesting 

that the overall circadian system in roots is not as precise as in other parts of the plant 

for example, the shoot apex (Takahashi et al., 2015). Similar to the circadian properties 

in roots, hypocotyls also lack precision and robustness (displaying longer periods and 

arrhythmia), while leaves lack synchrony among the different samples (even though 

they are entrained under the same conditions) (Takahashi et al., 2015). In contrast, the 

shoot apex displays a high degree of precision and synchrony (with rhythms similar to 

the entire plants) (Takahashi et al., 2015). Besides, the shoot apex clocks are 

remarkable coupled and have the ability to influence rhythms in roots (Takahashi et 

al., 2015). Despite the long period, the rhythms persist in roots for several days under 

constant light conditions, which is reminiscent of a fully functional clock. The lack of 

precision might provide circadian flexibility for rapid adjustments and improved 

responses in roots.  

 

Previous studies have reported spatial waves of clock gene expression within and 

among different organs (Fukuda et al., 2007; Gould et al., 2018; Greenwood et al., 

2019) that might be due to differences in period length and variable local coupling. 

Indeed, the degree of coupling varies among different organs and different 

experimental conditions. The root tip shows strong cell-to-cell coupling (a stripe wave 

in the root tip results from a continuous resetting of the circadian oscillations in root 

cells) (Gould et al., 2018). Besides, the phase of hypocotyl is much more advanced 

than cotyledon and the top of the root or the phenotype of the wave of the clock gene 

expression (from shoot to root) is identified (Gould et al., 2018), which is totally match 

the hierarchical structure of clock (the rhythms in the roots are driven by the shoot 

apex) (Takahashi et al., 2015). The short period oscillations in the root tip or the 
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phenotype of the wave of the clock gene expression (from the root tip to above tissues) 

do not explain the hierarchical structure (Gould et al., 2018). In all excised tissues 

(shoot, root, root tip), rhythms are autonomous and the spatial waves (travel among 

different tissues) are not affected, thus the spatial waves are not long-distance signals 

dependently (Greenwood et al., 2019). The waves could be modulated in a predictable 

method (locally altering clock periods) through the controlling of environmental 

inputs (Greenwood et al., 2019). It seems that local coupling (generation of spatial 

waves of circadian clock gene expression across the plant) is dependent on a signal 

that is cell-to-cell mobile (Greenwood et al., 2019). 

 

Many different mobile factors might contribute to the shoot-to-root synchronizing 

signals such as photosynthetic sugars, microRNAs, hormonal signals, mobile 

transcription factors and peptide ligands (Chen et al., 2016; Endo, 2016; Han et al., 

2014; Inoue et al., 2018; James et al., 2008b; Katsir et al., 2011; Lee et al., 2017; Lin et 

al., 2008; Nimmo, 2018; Pant et al., 2008; Salisbury et al., 2007; Stahl and Simon, 2013) 

microRNAs contribute to the intra and inter-tissue coupling in mammals or insects 

(Kadener et al., 2009; Mehta and Cheng, 2013). microRNAs might play a similar role in 

plants. 

 

The evening complex directly represses the expression of PRR9 and PRR7 (Dixon et al., 

2011; Helfer et al., 2011; Herrero et al., 2012; Kolmos et al., 2011; Mizuno et al., 2014) 

and indirectly promotes the expression of the morning-expressed oscillator genes 

CCA1 and LHY (Dixon et al., 2011; Kikis et al., 2005; Kolmos et al., 2011; Lu et al., 2012b). 

Our analyses with elf4-1 mutant and ELF4-ox plants demonstrate that ELF4 function in 

roots is also important for proper repression of PRR9 and PRR7 and activation of CCA1 

and LHY. ELF4 regulatory function in roots appears to be similar to that previously 

described for the evening complex using whole plants. Overexpression of ELF4 

lengthens the period of the root clock, suggesting that ELF4 slows the circadian period 

in roots, as in shoots (McWatters et al., 2007). The lengthening of the period on 
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accumulation of ELF4 is in agreement with the results showing that blocking ELF4 

movement by shoot excision shortens the period. RNA-seq analyses revealed that the 

expression of oscillator genes as well as genes involved in other pathways, including 

responses to stimuli are affected in elf4-1 roots. The mis-regulated genes in elf4-1 

roots might be direct targets of ELF4 and/or indirect outputs of the clock in roots.  

 

These pathways are also consistent with the function of the evening complex in 

responses to environmental cues (Huang and Nusinow, 2016). The EC is regulated by 

external light and temperature and EC has the ability to integrate numerous 

environmental inputs to the circadian clock (Huang and Nusinow, 2016). The 

transcription of ELF4 is regulated by three transcriptional regulators of the PHYA light 

signaling pathway (FHY3, FAR1, and HY5) (Li et al., 2011b). The post-translation of ELF3 

is regulated by PHYB and COP1(PHYB stabilizes ELF3 protein, whereas COP1 degrades 

ELF3 protein by ubiquitin) (Liu et al., 2001b; Nieto et al., 2015b; Yu et al., 2008b). The 

strength of the EC binding ability is stronger at lower temperatures, whereas the 

strength of the EC binding signal is weaker at high temperatures, suggesting the 

binding of EC is temperature-dependent (Ezer et al., 2017b).  

 

Several latest results discovered more functions of EC. For instance, ELF4 plays a 

critical role in the regulation of the temperature-dependent EC binding to DNA (Silva 

et al., 2020b). Under in-vitro conditions, the EC (LUX-ELF3-ELF4) acts as a direct 

thermosensor, with stronger DNA binding at low temperature (4 °C) and weaker 

binding at high temperature (27 °C) (Silva et al., 2020b). A∼20-fold molar excess of 

ELF4 could restore EC binding at 27 °C, indicating that ELF4 can modulate the DNA 

binding activity of the EC and partially overcome the temperature-dependent 

limitations of EC binding when present in high concentrations (at least under in-vitro 

conditions) (Silva et al., 2020b). It also provides the possibility to alter plant thermo-

responsiveness within the ambient temperature range through modulating ELF4 

expression.  



60 
 

 

Efficient micrografting has been widely used to study long-distance signaling in plants 

(Bainbridge et al., 2014; Turnbull et al., 2002). The movement of FT protein over longer 

distance was indeed confirmed through grafting experiments using the aerial parts of 

SUC2p:FT-GFP ft-7 (SUC2 (a phloem companion-cell-specific promoter (Imlau et al., 

1999))) plants grafted into the roots of ft-7 mutants (Corbesier et al., 2007). The 

fluorescent signal of FT-GFP protein was also detected across the graft junction and 

accumulated in the vasculature of the ft-7 rootstock (Corbesier et al., 2007). The 

shoots of SUC2p:FT-GFP ft-7 were also grafted as a donor to the ft-7 shoots receiver 

(Corbesier et al., 2007). The distribution of the FT-GFP fusion protein was detected in 

the shoot apical region of the donor and receiver by confocal microscopy (Corbesier 

et al., 2007). 

  

The shoot to root movement of HY5-GFP protein was also confirmed through grafting 

experiments using the shoots of CAB3p:HY5-GFP hy5 (CAB3, a photosynthetic-tissue-

specific promoter) (An et al., 2004; Corbesier et al., 2007) plants grafted into the roots 

of hy5 mutants. The fluorescent signal of HY5-GFP was also detected in the roots of 

hy5 mutants (Chen et al., 2016). The shoots of HY5p:HY5-GFP hy5 plants were also 

grafted into the roots of hy5 mutants, further indicating the movement of HY5 (Chen 

et al., 2016). HA-YFP-HA-HY5 and HY5-GFP protein could be detected at comparable 

levels in the shoots of different HY5 transgenic lines (CAB3p:HA-YFP-HA-HY5 hy5 

plants, CAB3p:HY5-GFP hy5 plants), whereas HA-YFP-HA-HY5 protein could not be 

detected in the roots of the HY5 transgenic line (CAB3p: HA-YFP-HA-HY5 hy5 plants) 

while HY5-GFP protein was detected in the roots of the HY5 transgenic line 

(CAB3p:HY5-GFP hy5 plants) (Burko et al., 2020; Chen et al., 2016). The position of the 

tags (N terminal in HA-YFP-HAtag and C terminal for the GFP tag) might affect the fold 

of HY5 protein and/or its movement, thus leading to different results of HY5 protein 

accumulation in the roots.  
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In this thesis, micrografts of ELF4-ox scion into elf4-1 or elf4-2 rootstocks enable a 

recovery of rhythms that is not observed when seedlings expressing ELF4–3×GFP are 

used as scion. These results suggest that ELF4 movement is indeed important for the 

rhythmic recovery. Fluorescent signals accumulating in the vasculature of elf4-1 

mutant rootstock grafted with ELF4–GFP scion and the detection of the ELF4 protein 

in roots of the micrografted plants also suggest that ELF4 moves from shoots to roots. 

This conclusion is complemented by the grafting assays of elf4-1 (Sh)/elf4-1 (Rt) 

showing the lack of rhythmic recovery in roots, and by ELF4 protein-injection assays 

in shoots and the subsequent rhythmic recovery in roots. Micrografts of E4MG and 

WT plants are also able to recover the rhythms of the elf4-1 mutant roots, indicating 

that the effects are not due to excess accumulation of ELF4-ox. The results suggest 

that small amounts of mobile ELF4 might be required to regulate the rhythms.  

 

Several studies have shown that mobile transcription factors and peptide ligands 

contribute to long-distance signaling (Chen et al., 2016; Putterill and Varkonyi-Gasic, 

2016). Based on our RT-qPCR time-course analyses of roots from ELF4-ox (Sh)/elf4-1 

(Rt) grafts, the amplification of ELF4 mRNA was barely detectable. These results 

suggest that the mRNA of ELF4 does not move through the graft junctions. Further, a 

series of protein experiments suggest that the ELF4 protein move through the graft 

junctions. Injection of purified in-vitro ELF4 protein into the shoots of elf4-1 mutant 

was able to restore rhythms in elf4-1 mutant roots. The detection of ELF4 protein in 

roots of the ELF4-GFP (Sh)/elf4-1 (Rt) grafts further suggest that ELF4 protein moves 

from shoots to roots. It would be interesting to identify other possible mobile signals 

and their connection, if any, with ELF4.  

 

It is possible that veins are used as the circadian traveling ‘‘highway’’ in which the 

synchronizing signals circulate from plant shoot apexes to roots (Takahashi et al., 

2015). Indeed, our results showed the presence of fluorescent signals accumulating in 

the vasculature of elf4-1 mutant rootstock grafted with ELF4-GFP scion. These results 
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suggest that ELF4 moves from shoots to roots through veins. The ELF4 in leaf 

vasculature moves from shoots to roots through veins and plays an essential role in 

the physiological and molecular regulation of roots. The leaf vasculature-enriched 

expression pattern of ELF4 (10-fold higher in vasculature) (Endo et al., 2014) is 

consistent with this possibility. It would be interesting to generate a series of 

transgenic lines that express ELF4 under different tissue-specific promoters (such as 

mesophyll, vasculature companion cell, epidermis, shoot apical meristem, etc) and 

explore the phenotypes and the underlying mechanisms. 

 

Our experiments in which we added water to the scion or used WT scion without LUC 

reporter exclude the possibility that rhythms in grafted roots are due to leakage from 

the adjacent well containing the shoot. ELF4 protein shows similar properties in terms 

of length, molecular weight and isoelectric point to other mobile proteins (Chen et al., 

2016; Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007b), which 

also supports the notion of ELF4 movement. We postulate that following movement, 

the complex regulatory feedback loops at the core of the oscillator are reset to control 

the pace of the clock. Further experiments at different developmental stages and 

under various growing conditions (for example, different light and temperature 

conditions) will be required to confirm whether the long-distance movement of ELF4 

contributes to the spatial waves of clock gene expression observed in roots or not 

(Greenwood et al., 2019). 

 

As mentioned above, other mobile transcription factors have been reported to play 

essential roles in plant development. For instance, the long-distance shoot-to-root 

movement of HY5 protein mediates coupling of light-mediated shoot growth and 

carbon assimilation with root growth and nitrate uptake (Chen et al., 2016). The 

mobile HY5 contributes to maintain the balance of carbon and nitrate metabolism in 

plants at varying light fluences (Chen et al., 2016). The mechanisms regulating the 

movement of HY5 from shoots to roots are not clear. Probably, photoperiod or 
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temperature could also regulate the movement of HY5 and plants reach the new 

balance of carbon and nitrate metabolism under different photoperiod or 

temperature conditions.  

 

FT is a key regulator of the transition from vegetative to reproductive growth 

(Kardailsky et al., 1999; Kobayashi et al., 1999). The FT protein was identified to be 

mobile and was termed as ‘a ‘florigen’’ in plants. FT travels from the leaves to the 

shoot apex through the vasculature (Corbesier et al., 2007; Jaeger and Wigge, 2007; 

Mathieu et al., 2007b). FT protein acts at the shoot apical meristem in concert with 

the transcription factor FD  (Abe et al., 2005; Corbesier et al., 2007; Kardailsky et al., 

1999; Kobayashi et al., 1999; Wigge et al., 2005)  to promote the expression of 

flowering regulators and induce plant flowering (Wu and Gallagher, 2012). The 

transcription of FT in leaves is activated by CO and this activation only occurs under 

long day conditions (Kobayashi et al., 1999). The molecular mechanisms controlling 

ELF4 in shoots remain to be elucidated. It would be interesting to identify whether 

other proteins in shoots regulate ELF4 transcription, translation or movement in 

response to changes in temperature.  

 

Excision blocks ELF4 movement from shoots and consequently, we observe that 

oscillator gene expression and other output genes are affected in WT excised roots. 

Previous studies have also used excision to define properties of the circadian function 

in roots (Greenwood et al., 2019). Although many genes are affected by excision, it is 

noteworthy that 67% of the genes misregulated in elf4-1 intact roots are also 

misexpressed in WT excised roots. Both conditions have in common a lack of ELF4 

movement, suggesting that the overlapping DEGs are due to the lack of mobile ELF4 

(note that the RNA-seq studies with elf4-1 mutant were performed with intact roots). 

The phase shifts observed following excision prompted us to examine whether ELF4 

movement contributed to the photoperiodic-dependent phase shift. However, 

excised roots still sustained the phase delay under LgD, suggesting that other factors 
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are responsible for this regulation. Light piping down the root (Nimmo, 2018) might 

be also important for synchronization. Regardless the mechanism, it is able to 

overcome the misexpression of ELF4 in shoots and roots, as ELF4-ox and elf4-1 mutant 

plants displayed similar rhythms to WT. Clear alteration of circadian expression under 

constant light but not under entraining conditions has been reported for other clock 

mutant plants and plants overexpressing clock genes (Flis et al., 2015) 

 

Previous studies have reported that temperature controls the movement of other 

long-distance mobile proteins. For instance, latest results show that the movement of 

FT protein from companion cells (Mathieu et al., 2007b) to sieve elements (the 

conducting cells of phloem, the region where FT moves to shoot apex (Mathieu et al., 

2007b) in leaves is temperature-dependent (Liu et al., 2020). Low temperature 

suppresses the movement of FT in the phloem and the expression of FT mRNA, thus 

the plant reproductive success only happens under favorable temperature (Liu et al., 

2020). 

 

Cold temperatures positively regulate the transcription and post-translation 

accumulation of HY5 (Catalá et al., 2011; Toledo-Ortiz et al., 2014). Besides, HY5 

protein is stable at 4°C even in the darkness whereas activated COP1 directly targets 

HY5 for ubiquitination and subsequently triggers the protein degradation of HY5 

under room temperature conditions (Catalá et al., 2011; Osterlund et al., 2000). The 

accumulation of HY5 protein (not the amount of HY5 mRNA) is reduced by high 

temperature through COP1 activity-dependent pathway, further suggesting that HY5 

protein is temperature regulated (Kim et al., 2017). It will be valuable to examine 

whether the HY5 movement (from shoot to root) is temperature regulated. 

 

In this thesis, we identified that shoot excision shortened the period, suggesting that 

ELF4 movement is important in the control of circadian period length. Period 

shortening is more significant at low temperatures than at high temperatures, 
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confirming that ELF4 movement is favoured at low temperatures. The temperature-

dependent control of ELF4 movement is also supported by the increased accumulation 

of ELF4 protein in grafted roots at 12 °C compared to 28 °C. As ELF4 accumulation 

results in a longer period, the increased movement leads to a clock that runs slower 

at low temperatures than at high temperatures. The mobile ELF4 thus delivers 

temperature information and sets up a shoot-to-root long distance dialogue that 

regulates the pace of the clock in roots (Figure 43). It would be interesting to elucidate 

whether period sensitivity to temperature might provide an advantage for optimal 

root responsiveness to temperature variations.  

 

Previous studies have reported higher temperature leads to increased root elongation, 

dependently of brassinosteroid (BR) hormone signaling and Gibberellins (GA) (Camut 

et al., 2019; Martins et al., 2017). Thus, plant roots grow deeper to search for water 

at high temperatures (the availability of water drops with warmth) (Martins et al., 

2017). The transportation of root basipetal auxin and the accumulation of auxin is 

inhibited by cold temperature, reducing root growth, which suggest that low 

temperatures limit auxin transport and responses in the root (Jeon et al., 2016; 

Shibasaki et al., 2009; Zhu et al., 2014). Hormone signaling plays an essential role for 

optimal root responsiveness to temperature variations and the connection between 

hormone signaling and the circadian clock has been extensively reported (Singh and 

Mas, 2018).  

 

The functional activity of most enzymes is higher at high temperatures. However, the 

pace of the circadian clock is buffer against changes in temperature within a 

physiological range (Hogenesch and Ueda, 2011). Thus, the circadian clock maintains 

a 24-hour period under different temperatures (termed as temperature 

compensation) (Greenham and McClung, 2015; Hogenesch and Ueda, 2011). In this 

thesis, we found that the circadian clock in roots is not temperature-compensated. 

The circadian clock in roots slows down at lower temperatures, whereas the clock 
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speeds up at higher temperatures. Our model shows that the different amount 

movement of ELF4 protein from shoot to root at different temperatures (more 

movement at low temperature, less movement at high temperature) breaks the 

overall balance of clock speed and buffering environment of the root. Indeed, ELF4 is 

able to delay the phase and lengthen the period of circadian clock (McWatters et al., 

2007).  

 

In whole seedlings, the protein kinase CK2 promotes the phosphorylation of CCA1 to 

inhibit its transcriptional activity (Portolés and Más, 2010). At high temperature, the 

inhibition of CCA1 to its target genes increases, whereas the phosphorylation of CCA1 

from CK2 also increases (decreasing the activity of CCA1) (Portolés and Más, 2010). 

Thus, the clock buffers the changes from varying temperatures. In the roots, the 

mechanism for temperature compensation is still not clear. Probably, the balance of 

CK2 and CCA1 in roots is different from the shoots or not as stable as in shoots. Besides, 

the growing environments and energy supplements for shoots and roots are not the 

same. Thus, the regulation and mechanism for temperature compensation may be 

different. It would be very interesting to discover the mechanism for temperature 

compensation in roots in future.  

 

Altogether, in this thesis, we found a shoot-to-root mobile signal ELF4 protein and ELF4 

moves from shoots to regulate the pace of circadian clock in roots in a temperature-

dependent manner (not photoperiodic dependently). Additionally, low temperatures 

favour the movement of ELF4, leading to a slower root clock, while high temperatures 

decrease ELF4 mobility, resulting in a fast-paced root clock. Thus, the mobile ELF4 

(temperature dependent) has the ability to set a shoot-to-root dialogue that sets the 

speed of circadian clock in roots (Figure 43). 
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Conclusions 

In this Doctoral thesis, we have identified the long-distance circadian communication 

between shoots and roots of Arabidopsis plants. The evening-expressed clock 

component ELF4 moves from shoots to regulate the rhythms in roots. The movement 

of ELF4 is not regulated by photoperiod but by temperature. Specifically: 

 

1. The in vivo luminescence analyses and RT-QPCR assays have shown that the root 

clock is fully operative, but runs at a slower pace and delayed phase compared to the 

shoot clocks. In vivo luminescence analyses, RT-QPCR and RNA-SEQ analyses in roots 

of ELF4 mis-expressing plants have shown the important regulatory function of ELF4 

in the root clock: mutation compromises the circadian rhythms of root clock, while 

overexpression lengthens the circadian period of root clock. 

 

2. In vivo luminescence analyses of roots of grafted plants indicate that ELF4 moves 

from shoots to roots. RT-QPCR, confocal microscopy and western blot analyses of 

roots of grafted plants have shown that the shoot-to-root mobile signal is ELF4 protein.   

 

3. In vivo luminescence analyses using roots from entire and shoot-excised plants have 

shown that excised roots exhibit a shorter period and advanced phase compared to 

the clock in entire roots. RT-QPCR analyses of entire and excised roots have also 

revealed that the expression of the ELF4 target genes (PRR9 and PRR7) is increased in 

excised roots compared to entire roots, confirming that ELF4 movement is important 

for its regulatory circadian function in roots. 

 

4. In vivo luminescence analyses, grafting and western blot assays under different 

photoperiods have shown that ELF4 movement is not prevalently regulated by 

photoperiod. 

 

5. Luminescence analyses of rhythms in roots under different temperatures have 
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shown that root circadian clock is not able to sustain circadian period length within a 

range of temperatures, hence the key property of circadian rhythms, temperature 

compensation, is not robustly sustain in roots. In vivo luminescence analyses grafting 

and western blot assays have shown that the mobility of ELF4 is temperature 

regulated: ELF4 movement from shoots to roots is increased at lower temperatures 

(12ºC), whereas the movement decreases at higher temperatures (28ºC). 
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Summary 

The circadian clock is synchronized by external environment cues, mostly through light 

and temperature. Explaining how the plant circadian clock responds to temperature 

oscillations is crucial to understanding plant responsiveness to the environment. In this 

thesis, we found a prevalent temperature-dependent function of the Arabidopsis clock 

component EARLY FLOWERING 4 (ELF4) in the root clock. The clocks in roots are able 

to run properly in the absence of shoots although shoot excision leads to a shorter 

period and advanced phase in excised roots compared to entire roots. Micrografting 

assays show that ELF4 moves from shoots to regulate rhythms in roots. ELF4 

movement does not convey photoperiodic information, but trafficking is essential for 

controlling the period of the root clock in a temperature-dependent manner. Low 

temperatures favour ELF4 mobility, resulting in a slow paced root clock, whereas high 

temperatures decrease movement, leading to a faster clock. Hence, the mobile ELF4 

delivers temperature information and establishes a shoot-to-root dialogue that sets 

the pace of the clock in roots. 
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Resumen 

El reloj circadiano está sincronizado por señales medioambientales externas, 

principalmente la luz y la temperatura. Entender cómo responde el reloj circadiano de 

la planta a las oscilaciones de temperatura es crucial para comprender la capacidad de 

respuesta de la planta al medio ambiente. En esta Tesis Doctoral, encontramos una 

función prevalente dependiente de la temperatura del componente del reloj de 

Arabidopsis EARLY FLOWERING 4 (ELF4) en el reloj circadiano de la raíz. En plantas en 

las que el ápice aéreo se ha eliminado, el reloj puede funcionar correctamente en las 

raíces, aunque exhibe un período más corto y una fase avanzada en comparación con 

las raíces de plantas completas. Los ensayos de microinjerto muestran que ELF4 se 

mueve desde el ápice aéreo para regular los ritmos en las raíces. El movimiento de la 

proteína ELF4 no transmite información fotoperiódica, sino que es esencial para 

controlar el período del reloj circadiano en la raíz de una manera dependiente de la 

temperatura. Las bajas temperaturas favorecen la movilidad de ELF4, lo que resulta en 

un reloj de de ritmo lento, mientras que las altas temperaturas disminuyen el 

movimiento, lo que lleva a un reloj más rápido. Por lo tanto, el movimiento de la 

proteína ELF4 móvil proporciona información sobre la temperatura y ayuda a 

establecer un diálogo entre el ápice aéreo y la raíz de la planta para controlar el ritmo 

circadiano en la raíz. 
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Materials and Methods 

1. Plant material, growth conditions, constructs and physiological assays.  

A. thaliana seedlings were stratified at 4 °C in the dark for 2–3 d on Murashige and 

Skoog agar medium with 3% sucrose (MS3). Plates were transferred to chambers with 

controlled light and temperature conditions with 25–50 μmol m−2 s−1 of cool-white 

fluorescent light. Seedlings were synchronized under 12:12 h light:dark cycles at 22 °C. 

For experiments with different temperatures, seedlings were analysed under constant 

light conditions at 12 °C, 18 °C, 22 °C or 28 °C following synchronization under 12:12 h 

light:dark cycles at 22 °C. For experiments with different photoperiods, seedlings were 

grown under ShD (8:16 h light:dark) or LgD (16:8 h light:dark) conditions. Reporter 

lines CCA1::LUC (Salome and McClung, 2005), LHY::LUC (Herrero et al., 2012), 

PRR9::LUC (Edwards et al., 2010), TOC1::LUC (Portolés and Más, 2010) and elf4-1 

(Doyle et al., 2002), elf4-2 (Huang et al., 2016), ELF4 minigene (Nusinow et al., 2011) 

and ELF4–GFPox (Herrero et al., 2012; Nusinow et al., 2011) plants have been 

described elsewhere. The ELF4–3×GFP construct was generated by PCR amplification 

of the ELF4 coding sequence and subsequent subcloning into the PGWB514 gateway 

vector (Nakagawa et al., 2007a, 2007b). The resulting plasmid was digested with PacI 

and SacI restriction enzymes and ligated with the 3×GFP insert from the pBS-x3GFP 

vector (Addgene). The construct was transformed into elf4-1 mutant plants. Plants 

were transformed using Agrobacterium tumefaciens (GV2260)-mediated DNA 

transfer (Clough and Bent, 1998). For in vitro protein-injection assays, the ELF4 coding 

sequence was subcloned into the pET MBP_1a vector (Novagen) after removing the 

GFP by digestion with NcoI and XhoI. 

 

For hypocotyl elongation measurements, WT, elf4-1, ELF4–GFP-ox and ELF4–3×GFP-

ox seeds transformed into the elf4-1 mutant background were stratified on MS3 

medium in the dark for 4 d at 4 °C, exposed to white light (40 μmol m−2 s−1) for 6 h and 

maintained in the dark (22 °C) for 18 h before transferring to chambers under ShD 
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conditions. Hypocotyl length was measured using ImageJ (v.1.48 v) 

(https://imagej.nih.gov/ij/) 7 d after stratification. Each experiment was repeated at 

least twice using 20–50 seedlings per genotype. Statistical analyses were performed 

using GraphPad Prism (v.5.01) using two-tailed t-tests with 95% confidence interval. 

 

2. In vivo luminescence assays. 

In vivo luminescence assays were performed as previously described (Takahashi et al., 

2015). In brief, 7- to 15-d-old seedlings synchronized under light:dark cycles at 22 °C 

were transferred to 96-well plates and released into the different conditions specific 

for each experiment. Analyses were performed with a LB960 luminometer (Berthold 

Technologies) using Microwin (v.4.41; Mikrotek Laborsysteme). The period, phase and 

amplitude were estimated using the fast Fourier transform–non-linear least squares 

(FFT-NLLS) suite 63 (Plautz et al., 1997) using the biological rhythms analysis software 

system (BRASS; v.3.0; http://www.amillar.org). For simultaneous analysis of rhythms 

of shoots and roots from the same plant, the connection between the two adjacent 

wells of the 96-well plates was serrated. Seedlings were then horizontally positioned 

so the shoot was placed in one well and the roots were placed in the contiguous well. 

For excision analyses, roots were excised from shoots and placed into the 96-well 

plates for luminescence analyses. Data from samples that appeared damaged or 

contaminated were excluded from the analysis. For analyses of grafted samples, water 

was applied instead of luciferin to the wells containing shoots to avoid possible leaking 

signals from shoots to roots, as specified. At least two biological replicates were 

performed per experiment, with measurements taken from independent samples 

grown and processed at different times. Each biological replicate included 6 to 12 

independent seedlings per condition and/or genotype. Statistical analyses were 

performed using GraphPad Prism (v.5.01) using two-tailed t-tests with 95% confidence 

interval. 
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3. Protein purification and injection analyses.  

Escherichia coli cells (BL21, Dh5α) were transformed and grown in LB medium (10 g l−1 

tryptone, 5 g l−1 yeast extract and 10 g l−1 NaCl, pH 7.5) until optical density (OD600) 

values of 0.8–1.0. Isopropyl-β-d-1-thiogalactopyranoside (IPTG)-mediated induction 

of maltose-binding protein (MBP)–ELF4 and MBP–GFP was performed at 28 °C for 6 h. 

Bacteria resuspended in lysis buffer (50 mM Tris-HCl, pH 7–8, 5% glycerol, 50 mM NaCl) 

were lysed by sonication for 2–3 min (30 s on, 30 s off, high intensity) using a sonicator 

(Bioruptor, Diagnode). Recombinant proteins were purified using gravity-flow 

columns with amylose resin (New England Biolabs). MBP cleavage was performed by 

incubation in cleavage buffer (50 mM Trizma-HCl, pH 8.0, 0.5 mM EDTA, and 1 mM 

DTT) for 2 h at 30 °C with native tobacco etch virus protease (Sigma-Aldrich). The 

purified recombinant proteins were concentrated using Amicon centrifugal filters 

(Millipore) following the manufacturer’s recommendations. Protein yield was 

estimated by measuring absorbance at 595 nm using a spectrophotometer (UV-2600, 

Shimadzu). Proteins were also examined by Coomassie brilliant blue staining of 

polyacrylamide gels to confirm protein size and integrity. Purified ELF4 was injected 

into leaves of 10 d old elf4-1 mutant seedlings harbouring the LHY::LUC reporter line. 

Similar concentration of GFP protein was also injected as a negative control. Rhythms 

were subsequently examined in a LB960 luminometer (Berthold Technologies) as 

described above. 

 

4. Time-course analyses of gene expression by RT–qPCR.  

Seedlings were synchronized under light:dark cycles in MS3 medium plates for 12–14 

d and subsequently transferred to constant light. Shoots and roots from intact plants 

were taken every 4 h over the circadian cycle. For excised roots, shoots and roots were 

carefully separated with a sterile razor blade and the excised roots were deposited on 

MS3 agar medium plates for 2 or 3 d as specified. RNA was purified using a Maxwell 
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RSC Plant RNA kit (Promega) following the manufacturer’s recommendations. Single-

stranded cDNA was synthesized using iScript Reverse Transcription Supermix for RT–

qPCR (Bio-Rad). qPCR analyses were performed with cDNAs diluted 50-fold with 

nuclease-free water using Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent) 

with a 96-well CFX96 Touch Real-Time PCR detection system (Bio-RAD CFX96 Manager 

v.3.1, Bio-Rad). Each sample was run in technical triplicates. The expression of PP2AA3 

(PROTEIN PHOSPHATASE 2A SUBUNIT A3, AT1G13320) or MON1 (MONENSIN 

SENSITIVITY1, AT2G28390) (Czechowski et al., 2005) was used as a control. Crossing 

point (Cp) calculation was used for quantification using absolute quantification 

analysis by the second-derivative maximum method. At least two biological replicates 

were performed, with measurements taken from independent samples grown and 

processed at different times. 

 

5. RNA-seq analyses.  

Roots from 14-d-old intact WT, elf4-1 mutant and excised WT plants synchronized 

under light:dark cycles in MS3 medium plates were transferred to constant light 

conditions for 3 d. Roots were excised just before transferring to constant light. 

Samples were collected on the fourth day under constant light at circadian time 75 

(CT75). Total RNA was isolated using a Maxwell RSC Plant RNA kit. RNA sequencing 

was performed by IGATech. About 1–2 μg of high quality RNA (RNA integrity number > 

7) was used for library preparation with a TruSeq Stranded mRNA Sample Prep kit 

(Illumina). Poly-A mRNA was fragmented for 3 min at 94 °C. Purification was 

performed with 0.8× Agencourt AMPure XP beads. RNA samples and final libraries 

were quantified using the Qubit 2.0 Fluorometer (Invitrogen). Quality was tested using 

the Agilent 2100 Bioanalyzer RNA Nano assay (Agilent). Libraries were then processed 

with Illumina cBot for cluster generation on the flow cell, following the manufacturer’s 

instructions, and sequenced in paired-end mode at the multiplexing level requested 

on HiSeq2500 (Illumina). CASAVA (v.1.8.2) in the Illumina pipeline was used to process 
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raw data for both format conversion and de-multiplexing. 

 

Sequence analysis was performed using AIR software (v.1.0) (Sequentia Biotech). In 

brief, raw sequence files were first subjected to quality control analysis using FastQC 

(v.0.10.1) before trimming and removal of adapters with BBDuk 

(https://jgi.doe.gov/data-and-tools/bbtools/). Reads were then mapped against the A. 

thaliana genome (TAIR10 Genome Release) with STAR (v.2.6) (Dobin et al., 2013). 

FeatureCounts (v.1.6.1) (Liao et al., 2014) was then used to obtain raw expression 

counts for each annotated gene. The differential-expression analysis was conducted 

with edgeR (v.3.18.1) (Robinson et al., 2010) using the TMM normalization method. 

Fragments per kilobase of transcript per million mapped reads (FPKM) were obtained 

with edgeR. 

 

6. Western blot assays.  

Approximately 50–100 mg of roots from plants grown under the specified 

photoperiodic condition were sampled every 4 h over a 24 h cycle. Samples were 

rapidly frozen with liquid nitrogen and grounded with stainless steel beads (Millipore) 

in a TissueLyser II (QIAGEN). Tissue was subsequently resuspended in protein 

extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP40, 1 mM EDTA, 

protease inhibitor cocktail (1:100) and PMSF (1:1,000)). Protein extracts were 

centrifuged at 4 °C, measured for protein concentration using Bradford reagent (Bio-

Rad) and normalized to 2 mg ml−1 in 4× SDS loading buffer (250 mM Tris-HCl, pH 6.8, 

8% SDS, 0.08% bromophenol blue and 40% glycerol). Samples were run on a 12% gel 

and analysed by immunoblotting, fixed 30 min with 0.4% glutaraldehyde solution 

(Sigma-Aldrich) and detected with a haemagglutinin (HA) antibody (Roche) (1:2,000 

dilution) and a goat anti-rat horseradish peroxidase-conjugated secondary antibody 

(Sigma-Aldrich) (1:4,000 dilution). For analyses of the grafted plants, roots from plants 

synchronized under light:dark cycles were subsequently transferred to constant light 



76 
 

for 3 d at 12 °C, 22 °C or 28 °C. Samples were collected at CT81, rapidly frozen with 

liquid nitrogen and grounded with stainless steel beads (Millipore) in a TissueLyser II 

(QIAGEN). Powder extracts were subsequently resuspended in protein extraction 

buffer with 100 μM MG132. Protein extracts were centrifuged at 4 °C, measured for 

protein concentration using Bradford reagent (Bio-Rad) and normalized to 2 μg μl−1 in 

4× SDS loading buffer with 5 mM β-mercaptoethanol. For detection of ELF4 protein 

fused to GFP, samples were run on a 10% gel and detected using a GFP antibody 

(ab290, Abcam) (1:5,000) and goat anti-rabbit IgG (H + L chains) secondary antibody, 

horseradish peroxidase conjugate (Thermo Fisher Scientific, 31460 lot OG188649) 

(1:5,000 dilution). For detection of ELF4 protein fused to HA (ELF4 minigene) in shoots, 

samples were resuspended in protein extraction buffer with 100 μM MG132. Protein 

extracts in 4× SDS loading buffer with 5 mM β-mercaptoethanol were run on a 12% 

gel and analysed by immunoblotting, fixed for 30 min with 0.4% glutaraldehyde 

solution (Sigma-Aldrich) and detected with a HA antibody from rat IgG1 (11867423001, 

Sigma-Aldrich) (1:2,000) and a goat anti-rat horseradish peroxidase-conjugated 

secondary antibody (A9037, Sigma-Aldrich) (1:4000). Image Lab (v.5.2.1; Bio-Rad) was 

used to image the western blots. Membranes were stained with a Ponceau S solution 

following the manufacturer’s recommendations (Sigma). Proteins were also run on a 

10% SDS–PAGE gel and stained with Coomassie brilliant blue. At least two biological 

replicates were performed per experiment and/or condition, with measurements 

taken from independent samples grown and processed at different times. 

 

7. Micrografting assays.  

Micrografting was performed essentially as described (Takahashi et al., 2015). Data 

from unsuccessful grafted seedlings that failed to properly join together or grafts that 

were insufficiently clear to be successful were discarded. Approximately 100–150 

grafting events were performed for every combination of grafts. The percentage of 

successfully micrografted plants was about 30-50% (possibly higher but only the 
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clearly successful grafted plants were taken into account). From the successfully 

grafted plants, 30-60% showed different degrees of recovered rhythms. For in vivo 

luminescence assays, shoots and roots of grafted plants were simultaneously 

examined using the protocol described above. Water was added instead of luciferin 

to wells containing shoots to exclude the possibility that recovery of rhythms in roots 

was due to leaking signals from shoots. As specified, some grafted shoots contained 

no reporter. 

 

8. Confocal imaging.  

For in vivo confocal imaging, the roots of WT and ELF4-ox-GFP-grafted shoots into elf4-

1 mutants were placed on microscope slides (Sigma). Fluorescent signals were imaged 

with an argon laser (transmissivity 40%; excitation 515 nm; emission range 530–630 

nm) in a FV-1000 confocal microscope (Olympus) using FV-10-ASW4.2 Viewer 

Manager software (Olympus) with a 40×1.3 numerical aperture oil-immersion 

objective. Image sizes were about 640 × 640 pixels (0.497 μm per pixel) and sampling 

speed was 4 μs per pixel. The results are representative of at least three biological 

replicates for grafting and about three to four images per grafts. 

 

 

 

 

 

 

 

 

 

 

 



78 
 

List of primers 

Name Sequence Experiment 
REF1(PP2A_A3)_EXP_F AAGCGGTTGTGGAGAACATGATACG Expression analysis 
REF1(PP2A_A3)_EXP_R TGGAGAGCTTGATTTGCGAAATACCG Expression analysis 
MON1_EXP_F AACTCTATGCAGCATTTGATCCACT    Expression analysis 
MON1_EXP_R TGATTGCATATCTTTATCGCCATC Expression analysis 
PRR7_EXP_F AAGTAGTGATGGGAGTGGCG Expression analysis 
PRR7_EXP_R GAGATACCGCTCGTGGACTG Expression analysis 
PRR9_EXP_F ACCAATGAGGGGATTGCTGG Expression analysis 
PRR9_EXP_R TGCAGCTTCTCTCTGGCTTC Expression analysis 
ELF4_EXP_F GACAATCACCAATCGAGAAT Expression analysis 
ELF4_EXP_R ATGTTTCCGTTGAGTTCTTG Expression analysis 
CCA1_EXP_F TCGAAAGACGGGAAGTGGAACG Expression analysis 
CCA1_EXP_R GTCGATCTTCATTGGCCATCTCAG Expression analysis 
LHY_EXP_F AAGTCTCCGAAGAGGGTCGT Expression analysis 
LHY_EXP_R GGCGAAAAGCTTTGAGGCAA Expression analysis 
ELF4_CLN_F CACCATGAAGAGGAACGGCGA Cloning 
ELF4_CLN_R AGCTCTAGTTCCGGCAGCACCA Cloning 
MBP-ELF4_CLN_F CATGCCATGGGCATGAAGAGGAACGGCGAG Cloning 
MBP-ELF4_CLN_R CCGCTCGAGTTAAGCTCTAGTTCCGGCAGCAC Cloning 
PacI-pBS3xGFP-F ggttaattaacGCTGGAGGATCCATGTCTA Generation of pGWB-

c3xGFP 
SacI-pBS3xGFP-R tcgagctcTCTAGAACTAGTGGATCTTTA Generation of pGWB-

c3xGFP 
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Annexes 

Annex Ⅰ : Detail protocol of micrografting assays with young seedlings in 

Arabidopsis 

All processes for micrografting should be done in laminar flow cabinet. 

Step 1: Preparation 

Sterilize the laminar flow cabinet by UV light for 10 mins first. Then set up the 

dissecting microscope (Zeiss, Stemi SV6) in the cabinet and rinse the microscope and 

hands by standard surface sterilization procedures with ethanol.  

 

Prepare 0.5 Murashige and Skoog agar medium with 0.5 sucrose (0.52 MS) and place 

strips of autoclaved filter paper (with sizes of 7cm*1cm) on the surface of the 0.52 

medium plates (Figure1).  

 

 

Figure 1. Place strips of filter paper on the medium plates. 

 

Step 2: Remove seedlings to medium plates 

Dip the tip of tweezers (with fine point, Dumont #55 Biology tweezers) with ethanol 

and flame sterilize with the alcohol lamp. Wait the cool down of the tweezers and 

press the tip of the tweezers into the agar medium and break the surface of the 

medium as picture shown (gray curves, Figure 2). Transfer the 5-7 days (vertically 

grown) old seedlings (used as rootstocks) to the surface of strips of filter paper gently 

by tweezers (Figure 3). Make sure the roots of seedlings bury in the medium and touch 
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the water from the medium. 

 

 

Figure 2. Break the surface of medium by tweezers (gray curves). 

 

Transfer the 5-7 days (vertically grown) old seedlings (used as scions) to the surface of 

strips gently by tweezers (Figure 3). 

 

 

Figure 3. Place seedlings (used as scions and rootstocks) on the surface of strips. Seedlings on the 

top (with black cotyledon) will be used as scions whereas the seedlings on the bottom (with 

green cotyledon) will be used as rootstocks. 

 

Step3: Cutting tissues 

Using #11 sterile surgical blades (Swann-Morton) to remove the cotyledons from 

seedlings (used as scions) first. Then carefully cut off (clean fast and horizontal to the 

hypocotyls) the hypocotyls from scion seedlings with #11 blades (Figure 4).  
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Using #11 sterile surgical blades to cut off (clean fast and horizontal to the hypocotyls) 

the hypocotyls from seedlings (used as rootstocks) (Figure 5).  

 

 

Figure 4. Cutting the scions from seedlings. 

 

 

Figure 5. Cutting the rootstocks from seedlings. 

 

Step 4: connecting scions with rootstocks after tissue cutting 

Remove the strips of the filter paper upward a little bit by tweezers and let the top 

of the rootstocks drop on the medium (still make sure the roots of rootstocks bury in 

the medium after moving) (Figure 6).  
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Figure 6. Remove the strips upward and rootstocks touch the medium. 

 

Remove the scions (on the strips of filter paper) close to the rootstocks by tweezers 

(not grabbing or pinching, but gently touching and moving) (Figure 7). Make sure the 

bottom of scions closely touches the top of the rootstocks (move the scions and 

rootstocks gently by the tip of tweezers). Trash the rest tissues on the strips of filter 

paper and trash it. Incubate the plates to light chambers (12:12 (light: dark) 

chambers or 16:8(light: dark) long day chambers, with 22degree) vertically for 10 

days.  

 

 

Figure 7. connecting scions with rootstocks. 

 

Step5: Removing adventitious roots 

Sometimes grafts emerge adventitious roots if the growth conditions are not very 

well. Remove the adventitious roots by sterilize tweezers and #11 blades under 
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dissecting microscope if the adventitious roots are observed (one week after 

grafting). Grab the tips of the adventitious roots by sterilize tweezers and cut as 

closer to the shoots as possible (with #11 blades).  
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