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Introduction 

  

1. Plant circadian rhythms 

The rotation of the Earth around its axis results in periodic environmental 

changes such as the light/dark and temperature cycles. A wide range of 

organisms, including plants, have evolved an endogenous mechanism or 

circadian clock able to integrate the environmental information to generate and 

sustain biological rhythms with a period of 24 hours (Young and Kay, 2001). The 

circadian clock function has been proposed to provide an adaptive advantage to 

organisms as it allows the anticipation of the predictable environmental 

transitions, coordinating essential biological processes to occur at the most 

appropriate time (Johnson and Kyriacou, 2007). 

 

Plants have played a pivotal role in the history of circadian biology, as the 

very first known documentation of the circadian rhythms goes back to 325 BC, 

when the admiral Androsthenes of Thasos in the record of marches of Alexander 

the Great described the diurnal movement of Tamarindus indicus (Tamarind tree) 

leaves (Bretzl, 1903). It took about 2000 years for a more scientific evaluation of 

such rhythmic movements when the French astronomer de Mairan (1729) 

demonstrated that leaf movement persisted even under constant darkness. 

Following his study, three botanists, Hill (1757), Duhamel du Monceau (1758) 

and Zinn (1759) independently reported that daily rhythms in leaves were not 

significantly affected by temperature variations. In 1832, de Candolle observed 

that rhythms of leaf movement under constant dark conditions were not exactly 
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24 hours but approximately 22 to 23 hours, and further showed that rhythms 

could be synchronized to inverted light/dark cycles (McClung, 2006). All these 

findings conclusively confirmed the existence of a biological clock (McClung, 

2006; Más, 2008) and provided the basis for defining three main features of the 

clockwork: 1) Circadian rhythms are driven by endogenous mechanisms, which 

persist in the absence of external timing cues; 2) the rhythms exhibit 

temperature compensation, i.e. the pace of the oscillations is maintained over a 

range of physiological temperatures; and 3) the rhythms can be entrained or 

synchronized to environmental conditions by exposure to the external cues.  

 

2. Parameters of circadian rhythms 

As circadian rhythms often exhibit sinusoidal waveforms when plotted over time, 

several mathematical terms are used to describe their properties (Más, 2008) 

(Figure 1). The period refers to the amount of time required to complete one 

cycle and therefore represents the pace of the circadian oscillation. The phase is 

a particular time point of a rhythmic oscillation relative to an external oscillating 

synchronizing phase. This term is frequently used to indicate the time of the day 

where the peak of the event is observed. The amplitude is calculated as half the 

difference between the peak and trough of an oscillation. In circadian biology, the 

time is often represented in hours, either under constant free-running conditions, 

the so-called Circadian Time (CT), or under resetting external cues (Zeitgeber 

signals), which define the Zeitgeber Time (ZT) (Golombek and Rosenstein, 

2010). By convention, the time of onset of a Zeitgeber is usually defined as ZT0. 
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Figure 1. Mathematical terms used to describe the circadian rhythms. The period is 

defined as the amount of time required to complete one cycle. The phase is a particular 

time point of a physiological event within a cycle relative to an external synchronizing 

cycle. The amplitude is calculated as half the difference between the peak and trough of 

an oscillation. White boxes: day; Shaded boxes: night. Modified from (Harmer, 2009). 

 

3. Architecture of the plant circadian clock 

Classically, the circadian clock system has been proposed to consist of three 

different components: input pathways, central oscillator and output pathways 

(Figure 2). The input pathways perceive the environmental cues such as 

changes in light or temperature and feed this information to reset every day the 

central oscillator. This central oscillator is composed of a network of regulatory 

components that regulate each other and generate self-sustaining rhythms. The 

output pathways consist of all of the rhythmic biological processes under the 

control of the circadian clock. When correctly tuned with the environment, the 

circadian system is shown to confer improved fitness to plants (Green et al., 

2002; Dodd et al., 2005). Currently, it is clear that the functioning of the clock is 
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much more complicated, but this conceptual model is still a simple and 

convenient way to understand how the clock might be working. In the following 

sub-sections (3.1, 3.2 and 3.3), these three main components of the circadian 

system are briefly described. 

 

 
 

Figure 2. Scheme depicting the different compartments of the circadian clock. This 

simplified model consists of input pathways that perceive environmental cues such as 

light or temperature, the central oscillator that generate ～24 hour rhythms, and output 

pathways that are the rhythmic processes controlled by the clock. Arrows with different 

colors and shapes denote different pathways. Modified from (Más, 2008).  

 

3.1 Central oscillator 

In plants, the molecular network at the core of the clock has been particularly 

well studied in the model system Arabidopsis thaliana. Recent experimental and 

computational studies have suggested that the central oscillator consists of 

various components that temporally regulate each other in a complex network 

(Hsu and Harmer, 2014) (Figure 3). The very first described components of the 

INPUTS CENTRALOSCILLATOR OUTPUTS
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oscillator included two morning-phased Myb-like transcription factors known as 

CIRCADIAN AND CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATE 

HYPOCOTYL (LHY) (Schaffer et al., 1998; Wang and Tobin, 1998). The 

relevance of these repressors for proper clock function was evidenced by the 

circadian phenotype of the respective mutants: single loss of either CCA1 or 

LHY caused a shortening of the circadian period under constant conditions 

(Green and Tobin, 1999; Mizoguchi et al., 2002) while the cca1/lhy double 

mutant was arrhythmic (Alabadí et al., 2002; Mizoguchi et al., 2002). CCA1 and 

LHY share sequence homology and consequently they are partially redundant in 

their function as negative regulators of evening-expressed gene TIMING OF 

CAB EXPRESSION 1 (TOC1), another important component of the central 

oscillator (Strayer et al., 2000; Makino et al., 2002). CCA1 and LHY repress 

TOC1 expression by directly binding to the Evening Element (EE) motif present 

in the TOC1 promoter (Alabadí et al., 2002). In turn, TOC1 protein binds to the 

promoters of CCA1 and LHY, and represses their expression in the evening 

(Gendron et al., 2012; Huang et al., 2012). Loss of TOC1 functions results in a 

short period phenotype (Strayer et al., 2000) while over-expression of TOC1 

leads to arrhythmia (Más et al., 2003a). Together with TOC1, other members of 

the PSEUDO-RESPONSE REGULATOR (PRR) family including PRR5, PRR7, 

PRR9 also negatively regulate the expression of CCA1 and LHY (Nakamichi et 

al., 2010). In turn, PRR5 expression is negatively regulated by CCA1 and LHY, 

whereas PRR7 and PRR9 seem to be positively regulated by them (Farré et al., 

2005; Kamioka et al., 2016). 
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Other clock components expressed during the evening include EARLY 

FLOWERING 3 (ELF3), ELF4, and LUX ARRYTHMO (LUX), which form the 

Evening Complex (EC) and repress PRR9 expression (Nusinow et al., 2011; 

Herrero et al., 2012). Every member of the EC is required for sustaining 

circadian rhythms, as mutation in any of these genes results in arrhythmia (Hicks 

et al., 2001; Doyle et al., 2002; Hazen et al., 2005). As these key regulators 

mainly act as repressors, it was proposed that activation of clock genes is 

achieved rather indirectly through a repression-based transcriptional interaction 

(the so-called repressilator) (Pokhilko et al., 2012). The real structure of the core 

clock network is more complicated than a simplified repressilator as it also 

involves transcriptional regulation of many other clock genes, post-translational 

modification of clock proteins and epigenetic regulation through chromatin 

modifications (Nohales and Kay, 2016). 

 

  

Figure 3. Scheme depicting a simplified view of the main components and the 

regulatory network at the core of the Arabidopsis oscillator. Green lines ending with an 

arrow denote gene activation while red lines ending with perpendicular dashes denote 

gene repression. Please see the main text (section 3.1) for details. 

TOC1

LHY

CCA1
PRR9 PRR7 ELF4PRR5 ELF3LUX
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3.2 Input pathways 

In Arabidopsis, the clock period under constant conditions (i.e. the endogenous 

pace of the clock) varies from 22 to 28.5 hours, depending on the accessions 

and growth conditions (Michael et al., 2003). Thus, for the circadian clock to be 

effective, it is essential to adjust the endogenous pace with the external 

synchronizing signals from the day/night cycles. Light, which is sensed by 

multiple photoreceptors in plants, acts as a strong entrainment signal that resets 

the clock every day. In higher plants, a number of different photoreceptors are 

involved in the modulation of the central oscillator (Chen et al., 2004). The 

mechanism for resetting is not fully understood in all cases but it seems to 

involve changes in the expression, protein accumulation and activity of key 

central oscillator components (Inoue et al., 2017). The five members of the 

PHYTOCHROME (PHY) family (PHYA to PHYE) are red and far-red light 

receptors found in Arabidopsis. PHYA regulates the light input to the clock mainly 

under low intensity of red light while PHYB is more important under higher 

intensities of red light (Somers et al., 1998a). A couple of studies have provided 

some insights into the regulation of core clock components by 

PHYTOCHROMES. Downstream intermediates of PHYA signaling such as FAR 

RED ELONGATED HYPOCOTYL3 (FHY3), FAR-RED IMPAIRED RESPONSE 

1 (FAR1), and ELONGATED HYPOCOTYL 5 (HY5) are shown to act as positive 

transcriptional regulators of ELF4 by directly binding to its promoter region (Li et 

al., 2011). PHYB also appears to directly interact with several clock components 

including CCA1, LHY, TOC1, and LUX in a light-quality dependent manner (red 

and far-red light), possibly transferring the environmental light information to the 
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central oscillator (Yeom et al., 2014). The blue light receptors CRYPTOCROME 

1 and CRYPTOCROME 2 (CRY1 and CRY2) also act as photoreceptors 

resetting the clock with a certain degree of redundancy (Devlin and Kay, 2000; 

Gardner et al., 2006). The members of the ZEITLUPE family are another set of 

blue light receptors, which include ZTL, FLAVIN BINDING, KELCH REPEAT, 

F-BOX (FKF1), and LOV KELCH PROTEIN 2 (LKP2). ZTL is involved in the 

targeted degradation of TOC1 and PRR5 proteins (Más et al., 2003b; Kiba et al., 

2007). FKF1 and LKP2 are thought play redundant role with ZTL (Baudry et al., 

2010). 

 

 For proper entrainment, the circadian clock responds to light signals 

differently at various times of the day (Johnson, 1999). In many organisms, 

including plants, light pulses around dawn typically advance the phase of the 

circadian oscillator whereas the same pulses at dusk generally delay the phase 

(Devlin and Kay, 2001). This property is often studied by Phase Response 

Curves (PRC) in which phase shifts of a circadian rhythm are plotted as a 

function of the circadian phase (Johnson, 1999). 

  

Temperature is also capable of entraining the plant clock. Circadian 

rhythms are synchronized by warm/cold cycles with differences as small as 4oC 

(12 hour 24 oC:12 hour 20 oC) under constant light conditions (Somers et al., 

1998b). The molecular mechanisms responsible for temperature-dependent 

synchronization, however, are not well understood (Jones, 2009). Several 

studies suggest that ambient temperature signals might feed into the circadian 
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clock through the EC. When Arabidopsis seedlings are exposed to temperature 

upshifts (22oC to 28oC or 16oC to 22oC), several clock genes including PRR7, 

PRR9, and LUX are up-regulated and this thermoresponsiveness is abolished in 

elf4, elf3 or lux mutant (Mizuno et al., 2014). Furthermore, it has been reported 

that dark-grown elf3 mutant seedlings cannot be entrained by temperature 

cycles (Thines and Harmon, 2010).  

 

Despite the ability to be reset by temperature, and as mentioned above, the 

clock also displays a very interesting property known as temperature 

compensation: the pace of the circadian oscillation is maintained with a Q10 ≒ 

1  (Q10: rate of change in a chemical / biological reaction due to a temperature 

shift of 10 oC). The clock temperature compensation is crucial for organisms to 

maintain stable endogenous rhythms regardless the temperature variation in the 

environment. In Arabidopsis, temperature compensation is disrupted in mutants 

of several clock genes. Particularly, PRR7 and PRR9 seem to play a important 

role as the effects of temperature are overcompensated in prr7/prr9 double 

mutant, and this defect is fully suppressed when CCA1 and LHY expressions are 

knocked-down by the use of artificial microRNAs (Salome et al., 2010). This 

suggests that PRR7 and PRR9 regulate CCA1 and LHY activities in response to 

ambient temperature (Salome et al., 2010). Furthermore, CCA1 and the protein 

kinase CK2 (formerly casein kinase 2) are essential for clock temperate 

compensation (Portolés and Más, 2010). Indeed, high temperatures enhance 

the CCA1 promoter-binding activity, leading to increased repression of its target 

genes. In turn, high temperatures also stimulate CK2-dependent 
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phosphorylation of CCA1, and the phosphorylated isoforms display a reduced 

affinity for the promoters of clock genes. Therefore, two activities (CCA1 

promoter-binding and repression, and CK2-dependent CCA1 phosphorylation) 

are precisely balanced and control temperature compensation in Arabidopsis 

(Portolés and Más, 2010).  

 

Alternative splicing events of some clock components are also regulated 

by temperature (James et al., 2012; Seo et al., 2012). Indeed, a recent study has 

illustrated the link between alternative splicing and the proper temperature 

response of the clock. The study showed that mutants of SICKLE (SIC), a 

putative regulator of spliceosomal activity, exhibited defects in temperature 

compensation, accompanied with aberrant splice variant accumulation (Marshall 

et al., 2016). sic mutants also displayed low-amplitude or arrhythmic expression 

of core circadian clock genes and under cool temperature cycles (12 hour 22 oC: 

12 hour 18 oC). The results suggest the importance of alternative splicing for 

both temperature compensation and entrainment of the clock (Marshall et al., 

2016).   

 

3.3 Output pathways 

In Arabidopsis, approximately 30%-40% of the genes are considered to be under 

the regulation of the circadian clock and therefore the clockwork plays a crucial 

role in coordinating a number of biological processes (Covington et al., 2008). 

These processes or clock outputs are numerous and include among others the 

rhythmic movement of leaves (Millar et al., 1995), stomatal opening (Somers et 
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al., 1998b), elongation of hypocotyl, stem and root (Dowson-Day and Millar, 

1999; Ruts et al., 2012), seed dormancy (Penfield and Hall, 2009), drought 

responses (Legnaioli et al., 2009) and immune defense against pathogens 

(Wang et al., 2011). 

  

One well-defined clock output in plants is the photoperiodic control of the 

transition from the vegetative state to its reproductive state (Más, 2008). Several 

pathways regulate the initiation of flowering (Amasino and Michaels, 2010). 

Regarding the photoperiodic pathway, plants are able to measure the duration of 

the day and determine whether to flower or not. The mechanism responsible for 

measuring the duration of the day is the circadian clock (Kobayashi and Weigel, 

2007). In Arabidopsis, flowering is controlled by the tight regulation on the 

florigen gene, FLOWERING LOCUS T (FT), which is activated by CONSTANS 

(CO) (Kobayashi, 1999). CO is a clock regulated zinc-finger protein which is 

unstable in the dark (Putterill et al., 1995; Valverde, 2004). Under short days, the 

peak of CO expression occurs at night, and therefore the protein does not 

accumulate. However, under long day conditions, CO expression peaks during 

the light period, thus CO protein accumulates and induces the expression of FT. 

FT is predominantly expressed in leaves, but the protein eventually travels to the 

shoot apex to initiate flowering (Corbesier et al., 2007). This mechanism 

controlled by the clock ensures that flowering occurs at the appropriate seasonal 

time. 
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4. Organization of the circadian system: from single cells to whole 

organisms  

Despite the recognized importance of the circadian system and the details about 

the molecular components and mechanisms of clock regulation and function, 

one essential aspect of the circadian system is how rhythms are organized 

within the organism and whether there is communication among the different 

cells to synchronize the overall rhythmicity at the level of the whole organism. 

Prevalent studies in animal circadian systems have provided evidence for a 

hierarchical organization. Our studies have shown a similar organization in 

plants. The following subsections briefly describe the main knowledge of the 

cellular specificity and communication of the circadian information in plants 

(section 4.1) and in mammals (section 4.2). 

 

4.1. Cell-type specific clock function and circadian coupling in plants 

Identification of the circadian components and mechanisms of circadian 

regulation have been traditionally conducted using whole seedlings. This 

approach has rendered useful information, but outputs represent blended 

signals from different tissues, which limit the cellular resolution of the studies. 

Several recent reports have focused on the cellular specificity of the clock 

function showing that the circadian clock system might work differently in distinct 

tissues or organs. For instance, in Arabidopsis leaves, the stomatal guard cells 

were found to have a different free-running period from the surrounding 

epidermal and mesophyll cells (Yakir et al., 2011). Another example includes the 
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clock gene PRR3, which is predominantly expressed in the vasculature and its 

function is associated with the tissue-specific regulation of TOC1 protein stability 

(Para et al., 2007).  

 

 Regarding the specific function of the oscillator, the circadian clock in 

roots was proposed to be a simplified version of the shoot clock (James et al., 

2008). Gene expression analysis using plants transferred to constant light 

conditions following synchronization under light/dark cycles showed that 

transcripts of evening-phased genes such as TOC1, LUX, ELF3 and ELF4 from 

mature roots remained at a constant level throughout the circadian cycle. 

Contrarily, morning-phased genes such as CCA1, LHY, PRR7 and PRR9 

sustained their oscillations although their peak phases were delayed and the 

amplitudes were reduced compared to the oscillations in the aerial parts. Also, 

toc1 null mutation was shown to shorten the period length of CCA1 and LHY 

only in shoots. As mentioned above, CCA1 and LHY repress the expression of 

evening-phased genes by binding to the EE motif present in their promoters 

(Alabadí et al., 2002). However, gel shift assays showed that the EE-binding 

occurred in shoots but not in roots. Thus, the authors concluded that evening 

components of the clock are disengaged from the morning components in roots 

(James et al., 2008). 

 

 Despite these conclusions, recent results from the same group argue 

against this idea. Indeed, by using improved techniques, the authors now 

describe that the promoter activities of both morning-phased and 
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evening-phased genes sustained rhythmicity under constant light conditions. 

Furthermore, the oscillation of the evening clock components was confirmed by 

gene expression analysis. Therefore, the authors now conclude that the evening 

components are fully functional and engaged with the morning components in 

roots (Bordage et al., 2016).  

 

 When rhythms were analyzed by bioluminescence assays specifically at 

the root tip, they showed that the promoter activity of CCA1 was very weak 

under free-running conditions, suggesting that the circadian clock might be 

constantly reset (Fukuda et al., 2012). Additionally, the clock re-phasing seemed 

to be important in roots as it was observed at the site of lateral root emergence 

(Voß et al., 2015). Consistently, the disruption of the circadian clock function 

leads to strong defects in lateral root development (Voß et al., 2015). 

   

Another key aspect of circadian function relates to the existence of 

circadian intercellular communication or coupling. Studies using an 

Arabidopsis cultured cell line (Nakamichi et al., 2003) or mesophyll protoplasts 

(Kim and Somers, 2010) showed that the clock is able to function autonomously 

within a single cell. Imaging assays in Arabidopsis leaves showed 

desynchronization of circadian rhythms from individual cells under constant light 

conditions (Yakir et al., 2011; Wenden et al., 2012). These findings suggest that 

coupling between cellular clocks in leaves is weak. However, other studies have 

suggested the presence of circadian cell-to-cell communication. For instance, 

bioluminescent analyses in Arabidopsis have identified phase-wave 
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propagations in coupled circadian oscillators of leaves (Fukuda et al., 2007). 

Coupling of clocks between nearby cells was also reported in Lemna gabba 

(Muranaka et al., 2013) and in Kalanchoe daigremontiana (Rascher et al., 2001). 

Furthermore, photosynthetic signals from shoots are suggested to entrain the 

root clock, as rhythms in shoots and roots are synchronized under the light/dark 

cycles and this entrainment of the root clock was disrupted by addition of 

sucrose or an inhibitor of the photosynthetic electron transport, indicating that 

long-distance communication may modulate clocks in distal parts of plants 

(James et al., 2008; Bordage et al., 2016).  

    

The issue of circadian coupling in Arabidopsis leaves has been also 

recently addressed in more detail (Endo et al., 2014). Expression analysis from 

isolated cotyledons showed that evening-phased clock genes such as TOC1 

tend to be preferentially expressed in the vasculature compared to mesophyll 

cells. The opposite was found for morning-phased clock genes such as CCA1. 

Genome-wide analyses of the transcriptome showed that clock output genes 

were also found to have similar trends, i.e. evening-phased output genes were 

particularly expressed in the vasculature whereas morning-phased outputs were 

preferentially expressed in mesophyll cells. As significantly enriched gene 

ontology terms were different between these two fractions of differentially 

expressed genes, the results indicate that the tissue-specific clock function 

regulates the expression of output components matching specialized cell 

functions. Moreover, over-expression of CCA1 in the vasculature was found to 

inhibit not only the clock in the vasculature but also clocks of neighboring 
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mesophyll cells, suggesting a local coupling with a dominant role of the vascular 

clock over the mesophyll clock (Endo et al., 2014).   

 

Overall, full characterization of the expression and function of clock genes in 

specific plant tissues or cell types is essential to obtain both a global and a 

cell-specific view of the plant circadian function. The work described in the 

present Thesis precisely addresses this point, focusing on the organization, 

cell-to-cell coupling and long-distance communication of the circadian system in 

Arabidopsis.  

 

4.2. Cell-type specific clock function and circadian coupling in mammals 

The circadian organization has been extensively documented in mammals. The 

mammalian clock contains a "master clock" located at the superchiasmatic 

nucleus (SCN) in the hypothalamus regulates "slave clocks" in peripheral tissues 

via humoral factors and autonomic nervous system (Eckel-Mahan and 

Sassone-Corsi, 2013; Mohawk et al., 2013) (Figure 4). The SCN is a network 

composed of approximately 20,000 neurons in mice, each of which has a cell 

autonomous circadian oscillator. The different SCN neurons exhibit a wide range 

of circadian periods that vary from 22 to 30 hours when dispersed. However, 

intercellular coupling among neurons acts to mutually couple the entire 

population and confers the robustness and the precision necessary for the 

proper function as a master clock (Welsh et al., 1995; Abraham et al., 2010). 

Indeed, loss of the SCN results in desynchronization of peripheral circadian 

clocks, which ultimately abolishes rhythms in activity or rest, feeding, body 
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temperature and hormones (Moore and Eichler, 1972; Stephan and Zucker, 

1972; Yoo et al., 2004). The circadian coupling at the SCN also provides 

robustness against perturbations. For instance, mutation of key oscillator genes 

diminished the circadian oscillation in dissociated SCN neurons and fibroblast 

cells, but the clock maintained its rhythmicity in intact SCN (Liu et al., 2007). 

   

Cells in both the SCN and the peripheral tissues share the same 

transcriptional-translational feedback loop mechanism at the core of the 

circadian oscillator. Two basic helix-loop-helix (bHLH) transcription factors, 

CLOCK and BRAIN AND MUSCLE ARNT-LIKE1 (BMAL1), heterodimerize and 

subsequently bind to conserved E-box sequences in promoters and drive the 

rhythmic expression of PERIOD (PER1, PER2, and PER3) and 

CRYPTOCHROME (CRY1 and CRY2) (Eckel-Mahan and Sassone-Corsi, 2013). 

PER and CRY proteins form a complex that translocates back to the nucleus to 

inhibit CLOCK-BMAL1 mediated gene expression. However, while the 

mechanism itself is conserved, the robustness of the feedback loop and the 

control of downstream targets seem to be different (Oishi et al., 1998; Marcheva 

et al., 2013). In fact, the phase of the peripheral clock could be delayed by 6 to 8 

hours compared to the SCN, and some potent Zeitgebers such as 

dexamethasone (glucocorticoid hormone analog) treatment or restricted feeding 

reset the clock of peripheral tissues but not the SCN clock (Balsalobre et al., 

2000; Damiola et al., 2000; Stokkan et al., 2001). Furthermore, isolated 

peripheral tissues rapidly lose their circadian oscillations unlike the persistent 

clock activity in isolated SCN neurons (Yamazaki, 2000; Abe et al., 2002; Morse 
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and Sassone-Corsi, 2002). Together, the studies reveal a hierarchical 

organization of the circadian system in mammals, with the presence of a master 

clock with very precise rhythms due to circadian coupling. The coupling and 

precision of the master clock is important for synchronizing the rhythms in 

peripheral clocks.   

 

 

 

Figure 4. Schematic drawing depicting 

the hierarchical organization of the 

mammalian circadian clock. The 

master clock at the suprachiasmatic 

nucleus (SCN) in the hypothalamus 

controls the clocks in peripheral 

tissues via humoral factors and 

autonomic nervous system. Modified 

from (Ishida et al., 1999) 
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Objectives 

 

The general aim of this Thesis is to understand the circadian clock organization 

in plants, specifically focusing on the circadian function in specific tissues and 

organs as well as in cell-to-cell coupling and long-distance circadian 

communication. This general goal was studied through the following specific 

objectives: 

 

1. To develop a specific in vivo analysis by bioluminescent assays to 

examine the circadian function in dissected plant organs. We aimed to 

perform comparative analyses under different environmental conditions to 

discern the precision and robustness of rhythms in different dissected organs.  

 

2. To elucidate the molecular architecture of the circadian network in 

different organs, examining similarities and differences among them. We 

aimed to examine rhythms in a battery of clock mutants and perform 

genome-wide transcriptional assays to obtain a global view of the circadian 

transcriptional landscape at the shoot apex clocks. 

 

4. To identify the possible circadian coupling and define its strength in 

different organs. We aimed to develop single cell live-imaging assays, in-vivo 

bioluminescent assays with dispersed protoplasts and mathematical analysis 

using barycentric coordinates for high-dimensional space to identify the 

circadian coupling and define its strength in different organs. 
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5. To examine the role of circadian coupling controlling the precision and 

robustness of rhythms. We aimed to analyze the degree of rhythmic 

synchrony and the particular capabilities for phase readjustments during “jet-lag” 

experiments.  

 

6. To identify and characterize the possible long-distance communication 

of circadian clocks between distal part of plants. We aimed to examine 

rhythms in shoots and roots from the same plant and determine the rhythmic 

robustness against genetic and pharmacological perturbations. 

 

7. To develop micrografting assays in order to discern the hierarchical 

organization and the long-distance circadian communication in plants. We 

aimed to use a combination of Wild-Type and arrhythmic clock mutants to 

perform micrografting and examine whether rhythms are affected in a specific 

organ by changing the clock function in a different one.   
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Results  

 

1. Differences in robustness and precision of circadian rhythms in 

different dissected organs 

To examine the organ specificity of the circadian clock function, we analyzed 

circadian rhythms of several organs excised from 9-14 day-old Arabidopsis 

seedlings (Figure 5). 

 

  

 

Figure 5. Schematic drawings depicting the dissection of the different parts of the plant 

and the subsequent analysis of circadian rhythms by luminescence assays. Seedlings 

of about 9-14 day old were dissected with a sterile surgical blade to separate shoots, 

hypocotyls, roots, and leaves. 

 

 Promoter activity was monitored by in vivo luminescence assays of 

transgenic plants expressing the morning- (CCA1) and evening-phased (TOC1) 

core clock component gene promoters fused to the LUCIFERASE (LUC). Under 

constant light conditions (LL), CCA1::LUC and TOC1::LUC expression in 
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separated shoots robustly oscillated without evident dampening. Circadian 

waveforms closely matched those of whole plants (Figure 6 A and B), suggesting 

that under these experimental conditions, root excision did not manifestly affect 

the rhythmicity in shoots. Excised hypocotyls also sustained rhythms albeit with 

a long circadian period (27.02 ± 0.64 hours versus 24.61 ± 0.25 hours in entire 

plants) and a progressive decrease in amplitude over the days (Figure 6 C and 

D). Rhythms in excised roots were only sustained for about 2 days, dampening 

low afterward (Figure 6 E and F). The fact that oscillations in roots do not persist 

in the absence of sucrose could be due to energy limitation as excised roots are 

a sucrose sink, or it could be due to the loss of the communication with shoots, 

as previously reported (James et al., 2008). Analysis of root rhythms following 

excision with the same procedure but using medium with sucrose revealed that 

rhythms were sustained for more than 4 days (Figure 6 G and H) with a 

significantly longer period (26.21 ± 0.33 hours) than in shoots (24.63 ± 0.22 

hours). The sustained oscillations suggest that the excision per se was not 

responsible for the dampened rhythms observed without sucrose. Adding 

sucrose to non-sucrose grown and arrhythmic excised roots did not restore the 

oscillatory pattern (Figure 7), suggesting that at least under these conditions, 

exogenous sugar cannot compensate for the severe arrhythmia.  
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Figure 6. In vivo circadian analysis of luminescent rhythms under LL from CCA1::LUC 

(A, C, E, G) and TOC1::LUC (B, D, F, H) in shoots (A and B), hypocotyls (C and D), 

roots (E and F), roots with sucrose (G and H). Data are the means + SEM of the 

luminescence of 6–12 individual samples. Values of luminescence signals from 

hypocotyls, roots (C-H), are represented on the right Y axes. 
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Figure 7. Circadian analysis of luminescent 

rhythms under LL from TOC1::LUC in roots 

without sucrose (brown waveform and after 

adding sucrose (red waveform). The red arrow 

indicates the time of sucrose addition. Data are 

the means + SEM of the luminescence of 12 

individual samples. 
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 When excised leaves were analyzed in the absence (Figure 8 A and B) 

or in the presence (Figure 8 C and D) of sucrose, we observed an averaged 

advanced phase compared to entire plants, suggesting that the rhythms were 

also not very precisely controlled. 

 

Figure 8. Average rhythms of CCA1::LUC (A and C) and TOC1::LUC (B and D) in 

leaves under LL. Luminescence rhythms in excised leaves from plants grown in medium 

without sucrose (A and B), and with sucrose (C and D). Data are the means + SEM of 

the luminescence of 8-12 individual samples. Values of luminescence signals from 

leaves are represented on the right Y axes. 

 

2. Specific properties for synchronization and phase readjustments of 

shoot apex clocks 

We next performed similar analysis with excised shoot apexes (Figure 9 A) and 

found that the phase, period, and amplitude remained synchronized showing 

rhythms very similar to those of the entire plants under the LL (Figure 9 B and C, 
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Figure 10 A-C). Time-course gene expression analysis by real-time quantitative 

polymerase chain reaction (RT-qPCR) further confirmed the similarity in the 

oscillation patterns of core clock components in shoot apexes and entire plants 

(Figure 11 A-C).   

 

 

Figure 9. (A) Schematic drawing depicting the rhythmic analysis of excised shoot 

apexes. (B and C) In vivo circadian analysis of luminescent rhythms under LL from 

CCA1::LUC (B) and TOC1::LUC (C) in shoots apexes. Data are the means + SEM of 

the luminescence of 8-12 individual samples. 

  

 

Figure 10. Phase (A), period (B and C), and relative amplitude (C) estimates of 

circadian rhythms in shoot apexes and entire plants of waveforms shown in Figure 9, 

using the Fast Fourier Transform–Non-Linear Least-squares (FFT-NLLS) suite of the 

Biological Rhythms Analysis Software System (BRASS). 
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Figure 11. Time-course analysis of gene expression by RT-qPCR of TOC1 (A), CCA1 

(B) and LHY (C). Plants were entrained under LD cycles followed by 2 days under LL 

conditions. Samples were taken every 4 hour over a 24 hour circadian cycle during the 

third day under LL. mRNA abundance was normalized to PP2AA3 expression. Data 

represents means ± SEM of two biological replicates. 

 

 Furthermore, individual apexes showed highly similar waveforms (Figure 

12 A and C), which is in clear contrast to the high degree of variability observed 

in individual leaf waveforms, manifested by a range of phases and amplitudes 

from the very first day under LL (Figure 12 B). As the size of the tissue might 

influence the circadian waveforms, we analyzed small sections of leaves (with 

sizes similar to those of the shoot apexes). Our results showed a similar 

variability to that displayed by full leaves (Figure 12 D), which suggests that the 

shoot apex homogeneity in waveforms is not due to the reduced sizes of the 

samples. 
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Figure 12. In vivo luminescence traces of TOC1::LUC (A, B and D) and CCA1::LUC (C) 

of individual excised shoot apexes (A and C), excised leaves (B) and small pieces of 

leaves (D) with similar sizes to shoot apexes. Plants were entrained under LD cycles 

and luminescence was recorded under LL.  

 

 The circadian phases clustered together in shoot apexes and to less 

extent in leaves (Figure 13 A and B). Similar conclusions were drawn when the 

average phase and the degree of phase coherence were calculated using the 

synchronization index “R”. The analysis showed high R values, close to 1, for the 

shoot apexes and lower values for leaves at all time points (Figure 13 C). 

Consistent with previous studies (Wenden et al., 2012), the R values in leaves 

were well above 0, which suggests a certain degree of coherence. Rhythms in 

excised organs were highly reproducible in four different biological replicates 

(each one with 6–12 samples), which reduces the possibility that results were 

due to indirect effects of the excision procedure.  
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Figure 13. (A and B) Analysis of the phase synchrony among the different samples 

(blue crosses) of individual shoot apexes (A) and leaves (B) examined from 26 hour to 

36 hour under LL. The red crosses indicate the means or circular variance (Mormann et 

al., 2000) at each time point. (C) Quantification of the phase coherence in shoot apexes 

and leaves by analysis of the synchronization index “R”. 

 

 The circadian clock is not only a robust mechanism able to sustain 

rhythms in the absence of environmental changes but also a flexible system that 

resynchronizes and properly adjusts to changes in the environmental cycle 

(Harrington, 2010). To explore whether the differences between shoot apexes 

and leaves also extend to their capabilities for resynchronization and phase 

adjustment, we performed “jet-lag” experiments with an extended 12 hour dark 

period at dawn. In shoot apexes, rhythms showed similar timing for 

resynchronization to that of entire plants (Figure 14 A), although the shoot apex 

waveforms displayed very rapid declining at night for TOC1::LUC and an 

increased acute induction at dawn for CCA1::LUC (Figure 14 B). In leaves, 

rhythms showed a double peak for the first 2 days, reaching a stable phase at 

the third day after the extended night switch (Figure 14 C). Similar results for 

readjustment in time and waveforms were observed when “jet-lag” experiments 
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were performed by extended day switch at dusk (Figure 14 D). These results 

reveal a different synchronizing behavior in leaves and shoot apexes. The 

specific waveforms in shoot apexes compared to the entire plant might also 

indicate a particular sensibility of shoot apexes to dawn and dusk resetting 

signals. 

 

Figure 14. Average rhythms of TOC1::LUC (A, C and D) and CCA1::LUC (B) 

luminescence in shoot apexes (A, B and D) or leaves (C) subjected to a “jet-lag” 

experiment, with extended 12 hour darkness (extended night) at dawn (A-C) or 

extended 12 hour light (extended day) at dusk (D). Data are the means + SEM of the 

luminescence of 6–12 samples. Values of luminescence signals from shoot apexes are 

represented on the right Y axes. White boxes: light; Shaded boxes: dark. 

 

3. Conserved molecular architecture of the circadian network at the shoot 

apex clocks 

To determine organ-specific differences in the clock molecular composition, we 

examined whether different clock outputs and mutations in core clock genes 
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were distinctively regulated in shoot apexes and leaves. Analysis of Wild-Type 

(WT) plants expressing the morning-phased clock output CAB2 

(CHLOROPHYLL A/B-BINDING PROTEIN 2) (Millar et al., 1995) showed that in 

shoot apexes the phase was comparable to that in the entire plant, whereas 

increased heterogeneity and an average advanced phase were prevalent in 

leaves (Figure 15 A). Similar to entire plants, the shoot apexes and leaves of 

cca1-11 mutants displayed persistent rhythms with shorter periods than WT 

shoot apexes and WT leaves, respectively (Figure 15 B-D). Similarly, the short 

period of the evening-expressed clock output CCR2 (COLD, CIRCADIAN 

RHYTHM, AND RNA BINDING 2) (Strayer et al., 2000) in TOC1 RNA 

interference (RNAi) plants (Más et al., 2003a) was also observed in shoot 

apexes and leaves (Figure 15 E and F). Therefore, circadian gene expression in 

shoot apexes and leaves with various reporter lines and clock mutant 

backgrounds did not render major differences in terms of the circadian network 

between the two organs.  
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Figure 15. Average rhythms of CAB2::LUC (A-D) and CCR2::LUC (E and F) 

luminescence under LL in entire plants, shoot apexes, and leaves of WT (A), cca1-11 

mutants (B–D) and TOC1 RNAi (E and F). Plants were entrained under LD cycles. Data 

are the means + SEM of the luminescence of 6–12 samples. Values of luminescence 

signals from WT leaves (A) cca1-11 mutant (B-D) and TOC1 RNAi (E and F) are 

represented on the right Y axes. 

 

 To profile the circadian transcriptional landscape at the shoot apex, we 

performed RNA sequencing (RNA-seq) analysis and used the JTK_CYCLE 

algorithm for precise definition of circadian expression (Hughes et al., 2010). 

After filtering out transcripts whose median expression across every sample was 

lower than 0.69 RPKM and those not differentially expressed, we identified over 

24 48 72 96
0

500

1000

1500

2000

0

400

800

1200
WT Entire plant
WT Shoot apex
WT Leaf

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

24 48 72 96
0

500

1000

1500

2000

0

100000

200000

300000
WT Entire plant
cca1-11 Entire plant

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c
24 48 72 96

0

500

1000

1500

0

5000

10000

15000

20000
WT Shoot apex
cca1-11 Shoot apex

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

24 48 72 96
0

500

1000

1500

0

100000

200000

300000
WT Leaf
cca1-11 Leaf

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

0 24 48 72 96
0

500

1000

1500

2000

2500

0

500

1000

1500

2000

2500
WT Shoot apex
TOC1 RNAi Shoot apex

Time (h)

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

0 24 48 72 96
0

5000

10000

0

2000

4000

6000

8000
WT Leaf
TOC1 RNAi Leaf

Time (h)

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

A B

C D

FE



Results 

46 

 

1,400 genes with significant circadian fluctuations in mRNA abundance. Visual 

inspection of the data suggested that this may be a conservative estimation. 

However, the stringent analysis ensured the selection of the highest-confidence 

circadian hits. Rhythmic genes included all the previously described core clock 

components, genes involved in light signaling, and those involved in circadian 

outputs such as photosynthesis, photoperiodic flowering, and hormone signaling, 

among others (Figure 16 A-J). The waveforms oscillated with similar phases and 

amplitudes to those previously reported in entire plants (Figure 17 A-C), which 

suggests no fundamental differences in the global transcriptional circadian 

networks in the shoot apex and entire plants. It is noteworthy that shoot apexes 

display such strong and robust rhythms (both morning- and evening-expressed 

genes) as opposed to the uncoupled rhythms in veins (mainly evening) (Endo et 

al., 2014). Functional categorization of the rhythmic genes showed a wide range 

of biological functions, highlighting as most significantly enriched those genes 

involved in circadian rhythms and responses to environmental conditions, 

including different qualities of light, temperature, and radiation (Figure 18). This 

enrichment might explain the specific readjustment of shoot apexes to 

environmental changes observed in our "jet-lag" experiments.  
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Figure 16. (A and B) Heatmap analysis of RNA-Seq data showing median-normalized 

gene expression at different circadian times (CT, vertical axis) for transcripts (horizontal 

axis) with a peak phase of expression at mid-late subjective night (A), and 

median-normalized oscillator gene expression at different circadian times (CT, 

horizontal axis) for transcripts (vertical axis) (B). Yellow indicates high expression and 

blue low expression. (C-G) Gene-expression analysis of CCA1, LHY (C), PRR3, PRR7, 
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TOC1 (D), GIGANTEA (GI), FKF1, CYCLING DOF FACTOR 2 (CDF2) (E) PHYA and 

PHYB (F), JASMONATE-ZIM-DOMAIN PROTEIN 9 (JAZ9), INDOLEACETIC 

ACID-INDUCED PROTEIN 8 (IAA8), GA INSENSITIVE DWARF 1A (GID1A), 

SNF1-RELATED PROTEIN KINASE 2.2 (SnRK2.2) (G), ETHYLENE 

INSENSITIVE3-LIKE 3 (EIL3), ABA INSENSITIVE 5 (ABI5), (SNF1-RELATED 

PROTEIN KINASE 2.8) (SnRK2.8), AUXIN RESISTANT 5 (AXR3) (H), TRANSPARENT 

TESTA 5 (TT5), FLAVANONE 3-HYDROXYLASE (F3H), LEUCOANTHOCYANIDIN 

DIOXYGENASE (LDOX), FLAVONOL SYNTHASE 1 (FLS1) (I), and HEAT SHOCK 

TRANSCRIPTION FACTOR A8 (HSFA8), COLD REGULATED 15B (COR15B), COLD 

REGULATED GENE 27 (COR27) (J) in shoot apexes of WT plants grown under LD 

cycles followed by 2 days under LL. 

 

 

Figure 17. (A) Phase distribution of 

rhythmic genes in shoot apexes and 

entire plants. Phase enrichment was 

calculated using the web-based tool 

“Phaser.” The phase estimates were 

represented relative to their 

maximum (A) and in pie charts (B) 

displaying the contribution of each 

phase to the total. Left chart: shoot 

apex; right chart: entire plants. (C) 

Distribution of amplitudes of cycling 

transcripts in shoot apexes 

calculated by using the algorithm 

JTK_Cycle. 
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Figure 18. Functional categorization of the main circadian genes in the Arabidopsis 

shoot apex. The graphical output by “BioMaps” (Katari et al., 2010) shows the functional 

terms that are over-represented in the circadian gene list. The color code represents the 

statistical significance of the over-representation as specified in the legend on the upper 

left corner. Red arrows highlight the most over-represented terms related to circadian 

rhythms, response to light and temperature stimuli. format 

 

4. Differences in synchrony of clock cells in various organs and tissues 

To understand the cellular basis of the circadian rhythmicity at the shoot apex, 

we examined rhythms from individual cells of plants expressing CCA1-HA-EYFP 
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under its own promoter (Yakir et al., 2009). We performed in vivo time-course 

analysis by confocal imaging of excised shoot apexes embedded in agarose 

(Más and Beachy, 1998). Fluorescent signals from individual nuclei of shoot 

apex cells sustained rhythmic oscillations. The circadian waveforms maintained 

good synchrony, manifested by similar timing in their rising and declining phases 

even after 3 days under LL (Figure 19 A and C). The results were also evident 

when the confocal imaging started at different time points (Figure 19 D). A similar 

pattern of highly synchronous waveforms was observed with single cells from 

shoot apexes of FLAG-PRR7-EGFP-expressing plants (Nakamichi et al., 2010) 

(Figure 19 E).  

 

In contrast, and consistent with previous data (Yakir et al., 2011), the 

variation in the rhythmic accumulation of CCA1-HA-EYFP in individual leaf cells 

significantly increased after 2 days under LL (Figure 19 B and F). Differences in 

phase and amplitude were also clearly observed when fluorescent signals were 

not relativized to the maximum (Figure 19 G). We also measured fluorescence 

from the leaf vasculature, as previous studies have shown that these cells are 

coupled (Endo et al., 2014). We observed two distinguishable populations with 

slightly different phases (Figure 19 H). Individual cell-to-cell comparisons 

showed that both populations maintain a certain degree of synchrony (Figure 19 

I and J). Synchrony appeared to be higher than that observed in leaf mesophyll 

cells but lower than in cells at the shoot apex. Quantitative analysis of the 

waveform correlation among individual cells confirmed that the correlation 

coefficient in shoot apex cells was higher than the one for vascular cells with the 
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advanced (A) or delayed (D) phase (Figure 20 A and B). The group of cells with 

a delayed phase appeared to be more synchronous than the group with an 

advanced phase. The waveforms in leaf mesophyll cells displayed lower 

correlation values and increased heterogeneity.  

 

Figure 19. (A and B) Representative fluorescent signals from CCA1-HA-EYFP 

accumulation in nuclei of shoot apex cells (left panel) and leaf cells (right panel). Panels 

show representative cells from a larger picture containing other cells out of the shown 

field (scale bar, 20 μm). (C-J) In vivo time-course imaging of CCA1-HA-EYFP (C, D, F-J) 

and FLAG-PRR7-EGFP (E) fluorescent signals quantified in individual nuclei from shoot 

apex (C-E), leaf mesophyll (F) leaf mesophyll not relativized (G), and averaged signal of 

leaf vascular cells (H), signals in individual nuclei from vascular cells with advanced (I) 

and delayed (J) phases. Data are represented relative to the maximum value except (G). 

Samples were maintained under LL conditions at 60–100 μmol m−2s−1. Fluorescence 

quantification in the nuclei was analyzed using ImageJ software. 
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Figure 20. Correlation coefficients among the waveforms of CCA1-HA-EYFP 

fluorescent signals from individual nuclei in shoot apex, leaf mesophyll cells, and leaf 

vascular cells with advanced (A) and delayed (B) phases. 

 

 A higher synchrony in shoot apexes compared to vascular cells or the 

mesophyll cells adjacent to the leaf veins was also observed when an 

evening-expressed gene was examined (ELF3-EYFP) (Dixon et al., 2011). In 

this case, the separation of cells with advanced and delayed phases was not so 

evident in veins (Figure 21 A and B). Together, the results confirmed at the level 

of single cells and with three different reporters, our conclusions on the distinct 

degrees of synchrony in shoot apexes, leaf mesophyll cells, and veins. 

 

Figure 21. In vivo time-course imaging of ELF3-EYFP fluorescent signals quantified in 

individual nuclei of cells from the shoot apex (A) and leaf veins (B). Data are 

represented relative to the maximum value. Samples were maintained under LL 
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conditions at 60–100 μmol m−2s−1. Fluorescence quantification in the nuclei was 

analyzed using ImageJ software.  

 

5. Intercellular circadian coupling among clock cells of the shoot apex 

If coupling of shoot apex clocks is responsible for the waveform synchrony, then 

rhythms should be affected when the intercellular communication is disrupted. 

To explore this idea, we compared shoot apexes from intact tissues and from 

dissociated and diluted protoplasts. Rhythms in excised shoot apexes 

maintained good synchrony and were sustained for several days. However, in 

diluted shoot apex protoplasts, the oscillations persisted only for 2–3 days, 

increasing their heterogeneity over time (Figure 22 A). Further dilution of 

protoplasts increasingly advanced the timing of rhythmic dampening (Figure 22 

B and C). Analysis of the R values in shoot apexes and in diluted protoplasts 

quantitatively confirmed that the phase coherence in protoplasts was only 

sustained for less than 2 days, reaching asynchrony afterward (Figure 22 D). As 

individual cells at the shoot apex are able to maintain rhythmic oscillations 

(Figure 19 C), one plausible explanation to our results is that dispersed cells do 

not sustain rhythms due to reduced intercellular communication and subsequent 

desynchronization over time. 
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Figure 22. (A-C) Luminescence analysis of CCA1::LUC activity in dispersed (A) and 

further diluted series of protoplasts (B and C) from shoot apexes. Protoplasts were 

synchronized for an additional day under LD cycles before transferring to LL. Data are 

the means + SEM of the luminescence of 6–12 samples. (D) Quantification of the phase 

coherence in intact shoot apexes and in shoot apex protoplasts by calculating the 

synchronization index “R.” 

 

 In the mammalian circadian system, the clock components PER1 and 

CRY1 are required for sustained rhythms in peripheral tissues and in neurons 

dissociated from the SCN (Liu et al., 2007). However, cellular interactions at the 

SCN can compensate for Per1 or Cry1 deficiency (Liu et al., 2007; Evans et al., 

2012). We found a similar scenario at the shoot apex of lux mutants. In contrast 

to the reported arrhythmia of lux-2 plants, the lux-2 shoot apexes were able to 

sustain rhythms to a certain degree. Although the rhythms were clearly 

compromised, rhythmicity at the lux-2 shoot apex was better than in leaves 

(Figure 23 A-D). Thus, the absolute requirement of LUX function in leaves is not 
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so apparent in shoot apexes. The differences are not due to changes in the 

circadian expression of LUX or the other components of the EC, ELF3, and 

ELF4, as verified by our RNA-seq analysis and by RT-qPCR (Figure 24 A-D).  

 

 

Figure 23. (A) Average luminescence of CAB2::LUC activity in shoot apexes and leaves 

of lux-2 mutant plants. Data are means + SEM of the luminescence of six samples. (B) 

Period estimates and relative amplitude error of CAB2::LUC activity from individual 

traces. (C and D) RT-qPCR analysis of CAB2 (C) and LHY (D) gene expression in the 

shoot apex of lux-2 mutants grown under LD cycles followed by LL.  
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Figure 24. (A) Gene-expression analysis of LUX, ELF3 and ELF4 in the shoot apex of 

WT plants grown under LD cycles followed by 2 days under LL. (B-D) RT-qPCR 

analysis of LUX (B), ELF3 (C), and ELF4 (D) gene expression in entire plants and in 

shoot apexes. Plants were synchronized under LD cycles and the shoot apexes were 

excised and transferred to LL conditions for 3 days before sampling every 4 hour over a 

24 hour circadian cycle. Data represents means + SEM of two biological replicates. 

 

 If in analogy to the mammalian system, effective intercellular coupling 

among the shoot apex cells is responsible for the distinctive phenotype, then 

disruption of the cellular communication should affect the rhythms. Indeed, shoot 

apex protoplasts from lux-2 mutants were arrhythmic throughout the time-course 

analysis (Figure 25). We proposed that the arrhythmic phenotype in protoplasts 

is the result from the rapid desynchronization of the dispersed cells, each 

containing a semi-functional oscillator. 
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 Figure 25. Luminescence analysis of 

CAB2::LUC activity in protoplasts from shoot 

apexes of lux-2 mutant plants. Data represent 

means + SEM of 6–12 samples. Protoplasts 

were synchronized for an additional day under 

LD before transferring to LL. 

 

 Our results indicate that intercellular communication might be important 

for rhythms at the shoot apex. To mathematically explore the degree of 

intercellular coupling, we developed a predictive model by using barycentric 

coordinates for high-dimensional space (Hirata et al., 2015, please see Anex III). 

The model involves the use of linear programming that assigns different weights 

to neighboring cells and identifies the strength of coupling based on the 

accuracy of the predictions given the weights. We first tested the performance of 

the proposed methods using the Kuramoto (Kuramoto, 1975) and the coupled 

Rössler (Rössler, 1976) toy models. The examples showed that the weights of 

neighboring oscillators are higher when the coupling is stronger (Figure 26). 

When the model was used with the single-cell confocal data, we found that shoot 

apex clocks were highly coupled and had greater coupling strength than leaf 

vasculature or leaf mesophyll cells (Figure 26). Together, the results confirmed a 

gradation or hierarchy in the strength of the circadian communication in different 

parts of the plant. 
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6. Relevance of the shoot apex clocks in the modulation of circadian 

oscillations in roots 

We next addressed the possible role of the shoot apex controlling the circadian 

function in roots. We adapted the luminescence assay protocol (please check 

Materials and Methods) to examine rhythms in both shoots and roots of intact 

plants (Figure 27 A). We also used laser microdissection (LMD) to excise shoot 

apexes and examine rhythms in Δshoot apex plants (Figure 27 B). 

 
 

Figure 27. (A) Schematic drawing depicting the rhythmic analysis of shoots and roots 

from intact plants. (B) LMD was used to obtain Δshoot apex plants. Seedlings were 

horizontally positioned in serrated 96-well microplates so that rhythms could be 

examined in roots and shoots from the same plant. 
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Figure 26. Mathematical analysis of the coupling strength by barycentric coordinates for

high-dimensional space using the Kuramoto and coupled Rössler toy models and the

in vivo CCA1-EYFP imaging data. The line in the middle of the box is plotted at the

median. The whiskers represent the minimum and maximum values. 
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 Previous studies have reported that rhythms dampened low and 

waveforms broadened in entire plants after several days under free-running 

conditions (Yakir et al., 2011). We found that rhythms at the shoot apex were 

sustained for more than 7 days under LL (Figure 28), which suggests that 

intercellular coupling at the shoot apex might contribute to the rhythmic 

robustness after extended periods under LL.  

 

 Figure 28. Average rhythms of 

TOC1::LUC luminescence in shoot apexes 

for extended days under LL following 

synchronization under LD. Data are the 

means + SEM of at least 6-12 individual 

samples. 

 

 When we examined rhythms in Δshoot apex plants, we observed an 

advanced average phase and increasing waveform variability, in a similar 

fashion to that of excised leaves (Figure 29 A and B). Application of auxin did not 

noticeably affect the rhythms in shoots of entire plants or Δshoot apex plants 

(Figure 29 C and D), which suggests that the Δshoot apex phenotypes are not 

due to changes in auxin flux. It is noteworthy that rhythms in plants that only lack 

the shoot apex are similar to the rhythms in leaves, whereas the small shoot 

apex is able to more precisely sustain rhythms. Unexpectedly, we also found that 

rhythms in plants without cotyledons or leaves were almost indistinguishable 

from the ones observed in intact plants (Figure 29 E and F). 
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Figure 29. (A and B) Analysis of CCA1::LUC (A) and TOC1::LUC (B) luminescence in 

plants in which the shoot apexes were removed (Δshoot apex) by laser microdissection 

(LMD). (C and D) Rhythms in shoots from entire plants (C) and from Δshoot apex plants 

(D) treated with 20 μM of indole-3-acetic acid (IAA) on the shoot apex. (E and F) 

CCA1::LUC luminescence in plants in which the cotyledons (E) and leaves (F) were 

removed. Luminescence was recorded under LL following synchronization under LD. 

Data are the means + SEM of the luminescence of 6-12 samples. 

 

 Photosynthetic sucrose has been shown to modulate clock function 

(James et al., 2008; Haydon et al., 2013). Our studies revealed an initial phase 

delay and period lengthening that led to dampened rhythms in shoots from intact 

plants treated with the inhibitor of the photosynthetic electron transport 
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[3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU] (Figure 30 A). When we 

applied the drug only in shoots and checked the effects on roots, we found a 

phase delay and dampened rhythms (Figure 30 B). These results confirmed that 

photosynthetic signals from shoots are important for the root clock. DCMU 

treatment in excised shoot apexes also led to eventual dampening of rhythms, 

but the early phase delay observed in whole shoots and roots was not so evident 

(Figure 30 C). These results suggest increased robustness against 

pharmacological perturbation of photosynthesis at the shoot apex. 

 

Figure 30. (A) Rhythms in shoots from entire plants following DCMU treatment on 

shoots. Intact plants were horizontally positioned on luminometer plate wells as shown 

in Figure 25. (B and C) Rhythms in roots from intact plants analyzed following DCMU 

treatment only on shoots (B) or in excised shoot apexes following treatment with DCMU 

(C). Luminescence was recorded under LL following synchronization under LD. Data 

are the means + SEM of the luminescence of 6-12 samples. 
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 To further explore the importance of circadian communication, we used 

plants with reduced intercellular trafficking by means of CALS3 gain-of-function 

mutations (cals3-d) that lead to reduced plasmodesmata aperture (Vatén et al., 

2011). Our results showed that blocked trafficking clearly altered the rhythmic 

expression of core clock genes in roots, with no evident peak and trough 

expression as observed in WT roots (Figure 31 A-E).  

 

  

Figure 31. (A-C) RT-qPCR analysis of TOC1 (A), CCA1 (B) and LUX (C) expression in 

shoots and roots of WT and cals3 mutant plants. (D and E) RT-qPCR analysis of and 

LHY (D), and ELF4 (E) in shoots and roots of cals3 mutant plants. Plants were 

synchronized under LD and samples were taken after 2 days under LL at CT3 and 

CT15. 

 

 We also examined rhythms in shoots and roots that were rapidly 

separated following 2 days of luminescence analysis of the intact plants (Figure 

32 A). The separation led to dampening of rhythms in roots, indicating that 
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rhythms in roots are altered very rapidly after separation from shoots. To 

ascertain the role of the shoot apex on root synchronization, we then examined 

circadian rhythms in roots from intact plants in which the shoot apex was 

removed (Δshoot apex plants) (Figure 27 B). Our results showed that rhythms 

were clearly affected, with an initial long-period phenotype that progressively led 

to arrhythmia (Figure 32 B). Rhythms in roots from plants in which leaves and 

cotyledons were removed were not severely affected and showed a slightly 

advanced phase compared with the rhythms in roots from intact plants (Figure 

32 C). Noteworthy are also the results of "jet-jag" experiments showing that roots 

from intact plants were able to resynchronize with a pattern that more closely 

resembled the one in shoot apexes than the one in leaves (Figure 33 A and B). 

 

  

Figure 32. (A) CCA1::LUC luminescence from roots after rapid dissection from shoots. 

(B) CCA1::LUC luminescence in roots from intact plants and Δshoot apex plants. (C) 

CCA1::LUC rhythms in roots from intact plants and from plants in which the cotyledons 

and leaves were removed. Luminescence was recorded in presence of sucrose under 

LL following synchronization under LD. Data are represented as the means + SEM of 

the luminescence of 6-12 samples.  
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Figure 33. Comparisons of average rhythms of CCA1::LUC luminescence in roots from 

intact plants and excised shoot apexes (A) and leaves (B) subjected to a "jet-lag" 

experiment, with extended 12 hour darkness (extended night) at dawn. Data are the 

means + SEM of the luminescence of 6–12 samples. Values of luminescence signals of 

roots are represented on the right Y axes. White boxes: light; Shaded boxes: dark. 

 

7. A hierarchical structure at the core of the Arabidopsis clock 

Efficient micrografting of Arabidopsis seedlings is a powerful tool for studying 

long-distance signaling (Bainbridge et al., 2014). To conclusively determine the 

possible hierarchical nature of the plant circadian system, we performed 

micrografting with young Arabidopsis seedlings using the shoot apex as scion 

(Figure 34). We reasoned that grafting with different genotypes would provide 

definitive information on the role of shoot apexes on the root oscillation. 

 

 Micrografting and luminescence analysis were first tested on WT 

self-grafts (WT Shoot Apex–WT Roots, WT SA-WT Rt). The analysis showed 

that CCA1::LUC and TOC1::LUC rhythms followed a similar trend to that 

observed in entire non-grafted plants (Figure 35 A and B). Rhythms in roots 

exhibited a longer period compared to shoots, which also mirrored the 

observations in organs of non-grafted plants (Figure 6 G and H).  
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Figure 34. Schematic drawing depicting the rhythmic analysis of micrografted plants. 

Scions and rootstocks were isolated from seedlings of about 3-7 day old with a sterile 

razor blade, and joined together by very careful manipulation with tweezers. Grafts were 

horizontally positioned in serrated 96-well microplates so that rhythms could be 

examined in roots and shoots. 

 

Figure 35. Analysis of CCA1::LUC (B) and TOC1::LUC (C) luminescence in shoots and 

roots of WT scion and WT rootstocks. Luminescence was recorded under LL following 

synchronization under LD. Values of luminescence signals from roots are represented 

on the right Y axes. 
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plants into a WT rootstock. We reasoned that the lack of a functional clock in the 

shoot apex should alter the rhythms in roots. Indeed, grafting the shoot apex of 

the arrhythmic cca1-1/lhy-11 plants (Mizoguchi et al., 2002; Portolés and Más, 

2010) (Figure 36 A and B) disrupted the rhythms of WT roots (Figure 36 C). A 

similar alteration of WT root rhythms was observed with the shoot apex of elf3-2 

mutants (Hicks et al., 1996) (Figure 36 D). Although slight oscillations could be 

appreciated, the amplitude and robustness of the waveforms were clearly 

affected. These results confirmed that proper clock function in the shoot apex is 

important for the rhythmic activity in roots.  

 

Figure 36. (A and B) Analysis of TOC1::LUC luminescence in shoots (A) and roots (B) 

of WT and cca1/lhy mutant plants. (C and D) Luminescence in shoots and roots of 

cca1/lhy mutant scion and WT rootstocks (C), elf3 mutant scion with CCA1::LUC and 

WT rootstocks with TOC1::LUC (D) Luminescence was recorded under LL following 

synchronization under LD. Values of luminescence signals from roots are represented 

on the right Y axes for (D). 
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 We then performed the reverse experiment in which WT shoot apexes 

were grafted into arrhythmic rootstocks to test the ability of shoot apex signals to 

reestablish the rhythms in roots. Remarkably, the arrhythmia of cca1-1/lhy-11 or 

elf3-2 roots could be partially restored by grafting the shoot apex of WT plants 

(Figure 37 A-C). The oscillations were not very robust, but the patterns were not 

as arrhythmic as the roots of non-grafted plants (Figure 36 B). Although we 

observed variability in the degree of restored rhythms (Figure 37 A and B), the 

recovery was quite evident. For WT SA-cca1/lhy Rt plants, a total of 120 grafting 

events were assayed, and approximately 50% of those were successfully 

grafted (possibly higher, but only faultlessly grafted plants were used for further 

analysis). Among 59 WT SA-cca1/lhy Rt successfully grafted plants, 50 showed 

a different degree of restoration in rhythmicity (approximately 85%, p value = 

3.77 × 10-12 by Fisher’s exact test, considering that none of the 20 cca1/lhy SA - 

cca1/lhy Rt plants displayed rhythms in roots). Altogether, we conclude that 

signals from the shoot apex are important for circadian oscillations in roots. 

 

Figure 37. Luminescence in shoots and roots of WT scion and cca1/lhy mutant 

rootstocks (A and B), and WT scion and elf3 mutant rootstocks (C). Luminescence was 

recorded under LL following synchronization under LD. Values of luminescence signals 

from roots are represented on the right Y axes for (A) and (C). 

 

0 24 48 72 96
0

2000

4000

6000

Shoots (WT SA - cca1/lhy Rt)
Roots (WT SA - cca1/lhy Rt)

Time (h)

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

24 48 72 96
0

5000

10000

15000

600

800

1000

1200

1400
Shoots (WT SA - elf3 Rt)

Roots (WT SA - elf3 Rt)

Time (h)

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

24 48 72 96 120
0

5000

10000

15000

20000

0

500

1000

1500

2000

2500
Shoots (WT SA - cca1/lhy Rt)
Roots (WT SA - cca1/lhy Rt)

Time (h)

C
o

u
n

ts
 / 

s
e

e
d

lin
g

 / 
5

 s
e

c

A CB



 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 



Discussion 

71 

 

Discussion 

We have addressed in our studies an important issue related to the circadian 

organization in plants. We have discovered that the cellular clocks at the shoot 

apex can (1) generate autonomous rhythms, (2) readjust to phase changes, (3) 

maintain synchrony to one another under free-running conditions, (4) provide 

robustness against genetic and pharmacological perturbations and (5) modulate 

the rhythmic activity in distal parts of the plant. Our study suggests that the plant 

clockwork might be closer to the mammalian circadian system than to the 

Drosophila clock, in which the rhythmic activity emerges from many independent 

oscillators (Yao and Shafer, 2014). Studies of topographically defined areas of 

circadian coupling and elucidation of the signals and mechanisms contributing to 

the circadian communication in plants will be central to fully define the 

spatio-temporal networks orchestrating physiology and development on each 

organ, tissue and cell. 

 

A series of different protocols developed in this study has allowed us to follow 

the rhythmic expression in excised organs of the plant. Under sucrose, rhythms 

were sustained in all organs examined and the tissues continued growing 

normally after excision, which suggests that the excision did not manifestly affect 

the rhythms. The different excised organs displayed a wide range of circadian 

properties. Hypocotyls and roots lack precision and robustness, with long 

circadian periods and arrhythmia, whereas leaves lack synchrony among the 

different samples from plants similarly entrained. As roots are a sucrose sink, our 
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results with excised roots (±sucrose) are consistent with previous studies 

(James et al., 2008; Haydon et al., 2013) and with the dampening of rhythms in 

roots when shoots are treated with DCMU. Analysis of root rhythms in Δshoot 

apex plants rendered similar results to those of excised roots, which confirmed 

the dependency of roots on the circadian communication with shoot apexes. The 

heterogeneity of circadian waveforms in leaves is also consistent with previous 

studies showing that bioluminescent signals from individual clocks in leaf cells 

cannot retain their synchrony under free-running conditions (Wenden et al., 

2012). Phase heterogeneity might be due to differences in circadian coupling 

among various leaf cell types. Mesophyll cells in leaves are only weakly coupled, 

whereas the leaf vasculature synchronizes the neighboring mesophyll cells 

(Endo et al., 2014). This local synchronization raises the question about possible 

differences in rhythms of mesophyll cells close to the vasculature and those 

located far from the veins. Desynchronization between leaf stomatal and 

mesophyll cells (Yakir et al., 2011) could be another source of phase 

heterogeneity in leaves. 

 

 Shoot apexes displayed remarkable homogeneous rhythmicity with 

highly synchronous waveforms. Among the tissues examined, different patterns 

of waveform synchrony could be distinguished: the cells from the shoot apex 

with the highest synchrony, the intermediate synchrony in the vascular cells, and 

the lowest synchrony observed in leaf mesophyll cells. The fact that the 

synchrony is lost in dispersed, diluted shoot apex protoplasts suggests that the 

phase coherence and synchrony might be due to high intercellular coupling 
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among shoot apex clocks. The development of a tailor-designed mathematical 

model using barycentric coordinates for high-dimensional space confirmed this 

notion. The method has been proven successful for a wide range of uses, from 

weather forecasting to creation of musical instruments with natural sounds 

(Hirata et al., 2015). Our studies also revealed that the intercellular coupling or 

circadian communication among shoot apex clocks confer robustness against 

genetic mutations and pharmacological perturbations. These properties closely 

resemble those of the circadian system in mammals in which intercellular 

coupling among neurons at the intact SCN can compensate for the absence of 

functional key clock components Per1 or Cry1 (Liu et al., 2007; Evans et al., 

2012). 

 

 The molecular circadian network and phenotypes of core clock mutants 

at the shoot apex appear to be similar to those described in the whole plant. 

However, prevalence for morning- or evening-expressed genes has been shown 

for the clocks of leaf mesophyll cells and leaf veins, respectively (Endo et al., 

2014). Uncoupled morning and evening oscillators for the clock in roots have 

been also previously proposed based on the shoot specific period shortening 

exhibited by toc1 mutants, and arrhythmia of evening-phased genes in roots 

under constant light conditions (James et al., 2008). Our full time-course 

analysis by RNA-seq showed robust rhythms of circadian genes with similar 

peak phases and relative amplitudes to those reported in entire plants. The 

particular properties that we observed at the shoot apex clocks might result from 

their strong intercellular coupling rather than from a distinctive molecular network. 
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We also found a clear enrichment of genes involved in responses to 

environmental signals. This enrichment might be responsible for the distinctive 

waveforms in "jet-lag" experiments, as if the shoot apex clocks were highly 

sensible to perceive and respond to the changing environmental conditions. The 

enrichment might be particularly useful for the shoot apical cells that are buried 

and shielded from the environment. Intercellular coupling might also be an aid 

for circadian synchronization of cells with reduced light accessibility. The fact 

that genes responsible for perception of synchronizing signals such as light and 

temperature are enriched in our RNA-seq data is consistent with a main role of 

shoot apexes as a synchronizing master clock. 

 

 Grafting assays have been long used to study long-distance signaling in 

many different processes. Just two examples include for instance the use of 

Arabidopsis grafts between WT and mutants with increased branching that 

revealed the existence of a shoot branching signal able to move from roots to 

shoots (Turnbull et al., 2002). Another study used abscisic acid (ABA) deficient 

tomato grafts to show that stomatal closure in response to soil drying can occur 

in the absence of leaf water deficit and without requiring ABA production in roots 

(Holbrook, 2002). Our studies demonstrate the long-distance circadian signaling 

by micrografting approaches, and the influence of shoot apexes on the rhythmic 

activity of roots. The partial recovery of mutant rootstocks by grafting WT shoot 

apexes and, conversely, the arrhythmia of WT roots grafted with arrhythmic 

shoot apexes reflect the circadian hierarchy of shoot apexes. This situation is 

reminiscent of the circadian system in mammals in which genetic defects in 
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peripheral clocks are phenotypically rescued by the hierarchical dominance of 

the SCN (Pando et al., 2002). The micrografting results were consistent with the 

shoot apex role influencing rhythms in roots, which was observed by other 

approaches used in this study (rapid dissection of shoots and roots, delta shoot 

apex plants, pharmacological treatments, and genetic analysis). The similar 

phenotypes reinforce the validity of the different procedures and the consistency 

of our conclusions. 

 

 A precise determination of mechanisms and factors responsible for 

short- and long-distance signaling awaits further investigation. One possible 

model is that changes in sugar flux at the vascular tissue is contributing to 

synchronize rhythms, using veins as the circadian traveling “highway” for the 

circadian coupling. This scenario certainly fits with previous reports showing that 

photosynthetic sugar has a marked effect on the entrainment and circadian 

rhythms (Haydon et al., 2013), application of sucrose affects the rhythms in roots 

(James et al., 2008), and our findings of the hierarchical structure in the 

circadian system.  

 

Our studies also raise a question: how can the shoot apex govern the 

synchronization in distal parts of the plant? The shoot apex is a sucrose sink and 

thus it is unlikely that sugars locally photosynthesized at the shoot apex are 

directly regulating the circadian rhythms in other organs. A hint might be 

provided by a recent work showing that the shoot apex can regulate 

photosynthesis in distal leaves in tomato (Guo et al., 2016). The study describes 
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a mechanism by which the photoreceptor PHYB perceives light at the shoot 

apex and triggers local IAA biosynthesis. Polar auxin transport drives then the 

movement of IAA to leaves, activating the cyclic electron flow around the 

photosystem I by changing the reduction-oxidation (redox) balance, increasing 

adenosine triphosphate (ATP) production, and fueling photosynthesis (Guo et al., 

2016).  

 

Just like in tomato, the shoot apex in Arabidopsis might also regulate the 

photosynthetic activity, modulating the sucrose flux. This would allow the shoot 

apex to indirectly modulate the photosynthetic-dependent circadian rhythms in 

distal parts of the plant. The components for this process are shared between 

these two species, and the enrichment of light input genes in our RNA-seq data 

also supports this idea. The circadian clock at the shoot apex might also directly 

drive photosynthetic activation, as several studies have shown the involvement 

of the clock within the PHYB signaling (Salomé and Michael, 2002), auxin 

pathway (Covington and Harmer, 2007), redox homeostasis (Lai et al., 2012) or 

ATP production (Karlsson et al., 2015).  

  

 Despite the possible important role of sugar flux on clock 

synchronization, supplemented sucrose was insufficient to completely 

synchronize circadian rhythms between shoots and roots under free-running 

conditions, indicating that the "time messenger" requires something else than 

sugar alone. Besides auxin, other phytohormones such as cytokinin could be 

involved in the long-distance communication between clocks. Indeed, 
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exogenous application of cytokinin affects the oscillation of clock genes in 

Arabidopsis (Hanano et al., 2006; Salomé et al., 2006). A study showed that 

N6-(Δ2-isopentyl)adenine, one particular isoform of cytokinin, travels from shoots 

to roots and specifically regulates the vascular pattern in the root meristem, 

while not interfering with other cytokinin-regulated pathways (Bishopp et al., 

2011). These findings could be expanded to the idea that shoot-derived 

cytokinins might deliver the temporal information to roots, enabling local coupling 

of clocks around the vasculature, similarly to those found in leaves (Endo et al., 

2014). ABA signaling is also highly interconnected with the plant clock (Hanano 

et al., 2006). Intriguingly, osmotic stress perceived at the roots is shown to affect 

the expression of clock genes in shoots via an ABA-dependent pathway in 

barley (Hordeum vulgare) (Habte et al., 2014), suggesting the existence of a 

circadian signaling from roots to shoots in monocots under stress. 

  

 Non-coding RNAs (ncRNAs) can be added to the list of candidates for 

circadian coupling. In animals, some ncRNAs are rhythmically transcribed and 

function in the control of circadian rhythms (Kornfeld and Brüning, 2014). For 

example, PER2 expression is regulated in mouse liver by an anti-sense long 

ncRNA called asPER2 (Vollmers et al., 2012). In plants, many ncRNAs including 

natural anti-sense transcripts of CCA1, LHY, and PRRs are rhythmically 

expressed (Hazen et al., 2009). Although the actual function of these rhythmic 

ncRNAs are yet to be identified, they might function as signaling factors. In this 

sense, they might act similarly to the ncRNAs known to regulate phosphate 

homeostasis in plants (Pant et al., 2008).   
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Possibilities of "time messengers" are not limited to just molecules. Light 

perceived by roots has been proposed as a synchronizing signal, since the clock 

in separated roots are entrained by direct exposure to light/dark cycles (Bordage 

et al., 2016). Although roots are largely covered by soil in nature, light-piping 

through plant tissues could conduct low levels of light (Mandoli and Briggs, 

1984) and light is able to penetrate the soil (Tester and Morris, 1987). Therefore, 

the direct effect of light on roots close to the surface might partly contribute to the 

synchronization of roots (Bordage et al., 2016). 

 

Overall, our studies suggest that clocks at the shoot apex have a high 

degree of precision and synchrony, likely due to high intercellular coupling. 

Additionally, there is a long-distance communication between the clocks in shoot 

apexes and roots such that the shoot apex clocks can regulate the function of 

the root clocks. This circadian communication might be established by an 

orchestration of modulated sugar flux and signaling factors that act as “time 

messengers” able to coordinate rhythms at the whole plant level (Figure 38).      
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Figure 38. Graphical representation depicting the hierarchical structure of the circadian 

clock in Arabidopsis. Unlike leaves, clocks at the shoot apex are highly coupled, and can 

modulate circadian rhythms in root tissues.     
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Conclusions 

 

The shoot apex clocks in Arabidopsis function in a similar way to that of the 

neurons from the suprachiasmatic nucleus in mammals. A strong circadian 

coupling within the clocks at the shoot apex defines the high degree of 

synchrony among them. Different plant organs exhibit variations in clock 

precision and circadian synchrony, with the clocks at the shoot apex influencing 

the circadian activity in roots. This situation parallels the hierarchical nature of 

the circadian system in mammals. Altogether, we found that the circadian 

system in plants is hierarchical, with the clocks at the shoot apex 

functioning as master clocks synchronizing rhythms in roots. A brief 

description of the main conclusions of these studies is summarized below: 

 

1. The development of an in vivo luminescence approach has allowed us to 

discern the circadian function in different organs excised from the plant. We 

conclude from these studies that there is a disparity of the circadian 

oscillations in excised Arabidopsis organs, with hypocotyls, roots and leaves 

displaying reduced circadian precision.    

 

2. In vivo luminescence assays with excised shoot apexes revealed that 

circadian rhythms were highly homogeneous among different samples, showing 

a high degree of synchronization. Our results show that shoot apex clocks 

behave in a different way compared with other organs examined, and 

indicate that the shoot apex clocks are highly precise.  
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3. The use of different clock mutants and reporter lines as well as analyses of the 

global circadian transcriptional landscape at the shoot apex revealed no 

fundamental changes of the components and regulatory networks compared to 

whole plants. Our results thus indicate that the high degree of precision and 

synchrony of oscillations is not likely due to a molecular circadian network 

that is specific for the shoot apex. 

 

4. In vivo live-imaging of rhythmic single cells, desynchronization of dispersed 

protoplasts and mathematical analysis using barycentric coordinates for 

high-dimensional space revealed a tight circadian coupling of cells at the 

shoot apex. The increased rhythmic synchrony confers robustness against 

genetic and pharmacological perturbations and particular capabilities for 

phase readjustments during "jet-lag" experiments. 

 

5. The development of a modified version of the in vivo luminescence approach 

has allowed us to examine rhythms in shoots and roots from the same plant. 

Rhythms in roots were affected by the removal of the shoot apex, by reducing 

the photosynthetic activity in shoots or by decreasing intercellular trafficking. Our 

results thus indicate the importance of long-distance circadian 

communication between the clocks in shoots and roots. 

 

6. The use of micrografting assays with arrhythmic mutant shoots into Wild-Type 

roots clearly affected the rhythms in roots. More importantly, micrografting WT 

shoots into arrhythmic mutant roots resulted in a partial restoration of the 
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circadian oscillation in roots. Thus, signals from the shoot apex are able to 

modulate the circadian function of the root clocks.  
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Resumen en Castellano 

El reloj circadiano es un mecanismo celular responsable de la generación de ritmos 

biológicos con un periodo de 24 horas. La importancia de la función del reloj circadiano 

es evidente en casi todos los organismos estudiados hasta la fecha, desde bacterias 

hasta los seres humanos. Dado que las plantas son organismos sésiles, la función 

circadiana es particularmente relevante para su correcta adaptación al medio y 

supervivencia. Entender cómo el sistema circadiano de la planta se organiza en el 

contexto de células, tejidos y órganos surge como una de las preguntas fundamentales 

para comprender la fisiología y el metabolismo de la planta. Sin embargo, un gran 

desafío para los estudios de biología vegetal es descifrar cómo los relojes circadianos 

individuales están interconectados para generar ritmos en toda la planta. En esta Tesis 

Doctoral, demostramos que el ápice del brote aéreo de la planta Arabidopsis thaliana 

está compuesto por un conjunto de relojes acoplados que sincronizan los ritmos 

circadianos en la raíz. Una serie de diversos protocolos desarrollados en este estudio 

reveló una disparidad de oscilaciones circadianas en hipocotilos, raíces y hojas 

diseccionadas que exhibían una reducida precisión circadiana. En contraste, los 

análisis del ápice aéreo de la planta demostraron ritmos altamente sincronizados y 

precisos. El uso de diferentes mutantes de reloj y líneas de reporteros, así como el 

análisis global de la transcripción circadiana indicó que tal sincronía y precisión no era 

debida a una red circadiana molecular específica del ápice del brote. Sin embargo, los 

estudios in vivo de células individuales, la desincronización de protoplastos dispersos y 

el análisis matemático usando coordenadas baricéntricas para espacios 

multi-dimensionales demostraron que la precisión circadiana era debida al 

acoplamiento o comunicación entre las células del ápice del brote. La mayor sincronía 

rítmica confería precisión y robustez frente a perturbaciones genéticas y 

farmacológicas así como capacidades particulares para los reajustes de fase durante 

experimentos de "jet-lag". Los ritmos en raíces estaban alterados por la ablación del 

ápice y en estudios de microinjertos, sugiriendo que las señales del ápice pueden 

sincronizar órganos distales. De una forma similar a la organización circadiana en 

mamíferos, nuestros estudios demuestran que los ápices juegan un papel dominante 

dentro del sistema circadiano jerárquico en plantas.
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Materials and Methods 

 

1. Plant material, seed sterilization and growing conditions 

Different Arabidopsis thaliana lines were used in this study (Please see Table 1). 

For sterilization, seeds were placed in 1.5 mL microcentrifuge tubes and surface 

sterilized by soaking in 70% ethanol (v/v) with 0.1% (v/v) of Triton X-100 for 10 

min, followed by several washes with 70% ethanol. Seeds were dried on sterile 

filter paper in a laminar flow cabinet and sown on plates containing Murashige 

and Skoog (MS) agar medium supplemented or not (as specified for each 

experiment) with 3% (w/v) sucrose. After 48 hours of stratification at 4ºC in the 

dark, plates were transferred to environmentally-controlled chambers (Inkoa 

Sistemas) and plants were grown under light/dark cycles (LD, 12 hour light:12 

hour dark) with 60-100 μmol m−2s−1 of cool white fluorescent light at 22ºC.  

 

2. Plant dissection 

Seedlings of about 9-14 day-old were dissected with sterile surgical blades (#11 

and #21) (Swann-Morton) to obtain excised shoots, roots, leaves, hypocotyls, 

and shoot apexes. LMD6000 laser microdissection system (Leica) was used to 

obtain plants without shoot apexes (Δshoot apex). Seedlings were placed on 

sterile plate lids containing MS medium on the microscope stage and tissues 

were cut with the UV laser (337 nm) using a 6.3x objective (Move and Cut mode), 

power 100 and specimen balance 0. Care was taken to preserve the integrity of 

the tissue. 
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Table 1. Arabidopsis thaliana plants used in this study 

Line LUC Reporter Ecotype Reference 

WT CCA1::LUC Col-0 (Salomé and McClung, 2005) 

WT CAB2::LUC C24 (Millar et al., 1995) 

WT CAB2::LUC Ws (Ding et al., 2007) 

WT TOC1::LUC Col-0 (Perales and Más, 2007) 

WT CCR2::LUC Col-0 (Strayer et al., 2000) 

cca1-11 CAB2::LUC Ws (Ding et al., 2007) 

cca1-1/lhy-11 TOC1::LUC Ler (Mizoguchi et al., 2002) 

TOC1 RNAi CCR2::LUC Col-0 (Más et al., 2003a) 

lux-2 CAB2::LUC Col-0 (Hazen et al., 2005) 

elf3-2 CCA1::LUC Col-0 (Hicks et al., 1996) 

CCA1-HA-EYFP/cca1-1 - Col-0 (Yakir et al., 2009) 

PRR7:FLAG-PRR7-EGFP - Col-0 (Nakamichi et al., 2010) 

ELF3:ELF3-EYFP - Ws (Dixon et al., 2011) 

cals3-d - C24 (Vatén et al., 2011) 

 

3. In vivo luminescence assays 

Whole seedlings, excised organs or plants at about 9-14 days after the 

micrografting procedure were transferred to 96-well plates containing per well 

180 µL of MS agar medium supplemented or not (as specified for each 

experiment) with 3% (w/v) sucrose, and 40 µL of luciferin solution consisting of 

1.4 mM luciferin in 2.6 mM 2-(N-morpholino)ethanesulfonic acid (MES) at pH 5.8. 

Luminescence was monitored using a microplate luminometer LB-960 (Berthold 

Technologies) and the software Microwin, version 4.34 (Mikrotek 2 

Laborsysteme). The period, phase and relative amplitude error of oscillations 

were calculated with the Fast Fourier Transform–Non-Linear Least-squares 

(FFT-NLLS) suite of the Biological Rhythms Analysis Software System (BRASS) 
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package (http://millar.bio.ed.ac.uk/PEBrown/BRASS/BrassPage.htm). 

 

For analysis of rhythms in roots from intact plants, Δshoot apex or Δleaf plants, 

one side of the walls of the plate wells was slightly serrated using heated 

surgical blades to allow communication between two adjacent wells. Seedlings 

were then horizontally positioned such that the shoot was placed in one well and 

the roots in the contiguous well. To decrease the possible effects following 

dissection and manipulation, samples were allowed to resynchronize for one day 

before luminescence analysis under constant light conditions (LL). Data from 

samples that appeared damaged or that eventually died after the treatments 

were excluded from the analysis. Luminescence analyses of pharmacological 

treatments were performed by applying to the shoots, shoot apexes or roots 20 

μM of IAA or 20 μM of DCMU. 

 

4. Micrografting 

Seedlings were vertically grown on half strength MS agar medium supplemented 

with 0.5% (w/v) sucrose for 3-7 days. Seedlings were then transferred on top of 

wet filter papers or on 0.2 µm nitrocellulose membranes (Whatman) under the 

dissecting microscope in a laminar flow cabinet, as described 

(http://www.bio-protocol.org/e1164). Using sterile surgical blades (#11), 

cotyledons and hypocotyls were removed to obtain scions of shoot apexes. 

Rootstocks were obtained by cutting just below the shoot apex. The scion and 

rootstock cut stumps were joined together by very careful manipulation with 

tweezers, paying attention to align the two phloem strands. Plates containing 
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grafted seedlings were sealed with two layers of micropore tape (3M) and then 

incubated minimum of 4-6 days in the growth chamber. Adventitious roots from 

scions, if present, were carefully removed under the dissecting microscope. 

Unsuccessful grafts or not clearly joint scions and rootstocks were discarded. A 

wet-lab protocol with a detailed step-by-step description of the micrografting 

experiments can be found in Anex I.    

 

5. RNA extraction, RNA sequencing and analysis of circadian oscillations 

Shoot apexes separated from 9-14 day old plants synchronized under LD cycles 

were transferred to LL conditions for 2 days. Samples were collected from the 

third day under LL, every 4 hours over two circadian cycles. Harvested samples 

were snap frozen by liquid nitrogen and stored at -80ºC. Total RNA was isolated 

using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer's 

recommendations. RNA sequencing was performed by Genomix4life S.R.L. 

(Baronissi, Salerno, Italy). Indexed libraries were prepared from 500 ng purified 

RNA pool with TruSeq Stranded mRNA Sample Prep Kit (Illumina) according to 

the manufacturer’s instructions. Libraries were sequenced (paired‐end, 2 × 100 

cycles) at a concentration of 8 pmol/L per lane on HiSeq1500 platform (Illumina) 

with a coverage of more than 30 million sequence reads/sample on average.  

 

Sequence analysis was performed by Sequentia Biotech (Barcelona, Spain). 

The raw sequence files (.fastq files) were subjected to quality control analysis by 

using FastQC v0.10.1 (www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

before trimming and removal of adapters with AdapterRemoval 1.5.2 and FASTX 
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Toolikt 0.0.13.2 (Lindgreen, 2012). The reads were then mapped against the 

Arabidopsis thaliana genome (TAIR10 Genome Release, 

ftp://ftp.arabidopsis.org/) with TopHat v2.0.11 (Kim et al., 2013), which provided 

the reference gene annotation with known transcripts. Cufflinks v2.2.0 (Trapnell 

et al., 2010) was then used to obtain RPKM expression for each annotated gene. 

Duplicated reads were removed from the mapped files (bam files) with Picard 

Tools 1.110 (http://picard.sourceforge.net) and the resulting files were merged to 

include the annotation of new transcripts by using Cufflinks v2.2.0 (Trapnell et al., 

2010). Comparisons with the reference genome were performed by using 

Cuffmerge v1.0.0 (Trapnell et al., 2010). To identify oscillating genes regulated 

by the circadian clock, all genes with a RPKM median across the samples less 

than 0.69 were discarded. The BETR algorithm (Aryee et al., 2009) was applied 

to identify differentially expressed genes across the dataset (p<0.05).  

 

The JTK_CYCLE algorithm (Hughes et al., 2010) was used to identify oscillating 

genes (q<0.05) with a period ranging from 20 to 28. The Integrative Genomics 

Viewer (IGV) was used to visualize the data (Robinson et al., 2011; 

Thorvaldsdóttir et al., 2013). The phases of circadian expression in shoot 

apexes and entire plants were analyzed using the publicly available Gene Phase 

Analysis Tool “PHASER” of the DIURNAL database 

(http://diurnal.mocklerlab.org/) (Mockler et al., 2007; Michael et al., 2008). Phase 

over-representation was calculated as the number of genes with a given phase 

divided by the total number of genes over the number of genes called rhythmic 

and divided by the total number of genes in the dataset. Circadian genes were 
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classified into broad functional categories using the web tool “BIOMAPS” (Katari 

et al., 2010), which renders over-represented and significant functional terms 

(Gene Ontology or MIPS) as compared to the frequency of the term in the whole 

genome. 

 

6. Gene expression analysis by RT-qPCR 

Total RNA was prepared with a Maxwell 16 LEV simply RNA Tissue kit 

(Promega) and used for cDNA synthesis with iScript™ Reverse Transcription 

Supermix for RT-qPCR (BioRad) following the manufacturer's protocol. 

RT-qPCR was performed using 96-well CFX96 Touch Real-Time PCR Detection 

System (BioRad) with 10% diluted cDNA and iTaq Universal SYBR Green 

Supermix (BioRad). RT-qPCR thermal profile consisted of 30 seconds at 95ºC 

for one cycle, 39 cycles of 5 seconds at 95ºC followed by 30 seconds at 60ºC, 

with final steps from 65ºC to 95 ºC, 0.5ºC increments at 5 seconds per step. 

Primers used for gene expression analysis are listed in Table 2. The expression 

of genes was calculated by the comparative Ct method using PP2AA3 (Protein 

Phosphatase 2A subunit A3) gene as the control (Kaufmann et al., 2010). 

Analyses by RT-qPCR were carried out with three technical replicates and at 

least two biological replicates. 
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Table 2. Primers used for gene expression analysis  

Name   Sequence 

TOC1 Forward GAA GAT GTT GAT CGA CTG AC 

  Reverse GAG CCA ACA TTG CCT TAG AG 

CCA1 Forward TCA AGC TTC CAC ATG AGA CTC TA 

  Reverse GGA AAC AAA TAC AAA GGC CTC A 

CAB2 Forward AAT TCG AGT GAG AGA CAG GAG GAG 

  Reverse GTC TCT ACC ATC CAC CAC AAA CAC 

LHY Forward ACA GCA ACA ACA ATG CAA CT 

  Reverse GAG AGC CTG AAA CGC TAT AC 

LUX Forward GAC GAT GAT TCT GAT GAT AAG G 

  Reverse CAG TTT ATG CAC ATC ATA TGG G  

ELF3 Forward CGT AGT AAC AAC ACA AGC A 

  Reverse GAA GGA CAT TTG GGA GAC 

ELF4 Forward GAC AAT CAC CAA TCG AGA AT 

  Reverse ATG TTT CCG TTG AGT TCT TG 

PP2AA3 Forward AAG CGG TTG TGG AGA ACA TGA TAC G 

(Control) Reverse TGG AGA GCT TGA TTT GCG AAA TAC CG 

  

7. Single cell confocal microscopy imaging 

For in vivo single cell confocal imaging, we used a previously described method 

(Más and Beachy, 1998) with minor modifications. Briefly, isolated shoot apexes 

or leaves were embedded in 0.1% (w/v) low-melting-point agarose dissolved in 

MS medium. The embedded samples were placed on microscope slides with 

approximately 200 µL of liquid MS medium, which generated air bubbles within 

the liquid layer. Cover slips were placed on the samples, and edges were sealed 

with transparent adhesive tape, leaving some air spaces. Altogether, the system 

provided the aerobic environment and nutrients necessary for the survival of the 



Materials and Methods 

100 

 

tissues over the time course. Samples were maintained under LL conditions at 

60-100 mol m−2s−1. Fluorescent signals from the shoot apex, leaf vascular and 

leaf mesophyll cells were imaged once every 30 minutes with an argon laser 

(transmissivity: 40%; excitation: 515 nm; emission range: 530-630 nm) in a 

FV-1000 confocal microscope (Olympus, Tokyo, Japan) with a 40x/1.3 oil 

immersion objective. About 15-20 serial optical sections (z stacks) were scanned 

using the scanned mode “XYZT” with image sizes of 640 x 640 (0.497 μm/pixel) 

and sampling speed of 4 μs/pixel. Sections of 2.0-3.0 μm step sizes 

perpendicular to the z-axis (microscope optical axis) were imaged using the filter 

mode Kalman line (set at 2). Fluorescence intensity quantification in the nuclei 

was analyzed using ImageJ software (https://imagej.nih.gov/ij/) using Mean Gray 

Value option. The results are representative of at least three biological replicates 

for shoot apex and leaf vascular cells and two biological replicates for leaf 

mesophyll cells. About 30-40 different nuclei were examined per experiment with 

each of the three different reporters (CCA1, PRR7 and ELF3). Signals from 

individual nuclei that moved or got out of focus were excluded from the analysis. 

 

8. Protoplast preparation 

Protoplasts were prepared as previously described (Yoo et al., 2007) with minor 

modifications. Briefly, 20-30 excised shoot apexes from 14 day old plants were 

transferred into 12-well plates containing the enzyme solution (400 mM mannitol, 

20 mM KCl, 10 mM CaCl2, 7.5 mg/ml cellulase RS and 3 mg/ml macerozyme 

R10). The plates were incubated in a shaker with slow agitation overnight at 

room temperature. An ethanol sterilized nylon mesh (4 cm x 4 cm) was used as 
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a filter to transfer the released protoplasts to 1.5 ml tubes. Protoplasts were spun 

at 250g for 2 minutes and subsequently washed three times in W5 solution (154 

mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES pH 5.6) before final collection 

of the protoplasts. The dispersed cells were initially diluted to approximately a 

concentration of 1x103 cells per well. Protoplasts were resynchronized for one 

additional day before in vivo analysis by luminescence assays. 

 

9. Mathematical analysis  

Mathematical analyses were performed by Dr. Yoshito Hirata and Dr. Kazuyuki 

Aihara. Details of the procedures are described in (Hirata et al., 2015; Takahashi 

et al., 2015). Please also check Anex II and III. 
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Annexes 

 

Annex I: Protocol of micrografting assays with Arabidopsis seedlings 

 

Materials & Equipments: 

・Arabidopsis thaliana seedlings [vertically grown for 3-7 days on 0.52 agar 

medium (0.5x Murashige and Skoog, MS, agar medium with 0.5% sucrose] 

・Sterile 100 mm x 20 mm Petri plates (CELLSTAR) 

・micropore tape (3 M) 

・Strips of autoclaved filter paper (sizes of approximately 7 cm x 1 cm)  

・#11 sterile surgical blades (Swann-Morton) 

・Sterile fine point tweezers (i.e. Dumont #55 Biologie tweezers) 

・Sterile micropipettes (Gilson) 

・Alcohol lamp  

・Dissecting microscope (Zeiss, Stemi SV6) 

・Laminar flow cabinet 

・96% Ethanol 

・Tissue paper 

・Sterile water 

 

Methods: 

*All the procedures should be carried out under the laminar flow cabinet. 

Step 0: Preparation for micrografting 

Set up the dissecting microscope under the laminar flow cabinet. Rinse your 

hands with 96% ethanol. Then, use tissue paper soaked with Ethanol to gently 

wipe the surface of the microscope. 

 

Place strips of autoclaved filter paper onto the surface of the 0.52 medium plates 

as shown in Figure 1. Make sure the filter paper becomes wet.  
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Figure 1. Placement of filter paper strips on 0.52 medium plates. 

 

Step1: Transfer of seedlings 

Apply small amount of 96% ethanol to the tip of tweezers and flame sterilize with 

the alcohol lamp for few seconds. Press the tip of the tweezers into the agar 

medium to cool down. Use then the tweezers to transfer the seedlings that will 

be used as rootstocks onto the 0.52 medium plates prepared at step 0 as shown 

in Figure 2. Pay extra attention not to let the roots to dry out as it might cause the 

development of adventitious roots after grafting. Sterile water can be added to 

roots or alternatively, very gently bury the roots in the medium.  

 

Transfer the seedlings to be used as scion and placed them onto the filter paper 

in an inverse position to the rootstock seedlings as shown in Figure 2.  
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Figure 2. Position of seedlings on the filter paper strips. Seedlings on the top will be 

used as scions while the ones on the bottom will be rootstocks.  

 

Step 2: Cutting 

Using the tweezers and the #11 blades, carefully remove on the filter paper the 

cotyledons from seedlings to be scions. The same blade can be used for all 

samples. Next, very carefully cut off the hypocotyls from scion seedlings using 

the #11 blades. It is highly recommended to change blades every 10 cuttings. 

Cross sections must be clean, sharp and horizontal to the hypocotyls. Leave 

scions on the filter paper until rootstocks are cut (Figure 3). Make sure scions 

are kept moisturized.  
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Figure 3. Cutting the scion from the seedling.  

 

Next, cut hypocotyls of rootstock seedlings with the #11 blades. It is also strongly 

recommended to change the blades every 10 cuttings. Cuts must be clean, 

sharp and horizontal to the hypocotyls (Figure 4). In this procedure, it is not 

required to remove cotyledons (unless scions will be isolated from these plants 

for reciprocal grafting). 

 

Figure 4. Cutting the rootstock seedling. 
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Step 3: Connecting scions and rootstocks after cutting  

Once cuttings are completed, slide the filter paper upwards to allow tips of 

rootstocks to touch the MS medium as shown in Figure 5. This procedure 

prevents the cross sections to be dried out. Next, use the tweezers to transfer 

the scions close to the rootstocks. Avoid grabbing or pinching. If scions are 

gently touched with the tips of the tweezers, they will transiently adhere to 

tweezers. After transferring all scions in the vicinity of the rootstocks, remove the 

filter paper from the plate.  

 

 

Figure 5. Upward sliding of filter paper strips. This allows rootstocks to touch the MS 

medium and keep cross sections moisturized.   
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Using the tip of the tweezers, gently push scions and join them together with the 

rootstocks. Pay extra attention to align the two phloem strands (Figure 6). It is 

more likely to be successful when grafts have rootstock and scion well-matched 

for size, and cross sections are very clean and horizontal so that cut ends of 

rootstock and scion can be easily joined together. 

  

When grafting is completed, seal the plate with micropore tape and incubate 

vertically in the growth chamber under 12 hour light:12 hour dark or 16 hour 

light:8 hour dark cycles with 60-100 μmol m−2s−1 of cool white fluorescent light at 

22ºC. Grafts are likely to be established as early as 6 days after the procedure. 

 

Figure 6. Joining of scion and rootstock.  

  

 

Additional Step: Removal of adventitious roots. 

Adventitious roots could emerge from grafted plants. This will become apparent 

approximately 1 week after the procedure. This frequently occurs if conditions of 
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grafted roots are suboptimal. If adventitious roots are observed, remove them 

with the sterile tweezers and the #11 blades under the dissecting microscope. 

Grab the tip of the adventitious roots with the tweezers and carefully cut as 

closer to the shoots as possible. If adventitious roots are short enough, they can 

be squashed with tweezers. 
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Annex III: 
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