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Introduction

1. Circadian clocks and circadian networks

The earth rotation around its axis has shaped the rhythmic behavior of living 
organisms in consonance with the 24 hours changes in environmental cues 
such as light and temperature. In order to anticipate these periodic changes, 
organisms have developed an endogenous timekeeping mechanism known as 
circadian clock. Circadian clocks are self-sustaining machineries that are 
responsible for sensing and integrating the predictable environmental 
fluctuations to efficiently generate rhythmic biological oscillations that enhance 
the organism’s fitness (Bell-Pedersen et al., 2005, Terzibasi-Tozzini et al., 
2017).

The circadian system is composed of three main pathways: inputs, the central 
oscillator and outputs. The clock components responsible for the 
synchronization of the circadian rhythmic oscillations with the environmental 
cues are known as inputs (Stratmann and Schibler, 2006, Husse et al., 2015). 
The clock components responsible for generating and sustaining the rhythms 
form part of the central oscillator, which is the core of the clock (Partch et al., 
2014, Mendoza-Viveros et al., 2017). Lastly, the biological processes that are 
rhythmically controlled by the clock are known as outputs (Pilorz et al., 2018). 
Although this is a very simplified model of the circadian system, it provides a 
clear and simple view to understand how the clock is working and regulating the 
rhythms in organisms (Masri et al., 2012, Panda, 2016).

In spite of the independent evolutionary steps, nearly all eukaryotic circadian 
clocks share functional similarities such as (1) the persistence of rhythmicity 
with endogenous period of about 24 hours, even in the absence of 
environmental changes in light and temperature (free-running or constant 
conditions); (2) the ability to be synchronized or entrained every day by light 
and/or temperature cycles and (3) their capacity to buffer changes in 
temperature within a physiological range, a property known as clock 
temperature compensation (Dunlap and Loros, 2017).
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The basic architectural regulation of the eukaryotic central oscillator is based on 
interconnected transcriptional and post-transcriptional feedback loops as well 
as epigenetic regulation that altogether ensure the maintenance of robust 
rhythms (Stevenson, 2017). The complex regulatory networks result in circadian 
waves of clock core gene expression that oscillate at different phases during the 
day and night. These rhythms in gene expression are ultimately responsible for 
the generation of the rhythmic oscillations in physiological and developmental 
outputs (van der Veen et al., 2017).

2. The circadian clock in plants

The circadian clock organization in plants has been the subject of different 
studies focused on the specific circadian function in cells, tissues and organs. In 
Arabidopsis thaliana, almost all cells possess self-sustained clocks exhibiting 
different degrees of circadian synchronization in accordance to tissue specificity 
and the environmental conditions. The shoot apex clocks have been described 
to function as master clocks (Takahashi et al., 2015) with properties similar to 
those of the SCN (Suprachiasmatic Nucleus) in mammals (Dibner et al., 2010, 
Welsh et al., 2010). The shoot apex clocks are closely coupled, displaying a 
high degree of circadian communication. This strong coupling leads to robust 
and stable circadian rhythmic oscillations with improved capacity for phase 
readjustments. Furthermore, signals coming from the shoot apex clocks are 
able to synchronize distant clocks like the one in roots (Takahashi et al., 2015). 
Analyses of cell-and tissue-specific clock function were also explored in other 
studies. They showed that the circadian clockwork operates differently in 
distinct tissues and organs. Indeed, different tissues display diverse degrees of 
circadian coupling in spite of being physically close to each other (Thain et al., 
2000, Yakir et al., 2011, Wenden et al., 2012, Endo et al., 2014, Bordage et al., 
2016).

The three main components of the circadian system described in other 
organisms have been also identified in plants. In the following sections, we 
briefly describe these three main pathways, their components and regulatory 
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interactions. We mostly focus on the Arabidopsis thaliana circadian system, 
which is one of the best-studied plant models thus far (Figure 1).

2.1. The Arabidopsis central oscillator: components and regulatory networks

Many different genetic and biochemical approaches have provided a wealth of 
information about the Arabidopsis central oscillator (Nohales and Kay, 2016). 
The initial identification of core clock components was carried out using plants 
expressing the promoter of the morning-expressed circadian output gene 
CHLOROPHYLL A/B-BINDING PROTEIN 2 (CAB2) fused to the luciferase 
gene (LUC) as reporter. Induced mutagenesis followed by in-vivo 
bioluminescence assays identified a number of mutants with altered circadian 
period, phase or amplitude (Millar et al., 1995). These initial studies were 
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Figure 1. Schematic view of the circadian clock system. This simplified depiction of the 
circadian clock components shows the input pathways that include the environmental cues 
such as light or temperature in charge of synchronizing the clock every day. The central 
oscillator that translates the external signals into rhythmic oscillation of about 24 hours and the 
output pathways that are the rhythmic biological processes regulated by the circadian clock. 
Arrows indicate the interrelationship between the different pathways, the arrow going from the 
central oscillator to the input pathways indicate the property of the circadian clock to modulate 
its sensibility in the perception of external stimuli. Modified from (Greenham and McClung, 
2015).
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followed by reverse genetic studies in which the characterization by miss-
expression (mutation or over-expression) of the putative circadian clock genes 
provided important insights into the circadian regulatory network.

The first clock components to be characterized included two single MYB-
domain transcription factors showing strong sequence homology within their 
MYB domain. The CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) (Wang and 
Tobin, 1998) and LONG ELONGATED HYPOCOTYL (LHY) (Schaffer et al., 
1998) are expressed early in the morning, close to dawn. Their proteins are 
partially redundant (Mizoguchi et al., 2002) and heterodimerize (Lu et al., 2009, 
Yakir et al., 2011) to repress the expression of evening-phased genes. The 
importance of these two components in accurate timekeeping was also inferred 
by studies of circadian phenotypes of the mutants. While single loss-of-function 
mutants of either CCA1 or LHY showed a short circadian period and advance 
phase under free-running conditions, the cca1/lhy double mutant was found to 
be arrhythmic (Alabadi et al., 2002, Mizoguchi et al., 2002). Furthermore, over-
expression of either gene results in arrhythmic clock gene expression as well as 
severe phenotypes of various clock outputs (Schaffer et al., 1998, Wang and 
Tobin, 1998).

One of the evening-expressed genes repressed by CCA1 and LHY is the 
TIMING OF CAB EXPRESSION 1 (TOC1) or PSEUDO RESPONSE 
REGULATOR (PRR1), one of the five members of the PRR family. TOC1 
protein contains an N-terminus domain similar to the receiver domain of 
response regulators. However, TOC1 domain lacks the conserved phospho-
accepting aspartate residue present in canonical response regulators (Strayer 
et al., 2000, Makino et al., 2002). In addition, TOC1 contains a C-terminal motif 
similar to the one found in the flowering-related CONSTANS (CO) family of 
transcription factors. The regulatory network among CCA1, LHY and TOC1 was 
described as the first transcriptional feedback loop in the Arabidopsis central 
oscillator (Alabadi et al., 2001). Based on this loop, CCA1 and LHY repressed 
the expression of TOC1, and in turn, TOC1 was proposed to activate the 
expression of these MYB transcription factors (Alabadi et al., 2001). However, a 
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number of studies have recently shown that TOC1 actually function as a 
repressor of CCA1 and LHY expression (Gendron et al., 2012, Huang et al., 
2012, Pokhilko et al., 2012). Furthermore, TOC1 seems to function as a 
repressor of nearly all oscillator genes (Huang et al., 2012). The importance of 
TOC1 within the clock was also demonstrated in studies of the circadian 
phenotypes of TOC1 miss-expressing plants. While a loss-of-function mutation 
advanced the phase and shortened the circadian period (Millar et al., 1995, 
Somers et al., 1998, Strayer et al., 2000), TOC1 over-expression showed 
arrhythmia under constant light conditions (Mas et al., 2003a). Interestingly, 
additional copies of rhythmic TOC1 in transgenic plants expressing TOC1 under 
its own promoter (TOC1 MiniGene) showed delayed phase and longer period 
than WT (Wild-Type) plants (Mas et al., 2003b), suggesting that both proper 
accumulation and rhythmic oscillation of TOC1 is central for circadian function 
(Figure 2).
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Figure 2. TOC1 accumulation alters the phase and the pace of the circadian clock. 
Diagrammatic scheme illustrating the effects of the different degree of TOC1 accumulation in 
the phase and the pace of the central oscillator. High levels of TOC1 lead to clocks with a 
delayed phase, while lower or non accumulation arises in clocks with an advanced phase. 
Under free running conditions (constant light) the circadian clock becomes arrhythmic in 
presence of high levels of TOC1 while it runs faster in absence of TOC1.
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Research over the past years has aided on the identification of a myriad of 
additional clock components. For instance, the other members of the PRR 
family PRR3, PRR5, PRR7 and PRR9 were described as important clock-
related components (Makino et al., 2001, Adams et al., 2015, Kamioka et al., 
2016). The PRRs are sequentially expressed from close to dawn (PRR9 and 
PRR7) to midday (PRR5 and 3) and dusk (TOC1) (Matsushika et al., 2000). 
PRRs appear to repress the expression of CCA1 and LHY during the day, 
shaping their oscillatory waveform that leads to their peak-expression at dawn 
(Nakamichi et al., 2010). Although the PRRs repress CCA1 and LHY 
expression, phenotypic studies of plants miss-expressing one or more members 
of the family showed that they affect clock function differently. Mutation of prr9 
or prr7 resulted in slightly long circadian periods (Farre et al., 2005) while prr5 
mutant plants displayed a short period phenotype (Fujiwara et al., 2008), 
following a similar trend but not as severe as the short period phenotype of toc1 
mutant plants (Strayer et al., 2000). The prr7/prr9 double mutant showed 
stronger phenotypes than single loss-of-function mutants (Farre et al., 2005, 
Nakamichi et al., 2005) while the prr5/prr7/prr9 triple mutants are arrhythmic 
under free-running conditions (Nakamichi et al., 2005). These results suggest a 
possible partially redundant function for some PRRs. The PRRs play important 
roles not only in the regulation of the central oscillator but also in their 
connection to inputs and outputs. Chromatin immunoprecipitation followed by 
massive parallel sequencing (ChIP-seq) experiments of TOC1 (Huang et al., 
2012) and PRR5 (Nakamichi et al., 2012) provided a genome-wide view of the 
regulatory networks regulated by TOC1 and PRR5. The studies defined the 
function of TOC1 as a global repressor of oscillator expression (Huang et al., 
2012) and established that PRR5 modulates the expression of key players 
involved in multiple clock output processes (Nakamichi et al., 2012).

Clock components expressed during the evening also include three other clock-
related proteins that interact with each other to form the so-called EVENING 
COMPLEX (EC) (Nusinow et al., 2011, Herrero et al., 2012). The EC is 
composed of a single MYB-like GARP transcription factor known as LUX 
ARRHYTHMO or PHYTOCLOCK1 (LUX/PCL1) (Hazen et al., 2005, Onai and 
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Ishiura, 2005) and two plant-specific proteins without recognizable domains 
known as EARLY FLOWERING 3 (ELF3) (McWatters et al., 2000) and EARLY 
FLOWERING 4 (ELF4) (Doyle et al., 2002). Loss-of-function of any of the 
components of the EC results in arrhythmia (Helfer et al., 2011, Herrero et al., 
2012). These results explain the tight transcriptional regulation of EC gene 
expression exerted by CCA1 and LHY in the morning (Portoles and Mas, 2010, 
Li et al., 2011, Lu et al., 2012) and TOC1 in the evening (Huang et al., 2012). 
The EC works as a nighttime transcriptional repressor and binds directly to the 
PRR9 and PRR7 promoters (Dixon et al., 2011, Helfer et al., 2011, Chow et al., 
2012). Thus, PRR9 and PRR7 repression by the EC may indirectly promote 
CCA1 expression at the end of the night. The EC also regulates GIGANTEA 
(GI), a plant-specific protein involved in the regulation of many processes 
including the circadian clock (Gould et al., 2006, Nagel et al., 2014).

The EC has been shown to connect the oscillator with various output pathways. 
For example, seedling hypocotyl elongation is coordinated through the direct 
repression of the bHLH transcription factor PHYTOCHROME-INTERATING 
FACTOR (PIF4 and PIF5) by the EC (Thines and Harmon, 2010, Nusinow et al., 
2011, Filo et al., 2015), which is required for hypocotyl elongation (Niwa et al., 
2009). Recent studies have also shown that the EC and phytochrome B (PHYB) 
act in a temperature-dependent manner as regulators of key players involved in 
the control of diverse clock outputs such as photosynthesis, growth, hormone 
signaling and environmental responses (Ezer et al., 2017).

All these studies highlight the prevalence of repressor components within the 
Arabidopsis circadian system (Millar, 2016). However, a number of studies have 
also identified a number of key positive regulators. For instance, the rhythmic 
deposition of activating histone marks at the promoter of clock genes was 
identified as an important mechanism correlating with the activation of circadian 
gene expression (Perales and Mas, 2007). Other specific clock-related factors 
have been proposed to act as circadian activators. For instance, the LIGHT 
REGULATED WD 1 (LWD1) and LIGHT REGULATED WD 2 (LWD2) were 
found to bind to the promoters of CCA1, PRR9, PRR5 and TOC1 to activate 
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their expression (Wang et al., 2011, Wu et al., 2016). Another example of clock-
related activating component includes the CCA1 and LHY homolog known as 
REVEILLE 8 (RVE8 also known as LHY-CCA1-LIKE5 or LCL5). RVE8 belongs 
to the CCA1 and LHY single MYB protein family, presenting high sequence 
homology particularly in the MYB domain (Schmied and Merkle, 2005). Despite 
the sequence homology, RVE8 function in the clock is antagonistic to that of 
CCA1/LHY since RVE8 promotes the expression of TOC1 and PRR5 (as 
opposed to the repressing function exerted by CCA1/LHY) (Farinas and Mas, 
2011, Rawat et al., 2011, Hsu et al., 2013). The RVE8-mediated activation 
correlates with increased accumulation of histone acetylation at the TOC1 and 
PRR5 promoters (Farinas and Mas, 2011). The activation also requires the 
function of the clock-related NIGHT LIGHT-INDUCIBLE AND CLOCK-
REGULATED (LNK) factors, which interact with RVE8 and act as transcriptional 
co-activators of TOC1 and PRR5 expression (Xie et al., 2014). Two members of 
the LNK family, LNK1 and LNK2 have been shown to be responsible for 
promoting the expression of TOC1, PRR5 and other evening-expressed 
circadian genes (Rugnone et al., 2013). Because of the absence of DNA 
binding domains, LNKs need to interact with MYB transcription factors in order 
to perform their role as activators (Xie et al., 2014, Perez-Garcia et al., 2015). 
Interaction with RVE8 and RVE4 is therefore necessary for the LNKs to be 
recruited to the PRR5 and TOC1 promoters (Xie et al., 2014, Perez-Garcia et 
al., 2015) (Figure 3).
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Figure 3. Role of TOC1 at the center of the Arabidopsis central oscillator. Scheme 
describing the main components of the transcriptional feedback loops in the Arabidopsis 
circadian clock, highlighting the role of TOC1 as a general repressor of the circadian 
transcriptional machinery. Lines ending with perpendicular dashes denote gene repression, 
the ones in red indicate the direct repressive role of TOC1 over other circadian clock 
components. (Please see section 2.1.1. for details). (Modified from Nohales and Kay, 2016).
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2.1.1. Role of TOC1 at the center of the circadian clock molecular architecture

Proper expression and activity of TOC1 is essential for circadian function. 
Therefore, over the years, a number of studies have focused on the regulatory 
mechanisms responsible for ensuring proper rhythms of TOC1 gene and protein 
expression and activity. The mechanisms involve epigenetic, transcriptional, 
translational and post-translational regulation. In the following sections, some of 
the components and mechanisms involved in TOC1 regulation are briefly 
described. We also describe the function of TOC1 as a global repressor of 
oscillator gene expression.

2.1.1.1. Transcriptional regulation of TOC1

Under light:dark cycles, TOC1 mRNA displays a robust rhythmic oscillation with 
a peak around dusk and a progressive transcript decline during the night. The 
diurnal oscillatory pattern of TOC1 transcripts is maintained under constant 
free-running conditions (Matsushika et al., 2000, Strayer et al., 2000). The 
oscillation of TOC1 is essential for its proper function at the core of the circadian 
clock. As mentioned above, TOC1 forms part of a complex transcriptional 
network within the Arabidopsis circadian clock. In this network, the morning 
expressed MYB transcription factors CCA1 and LHY repress the expression of 
TOC1 during the day by direct binding to a motif known as Evening Element 
(EE) present in its promoter. Reduced accumulation of TOC1 mRNA in plants 
over-expressing CCA1 or LHY and their direct binding to the TOC1 promoter 
supported the hypothesis of their repressive function.

As mentioned above, activation of TOC1 transcriptional expression relies on the 
positive function of one of the members of the CCA1 and LHY single MYB 
protein family known as RVE8. This protein activates TOC1 and PRR5 through 
binding to their EE motif (Hsu et al., 2013). RVE8 directly interacts with LNKs 
and this interaction is important for their function as co-transcriptional activators 
of TOC1 and PRR5 (Xie et al., 2014, Perez-Garcia et al., 2015). RVE8 and 
LNKs activate transcriptional initiation and elongation of TOC1 and PRR5 
expression by direct interaction with the transcriptional machinery and its 
recruitment to the TOC1 and PRR5 promoters (Ma et al., 2018). Notably, 

�15



Introduction

members of the PRR family, PRR9, PRR7, PRR5 and TOC1 are able to bind to 
the LNK’s promoters to negatively regulate their expression from midday to the 
early evening. This regulatory network establishes a negative feedback loop, 
with LNKs as activators and PRRs as repressors (Nakamichi et al., 2012, 
Rugnone et al., 2013).

Regarding TOC1 function at the core of the clock, several studies have recently 
showed that in contrast to the initial idea of TOC1 being an activator of CCA1 
and LHY expression, TOC1 in fact acts as a repressor of these genes (Gendron 
et al., 2012, Huang et al., 2012, Pokhilko et al., 2012). Further studies shown 
that TOC1 is in fact a general repressor of nearly all of the circadian oscillator 
components (Huang et al., 2012). ChIP-Seq experiments revealed that TOC1 
binds to G-box-related and EE motifs present in the oscillator gene promoters 
(Huang et al., 2012). These motifs were displayed in the promoters of morning-
expressed core clock genes, including CCA1, LHY, PRR9 and PRR7 and also 
in the promoters of evening-expressed genes including, GI, LUX, ELF4 and 
TOC1 itself. Repression occurs through rhythmic binding of TOC1 to its target 
promoters with the highest enrichment observed just after dusk, when TOC1 
protein accumulation reaches its peak (Huang et al., 2012). Additionally, the 
high and constant occupancy at the target promoters displayed in TOC1 over-
expressing plants, as well as the decreased expression of core circadian genes 
in plants transiently over-expressing TOC1 confirmed the function of TOC1 as 
general repressor of the circadian clock, linking the evening and morning 
oscillator loops through its repressive function (Huang et al., 2012) (Figure 3).

2.1.1.2. Post-translational regulation of TOC1

TOC1 protein robustly cycles with increasing protein accumulation reaching a 
peak around dusk and following a progressive decline during the night. The 
rhythmic oscillatory pattern of TOC1 protein accumulation is also observed 
under free-running conditions (Mas et al., 2003b). This rhythmic pattern is 
controlled by direct and indirect regulatory mechanisms that shape the circadian 
waveform of TOC1 accumulation. On one hand, TOC1 protein stability is 
modulated by the dark-induced proteasome degradation mediated by the F-box 
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protein ZETLUPE (ZTL) (Mas et al., 2003b). ZTL is member of the E3 ubiquitin 
ligase Skp-Cullin-F-box (SCF) complex, containing a blue-light-sensing light, 
oxygen and voltage (LOV) domain, and F-box domain and a Kelch repeat 
domain (Somers et al., 2000). In Arabidopsis, besides ZTL, two other proteins 
are part of the LOV domain protein family, FLAVIN-BINDING, KELCH REPEAT 
AND F-BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2) (Nelson et al., 
2000, Schultz et al., 2001). TOC1 interaction with ZTL is necessary for proper 
regulation of circadian period by the clock (Mas et al., 2003b). Hence, their 
interaction is tightly controlled through several mechanisms. For instance, the 
time-dependent and tissue-specific interaction of TOC1 and PRR3 prevents ZTL 
interaction with TOC1, and thus impeding TOC1 degradation (Para et al., 2007, 
Fujiwara et al., 2008). Also, TOC1 nuclear accumulation is enhanced by its 
interaction with PRR5, which prevents the cytoplasmic degradation of TOC1 by 
ZTL (Wang et al., 2010). In addition, ZTL stabilization by the blue-light-
dependent interaction with GI enhances the stability and oscillation of TOC1 
and PRR5 (Kim et al., 2007, Fujiwara et al., 2008), which in turn are also 
regulated through degradation by direct interaction with the two other ZTL 
homologs, FKF1 and LKP2 (Baudry et al., 2010, Wang et al., 2010).

Protein phosphorylation is also important in the regulation of several clock 
components. Specifically for TOC1 and PRR5, their increased phosphorylation 
leads to enhance binding to ZTL, therefore favoring their degradation (Fujiwara 
et al., 2008). On the other hand, phosphorylation of TOC1 and PRR3 is 
necessary for their interaction so that TOC1 protein stability is regulated by a 
complex phosphorylation-dependent mechanism (Fujiwara et al., 2008). The 
kinases responsible for the rhythmic phosphorylation of TOC1 and PRR5 
remain unknown (Figure 4).
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TOC1 protein also directly interacts with additional clock components. For 
instance, direct interaction of TOC1 with CCA1 HIKING EXPEDITION (CHE), a 
transcription factor of the TEOSINTE BRANCHED 1, CYCLOIDEA AND 
PROLIFERATING CELL FACTOR 1 & 2 (TCP) family, was proposed to be 
important for CCA1 repression (Pruneda-Paz et al., 2009). Furthermore, TOC1 
also interacts with the EC through direct association with ELF3. The EC can 
also interact with LWD1 through the presence of the photoreceptor PHYB 
(Huang et al., 2016). Although the functional relevance of these interactions 
remain to be fully explored, the results open the possibility of a direct link 
between light input and the central oscillator through protein-protein interactions 
(Huang et al., 2016).

In addition to clock components, recent studies have shown that TOC1 can also 
physically interact with the transcription factors PIF3 and PIF4 (Soy et al., 2016, 
Zhu et al., 2016, Martin et al., 2018). PIFs have been described as been 
involved in a myriad of developmental processes (Leivar and Quail, 2011), one 
of them being their collective activity to promote maximal hypocotyl elongation 
at dawn (Nozue et al., 2007). Even though PIF transcription is known to be 
circadianly regulated (Yamashino et al., 2003, Kidokoro et al., 2009), their 
interaction with TOC1 and other members of the PRR family has been recently 
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Figure 4. TOC1 post-translational regulation in the Arabidopsis central oscillator. 
Scheme describing the main components of the post-translational regulatory circuits in the 
Arabidopsis circadian clock involving TOC1. Arrows indicate the fate of clock proteins in the 
plant cell. P refers to phospho groups, Ub to ubiquitin and blue bolt to blue light sensing 
(Please see section 2.1.1.2. for details). (Modified from Nohales and Kay. 2016).
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shown to be important for the joint regulation of PIF activity by sequential 
modulation of common PRR-PIF target genes, which ultimately control proper 
hypocotyl growth (Martin et al., 2018). PIF interaction with TOC1 provides a 
mechanism for integrating circadian clock regulation to exogenous signal 
prediction in order to coordinate growth and development.

2.1.1.3. Epigenetic regulation of TOC1 rhythmic oscillation

Changes in chromatin architecture are directly linked to regulation of gene 
expression. Modifications of DNA and histones affect the degree of chromatin 
compaction and therefore modulates the accessibility of the transcriptional 
machinery and other regulators to chromatin (Li et al., 2007). Histones are 
modified at their N-terminal tails by a number of covalent modifications, 
including among others acetylation, methylation and ubiquitination. Histone 
hyper-acetylation has been proposed to open chromatin conformation, therefore 
facilitating transcriptional activation. Histone hypo-acetylation on the other hand 
correlates with transcriptional repression by chromatin compaction (Sequeira-
Mendes et al., 2014).

Over the years, a number of regulatory activities have been identified at the 
TOC1 promoter, including a complex array of clock transcription factors as well 
as chromatin-related activities. The first report correlating the rhythmic 
oscillation of TOC1 gene expression with changes in chromatin conformation 
showed the circadian changes in histone H3 acetylation at the TOC1 promoter 
(Perales and Mas, 2007). The study demonstrated that the mechanism behind 
TOC1 repression by CCA1 might involve increased H3 deacetylation (Perales 
and Mas, 2007). Indeed, CCA1 over-expression favored a hypo-acetylated 
state of H3 at the TOC1 promoter correlating with its transcriptional repression. 
Contrarily, RVE8, the MYB transcription factor with high sequence homology to 
CCA1 and LHY mentioned above, facilitated a hyper-acetylated state of H3 that 
correlated with increased TOC1 transcriptional accumulation during its circadian 
raising phase (Perales and Mas, 2007, Farinas and Mas, 2011, Malapeira et al., 
2012). Thus, and despite the sequence similarity, CCA1 and RVE8 play 
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antagonistic functions in the epigenetic and transcriptional regulation of TOC1 
expression (Farinas and Mas, 2011).

The rhythmic oscillation of H3 acetylation and deacetylation as well as other 
chromatin modifications are not exclusive to the TOC1 locus, as they were also 
described at the promoters of other oscillator genes such as CCA1, LHY, 
PRR9, PRR7, GI and LUX, thus suggesting a coupling between histone 
modifications and the generation of rhythms at the core of the circadian clock 
oscillator (Ni et al., 2009, Malapeira et al., 2012, Song and Noh, 2012). Spatio-
temporal studies of chromatin transitions at the loci of core circadian genes 
showed that the accurate timing and combinatorial accumulation of H3 
acetylation and H3K4 trimethylation (H3K4me3) at the 5’ end of the genes are 
essential for their proper transcriptional regulation. Interestingly, these two 
histone marks oscillated with different phases, thus suggesting a degree of 
specificity in their activating roles within the core circadian genes. Additionally, 
low H3K4me3 levels were shown to correlate with increased clock repressor 
binding, therefore indicating a role of this histone mark in the proper control of 
the activation to repression transition (Malapeira et al., 2012). It is noteworthy 
that the coupling of circadian clock gene activation with changes in H3 
acetylation and H3K4me3 is a common chromatin-dependent activation 
mechanism shared by the plant and mammalian circadian systems.

2.2. Input pathways: synchronization of the circadian clock

The predictable diurnal changes in environmental signals synchronize the 
circadian rhythms in resonance with the day and night cycles. Two of the main 
synchronizers of the plant circadian clock are light and temperature. Light plays 
a major role setting the pace of the clock. Light intensity and quality can affect 
gene transcription (Lu et al., 2009, Rugnone et al., 2013), mRNA stability (Yakir 
et al., 2007), translation (Kim et al., 2003) and protein stability (Mas et al., 
2003b, Kim et al., 2007, Yu et al., 2008). However, how this information is 
transmitted to and incorporated by the central oscillator is not fully understood. 
Clock synchronization was proposed to occur by the alteration of core clock 
gene expression and protein activity. These changes are ultimately translated 
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into variations in amplitude, period and phase of the rhythms. In this way, the 
endogenous internal period of the clock is daily adjusted every day to the 
external environmental time.

Given the importance of light as a clock synchronizer and resetting signal, its 
perception and signaling are in turn regulated by the clock. Photoreceptors are 
circadianly regulated (Fankhauser and Staiger, 2002), and several other clock 
and light-signaling components are also involved in modulating light sensitivity 
to the clock (Li et al., 2011, Wenden et al., 2011). In Arabidopsis, red and far-
red light are sensed by the members of the phytochrome photoreceptor family 
(PHYA to PHYE) (Sharrock and Quail, 1989, Clack et al., 1994, Rockwell et al., 
2006). Cryptochromes (CRY1, 2 and 3) are responsible for the UV-A/blue light 
perception (Ahmad and Cashmore, 1993, Lin et al., 1996) together with 
phototropins (PHOT1 and PHOT2) (Huala et al., 1997, Kagawa et al., 2001), 
members of the ZTL family (Nelson et al., 2000, Somers et al., 2000, Schultz et 
al., 2001) and UV-B RESISTANCE 8 (UVR8) as the UV-B light photoreceptor 
(Rizzini et al., 2011).

The role of some of these photoreceptors in the light input to the clock has been 
identified. For instance, the blue-light photoreceptor ZTL is involved in clock 
protein stability and the mechanistic behind this regulation has been well 
described (see section 2.1.1.2.). Indeed, as mentioned above, the TOC1-ZTL 
interaction is important for regulation of TOC1 protein stability and proper 
control of circadian period by the clock (Mas et al., 2003b). Phytochromes, 
cryptochromes and UVR8 photoreceptors are also involved in clock 
synchronization but the mechanisms behind their function are less well known. 
Phytochromes are necessary for sustaining proper circadian period (Devlin and 
Kay, 2000). Analyses of phytochrome-null-mutants showed that low and high 
light fluence rates affect period length in opposite ways. This suggests a 
possible antagonistic role of the inactive and light-activated forms of 
phytochromes in the determination of the clock’s pace (Hu et al., 2013). PHYB 
signaling is required in the nucleus in order to sustain rhythmicity in response to 
red light (Jones et al., 2015). PHYB can also bind directly to multiple clock 
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proteins in a light-dependent manner (Yeom et al., 2014). For instance, PHYB 
interacts with ELF3 and the photomorphogenesis repressor CONSTITUTIVE 
PHOTOMORPHOGENIC 1 (COP1). The functional interaction is important in 
the control of the photoperiodic regulation of flowering time through the 
destabilization of GI cyclic accumulation. The complex thus allows temporal 
information of seasonal changes to be transferred from photoreceptors to the 
circadian clock in order to allow the resetting and permit the transition to 
flowering (Liu et al., 2001, Yu et al., 2008). Moreover, affinity purification and 
mass spectrometry studies have shown that in addition to this interaction, PHYB 
also plays a role in mediating ELF3’s interaction with several other components 
of different process (Huang et al., 2016).

The convergence of light signaling and circadian rhythmicity is well exemplified 
in many clock components. For instance, the transcriptional regulation of ELF4 
requires the coordination of both light and the clock for its proper rhythmic 
expression (Li et al., 2011). Three positive regulators of PHYA signaling, 
ELONGATED HYPOCOTYL 5 (HY5), FAR RED IMPAIRED RESPONSE 1 
(FAR1) and FAR RED ELONGATED HYPOCOTYL 3 (FHY3) bind directly to the 
ELF4 promoter to progressively promote its expression during the day (Li et al., 
2011). ELF4 activation is inhibited at dawn by the repressive action of the core 
clock components CCA1 and LHY (Li et al., 2011).

In addition to light, the circadian clock can also be entrained by temperature. 
The transcription of several clock genes is sensitive to temperature. The 
temperature-dependent regulation of PRR7 and PRR9 play an important role in 
temperature responsiveness (Salome and McClung, 2005). Repression of 
PRR7 by direct binding of HEAT SHOCK TRANSCRIPTION FACTOR B2B 
(HSFB2B) has been proposed to be involved in temperature resetting (Kolmos 
et al., 2014). On the other hand, low temperature entrainment has been shown 
to act through the transcriptional regulation of LUX by the cold-induced 
transcription factor C-REPEATED/DRE BINDING FACTOR 1 (CBF1) (Chow et 
al., 2014). It is noteworthy that HSFB2B and CBF1 are both regulated by the 
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circadian clock. These results open up the possibility of the clock gating its own 
sensitivity to external environmental cues.

Besides transcriptional regulation, temperature variations have been found to 
influence clock gene expression through alternative splicing. Various clock 
genes undergo alternative splicing, including CCA1, LHY, RVE8, PRR7, PRR9, 
TOC1, ELF3 and GI (James et al., 2012, Wang et al., 2012, Kwon et al., 2014). 
Even though other processes have been reported to influence alternative 
splicing of clock genes (Kwon et al., 2014, Mancini et al., 2016), the abundance 
of various splicing variants seems to be regulated overall by temperature 
(James et al., 2012, Seo et al., 2012). 

In spite of its ability to reset and entrain every day the clock, changes in 
temperature can be also buffered by the clock in order to maintain a relatively 
constant pace (Gould et al., 2006). This property, known as temperature 
compensation, is intrinsic to circadian oscillators and ensures the accuracy of 
the clock regardless the temperature changes within a physiological range. 
PRR9, PRR7, CCA1, LHY and GI have been described as important players in 
this mechanism. PRR7 and PRR9 are necessary for temperature entrainment of 
the Arabidopsis clock as double mutant prr7-3/prr9-1 plants are not able to 
properly respond and entrain to variations in temperature (Salome and 
McClung, 2005). Further analyses showed that the inability of prr7-3/prr9-1 to 
maintain proper circadian rhythmicity in response to changes in temperature is 
due to the increased activation of CCA1 and LHY. Indeed, PRR7 and PRR9 are 
in charge of repressing CCA1 and LHY expression during the early morning 
(Nakamichi et al., 2010). Induced down-regulation of these morning-expressed 
genes in the prr7/prr9 double mutant rescued the long period phenotype and 
abolished the over-compensation defects observed at high temperatures 
(Salome et al., 2010). Moreover, proper GI expression is needed to extend the 
range of temperatures at which robust and accurate circadian rhythmicity can 
be maintained. This is achieved by GI-mediated regulation of CCA1 and LHY 
expression in a temperature-dependent manner (Salome and McClung, 2005, 
Gould et al., 2006). Other studies have shown that the molecular mechanism 

�23



Introduction

underlying temperature compensation might rely on the balance between two 
antagonistic activities: phosphorylation by the protein kinase CK2 (CASEIN 
KINASE 2) and the transcriptional activity of CCA1. Both activities are 
antagonistic but they are similarly regulated by high temperature. As CCA1 
function is essential for maintaining the period of the clock, its regulation by CK2 
provides an accurate means for avoiding that the clock runs faster at high 
temperatures (Portoles and Mas, 2010).

Besides light and temperature, other external stimuli can play a role on clock 
synchronization. For instance, PRR7 is transcriptionally repressed by 
photosynthetically-derived sugars (Haydon et al., 2013). PRR7 repression 
results in an early activation of CCA1 (at the so-called metabolic dawn), thus 
contributing to the gated entrainment of the Arabidopsis circadian oscillator 
(Haydon et al., 2013).

2.3. Output pathways: biological processes under circadian control

As mentioned in section 1, the circadian clock controls the rhythmic oscillation 
of a myriad of processes that are essential for plants. Some of these processes 
include among others, photoperiodic flowering, metabolism, hormone signaling, 
responses to biotic and abiotic stresses and growth responses. In the following 
sections, we briefly describe some studies reporting the connection of the 
circadian clock with hypocotyl elongation and leaf growth, as these processes 
are directly related to the results described in this Thesis.

2.3.1. Circadian regulation of hypocotyl elongation

Hypocotyls in dicotyledonous plants are stems that connect the leaves or 
cotyledons with the seedling root. After seed germination and radical 
emergence, hypocotyls rapidly elongate in a process that is controlled by a vast 
number of external and internal cues (Vandenbussche et al., 2005). Due to their 
plasticity and morphological simplicity, hypocotyls have become a recurrent 
model in the study of various processes controlling their growth and cell 
expansion.
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Light, gravity, temperature, hormone and the circadian clock directly influence 
hypocotyl growth (Vandenbussche et al., 2005). Hypocotyls follow a phototropic 
growth response after germination by bending and growing toward light. This 
process is characterized by an uneven elongation of their cells (Gendreau et al., 
1997). Seedling growth under dark conditions or skotomorphogenesis renders 
highly elongated hypocotyls due to a rapid response of plants germinating 
under the soil (Gendreau et al., 1997). The induction of the photomorphogenic 
program by light relies on the action of a vast array of photoreceptors including 
PHYs, CRYs and PHOTs (Kami et al., 2010). Consistent with their role, loss-of-
function mutants of the photoreceptors showed long hypocotyl phenotypes 
under different quality and intensity of light.

The mechanisms governing hypocotyl elongation are different in seedling grown 
in the presence or absence of light. Under constant darkness cells at the base 
of the hypocotyl are the first ones to elongate, followed by those in the middle 
and finally the ones close to the apex. Under constant light conditions, 
hypocotyl elongation is very much reduced and only a slight expansion is 
observed in epidermal cells. Additionally, DNA content analysis of hypocotyl 
cells showed that seedlings grown under dark conditions showed an extra 
round of endoreplication (please see section 3) compared to seedlings grown 
under light (Gendreau et al., 1997).

The circadian clock plays an essential role in the regulation of hypocotyl 
elongation. Although growth under constant darkness is arrhythmic (Nozue et 
al., 2007), under constant light conditions, hypocotyl growth follows a circadian 
pattern, with fastest growth around the subjective dusk (subjective is the name 
assigned to the day and night cycle under constant, free-running conditions). 
The rhythmic elongation is affected in several clock mutants leading to long or 
short hypocotyl length phenotypes depending on the light conditions and the 
genotypes. These results clearly show a direct connection of the circadian clock 
regulating hypocotyl growth. Notably, under light/dark cycles the peak of 
hypocotyl rhythmic growth is shifted 12h compared to free-running conditions 
(Dowson-Day and Millar, 1999, Nozue et al., 2007). The molecular mechanism 
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behind this regulation relies on the light and clock regulation of two bHLH (basic 
Helix-Loop-Helix) transcription factors, PIF4 and PIF5, whose activity directly 
correlates with growth (Nozue et al., 2007). Under light-dark cycles, the 
expression patterns of these positive regulators of hypocotyl growth correlate 
with the end of night phase of elongation. During the day, PIF4 and PIF5 protein 
abundance is negatively regulated by light, whereas the clock in turn represses 
their transcript accumulation during the early night. At the end of the night, the 
clock repression on PIF4 and PIF5 transcripts is relieved, enabling protein 
accumulation and function. The coincidence of high transcripts and protein 
accumulation at the end of the night, allows PIF4 and PIF5 to promote 
hypocotyl growth. Additionally, the circadian regulation of PIF4 and PIF5 relies 
on their early evening repression by the EC (Nusinow et al., 2011). The activity 
of PIF4 is inhibited through the direct interaction with ELF3 (Nieto et al., 2015) 
during the early night (Nozue et al., 2007).

Plants miss-expressing TOC1 display significant hypocotyl phenotypes. The 
circadian oscillation of TOC1 is antiphasic with the transcriptional activation of 
PIF3, specifically under Short-Day conditions. In fact, and as mentioned above, 
TOC1 directly interacts with PIF3 after dusk and repress its transcriptional 
activity. The decreasing accumulation of TOC1 from the middle of the night 
relieves the repression on PIF3 and thereby, aiding in the control of PIF-related 
growth just before dawn (Soy et al., 2016). Similarly to what it was proposed for 
flowering time, hypocotyl elongation might be controlled by an external 
coincidence model by which hypocotyl growth relies on the coincidence of a 
particular phase of the external light-dark cycle with the oscillatory phase of a 
molecular component essential for growth (Niwa et al., 2009).

2.3.2. Circadian regulation of leaf growth

Leaf growth is regulated by many exogenous (e.g. temperature, light, water and 
carbon availability) and endogenous factors (e.g. developmental stages, cell 
cycle). The interaction among these factors and pathways ultimately determines 
optimal leaf growth. Notably, leaf expansion in vascular plants present a 
rhythmic diurnal growth and in some cases, this is maintained under constant 
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light and temperature conditions (Walter et al., 2009). Despite its relevance, 
little is known about the spatiotemporal mechanisms underlying circadian 
control of rhythmic leaf growth (Walter et al., 2009).

Studies using the model plant Arabidopsis revealed that during early stages, the 
rhythmic growth oscillated with a 24-hour period, with maximum growth during 
the day and with a trough at night (Poire et al., 2010). Interestingly, the 
maximum rate of leaf growth shifted towards the night, with low growth rates 
during the day at later stages of development (Poire et al., 2010). This occurred 
progressively over time and has been described as the result of the shift from 
metabolic growth control during the day at early stages to hydraulic growth 
control during the night at older stages of development. The maximum growth 
rate shift has been proposed to be a response to the transition of leaf growth 
limitation from carbon to water (Pantin et al., 2011).

With the aim of elucidating the molecular mechanisms by which the circadian 
clock may regulate growth during leaf development, recent studies have 
showed the importance of the clock component ELF3 in the maintenance of 
rhythmic leaf growth (Dornbusch et al., 2014). In Arabidopsis, leaf growth 
preceded upward leaf movement (hyponasty) by several hours, and both of 
these processes displayed circadian oscillations. ELF3 is required for the proper 
phasing between elongation growth in leaves and upward leaf movement. 
Consistent with this notion, leaf growth in early developing leaves of elf3 
mutants showed that the peak of maximum growth rate moved towards the end 
of the night while the wild-type maximum growth peaked during the day 
(Dornbusch et al., 2014). Furthermore, similar to hypocotyl growth, leaf growth 
also relies on the interplay between light and the circadian clock. However, the 
molecular mechanisms underlying these regulations seemed to differ. Indeed, 
analysis of leaf growth in the pif4/pif5 mutant revealed that PIF4 and PIF5 are 
not essential for sustaining rhythmic leaf growth although they influence its 
amplitude (Dornbusch et al., 2014). Overall, these results highlight the 
importance of light and the circadian clock shaping the rhythms of growth in 
young leaves.
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3. The cell cycle in plants

Plant growth and development also rely on a flexible and highly controlled 
balance between cell division and cell expansion, which are controlled by the 
different variants of the cell cycle. Studies carried on Arabidopsis have 
contributed to our understanding of how these processes control growth and 
development. The results described in this Doctoral Thesis link the circadian 
clock function with plant growth through the regulation of cell cycle progression. 
Therefore, in the next sections, we briefly described the role of the cell cycle 
controlling leaf development. We also describe the cell cycle machinery, 
including the mitotic cycle and the endocycle. The section ends with a brief 
description of the S-phase and the role of CDC6 (CELL DIVISION CONTROL 6) 
within the cell cycle.

3.1. Role of the cell cycle controlling leaf growth

Post-embryonic plant development relies primarily on the ability to produce 
leaves, which are the plant’s main photosynthetic organs (Barber, 2009, Zhu et 
al., 2010). In eudicots, leaves are initiated at the flank of the shoot apical 
meristem (SAM) in a zone known as primordium (Efroni et al., 2010, Traas and 
Moneger, 2010). Initially, growth is sustained by cell division (mitotic cycle) 
throughout the entire primordium generating new cells of relative constant and 
small size in what is known as proliferation. Later in development, and once 
proliferation has stopped, cells increase their size rapidly, mainly by cell 
expansion (Donnelly et al., 1999, De Veylder et al., 2001, Breuninger and 
Lenhard, 2010). This occurs by cell wall loosening, which allows cell growth 
(Cosgrove, 2005). Interestingly, inhibition of cell proliferation is very often 
compensated by an enhancement of cell expansion, and an increase in cell 
proliferation can be balanced by decreased cell expansion, so that the effects 
on the whole size are often diminished (De Veylder et al., 2001, Tsukaya, 2002, 
Beemster et al., 2003, Tsukaya, 2003) (Figure 5). The duration of proliferation 
and expansion as well as the appropriate timing for the transition remain key 
processes in the determination of the final organ and therefore plant size 
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As for hypocotyls, leaf cell expansion is often associated with endoreplication, a 
variant of the cell cycle in which successive rounds of DNA replication occurs 
without further division (Beemster et al., 2005) (please see section 3.3). During 
the transition from proliferation to expansion cells stop dividing gradually from 
the tip to the base of the leaf as they exit the mitotic cycle. Meanwhile, they start 
to expand in the same direction (Donnelly et al., 1999, Nath et al., 2003). Thus, 
at the cellular level, cell division and cell expansion are essential for the final 
leaf size. Leaf development is extremely plastic and besides the balance 
between cell growth and division rates, final leaf size depends on genetic 
predisposition, leaf position, and environmental conditions (Andriankaja et al., 
2012).

Because of the importance of the mitotic cycle as basis for growth by 
proliferation and the endocycle as indicator of growth by cell expansion, the 
plant cell cycle has been studied for a number of years in plants. Studies carried 
on the model plant Arabidopsis, revealed that many of the cell-cycle-related 
genes share similarities with their homologues in yeast and animals, while most 
of them are encoded by multiple loci. Key elements and pathways have been 
discovered and new players are being identified and characterized.
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Figure 5. Kinematics parameters of leaf growth during development. Diagrammatic 
scheme illustrating the phases of leaf growth during time. On the left axis and in yellow the 
curve depicts the timing of cell division during the phase of proliferation (yellow box). On the 
right axis and in green the curve depicts the timing of cell elongation during the phase of 
expansion (green box). The box in gray indicates the maturity phase in which cells have 
stopped proliferating and elongating (Modified from Fiorani and Beemster 2006).
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3.2. The plant mitotic cycle

As in other eukaryotes, the plant mitotic cycle consists of four consecutive 
phases: the Gap 1 phase (G1-phase), the DNA synthesis (S-phase), the Gap 2 
phase (G2-phase) and mitosis (M-phase). A highly conserved basic molecular 
control of the mitotic cycle progression relies on the oscillatory activation/
deactivation of CYCLIN-DEPENDENT KINASES (CDKs) (Francis, 2007). The 
interaction of these kinases with the key cell cycle components cyclins (CYCs) 
triggers the transition from G1 to S-phase (G1/S) and from G2 to M-phase (G2/
M) (Figure 6).

The oscillatory pattern of CDK phosphorylating activity specifically at the G1/S 
and G2/M transitions ensure the unidirectional progression of the cell cycle. 
Their function is particularly relevant at the onset of DNA replication (S-phase) 
and mitosis (M-phase). CDKs are regulated at multiple levels, including 
transcriptional control, protein-protein interactions, post-translational 
modifications and degradation (Inagaki and Umeda, 2011). In Arabidopsis, eight 
classes of CDKs have been identified (A-type to G-type and CDK-like kinases, 
CDKLs). Only the A-type (CDKA) and B-type (CDKB) CDKs have been clearly 
shown to be directly involved in the control of the cell cycle progression 
(Vandepoele et al., 2002, Menges et al., 2005, Dudits et al., 2007, Andersen et 
al., 2008).

CDK activity relies on the timely regulated direct interaction with CYCs, which 
provide substrate specificity. CYCs display phase-specific patterns of 
expression along the cell cycle, thus defining the timing of the CDK-CYC protein 
complex activity (Inagaki and Umeda, 2011). Although a large number of cyclin-
related proteins have been found in Arabidopsis, only 32 have been proposed 
to play a role in cell cycle regulation (Menges et al., 2005). Broadly speaking, A-
type cyclins (CYCAs) control S- to M-phase progression, B-type cyclins 
(CYCBs) control the G2/M transition and M-phase progression, while D-type 
cyclins (CYCDs) control the G1/S transition (Inze and De Veylder, 2006). 
CYCDs are also involved in the regulation of cell proliferation in response to 
endogenous and exogenous stimuli like hormone signaling and nutrient 
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availability that are sensed during G1 (Riou-Khamlichi et al., 2000, Menges et 
al., 2006, Dewitte et al., 2007).

CDKs are controlled not only by cyclins as activators but also by a wide array of 
inhibitors that directly bind to CDKs to negatively regulate their activity (Morgan, 
1997, Nakayama and Nakayama, 1998). Two classes of main CDK inhibitors 
have been described in plants. The first class, the so-called Kip-related proteins 
(KRP) or CDK inhibitors (CKI) includes a family of small proteins with a specific 
C-terminal domain (CTD) that is necessary for inhibition of CDK activity (De 
Veylder et al., 2001, De Clercq and Inze, 2006). In Arabidopsis, the KRP family 
is composed of seven members, ICK1/KRP1, ICK2/KRP2 and KRP3 to KRP7 
(De Veylder et al., 2001). Over-expression of some of these members result in 
strong inhibition of the overall organ growth and morphology, suggesting a role 
for these proteins in repressing the progression of the mitotic cycle (Wang et al., 
2000, De Veylder et al., 2001, Zhou et al., 2003). Supporting this idea, yeast 
two-hybrid analyses showed that all KRPs except KRP5 are able to bind to 
CDKA;1 (De Veylder et al., 2001) and inhibit the activity of the CYCD-CDKA 
protein complex. Furthermore, all KRPs interact with at least one member of the 
CYCD sub-families (Wang et al., 1998, Zhou et al., 2003).

The second class of CDK inhibitors is composed of the plant-specific proteins 
SIAMESE (SIM) and SIM-related (SMR) (Churchman et al., 2006). The proteins 
show sequence similarities with KRPs in their C-terminal cyclin-binding domain 
(Churchman et al., 2006, Peres et al., 2007). SIM was shown to repress the 
mitotic cycle in endoreplicating trichomes (Walker et al., 2000) and was 
suggested to function as a repressor of the G2/M transition, promoting 
endoreplication by inhibiting CDK activity (Churchman et al., 2006). The 
expression of other SMR genes is regulated in response to external stress 
conditions (Peres et al., 2007, Yi et al., 2014), suggesting that these SMRs 
might be important for adapting the cell cycle progression in response to 
external stimuli.
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The activity of CDK-CYC complexes is also regulated through various post-
translational modification events. Among them, the timely controlled ubiquitin-
mediated protein degradation is one of the key mechanisms assuring the 
unidirectional progression of the cell cycle (Frescas and Pagano, 2008, Pesin 
and Orr-Weaver, 2008, Marrocco et al., 2010). Positive and negative cell cycle 
regulators are degraded in a cell cycle phase-dependent manner and in 
response to endogenous and exogenous stimuli (Marrocco et al., 2010). In all 
cases, ubiquitin E3 ligases mark target proteins for their selective proteolysis by 
the 26S proteasome. Poly-ubiquitinylation by specific E3 ligases is the main 
pathway by which cell cycle proteins are degraded (Pickart, 2001). The 
Anaphase-promoting complex/cyclosome (APC/C) and Skp1/Cullin/F-box (SCF) 
are the major E3 ubiquitin ligases involved in cell cycle control (Vodermaier, 
2004). The SCF E3 ligase is mainly involved in the regulation of the G1/S 
transition while the APC/C E3 ligase is mostly implicated in the mid-M-phase to 
end of the G1 progression during the mitotic cycle (Komaki and Sugimoto, 
2012). Although the APC/C complex was initially described as having a function 
restricted to the mitotic cycle, recent evidence suggests that the APC/C complex 
is not only relevant during the mitotic cycle but it is also involved in post-mitotic 
cell differentiation, as the different subunits of the complex are clearly 
expressed in mature leaves (Marrocco et al., 2009).

Another important mechanism of cell cycle control, in particular for the G1/S 
transition, is the E2F-RBR (E2 promoter-binding factor - Retinoblastoma-
related) pathway. E2Fs are transcription factors necessary for the transcriptional 
activation of genes required in the cell cycle progression and DNA replication 
(Dyson, 1998, van den Heuvel and Dyson, 2008). E2F target genes are 
involved in the initiation and progression of DNA replication, DNA repair, and 
chromatin regulation (Ramirez-Parra et al., 2003, Vandepoele et al., 2005, 
Takahashi et al., 2008, Takahashi et al., 2010). E2F form heterodimers with 
dimerization partner (DP) proteins in order to bind to the E2F-binding sites 
present on the promoters of their target genes (Ramirez-Parra et al., 2003). 
Three typical E2F proteins (E2Fa, E2Fb and E2Fc) and two DP proteins (DPa 
and DPb) have been identified in Arabidopsis. E2Fa and E2Fb dimerize with 
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DPa and function as transcriptional activators (De Veylder et al., 2002, 
Rossignol et al., 2002, Magyar et al., 2005, Sozzani et al., 2006) while E2Fc 
dimerizes with DPb and acts as a transcriptional repressor (del Pozo et al., 
2002, del Pozo et al., 2006). The regulation of the E2F-DP complex activity is 
mediated by its interactions with the negative regulator RBR (Retinoblastoma-
related protein). Hypo-phosphorylation of RBR due to low activity of the CDK-
CYC complex allows RBR interaction with the E2F-DP heterodimer, and thus 
impeding them from binding to their targets. On the other hand, CDK-mediated 
phosphorylation of RBR during the G1-phase releases a functional E2F-DP 
heterodimer that will be able to activate the key genes essential for driving the 
G1/S transition and S-phase progression (Dyson, 1998, Shen, 2002, Attwooll et 
al., 2004).

In addition to typical E2F proteins, plants also display atypical E2Fs (Lammens 
et al., 2009). In Arabidopsis, three atypical E2F factors have been identified 
(E2Fd/DEL2, E2Fe/DEL1 and E2Ff/DEL3, DEL stands for DP-E2F-like) 
(Vandepoele et al., 2002). They can bind directly to DNA without 
heterodimerizing with DP proteins (Kosugi and Ohashi, 2002, Mariconti et al., 
2002, Lammens et al., 2009). The absence of a Rb-binding domain suggests 
that they are not regulated by RBR (Lammens et al., 2009). However, they can 
compete with typical E2Fs to transcriptionally repress their targets (Kosugi and 
Ohashi, 2002, Mariconti et al., 2002). E2Fe/DEL1 has been shown to inhibit 
endoreplication in proliferating cells through the repression of the endocycle 
positive regulator CELL CYCLE SWITCH PROTEIN 52 A2 (CCS52A2), which is 
an activator subunit of the APC/C complex (Vlieghe et al., 2005, Lammens et 
al., 2008). Although E2Fd/DEL2 has been shown to affect several cell cycle 
regulators, thus far no direct targets have been identified (Sozzani et al., 2010).

3.3. The plant endocycle

The endocycle is a cell cycle variant of the mitotic cycle in which cells duplicate 
their nuclear DNA content without further division in a process known as 
endoreplication. This results in cells with multiple copies of their DNA, which are 
referred as polyploids. Endoreplication is often associated will cell expansion 
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and differentiation, therefore the switch from a mitotic cycle to an endocycle 
tends to correlate with the passage from cell proliferation to cell differentiation 
(Inagaki and Umeda, 2011, Edgar et al., 2014). Endocycles share much of the 
molecular machinery from the G1/S transition and S-phase progression of 
mitotic cycles. The main difference with the mitotic cycle resides on the lack of 
chromosome segregation and division. In this section, we provide a brief 
overview on the molecular machinery governing the onset and progression of 
the endocycle (Figure 6).

As mentioned above, CDKs are the main regulators of cell cycle progression. 
They can be classified according to their phase-specific role as mitotic CDKs 
(M-CDK), in charge of safeguarding the G2/M transition, and S-phase CDKs (S-
CDK), in charge of securing the G1/S transition and progression. Cells 
undergoing endoreplication need to overcome the events linked to mitosis, 
without blocking DNA replication, by inhibiting M-CDKs and promoting S-CDKs 
activity. It was proposed that a higher threshold of CDK activity seems to be 
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Figure 6. Highlight of the events linked to DNA replication during cell cycle 
progression. This simplified depiction of the mitotic cycle (left) and the endocycle (right) show 
the main events related to DNA replication. These are mainly situated during the G1-phase 
(DNA licensing and ORI specification) and the S-phase (chromatin duplication) when 
replication actually takes place. The general molecular mechanism behind DNA replication are 
the same for both variants of the plant cell cycle (Modified from Gutierrez 2016).
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required for progression into mitosis rather than reentry into S-phase (Stern and 
Nurse, 1996). Endocycling cells maintain oscillatory patterns of S-CDK activity 
in order to allow the transition from G1 to S-phase. During the G1, low levels of 
CDK activity enable the assembly of the pre-RC (pre Replication Complex) at 
origins of replication, which will serve as DNA replication starting points. 
Previous studies on different eukaryotes models have described the CDK-
dependent mechanisms by which M-CDKs suppress the assembly of the pre-
RC during the mitotic cycle which involve mainly targeted protein 
phosphorylation (Remus and Diffley, 2009). However how S-CDKs accomplish 
this same function in endoreplicating cells is still not clear (Edgar et al., 2014).

In plants, CDKA acts as both M-CDK and S-CDK while CDKBs only as M-CDK 
(Boudolf et al., 2004, Nowack et al., 2012). Down-regulation of their activity can 
be achieved by transcriptional repression of CYCs. For example, repression of 
CYCAs expression suppresses M-CDKs activity leading to increase 
endoreplication, while over-activation of the same family of CYCs reduces 
endoreplication (Imai et al., 2006). Likewise, over-expression of CYCBs can 
inhibit endoreplication onset (Schnittger et al., 2002, Qi and John, 2007, 
Boudolf et al., 2009). Repression of M-CDK activity in order to progress into the 
endocycle can be also regulated by CYC protein degradation through the APC/
C E3 ligase pathway. Three genes encoding for co-activator subunits of the 
APC/C complex have been described in plants. These are CDH1-type proteins 
and are known as CELL CYCLE SWITCH 52 (CCS52) or FZR90 (CCS52A1, 
CCS52A2 and CCS52B). All of them have been shown to promote the onset of 
endoreplication although it is not clear if they contribute to the progression of 
the endocycle itself (Tarayre et al., 2004, Larson-Rabin et al., 2009, Vanstraelen 
et al., 2009, Kasili et al., 2010, Roodbarkelari et al., 2010, Takahashi et al., 
2013).

Besides the mechanisms involving proteolysis of CYCs, the onset and 
progression into the endocycle can also be achieved by down-regulation of 
CDK activity through the action of CDK inhibitors as KRPs. Some members of 
the KRP family have been shown to be involved in the transition and 
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progression of G1/S-phase by inhibiting S-CDK activity, while others as SIM 
have been described as inhibiting both classes of CDKs activity throughout the 
cell cycle (Churchman et al., 2006, Haga et al., 2011). Interestingly, KRPs can 
be degraded by the SCF E3 ubiquitin ligase (Kim et al., 2008, Gusti et al., 2009, 
Roodbarkelari et al., 2010, Zhao et al., 2012), and in turn, the SCF substrate-
specificity is conferred by CDK-dependent phosphorylation. Thus, this 
regulatory network suggests the possible existence of a two-oscillator model in 
which both components will negatively regulate each other. This mechanism 
could explain the inhibition of endoreplication by high levels of KRP activity 
(Weinl et al., 2005, Roodbarkelari et al., 2010, De Veylder et al., 2011). Despite 
the interest of this hypothesis, the full mechanistic details behind KRP 
oscillation still need to be identified. 

Transcriptional regulation through the E2F-RBR pathway has also been shown 
to play an important role in the switch from mitotic cycle to endocycle. High 
levels of E2F-DP transcriptional activator complexes promote endoreplication 
(De Veylder et al., 2002, Rossignol et al., 2002, Magyar et al., 2005) while low 
levels of E2F transcriptional repressors (e.g. E2Fc) inhibit it (del Pozo et al., 
2002, del Pozo et al., 2006). Atypical E2Fs can also influence the onset of 
endoreplication. For instance, E2Fe/DEL1 represses the expression of 
CCS52A2 by direct binding to its promoter. Miss-regulation of E2Fe/DEL1 will 
therefore change the timing of CCS52A2 transcription and disrupt the entry into 
endocycle (Lammens et al., 2008). Overall, the different studies point to a core 
mechanism based on the anti-phasic oscillatory pattern of CDK activity and 
CDK inhibitors. This can be achieved by transcriptional regulation, protein-
protein interaction and targeted proteolysis.

3.4. Importance of G1/S phase transition during the plant cell cycle

Before entering the S-phase, cells need to get ready in order to meet the 
requirements necessary to assure the proper progression of DNA replication. 
The G1-phase serves to prepare the nuclei for entry into S-phase and acts as 
the main integrator between environmental signals and cell cycle activation and 
progression (Inze and De Veylder, 2006). External stimuli are determined by a 
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wide range of signals that can be grouped into the ones promoting the G1/S 
transition and therefore entry into mitosis and the ones inducting arrest at the 
G1/S checkpoint. Plant hormones: auxin, cytokinins and brassinosteroids as 
well as sucrose act as growth promoting factors by inducing the expression of 
CDKA and CYCD and therefore the formation of the CDKA-CYCD complex that 
is responsible for the G1/S transition (Sauter et al., 1995, Riou-Khamlichi et al., 
1999, Hu et al., 2000, Riou-Khamlichi et al., 2000, Richard et al., 2002). On the 
other hand, the hormone ABA (Abscisic acid) and exposure to cold inactivate 
the CDKA-CYCD complex through induction of KRPs expression, resulting in an 
arrest and accumulation of cells at G1 (Redig et al., 1996, Wang et al., 1998, 
Achard et al., 2008). Energy signaling plays a role in cell cycle progression too. 
The plant energetic status sensed by TOR1 kinase (TARGET OF RAPAMAYCIN 
1) can promote G1/S phase progression by direct phosphorylation and 
activation of E2Fa (Xiong et al., 2013). Low energy homeostasis on the other 
hand, induces KRP expression, resulting in G1 arrest, most likely by the action 
of SnRK1 (SUCROSE NON-FERMENTING 1-RELATED KINASE1), a kinase 
involved in the maintenance of cellular energy homeostasis shown to 
phosphorylate KRP6 and KRP7 (Guerinier et al., 2013).

As stated above, the decision to enter a new round of the cell cycle in response 
to growth factors and hormones is made at the G1/S transition (Gutierrez et al., 
2002, Inze and De Veylder, 2006). However, in the absence of these signals, it 
is widely accepted that the CDK-CYCLIN complexes are in charge of controlling 
the transition by regulating two coupled pathways: the inactivation of the RBR/
E2F/DP pathway and the modulation of the pre-RC components, which are 
required for S-phase entry and progression (Nakagami et al., 2002, Uemukai et 
al., 2005, Zhao et al., 2012). Only when all the requirements have been met at 
the G1-phase, cells commit into the S-phase in order to allow genome 
duplication. 

3.5. DNA replication during the S-phase

Most of the euchromatin replicates during the early and mid S-phase while the 
heterochromatin and the remaining euchromatin replicate during the late S-
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phase (Lee et al., 2010). To ensure genome integrity, the initiation, progression 
and finalization of genome duplication are tightly controlled. Different regulatory 
mechanisms are engaged to ensure that DNA replication only occurs once 
every cell cycle round (Susan, 2014).

The first point of control before committing into DNA replication occurs during 
the G1-phase when the potential origins of replication are licensed for later use 
during the S-phase. In plants, as in all eukaryotes, DNA replication origin sites 
are scattered along the genome (Mechali, 2010, Leonard and Mechali, 2013). 
Origins to be used are marked by the sequential and interdependent assembly 
of the pre-RC in a process called origin specification or licensing. This first level 
of regulation is essential to avoid genome instability (Arias and Walter, 2007). 
The pre-RC is a protein complex composed by the six sub-units of the ORIGIN 
RECOGNITION COMPLEX 1-6 (ORC1-6), CDC6, CDT1a (ARABIDOPSIS 
HOMOLOG OF YEAST CDT1A) and the s i x subun i t s o f t he 
MINICHROMOSOME MAINTENANCE complex (MCM2-7). As in other 
multicellular organisms, origin specification in plants is not determined by 
specific DNA sequences. However, it seems that epigenetic modifications as 
DNA methylation and histone modifications play a crucial role in this 
determination. The second point of control, known as origin firing, occurs at the 
G1/S transition and along the S-phase. During this process, only a small 
amount of the previously licensed origins will become active. Pre-RC firing from 
active replication origins relies among others on the selective proteolysis of pre-
RC components, changes in subcellular localization and binding of inhibitors of 
the pre-RC components (Shultz et al., 2007).

The plant pre-RC and other players involved in DNA replication share high 
homology with those described in other eukaryotes (Caro and Gutierrez, 2007, 
Shultz et al., 2007). The shared underlying dynamics of their roles during the 
G1 and S-phases seems to indicate functional homology too. However, some 
studies have shown that plants have developed unique mechanisms to control 
replication, as for example DNA helicase (or MCM complex) release from 
origins of replication only during mitosis (Shultz et al., 2009) (Figure 7).
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3.5.1. Role of CDC6 in the formation of the Arabidopsis pre-replication complex

CDC6 is a key component of the pre-RC, playing a central role for complex 
assembly and maintenance and therefore for the initiation of DNA replication. Its 
importance has been shown in different organisms where its association with 
ORC during G1 has been demonstrated to be essential for licensing origins of 
replication and the subsequent DNA synthesis initiation (Kelly et al., 1993, Liang 
et al., 1995, Piatti et al., 1995, Costas et al., 2011). CDC6 function, together 
with that of CDT1, is essential for the MCM complex recruitment and for the 
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Figure 7. Assembly of the pre Replication Complex. Scheme describing the steps between 
DNA origin specification and entry into the S-phase. For DNA replication to take place DNA 
origins of replication need to be specified. In eukaryotes the assembly of the pre-RC is the first 
step of this process. First, ORC will determine the potential sites for DNA replication to start. 
The recruitment of CDC6, CDT1 and MCM9 proteins is essential for the loading of the 
MCM2-7 complex (helicase) in order to open the DNA double helix and start with replication 
spring the S-phase (Modified from Méchali 2010).
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final conformation of the pre-RC (Bell and Dutta, 2002). Similar to other 
organisms, in the absence of CDC6, plant cells fail to initiate DNA replication 
(Cocker et al., 1996). In contrast, CDC6 over-expression results in extra rounds 
of endoreplication, therefore increasing the cell ploidy (Nishitani and Nurse, 
1995, Muzi Falconi et al., 1996, Wolf et al., 1999, Bermejo et al., 2002).

Plant CDC6 shares some structural characteristics with its homologues in other 
species. CDC6 proteins display a conserved region corresponding to the 
nucleotide triphosphatases family (NTPase) with two peptide motifs (Walker-A 
and B) common to nucleotide binding proteins (Wang et al., 1999). The NTP 
binding domain is essential for its interaction with other components of the pre-
RC (Wang et al., 1999, Mizushima et al., 2000, Castellano et al., 2001). 
Moreover, the presence of consensus CDK phosphorylation sites at the protein 
N-terminal region (Ramos et al., 2001) indicates that as in other eukaryotes, 
Arabidopsis CDC6 may also be regulated by phosphorylation events for 
targeted ubiquitinylation and proteolysis (Elsasser et al., 1999). This regulation 
might be important to allow just one round of DNA replication per cycle.

The similarities among CDC6 in eukaryotes suggest that the specific molecular 
mechanisms of CDC6 activity during DNA replication must be conserved 
(Masuda et al., 2004). Indeed, as in metazoans, plant CDC6 expression is cell 
cycle regulated. Transcripts in Arabidopsis cultured cells accumulate during G1 
followed by a decreased in the S-phase (Castellano et al., 2001, Ramos et al., 
2001). This is also supported by the fact that the levels of other pre-RC 
components in plants and other eukaryotes follow the same expression pattern 
(Kelly et al., 1993, Nishitani and Nurse, 1995, Piatti et al., 1995, Williams et al., 
1997). Another common point in the regulation of S-phase components is their 
up-regulation at the G1/S transition by the E2F/DP pathway. In Arabidopsis, 
nearly all of the pre-RC components display a putative E2F consensus binding 
motif in their promoters (Masuda et al., 2004). In particular, CDC6 showed 
increased accumulation in plants over-expressing the transcriptional activator 
E2Fa/DPa (De Veylder et al., 2002) and decreased levels by over-expression of 
the transcriptional repressor E2Fc (Ramirez-Parra et al., 2003).
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Expression analysis performed in Arabidopsis showed that the activity of the 
CDC6 promoter was localized in cells of rapidly proliferating tissues (e.g. root 
meristems, leaf primordial and young leaves). Interestingly, CDC6 activity was 
also seen in cells of tissues undergoing endoreplication (e.g. etiolated 
hypocotyls, mature leaves). This indicated that CDC6 role in DNA replication is 
important for both the mitotic cycle and the endocyle in plants (Castellano et al., 
2001, Ramos et al., 2001). Moreover, and as mentioned before, over-
expression of CDC6 in Arabidopsis seedlings lead to an increase of the overall 
ploidy level in adult tissues (Castellano et al., 2001). These results indicate that 
ectopic expression of CDC6 is sufficient to induce extra rounds of 
endoreplication in plants. 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Objectives 
The main goal of this Thesis is to understand the cellular and molecular basis 
underlying the circadian control of cell and organ growth in Arabidopsis. In 
particular, we focused on the functional interplay between the circadian 
clock and the cell cycle. This general goal was achieved by several specific 
objectives:

1. To examine the role of the circadian clock on the mitotic cycle and 
growth in developing leaves. We examined leaf area, cell number and cell 
area in Wild-Type and TOC1 miss-expressing plants. The studies also included 
analyses of the average cell division rates and the duration of the G1, S and 
G2/M phases.

2. To examine the role of the circadian clock in the control of 
endoreplication in developing leaves. The studies were completed by 
analyses of ploidy distribution by flow cytometry of leaves in Wild-Type and 
TOC1 miss-expressing plants grown under different photoperiodic conditions. 
The studies also included calculation of the Endoreplication Index of the 
different genotypes under the different conditions.

3. To analyze the expression profiles of core cell cycle genes during 
development in leaves miss-expressing TOC1. We analyzed the expression 
pattern of core cell cycle genes during proliferation, expansion and leaf 
maturation to obtain an overview of the cell cycle gene transcriptional changes 
in plants over-expressing TOC1.

4. To examine the diurnal oscillatory pattern of cell cycle genes in leaves 
of plants miss-expressing TOC1. We explored the diurnal rhythms of key cell 
cycle genes in leaves of plants miss-expressing TOC1. We also used a battery 
of mutant and over-expressing plants in which the accumulation of TOC1 was 
altered.
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5. To elucidate the molecular mechanism coupling the circadian clock and 
the cell cycle. We performed chromatin immunoprecipitation assays in order to 
identify cell cycle gene promoters to which TOC1 might directly bind. We used 
TOC1 over-expressing plants and plants expressing TOC1 under its own 
promoter to identify a possible rhythmic binding.

6. To characterize the CDC6 and TOC1 genetic interaction. We performed 
genetic interaction studies between the DNA replication licensing factor CDC6 
and TOC1. Single and double CDC6 and TOC1 over-expressing plants were 
used to examine the growth phenotypes and polyploidy profiles. The effects of 
TOC1 over-expression on tumor progression were also examined.
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1. TOC1 regulates the timing of cell division in developing leaves

TOC1-ox plants show a dwarf phenotype, with reduced plant size (Figure 8A) 
and small leaves (Figure 8B). At early stages of leaf development, active cell 
division during the mitotic cycle controls growth. To examine the possible 
involvement of TOC1 in cell division, we conducted time course analyses at 
early time points of growth with the first pair of leaves grown under Short Days 
(ShD, 8h light:16h dark) (Figure 9A-C) and Long Days (LgD, 16h light:8h dark) 
(Figure 10A-C).

The blade area of Wild-Type (WT) plants showed a progressive growth, 
consistent with the trend reported by previous studies (De Veylder et al., 2001). 
In contrast, leaf area was considerably reduced in TOC1-ox (Figure 9A); a 
phenotype that was evident at early stages (6 and 7 days after stratification, 
das). Although leaves continued growing over the days, the growth rate in 
TOC1-ox was noticeably reduced compared to WT and resulted in a 60% 
reduction at 9 das (Figure 9A). Leaf epidermal cell number was reduced in 
TOC1-ox at early stages (Figure 9B), which indicate that cell proliferation is 
affected by accumulation of TOC1. Cell area was also reduced in TOC1-ox 
(Figure 9C) suggesting that both the reduced cell number and area contribute to 
the reduction of leaf size. A role for TOC1 controlling the duration of the mitotic 
cycle was supported by the analysis of the average cell division rate, which 
showed a slower speed in TOC1-ox (0.032 cells cell-1 h-1) compared to WT 
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Figure 8. TOC1 over-expression affects plant growth. (A) Representative images of WT 
and TOC1-ox plants at 24 das and (B) rosette leaves from WT (top) and TOC1-ox (bottom) 
plants at 22 das. Leaves are shown from the oldest, including the two cotyledons (left) to the 
youngest (right). (A-B) Plants were grown under LgD.
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(0.050 cells cell-1 h-1) (Figure 11A). A similar reduced leaf area, cell area and cell 
number were observed in TOC1-ox under LgD (Figure 10A-C) which also led to 
a reduced average cell division rate (Figure 11B). Therefore, over-expression of 
TOC1 affects the speed of the cell cycle, altering cell division during the mitotic 
cycle.
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Figure 9. TOC1 modulates growth during leaf development under ShD. Early time course 
analyses of (A) leaf blade area, (B) cell number and (C) cell area of the first leaf pair. (A-C) 
Plants were grown under ShD conditions. Data are represented as the mean + SEM of n ≈ 
10-20 leaves and n ≈ 100 cells. At least two biological replicates per experiment were 
performed.
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Figure 10. TOC1 modulates growth during leaf development under LgD. Early time 
course analyses of (A) leaf blade area, (B) cell number and (C) cell area of the first leaf pair. 
(A-C) Plants were grown under LgD conditions. Data are represented as the mean + SEM of n 
≈ 10-20 leaves and n ≈ 100 cells. At least two biological replicates per experiment were 
performed.

4 5 6 7
0.02

0.04

0.06

0.08
WT
TOC1-ox

Time after stratification (days)

Ce
ll 

di
vi

si
on

 ra
te

 (c
el

ls
 c

el
l-1

h-1
)

4 5 6 7
0.01

0.03

0.05

0.07

0.09
WT
TOC1-ox

Time after stratification (days)

Ce
ll 

di
vi

si
on

 ra
te

 (c
el

ls
.c

el
l-1

.h
-1

)

Figure 11. TOC1 modulates the cell division rate in young developing leaves. (A-B) 
Average cell division rates of abaxial epidermal cells and linear regression analyses of the first 
four points of the kinematic assay. Plants were grown under (A) ShD and (B) LgD conditions.
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Analyses of ztl-3 mutant plants, harboring a mutation in ZTL (Somers et al., 
2000), the F-box protein responsible for TOC1 protein degradation (Mas et al., 
2003b) showed a decreased plant size and leaf area that correlated with 
reduced cell number and cell size (Figure 12A and B, 14A-F), following a similar 
trend to that observed in TOC1-ox. Conversely, toc1-2 mutant plants displayed 
increased leaf size that coincided with higher cell number at early stages of 
development and increased cell area at later stages (Figure 12A and B, 13A-F).
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Figure 12. TOC1 miss-expression affects overall plant growth. (A) Representative images 
of WT, toc1-2 and ztl-3 plants and (B) leaves from WT (top), toc1-2 (middle) and ztl-3 (bottom) 
at 19 das. Leaves are shown from the oldest, including the two cotyledons (left) o the 
youngest (right). (A-B) Plant were grown under LgD.
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Figure 13. TOC1 mutation 
i n c r e a s e s g r o w t h i n 
Arabidopsis leaves during 
development. Time course 
analyses of (A-B) leaf blade area, 
(C-D) cell number, and (E-F) cell 
area of the first leaf pair in toc1-2 
mutants grown under LgD. Values 
of (B) leaf area, (D) cell number, 
and (F) cell area at early stages of 
development are separately 
represented. Data in panel (C) is 
graphed in log2 scale. Data are 
represented as the mean + SEM 
of n ≈ 10-20 leaves and n ≈ 100 
cells. At least two biological 
replicates per experiment were 
performed.
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To determine if a specific cell cycle phase is affected in TOC1-ox, we conducted 
flow cytometry analyses to examine ploidy profiles of leaves from plants grown 
at 9 das under ShD (Figure 15A) or 7 das under LgD (Figure 15D). WT and 
TOC1-ox mostly showed nuclear DNA content (C-values) of 2C and 4C, 
correlating with the high proliferation at this developmental stage (Figure 15A 
and D). Calculation of the relative amount of cells in the G1-, S-, and G2/M-
phases revealed that TOC1-ox leaves displayed a decreased proportion of 
nuclei in S and G2/M phases and a clear enrichment of the G1-phase under 
both ShD (Figure 15B) and LgD (Figure 15E). The data indicates that the G1-
phase takes much longer in TOC1-ox (aprox. 22h) than in WT (aprox. 13h) at 
the expense of a shorter S-phase (1.6h versus 2h in WT) (compare TOC1-ox in 
the outer ring with WT in the inner ring in Figure 15C). A similar trend was 
observed under LgD (Figure 15F). Thus, the slow circadian clock in TOC1-ox 
plants correlates with an extended G1-phase and reduced S-phase. The results 
indicate that TOC1 is important not only for controlling the pace of the clock but 
also the cell cycle.
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Figure 14. Mutation of ZTL 
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development are separate ly 
represented. Data in panel (C) is 
graphed in log2 scale. Data are 
represented as the mean + SEM of 
n ≈ 10-20 leaves and n ≈ 100 cells. 
At least two biological replicates 
per experiment were performed.
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2. TOC1 controls the timing of the endocycle in leaves

Our results suggest that TOC1 regulates the mitotic cycle at early stages of leaf 
development. However, after the mitotic cycle, cells transition to the endocycle 
in which endoreplication predominates at mid and late stages of leaf growth (De 
Veylder et al., 2011). To determine whether in addition to the mitotic cycle, 
TOC1 also regulates endoreplication in leaves, we conducted a time course 
analysis by flow cytometry to examine ploidy of leaves at later stages of 
development (Figure 16A and B). At 13 das, WT plants grown under ShD 
showed around 5% of the nuclei with 8C content, which represent cells entering 
the endocycle (Figure 16C). The frequency of 2C and 4C nuclei progressively 
decreased over time in favor of higher-order C values that can be attributed to 
extra rounds of endoreplication (Figure 16C). In TOC1-ox seedlings at 13 das, 
the 4C/2C ratio was reduced compared to WT (Figure 16D). The sharp 4C 
increase observed in WT was delayed and reached a peak only at 15 das in 
TOC1-ox (Figure 17A) while the marked reduction of the 2C content at 9 to 13 
das observed in WT leaves was less pronounced in TOC1-ox (Figure 16C and 
D). From day 13 onward, the proportion of 8C and 16C nuclei was considerably 
reduced in TOC1-ox compared to WT (Figure 17B and C).
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Figure 15. TOC1 modulates the mitotic cycle in developing leaves. Ploidy distribution by 
flow cytometry of WT and TOC1-ox first pair of leaves at (A) 9 das and (D) 7 das. Estimation 
of the relative amounts of cells in G1, S and G2/M phases in proliferating leaves analyzed by 
flow cytometry at (B) 9 das and (E) 7 das. Estimated duration (hours) of the G1, S and G2/M 
phases at (C) 9 das and (F) 7 das in WT (inner rings) and TOC1-ox (outer rings). (A-C) Plants 
were grown under ShD and (D-F) under LgD conditions. At least two biological replicates per 
experiment were performed.
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Leaf ploidy of plants grown under LgD also revealed a delayed enrichment of 
higher-order C values in TOC1-ox compared to WT (Figure 18A-D and 19A-C), 
suggesting that alteration of endoreplication in TOC1-ox is not dependent on a 
particular environmental condition. The DNA content was eventually reached 
but at a slower pace, suggesting a delayed progression of endoreplication. 
These results are noteworthy as TOC1-ox also delays the phase of the clock 
under diurnal conditions. 
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Figure 16. TOC1 modulates endoreplication in developing leaves under ShD. Ploidy 
distribution by flow cytometry of (A) WT and (B) TOC1-ox first leaf pair at 13, 15, 20 and 24 
das. Kinematics of polyploid nuclei in (C) WT and (D) TOC1-ox. (A-D) Plants were grown 
under ShD conditions. Data are represented as the mean + SEM of n ≈ 10000 nuclei. At least 
two biological replicates per experiment were performed.
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Figure 17. TOC1 over-expression alters ploidy progression in developing leaves under 
ShD. Relative profiles of (A) 4C, (B) 8C and (C) 16C content in WT and TOC1-ox. (A-C) 
Plants were grown under ShD conditions. Data are represented as the mean + SEM of n ≈ 
10000 nuclei. At least two biological replicates per experiment were performed.
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Calculation of the endoreplication activity, measured as the average number of 
endocycles per nucleus (Endoreplication Index, EI) of ztl mutant plants showed 
reduced EI (Figure 20A), which confirmed that over-accumulation of TOC1 
correlates with a reduction of endoreplication. The phenotypes were not 
exclusive for TOC1 gain-of-function since toc1-2 mutant and over-expression of 
ZTL (ZTL-ox) leaves showed enhanced endoreplication (Figure 21A-C). 
Calculation of the EI confirmed the reduced index in TOC1-ox (Figure 20B and 
C) and its increment in toc1-2 and ZTL-ox plants (Figure 21D). Therefore, 
proper accumulation of TOC1 is important for endocycle activity and influences 
endoreplication in developing leaves. 

�55

7 9 13 15 20 24
0

25

50

75

100
2C 4C 8C 16C

Time after stratification (days)

N
uc

le
i (

%
)

7 9 13 15 20 24
0

25

50

75

100
2C 4C 8C 16C

Time after stratification (days)

N
uc

le
i (

%
)

WT

TOC1-ox

A C

B D

Figure 18. TOC1 modulates endoreplication in developing leaves under LgD. Ploidy 
distribution by flow cytometry of (A) WT and (B) TOC1-ox first leaf pair at 11, 13, 15 and 20 
das. Kinematics of polyploid nuclei in (C) WT and (D) TOC1-ox. (A-D) Plants were grown 
under LgD conditions. Data are represented as the mean + SEM of n ≈ 10000 nuclei. At least 
two biological replicates per experiment were performed.
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Figure 19. TOC1 over-expression alters ploidy progression in developing leaves under 
LgD. Relative profiles of (A) 4C, (B) 8C and (C) 16C content in WT and TOC1-ox. (A-C) 
Plants were grown under LgD conditions. Data are represented as the mean + SEM of n ≈ 
10000 nuclei. At least two biological replicates per experiment were performed.
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3. TOC1 controls the endocycle in hypocotyl cells
We next examined whether regulation of endoreplication by TOC1 was 
exclusive for leaves or also pervaded other organs. Hypocotyl cells are a 
convenient and simple system to analyze endocycle activity as the Arabidopsis 
hypocotyl epidermal and cortex cells only undergo endoreplication (Gendreau 
et al., 1997). We first examined hypocotyl length of TOC1-ox plants under 
constant white light conditions (WL, 40 µE) and found significantly shorter 
hypocotyls compared to WT (Figure 22A, left panel). Conversely, TOC1-RNAi 
plants showed longer than WT hypocotyls (Figure 22A, left panel). The trend of 
hypocotyl phenotypes was similar at low fluences (1 µE, WL1) (Figure 22A, 
right panel). 
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Figure 20. Increased levels of TOC1 lead to a reduction of endoreplication in 
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Figure 21. Loss-of-function 
TOC1 leads to increased 
e n d o r e p l i c a t i o n i n 
d e v e l o p i n g l e a v e s . 
Kinematics of polyploid nuclei 
in (A) WT (C24), (B) toc1-2 
a n d ( C ) Z T L - o x . ( D ) 
Endoreplication index of WT 
(C24), toc1-2  and ZTL-ox 
leaves. (A-D) Plants were 
grown under LgD. Data are 
represented as the mean + 
SEM of n ≈ 10000 nuclei. At 
least two biological replicates 
p e r e x p e r i m e n t w e r e 
performed.
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Analyses of ztl-3 mutant plants also resulted in short hypocotyls (Figure 23A 
and B), confirming that over-accumulation of TOC1 correlates with inhibition of 
hypocotyl growth. Very short hypocotyls were also observed in TOC1 minigene 
(TMG) seedlings, which express TOC1 genomic fragment fused to the yellow 
fluorescent protein in a ztl mutant background (ztl-1/TMG) (Figure 23C). 
Contrarily, over-expression of ZTL resulted in long hypocotyls (Figure 23A and 
B) similar to TOC1-RNAi seedlings. Time course analyses of hypocotyl growth 
over 7 days revealed that the phenotypes were readily observed at 1 das and 
continued throughout the time course (Figure 22B). Thus, TOC1 engages in the 
control of hypocotyl elongation at early stages of post-embryonic growth.
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Figure 22. TOC1 miss-expression affects hypocotyl elongation. (A) Analyses of hypocotyl 
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Figure 23. ZTL miss-expression modulates hypocotyl elongation. Hypocotyl length of WT, 
ztl-3  and ZTL-ox seedlings under (A) WL40 (40 μmol·quanta·m−2·s−1) and (B) WL1 (1 
μmol·quanta·m−2·s−1). (C) Hypocotyl length of WT, ztl-1  and ztl-1/TMG seedlings under WL1. 
Graphs represent the mean + SEM of n ≈ 20 hypocotyls (per genotype and/or condition). At 
least two biological replicates per experiment were performed.
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We next examined the number and size of hypocotyl epidermal cells. Cell 
number was not significantly altered in TOC1-ox or TOC1-RNAi compared to 
WT plants (Figure 24A). The results agree with the fact that hypocotyl growth is 
mostly regulated by cell expansion rather than cell division (Gendreau et al., 
1997). Analyses of the bottom, mid or top regions of hypocotyls showed a 
significantly reduced cell length in TOC1-ox and conversely, and increased 
elongation in TOC1-RNAi (Figure 24B and C). In WT and TOC1-RNAi plants, 
cells were longer at the mid-region compared to the top or the bottom. This 
relationship was lost in TOC1-ox with a constant and reduced cell length in 
every region. A similar trend in cell length phenotypes was observed in ztl-1 and 
ztl-1/TMG plants (Figure 24D). Thus, the hypocotyl phenotypes due to miss-
expression of TOC1 correlate with significant changes in cell expansion.
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Figure 24. TOC1 modulates hypocotyl cell length. Hypocotyl epidermal (A) cell number 
and (B-D) cell length at the bottom, mid and top regions of (B-C) WT, TOC1-ox and TOC1-
RNAi and (D) WT, ztl-1 and ztl-1/TMG hypocotyls. Seedlings were grown under (A left panel, 
C and D) 40 μmol·quanta·m−2·s−1 (WL40) and (A right panel and B) 1 μmol·quanta·m−2·s−1 
(WL1). Graphs represent the mean + SEM of n ≈ 20 hypocotyls and n ≈ 100 cells (per 
genotype and/or condition). At least two biological replicates per experiment were performed. 
****P≤ 0.0001; ***P≤0.001.
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Flow cytometry analyses to determine the ploidy profiles of hypocotyls revealed 
that WT cells showed three evident peaks corresponding to nuclear DNA 
content of 2C, 4C and 8C (Figure 25A-C). In TOC1-ox seedlings, the proportion 
of 4C nuclei was higher than in WT, with a reduction in the proportion of 8C and 
16C nuclei (Figure 25A-C). In contrast, TOC1-RNAi cells showed a small but 
reproducible enrichment of the 8C and 16C peaks (Figure 25A-C). Thus, TOC1 
over-expression decreases the 8C/4C ratio while TOC1-RNAi increases 
endoreplication leading to an incomplete repression of the third endoreplication 
round. Although polyploidy is not necessarily coupled with elongation, the 
Endoreplication Index (EI) showed a direct correlation with hypocotyl length in 
lines with decreasing amounts of TOC1 (Figure 25D). These results suggest 
that proper expression of TOC1 is also important for modulating the endocycle 
activity during hypocotyl growth.
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Figure 25. TOC1 modulates endoreplication in hypocotyl cells. Flow cytometry of ploidy 
profiles under constant white light (A) 40 μmol·quanta·m−2·s−1, WL40 and (B) 1 
μmol·quanta·m−2·s−1, WL1. (C) Relative proportions of polyploid nuclei in hypocotyls of 
seedlings grown under WL40 and WL1 for 7 days. Data are represented as the mean + SEM 
of n ≈ 10000 nuclei. (I) Correlation of hypocotyl length and the endoreplication index in lines 
with decreasing amounts of TOC1. Graph represents the mean ± SEM of n ≈ 20 hypocotyls 
and n ≈ 10000 nuclei. At least two biological replicates per experiment were performed.
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4. The developmental expression of cell cycle genes is altered in TOC1-ox

As TOC1 functions as a transcriptional regulator, we investigated which cell 
cycle genes could be transcriptionally altered in TOC1-ox. The timing of mitotic 
exit is different between the leaf tip and base (Donnelly et al., 1999) so that the 
first pair of leaves were cut in halves and the expression of selected core cell 
cycle genes was separately examined at the leaf tip and base. Overall, the 
trend of expression of cell cycle genes in WT leaves was similar to that 
described in previous reports and correlated with their cell cycle function. At the 
leaf tip, the G1-expressed D3-type cyclins showed a slight but reproducible up-
regulation (Figure 26A-C) that might be consistent with the longer G1-phase 
and altered endoreplication in TOC1-ox, as CYCDs restrain the transition to 
endocycling (Dewitte et al., 2007). The slight up-regulation of CYCD3;1 (Figure 
26A) might also contribute to the delayed S-phase, as CYCD3;1 is repressed 
during the S-phase (Menges et al., 2005). A down-regulation was observed for 
CYCD4;1 (Menges and Murray, 2002) (Figure 26D), and CDKA;1 (Figure 26F). 
For CYCB1;1 a down-regulation was observed in TOC1-ox at the tip of the leaf 
while no change was observed at the base (Figure 26E).
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Figure 26. Miss-expression of CYCs and CDKs in TOC1-ox developing leaves. Time 
course analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants 
were grown under LgD and samples were collected at ZT7. Leaves were cut in halves and 
gene expression was separately examined at the tip of leaves. Expression of (A) CYCD3;1, 
(B) CYCD3;2, (C) CYCD3;3, (D) CYCD4;1, (E) CYCB1;1, and (F) CDKA;1 at the tip of leaves. 
Relative expression was obtained by Quantitative real-time PCR (Q-PCR) analyses. Data 
represent as te mean + SEM of technical triplicates. The experiment was repeated twice, 
giving similar results.
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The expression of CDK inhibitors such as KRP2 shifted from up-regulated at 
early stages to down-regulated at late stages (Figure 27B). This pattern might 
reflect the mismatch in timing between proliferation and differentiation in TOC1-
ox, as KRP2 not only inhibits cell proliferation but also sustains differentiation 
(Verkest et al., 2005). A similar pattern was observed for KRP4 (Figure 27C) 
and KRP1 (Figure 27A). In contrast, the expression of KRP7 was clearly up-
regulated mostly at late stages (Figure 27D). The expression of the inhibitors 
SMR (SIAMESE-RELATED) was also altered in TOC1-ox. For instance, SMR1 
and SMR8 (Figure 28A and E) were down-regulated mostly at late stages of 
development while a very significant down-regulation was observed for SMR5 
and SMR7 at all time points (Figure 28C and D). However, others as SMR4 
displayed WT expression levels throughout development (Figure 28B). The 
down-regulation of SMRs contrasted with the up-regulation of SIM (SIAMESE) 
(Figure 28F). The up-regulation of SIM correlates with the slow growing 
phenotype of plants over-expressing SIM but not with their increased DNA 
content. It is possible that the reduced expression of other endoreplication 
promoting factors in TOC1-ox might be able to overcome the over-expression of 
SIM.
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Figure 27. Miss-expression 
o f K R P s i n T O C 1 - o x 
developing leaves. Time 
course analyses of cell cycle 
genes in WT and TOC1-ox 
leaves over development. 
Plants were grown under LgD 
and samples were collected at 
ZT7. Leaves were cut in halves 
and gene expression was 
separately examined at the tip 
of leaves. Expression of (A) 
KRP1, (B) KRP2, (C) KRP4, 
and (D) KRP7, at the tip of 
leaves. Relative expression 
was obta ined by Q-PCR 
a n a l y s e s . D a t a a r e 
represented as the mean + 
SEM of technical triplicates. 
The experiment was repeated 
twice, giving similar results.
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In agreement with this idea, the expression of the endocycle promoting factor 
CCS52A2 and the DNA replication factor CDC6 was clearly down-regulated in 
TOC1-ox (Figure 29A and B). In WT, the expression decreased until day 12-13 
to subsequently rise again. However, in TOC1-ox, expression failed to rise and 
remained lower than in WT. The expression of CDT1a was reduced in TOC1-ox 
at early stages of development (Figure 29C).
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Figure 28. Miss-expression of SMRs in TOC1-ox developing leaves. Time course 
analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants were grown 
under LgD and samples were collected at ZT7. Leaves were cut in halves and gene 
expression was separately examined at the tip of leaves. Expression of (A) SMR1, (B) SMR4, 
(C) SMR5, (D) SMR7, (E) SMR8 and (F) SIM at the tip of leaves. Relative expression was 
obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical 
triplicates. The experiment was repeated twice, giving similar results.
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Figure 29. Miss-expression of endocycle related genes in TOC1-ox developing leaves. 
Time course analyses of cell cycle genes in WT and TOC1-ox leaves over development. 
Plants were grown under LgD and samples were collected at ZT7. Leaves were cut in halves 
and gene expression was separately examined at the tip of leaves. Expression of (A) 
CCS52A2, (B) CDC6, and (C) CDT1a at the tip of leaves. Relative expression was obtained 
by Q-PCR analyses. Data are represented as the mean + SEM of technical triplicates. The 
experiment was repeated twice, giving similar results.
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Although values and timing varied, similar trends of gene expression were 
observed at the bases of leaves (Figure 30). Thus, there is considerable 
transcriptional miss-regulation of cell cycle genes involved in both the mitotic 
cycle and the endocycle. The changes in gene expression correlate with the 
phenotypes in cell and organ size, cell number and ploidy.
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Figure 30. Miss-expression of cell cycle genes in TOC1-ox developing leaves. Time 
course analyses of cell cycle genes in WT and TOC1-ox leaves over development. Plants 
were grown under LgD and samples were collected at ZT7. Leaves were cut in halves and 
gene expression was separately examined at the tip of leaves. Expression of (A) CYCB1;1, 
(B) CYCD3;1, (C) CYCD3;2, (D) CYCD3;3, (E) CYCD4;1, (F) CDKA;1, (G) KRP1, (H) KRP2, 
(I) KRP4, (J) KRP7, (K) SIM, (L) SMR1, (M) SMR2, (N) SMR4, (O) SMR5, (P) SMR7, (Q) 
SMR8, (R) CCS52A2, (S) CDC6 and (T) CDT1a at the base of leaves. Relative expression 
was obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical 
triplicates. The experiment was repeated twice, giving similar results.
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5. The diurnal expression of cell cycle genes is altered in TOC1-ox

We next examined whether the expression of cell cycles genes followed a 
diurnal oscillatory trend and whether this oscillation was affected in TOC1-ox. 
Analyses of clock core gene expression in plants grown under LgD conditions 
at 7 or 14 das confirmed the reliability of the diurnal time course showing the 
proper rhythmic oscillation and its decreased expression in TOC1-ox (Figure 
31A-D).

For cell cycle genes, we found a slight oscillation of CYCDs showing higher 
expression during the day and lower during the night (Figure 32A-C). Consistent 
with an antagonistic function, KRP2 expression followed an inversed trend with 
higher expression during the night (Figure 33A-C). In TOC1-ox, CYCDs were 
up-regulated, particularly close to dusk, and also before dawn for CYCD3;2. 
The up-regulation of CYCD3;1 before dusk was not so evident at Zeitgeber 
Time 7 (ZT7; ZT0: lights-on), the time point of the developmental expression 
analyses. The results highlight the importance of full time course diurnal 
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Figure 31. TOC1 acts as a repressor of the circadian clock network. Time course 
analyses of circadian clock genes over a diurnal cycle. Plants were grown under LgD and 
samples were collected at (A and B) 7 das and (C and D) 14 das every 4h over a 24h cycle. 
Expression of (A) CCA1, (B) PRR9, (C) PRR7 and (D) PRR5. Relative expression was 
obtained by Q-PCR analyses. Data are represented as the mean + SEM of technical 
triplicates. The experiments were repeated at least twice.
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analyses to obtain a view of the regulatory interactions. The expression of 
KRP2 in TOC1-ox showed a slight but reproducible up-regulation during the day 
and down-regulation during the night at 7 das (Figure 33A), 14 (Figure 33B) and 
18 das (Figure 33C). KRP7 also followed a similar trend of expression (Figure 
33D). Consistent with the developmental results, the expression of SMR5 was 
severely reduced in TOC1-ox at all time points (Figure 33E). For SMR7, the 
peak of expression was delayed in TOC1-ox with a clear down-regulation at 
ZT7, the time point used for the developmental time course (Figure 33F). The 
expression of other genes (e.g. E2Fa) was not clearly oscillating although the 
expression was affected in TOC1-ox (Figure 32D).
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Figure 32. TOC1 regulates the diurnal expression of G1/S phase transition cell cycle 
genes. Time course analyses of cell cycle genes over a diurnal cycle under LgD at 7 das 
every 4h over a 24h cycle. Expression of (A) CYCD3;1, (B) CYCD3;2, (C) CYCD3;3, and (D) 
E2FA. Relative expression was obtained by Q-PCR analyses. Data are represented as the 
mean + SEM of technical triplicates. The experiments were repeated at least twice.
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Based on the gene expression profiles from our developmental assays, we also 
examined endocycle genes such as CCS52A2 and CDC6 at later stages of 
growth (18 das). Our results showed that CCS52A2 expression was down-
regulated in TOC1-ox throughout the diurnal time course (Figure 34A). We also 
observed an acute up-regulation of CDC6 in WT leaves that was completely 
abolished in TOC1-ox (Figure 34C), suggesting that over-expression of TOC1 
strongly represses this induction. A similar severe repression was observed at 
14 das (Figure 34B). Compared to WT, CDC6 expression rose at the mid-, end-
of night in TOC1-ox (Figure 34B and C), which indicates that other components 
are able to overcome the repressive function of TOC1 after dusk. We found that 
the diurnal peak of CDC6 coincided with a very low expression of TOC1 and 
conversely, the high expression of TOC1 correlated with low expression of 
CDC6 (Figure 34D).
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Figure 33. TOC1 regulates the diurnal transcriptional expression of CDK inhibitors. 
Time course analyses of cell cycle genes over a diurnal cycle under LgD at (A,D-F) 7 das, (B) 
14 das and (C) 18 das every 4h over a 24h cycle. Expression of (A-C) KRP2, (D) KRP7, (E) 
SMR5 and (F) SMR7. Relative expression was obtained by Q-PCR analyses. Data are 
represented as the mean + SEM of technical triplicates. The experiments were repeated at 
least twice.
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Notably, a similar oscillation was observed in the expression of the S-phase 
marker Histone 4 (H4) with a peak around midday that was delayed in TOC1-ox 
(Figure 35A). These results suggest the interesting possibility of a diurnal 
synchronization of the S-phase. To explore this possibility, we analyzed ploidy 
every 4h over a 24h LgD cycle in WT and TOC1-ox leaves. Despite the 
expected variation among the biological replicates, we found an interesting 
trend in the proportion of cells in S-phase, which accumulated during the mid-, 
late day in WT leaves. Notably, the oscillatory pattern of the S-phase population 
was clearly delayed in TOC1-ox (Figure 35B). Therefore, the S-phase follows 
an oscillatory trend that is controlled by the circadian clock through TOC1 
repression of CDC6 expression. This regulation might define a temporal window 
before dusk in which S-phase progression is favored.
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Figure 34. TOC1 regulates the diurnal expression of endocycle related genes. Time 
course analyses of cell cycle genes over a diurnal cycle under LgD at (B) 14 das and (A and 
C-D) 18 das every 4h over a 24h cycle. Expression of (A) CCS52A2, (B-D) CDC6, and (D) 
TOC1. Relative expression was obtained by Q-PCR analyses. Data are represented as the 
mean + SEM of technical triplicates. The experiments were repeated at least twice.
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6. TOC1 directly binds to the CDC6 promoter

As TOC1 acts as a repressor that binds to the promoters of nearly all central 
oscillator genes, we next performed chromatin immunoprecipitation (ChIP) 
assays followed by Q-PCR analyses of the promoters of selected cell cycle 
genes. ChIP assays were performed with TOC1-ox plants (Huang et al., 2012) 
at 7 das using an anti-MYC antibody to immunoprecipitate the MYC-tagged 
TOC1 protein. Our results showed specific amplification of the promoter of 
CDC6 (Figure 36A) while no amplification was observed for other promoters 
including for instance CDKB1; 1, CYCA2;3, CYCB1;1, CDKA;1, ACTIN2 (ACT2) 
or when samples were incubated without antibody (-α). Analyses at later stages 
(14 and 22 das) also rendered amplification of the CDC6 promoter while the 
promoters of other cell cycle genes were not significantly enriched (Figure 36B 
and C). We also monitored the possible oscillation of TOC1 binding by using 
ChIP assays with TMG seedlings, which express the TOC1 genomic fragment 
fused to the yellow fluorescent protein in the toc1-2 mutant background (Huang 
et al., 2012). Fold enrichment analyses following TOC1 immunoprecipitation 
with the anti-green fluorescent protein (GFP) antibody showed a clear 
amplification of CDC6 promoter at ZT15 compared with ZT3 (Figure 36D).
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Figure 35. TOC1 controls the diurnal oscillation of the S-phase. (A) Time course analyses 
of H4 over a diurnal cycle under LgD at 7 das. Relative expression was obtained by Q-PCR 
analyses. Data are represented as the mean + SEM of technical triplicates. (B) Estimation of 
S-phase occurrence by modeling with ModFit the ploidy profiles under LgD at 7 das. At least 
two biological replicates per experiment were performed.
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The binding to the CDC6 locus occurs in a region containing a previously 
identified TOC1 binding motif (Huang et al., 2012), the so-called Evening 
Element (EE). Consistently, GUS (GLUCURONIDASE) activity of the CDC6 
promoter was reduced in protoplasts co-transfected with TOC1 while no effect 
was observed in mutated versions of the promoter lacking the EE (Figure 37A). 
Our results are noteworthy as CDC6 is key for both the mitotic cycle and the 
endocycle. The effects are not due to artifacts TOC1-ox plants as accumulation 
of TOC1 in ztl-3 mutant plants also results in reduced CDC6 expression (Figure 
38A). Furthermore, if TOC1 controls the cell cycle through regulation of CDC6 
expression, down-regulation of TOC1 should lead to the opposite phenotypes to 
those observed in TOC1-ox plants. Indeed, our results showed that CDC6 
expression was up-regulated in toc1-2 and ZTL-ox compared to WT plants 
(Figure 38B and C).
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Figure 36. TOC1 binds to the CDC6 promoter. (A-C) Chromatin immunoprecipitation (ChIP) 
assays with TOC1-ox plants examined at (A) 7, (B) 14, and (C) 22 das and sampled at ZT7 
using an anti-MYC antibody to immunoprecipitate the MYC-tagged TOC1 protein. ChIP 
enrichment was calculated relative to the input. Samples were incubated with anti-MYC 
antibody (+α) or without antibody (-α). (D) ChIP assays with TMG plants grown under LgD and 
collected at ZT3 and ZT15. ChIPs were performed with an anti-GFP antibody to 
immunoprecipitate the GFP-tagged TOC1 protein. For comparisons of the different time 
points, fold enrichment was calculated relative to the input and to values without antibody (-α). 
At least two biological replicates per experiment were performed.
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Previous studies have shown that over-expression of CDC6 increases somatic 

ploidy (Castellano et al., 2001). Our analyses confirmed the increased leaf size 
and ploidy of CDC6-ox plants (Figure 39A and B, 40A and B). To further confirm 
the direct link between TOC1 and CDC6, we performed genetic interaction 
studies using TOC1-ox plants transformed with the CDC6 over-expressing 
construct. Analyses of double over-expressing plants (ox/ox) showed that the 
reduced size of TOC1-ox plants was reverted by over-expression of CDC6 
(Figure 41A and B). Furthermore, time course analysis by flow cytometry 
showed that the reduced ploidy and delayed enrichment of higher-order C 
values in TOC1-ox plants (Figure 42A, B, D and E) were overcome by over-
expression of CDC6 (Figure 42A, C, D and F). Calculation of the 
Endoreplication Index also confirmed the recovery of the endoreplication activity 
(EI) (Figure 43A). A similar phenotypic reversion was observed in other double 
over-expressing lines (Figure 43B). These results suggest that the reduced 
expression of CDC6 contributes to the observed phenotypes in TOC1-ox. 
Although it is possible that TOC1 may directly regulate other checkpoint factors 
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Figure 37. TOC1 binds to The Evening Element motif 
present at the CDC6 promoter. (A) Relative GUS activity of 
WT CDC6 promoter (WTCDC6p) and two mutated versions 
lacking the Evening Element (mut1CDC6p and mut2CDC6p). 
Activity was assayed in protoplasts co-transfected with TOC1. 
The Minimal 35S promoter (Min35Sp) was used as a control. 
Data are represented as the mean + SEM of technical 
triplicates. The experiments were repeated at least twice.
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Figure 38. TOC1 and ZTL miss-regulation disrupts the oscillatory expression pattern 
of CDC6. Expression of CDC6 in WT and (A) ztl-3 mutant, (B) ZTL-ox and (C), toc1-2 
mutant plants. Plants were grown under LgD and samples were collected at 18 das every 4h 
over a 24h cycle. Relative expression was obtained by Q-PCR. Data are represented as the 
mean + SEM of technical triplicates. The experiments were repeated at least twice.
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or regulators of cell cycle progression, our data are consistent with the direct 
binding of TOC1 to the CDC6 promoter to control its developmental and diurnal 
transcriptional expression.
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Figure 39. CDC6 over-expression leads to an increased leaf size. (A) Relative CDC6 
expression in WT and three different lines over-expressing CDC6. Samples were collected at 
ZT7. Relative expression was obtained by Q-PCR. Data is presented relative to WT and 
represented as the mean + SEM of technical triplicates. (B) Representative images of WT and 
CDC6-ox leaves. Plants were grown under LgD. The experiments were repeated at least 
twice.
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Figure 40. CDC6 over-expression increases endoreplication in developing leaves. (A) 
Ploidy distribution by flow cytometry of WT and CDC6-ox line 1 of the first pair of leaves at 9 
das. (B) Proportion of polyploid nuclei in WT and three different CDC6-ox lines. Data are 
represented as the mean + SEM of n ≈ 10000 nuclei. Plants were grown under LgD. The 
experiments were repeated at least twice.
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Figure 41. Over-expression of CDC6 rescues the growth phenotype of TOC1-ox plants. 
(A) Relative CDC6 expression in WT and three different double CDC6 and TOC1 over-
expressing lines (ox/ox). Samples were collected at ZT2 and ZT9. Data is presented relative 
to WT ZT2 and represented as the mean + SEM of technical triplicates. (B) Representative 
images of WT, TOC1-ox and CDC6-ox/TOC1-ox leaves. Plants were grown under LgD. The 
experiments were repeated at least twice.
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Figure 43. Over-expression of CDC6 rescues the ploidy phenotype of TOC1-ox plants. 
(A) Endoreplication index in WT, TOC1-ox and CDC6-ox/TOC1-ox line 1 (ox/ox1) leaves. (B) 
Kinematics of polyploid nuclei in TOC1-ox (Tox) and two CDC6-ox/TOC1-ox lines (2 and 3). (A 
and B) Plants were grown under LgD. Data are represented as the mean + SEM of n ≈ 10000 
nuclei. At least two biological replicates per experiment were performed.
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Figure 42. Over-expression of CDC6 rescues the ploidy phenotype of TOC1-ox plants. 
Ploidy distribution by flow cytometry of (A) WT, (B) TOC1-ox, and (C) CDC6-ox/TOC1-ox (ox/
ox1) first pair of leaves at 9 das. Kinematics of polyploid nuclei in (A) WT, (B) TOC1-ox and 
(C) CDC6-ox/TOC1-ox line 1 (ox/ox1). Plants were grown under LgD. Data are represented 
as the mean + SEM of n ≈ 10000 nuclei. At least two biological replicates per experiment were 
performed.
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7. Tumor progression is affected in TOC1-ox inflorescence stalks

If TOC1 regulates the cell cycle, then cellular systems in which the cell cycle is 
miss-regulated should display a differential response in WT versus TOC1-ox 
plants. To explore this possibility, we monitored if the slow pace of the cell cycle 
in TOC1-ox correlated with delayed tumor growth. To that end, we inoculated 
the bases and first internodes of inflorescence stalks with a virulent 
Agrobacterium tumefaciens strain (A281) (Deeken et al., 2003). The T-DNA 
contains the β-glucuronidase (GUS) gene so that tumor development can be 
followed after infection. At 5 days after inoculation (dai), staining was readily 
observed as small blue foci of variable sizes (Figure 44A, left two images, 
Figure 46A). The areas of GUS foci were considerable increased at 7 dai, 
forming bigger and strongly stained patches (Figure 44A, right image). The 
staining appeared higher in tumors at the base of the stalks than at the 
internodes (Figure 44A). Tumors were also observed in TOC1-ox stalks and 
internodes (Figure 44B and 46B). However, the small and medium size GUS 
foci were clearly reduced compared to WT (Figure 45A and B). Comparative 
analyses of the proportion of the different areas clearly showed an enrichment 
of bigger patches in WT compared to TOC1-ox (Figure 45C and 46C). The 
reduction in GUS foci area in TOC1-ox was even more evident at the first 
internode (Figure 45D-F). No staining or other visible phenotypes were 
observed when plants were inoculated with the non-tumorigenic Agrobacterium 
strain GV3101 (Figure 46A and B). Altogether, our results suggest that the 
slowed cell cycle and reduced S-phase duration in TOC1-ox might contribute to 
the observed delay in tumor progression.
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Figure 44. Tumor progression is delayed in 
TOC1-ox . Rep resen ta t i ve images o f 
inflorescence stalks inoculated with the 
Agrobacterium virulent strain A281 at the base 
of inflorescence stalks in (A upper image) WT 
and (B upper image) TOC1-ox at 5 dai (left two 
images) and 7 dai (right images). Inoculations 
were also performed at the first internode of (A 
lower image) WT and (B lower image) TOC1-
ox. At least 15 stalks per genotype were 
inoculated and GUS stained.
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Figure 45. Quantification of the delayed tumor progression in TOC1-ox. Mean area of 
small and medium GUS foci at the (A) base of inflorescence stalks and in the (D) first 
internode. Distribution of the different GUS areas (B and E) and proportion of sizes (C and F) 
at the (B and C) base and at the (E and F) first internode of inflorescence stalks. Graphs 
represent the mean + SEM of n ≈ 110 foci. At least two biological replicates were performed.
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Figure 46. Tumor progression is delayed in young TOC1-ox inflorescence stalks. 
Representative images of inflorescence stalks inoculated with the Agrobacterium non-virulent 
strain GV3101 and virulent strain A281 at the base of inflorescence stalks in (A) WT and (B) 
TOC1-ox at 5 dai. (C) Distribution of the proportion of sizes of the different GUS areas at the 
base of inflorescence stalks at 5 dai. Graphs represent the mean +SEM of n ≈ 110 foci. At 
least two biological replicates were performed.
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Discussion

In this Thesis we have addressed a key question regarding the circadian clock 
control of organ growth in Arabidopsis. We have found that the circadian clock, 
through the function of the core clock component TOC1, regulates the G1/S 
phase transition during the mitotic cycle in young developing leaves, as well as 
the progression of the endocycle during later stages of leaf development and 
during hypocotyl growth. This correlated with changes in the developmental and 
diurnal expression of key genes of the cell cycle machinery. More specifically, 
we have discovered that TOC1 safeguards the G1/S phase transition by direct 
binding and repression of the DNA replication licensing factor CDC6. Moreover, 
the role of TOC1 in the control of the cell cycle was verified by analyzing tumor 
progression in Arabidopsis. Further studies of the cell cycle in different circadian 
clock mutants might help to identify other possible clock components important 
for cell cycle progression.

Coordination of the cell cycle progression is essential for proper regulation of 
post-embryonic plant development. This coordination is particularly important 
when cells undergo cell division to form new cell types and tissues. They can 
also sense changes in the environment and therefore alter the rate of cell 
proliferation and differentiation. Many of the cell cycle regulators show 
differential expression patterns when subjected to diverse external cues (Peres 
et al., 2007). This shows that cells can integrate exogenous and endogenous 
signals to decide whether or not to progress from the G1 to the S-phase.

Regulation of the G1/S transition is essential for proper cell cycle progression 
as cells only commit to division once they have replicated their DNA (Johnson 
and Skotheim, 2013). Our results show that TOC1 regulates the proper timing 
of the G1-to-S-phase transition, as indicated by the relative duration of the G1 
and S phases as well as by the delayed S-phase entrance. These results are 
fully consistent with the slow cell division rate and the reduced progression of 
cell number observed in TOC1-ox developing leaves. Inhibition of cell 
proliferation in leaves is often associated with cell expansion. This mechanism 
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is known as compensation, and reduces the impact of decreased cell number 
on organ size (Beemster et al., 2006). In TOC1-ox, both cell number and cell 
size are affected and hence the overall leaf area is reduced. The reduction 
might be due to uncoupled cell division and cell growth in TOC1-ox. It is also 
possible that there is a threshold below which compensation is induced 
(Horiguchi et al., 2006) so that the cell number reduction in TOC1-ox does not 
reach such as threshold. 

Similar reduction in cell number and area are observed in the ztl-3 mutant 
plants. In the absence of a functional ZTL, TOC1 protein accumulates, 
mimicking the effect of TOC1 over-expressing plants. The opposite phenotypes 
are observed in toc1-2 mutant plants, where more cells are produced at 
younger stages of development while displaying increased cell sizes. These 
phenotypes reinforce our conclusions regarding the role of TOC1 controlling 
proper timing of the G1/S-phase transition. The function of TOC1 in the mitotic 
cycle resembles that of the mammalian circadian component NONO, an 
interacting partner of the clock protein PERIOD that circadianly gates the S-
phase in fibroblasts (Kowalska et al., 2013). It would be interesting to check 
whether in addition to TOC1, other clock components in plants contribute to the 
regulation of the cell cycle at different cell cycle phases. Studies in unicellular 
and multicellular algae have shown that the circadian clock regulates the growth 
phase and gates this process to the night (Sweeney and Hastings, 1958, 
Edmunds and Laval-Martin, 1984, Carre and Edmunds, 1993, Goto and 
Johnson, 1995, Makarov et al., 1995, Mori et al., 1996, Nikaido and Johnson, 
2000, Serrano et al., 2009). Indeed, DNA replication during the cell cycle is 
limited to the night through circadian regulation most likely to avoid DNA 
damage by the UV radiation during the day (Nikaido and Johnson, 2000).

Our results opened the question about the mechanism responsible for the 
alteration of the cell cycle progression in plants miss-expressing TOC1. To 
address this question, we first focused on the pattern of expression of the core 
cell cycle machinery during leaf development. Although post-translational 
regulation of cell cycle components is crucial for cell cycle function, the 
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transcriptional regulation of cell cycle genes is highly important for cell cycle 
progression (Beemster et al., 2005, Menges et al., 2005). Furthermore, there is 
a clear correlation between transcribed cell cycle genes and their protein 
accumulation in yeast and human cells. We found that during the mitotic cycle, 
the developmental expression of several cell cycle genes was altered in TOC1-
ox plants. Genes affected include the D-type cyclins, which have essential roles 
for cell cycle responses to nutrients and hormones during the G1/S-phase 
transition (Riou-Khamlichi et al., 1999, Menges and Murray, 2002). The 
observed transcriptional changes correlated well with the phenotypes of the 
slow cycle in TOC1-ox. The phenotypes also correlated with the changes in the 
expression of the KRP inhibitors, which were increased at early stages and 
decreased at later stages of leaf development. KRP2 not only inhibits cell 
proliferation but its weak over-expression inhibits CDKA;1 activity and leads to 
increased polyploidy (Verkest et al., 2005). Therefore, the increased 
accumulation of KRP2 at early stages is consistent with the decreased cell 
number, while the decreased accumulation later in development agrees with the 
reduced endoreplication in TOC1-ox. The expression of SMR5 and SMR7 was 
also clearly altered in TOC1-ox. SMR5 and SMR7 are important for cell cycle 
checkpoint activation following DNA damage by ROS (Yi et al., 2014). Although 
SMR5 and SMR7 over-expression promotes endoreplication, the corresponding 
knock-outs display no altered ploidy (Yi et al., 2014), suggesting that the effects 
of TOC1-ox on their expression might rather be linked to altered ROS response.

The transcriptional miss-expression of the cell cycle core machinery was 
observed in the tip and bases of leaves along development. Overall, the trends 
of expression were similar, indicating that despite the spatio-temporal regulation 
of entry and exit from the mitotic cycle in proliferating leaves, TOC1 is able to 
ultimately regulate the cell cycle progression by altering the expression of its 
molecular machinery on the whole leaf. Our findings suggest that the circadian 
clockwork constitutes an additional layer of transcriptional regulation of the cell 
cycle components. Similar transcriptional regulations have been reported in 
other organisms such as unicellular algae (Goto and Johnson, 1995) or 
mammalian cells (Matsuo et al., 2003), which indicate that transcriptional cell 
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cycle control is a common feature for the circadian regulation of the cell cycle 
progression.

Our gene expression analyses revealed that a disrupted clock alters not only 
the expression of genes involved in the mitotic cycle but also the expression of 
components needed for the entrance and maintenance of the endocycle. These 
results opened the question of the importance of the circadian clock in the 
regulation of endoreplication in growing organs during development. Multiple 
layers of endogenous and exogenous signals converge to ensure proper 
regulation of the endocycle. Tight control of the endocycle progression is 
essential for the coordinated growth of diverse plant organs and for the 
maintenance of cell fate (Bramsiepe et al., 2010). The physiological and 
molecular analyses performed in this study indicated that the circadian clock 
controls nuclear DNA replication in leaves through TOC1 function. TOC1-ox 
delays the endocycle activity and conversely, loss of TOC1 function accelerates 
this event. Proper regulation of endoreplication provides a means to increase 
gene copy number and to ensure increased protection against irradiation (Traas 
et al., 1998). Thus, the circadian clockwork might provide proper timing 
information for endoreplication to fulfill these functions.

The time between seed germination and the establishment of the first true 
leaves constitutes a crucial period in plant development. Right after 
germination, seedlings need to accurately control their overall growth in order to 
reach photosynthetic success. Thus, hypocotyl elongation enables buried 
seedlings to reach the light. Because of the embryonic origin of Arabidopsis 
hypocotyls, their growth mostly relies on cell expansion rather than cell division 
after germination (Gendreau et al., 1997). Miss-expression of TOC1 perturbs 
hypocotyl cell expansion and affects the successive rounds of DNA replication. 
Although polyploidy is not necessarily coupled with elongation, and 
endoreplication might not have the same sensitivity threshold as cell expansion 
(Vandenbussche et al., 2005), the inverse correlation of the endocycle activity in 
lines accumulating increasing amounts of TOC1 suggests an important 
connection of TOC1 with replication of the nuclear genome. Altering the timing 
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of DNA synthesis by higher or lower than WT expression of TOC1 slows-down 
or speeds-up the successive rounds of endoreplication, respectively. Light not 
only inhibits hypocotyl elongation but also reduces one round of endoreplication 
in comparison with dark-grown seedlings (Gendreau et al., 1997). Proper 
expression of TOC1 might thus regulate this repression such that TOC1-ox 
plants are hypersensitive to the light-dependent repression of endoreplication 
while reduced expression of TOC1 attenuates this response. Thus, the 
endocycle activity might be part of a circadianly controlled developmental 
program.

Our results thus indicate that proper circadian function is important for the 
appropriate progression of both the mitotic cycle and the endocycle. The 
coordinated transition of these events is essential for plant growth. They also 
share some molecular components, which seem to exert different roles 
depending on the cell cycle variant taking place. A threshold in their expression 
was also proposed to play a role determining which cycle variant dominates 
depending on the developmental stage. From our data, we conclude that the 
circadian clock works as a key mechanism regulating the exit of the mitotic 
cycle an entry of the endocycle in response to changes in the environment in 
order to achieve optimal growth rate.

Strict control of S-phase entry is crucial as DNA replication occurs during this 
phase. In our study we found that TOC1 acts as a repressor of CDC6 
expression by direct binding to its promoter. The downregulation of CDC6 in 
TOC1-ox explains why both the cell division and endoreplication are affected as 
these factors, are required for the S-phase progression during both cycles 
(Castellano et al., 2001, Castellano Mdel et al., 2004). In S. pombe, CDC18/
CDC6 over-expression induces multiple rounds of DNA replication (Nishitani 
and Nurse, 1995, Jallepalli and Kelly, 1996) while extra rounds of 
endoreplication were observed by CDC6 over-expression in cultured 
megakaryocytes (Bermejo et al., 2002). TOC1-ox plants are dwarf. In humans, 
mutations in the genes encoding components of the pre-replication complex, 
including CDC6 were linked to the Meier–Gorlin Syndrome (MGS), an 
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autosomal recessive disorder characterized by primordial dwarfism (short-
stature, microcephaly) (Bicknell et al., 2011). Ensuring that DNA replication only 
occurs under “safe” conditions is essential for maintaining genome integrity, and 
thus, TOC1 regulation of CDC6 might allow or delay DNA licensing in 
consonance with external and internal cues.

Diurnal expression of other cell cycle key components showed a clear 
oscillation and an altered expression in plants over-expressing TOC1. It is 
possible that the changes in CDC6 expression trigger a cascade of 
transcriptional changes in other cell cycle genes in order to accommodate the 
“unexpected” down-regulation of CDC6 in TOC1-ox plants. It is also possible 
that the alteration of other clock components by TOC1-ox affect other cell cycle 
checkpoints. Regardless the additional possible clock components also 
regulating the cell cycle, our results clearly indicate that the circadian clockwork 
through TOC1 maintains the appropriate pace of the cell cycle not only during 
development but also during the diurnal cycle.

Previous studies in Arabidopsis (Castellano et al., 2001) as well as our own 
results have shown that over-expression of CDC6 results in bigger plants with 
higher somatic ploidy. CDC6 is a key component of the DNA pre-replication 
complex; its location on the DNA during the late G1-phase will determine the 
origins of DNA replication that will be activated during the S-phase (Costas et 
al., 2011). The observed phenotypes are likely due to an increased number of 
licensed, active origins of replication as a consequence of the higher 
abundance of functional CDC6 protein. However, in addition to CDC6 other 
components are necessary to complete the pre-replication complex. All these 
components eventually allow the docking of the DNA helicase (MCM complex) 
responsible for the establishment of the replication fork, which will mark the start 
of DNA replication during the S-phase. Two possible scenarios could explain the 
phenotypes observed in CDC6-ox plants. In the first one, it is possible that the 
higher level of CDC6 triggers the induction of the other elements needed to 
complete the formation of the pre-replication complex (CDT1, ORC and MCM 
proteins). Increased components will be therefore necessary to cover the higher 
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number of licensed DNA origins marked by CDC6 so that they can become 
active and serve as initiation points of DNA replication.

It is also possible that the increased CDC6-bound-DNA regions somehow 
induce the accumulation of the remaining members of the pre-replication 
complex. In any of these two scenarios, the higher number of active DNA 
origins poses an induction in the amount or in the activity of the elements 
needed for the establishment of the replication fork and the initiation of DNA 
replication in order to reach higher than WT somatic ploidy levels. A more 
precise study of the molecular signaling cascades triggered by CDC6 over-
expression will be needed in order to elucidate the mechanism of DNA 
replication enhancement.

Genetic interaction analyses showed that the dwarf phenotypes and reduced 
somatic ploidy levels displayed in TOC1-ox plants were reverted when CDC6 
was also over-expressed. The restoration of the phenotypes reinforces the idea 
that TOC1 regulates the cell cycle by repressing CDC6 expression. The direct 
binding of TOC1 to the CDC6 promoter and the GUS activity assays with 
versions of the CDC6 promoter in which the TOC1 DNA binding motif was 
mutated confirmed this notion. Our data indicates that the function of TOC1 is 
essential for the proper expression of CDC6 and therefore the establishment of 
DNA origins of replication during the late G1-phase. 

Human cancer is characterized by increased cell proliferation, invasion and 
metastasis. Among many others, several DNA replication initiation proteins are 
over-expressed in human cancers. We found that the reduced expression of 
CDC6 in TOC1-ox correlates with the slow progression of tumors. Notably, a 
recent study has shown that miR26 represses replication licensing and 
tumorigenesis by targeting CDC6 in lung cancer cells (Zhang et al., 2014). A 
similar situation might be happening in plants in which TOC1 represses CDC6 
expression. Loss of circadian function increases the susceptibility to cancer and  
affect anticancer treatments (Brown, 2014). In this scenario, several research 
lines are focusing on the possible modulation of clock-related proteins as an 
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effective anticancer strategy. Our study opens the possibility of incorporating the 
circadian clockwork for the prevention of crown gall in crops. As previously 
proposed (Brown, 2014) and beyond cancer prevention, we envision a circadian 
system that moves past its canonical function as a 24h timer and serves as a 
flexible metronome that modulates complex cellular processes in organisms.

Altogether, we have used in this study a combination of physiological, molecular 
and biophysical approaches to follow the progression of the cell cycle and to 
show that the circadian clock controls the overall duration of the cell cycle by 
modulating the S-phase in Arabidopsis. The circadian clock component TOC1 
operates by binding to the promoter of the DNA replication factor CDC6 to 
repress its diurnal expression. Thus, miss-expression of TOC1 not only changes 
the pace of the clock but also affects cell division during the mitotic cycle and 
endoreplication during the endocycle. Cell size and number, somatic ploidy, 
organ size and the overall plant growth are coordinated and regulated by the 
clock in synchronization with the environment. By controlling the pace of the cell 
cycle, the circadian clock not only regulates normal growth but also tumor 
progression in Arabidopsis (Figure 47). 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Figure 47. Schematic representation 
depicting the connection between 
the circadian clock and the cell 
cycle in Arabidopsis. The circadian 
clock modulates the timing of the cell 
cycle through the rhythmic binding of 
TOC1 to the promoter of the DNA 
replication factor CDC6. Regulation of 
the S-phase affects both the mitotic 
cycle and the endocycle so that cell 
size and number, somatic ploidy, organ 
size and overall plant growth are 
affected in plants miss-expressing 
TOC1. Ensuring that DNA replication 
only occurs under “safe” conditions is 
essential for maintaining genome 
integrity, and thus, TOC1 regulation of 
CDC6 might allow or delay DNA 
licensing in consonance with external 
and internal cues.
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Conclusions

In this Doctoral Thesis we found that the circadian clock sets the pace of the 
cell cycle, controlling both the mitotic cycle and the endocycle. The clock 
component TOC1 regulates the expression of the DNA replication licensing 
gene CDC6 by direct binding to its promoter. We found that the concerted 
interplay of the clock and the cell cycle controls plant growth. More specifically, 
the main conclusions of our studies include:

1. The circadian clock, through TOC1 function, modulates growth and the 
mitotic cycle at early stages of leaf development. Leaf area, cell number and 
cell size are affected in plants miss-expressing TOC1. The cell division rate is 
slowed down in TOC1 over-expressing plants due to an extended G1-phase 
and shortened S-phase.

2. The circadian clock, through TOC1 function, modulates endoreplication 
and cell expansion in hypocotyl cells and developing leaves. Time course 
analyses of ploidy profiles by flow cytometry showed that somatic ploidy and the 
endoreplication index are clearly affected in hypocotyls and developing leaves 
of plants miss-expressing TOC1.

3. TOC1 regulates the developmental expression of core cell cycle genes 
involved in proliferation and endoreplication. Developmental time course 
analyses showed that the expression of key cell cycle genes is altered in 
developing leaves of TOC1 over-expressing plants.

4. TOC1 regulates the diurnal expression of core cell cycle genes involved 
in proliferation and endoreplication. Diurnal time course analyses showed 
that the expression of key cell cycle genes is altered in developing leaves of 
TOC1 over-expressing plants.

5. TOC1 regulates the cell cycle by direct binding to the promoter of the 
DNA replication licensing factor CDC6. Chromatin immunoprecipitation 
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assays with plants over-expressing TOC1 and with plants expressing TOC1 
under its own promoter showed that TOC1 binds to CDC6 locus and that this 
binding is rhythmic. Mutation of the TOC1 binding motif at the CDC6 promoter 
reduces the repression.

6. The genetic interaction between TOC1 and CDC6 confirms that the 
circadian clock through TOC1 function regulates the cell cycle by 
repressing the expression of CDC6. Over-expression of CDC6 in plants over-
expressing TOC1 rescue the ploidy and size phenotypes observed in TOC1-ox, 
confirming that TOC1 indeed function through repression of CDC6.
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Resumen en castellano

La función circadiana es esencial para el crecimiento y adaptación de las 
plantas a su entorno. La maquinaria molecular responsable de la generación de 
ritmos circadianos está basada en la expresión rítmica de genes cuyo pico de 
expresión oscila en diferentes fases durante el día y la noche. Los ritmos de 
expresión génica se traducen en oscilaciones de procesos fisiológicos y de 
desarrollo. El crecimiento de las plantas está regulado por una plétora de 
procesos que en última instancia operan a través del control de la proliferación 
y diferenciación celular. La proliferación celular depende de la progresión del 
ciclo mitótico, el cual está dividido en 4 fases: S (Síntesis del ADN), M (Mitosis) 
y de las interfases G1 y G2 (en inglés Gap 1 y 2) que ocurren antes de las 
fases S y M respectivamente. El proceso de diferenciación celular coincide con 
el cambio al endociclo, una variante del ciclo mitótico en la que el ADN 
genómico se duplica pero sin posterior división, es decir en ausencia de fase M. 
Aunque la regulación circadiana y el ciclo celular han sido individualmente 
estudiados en plantas, no se ha demostrado hasta la fecha la posible conexión 
de ambos ciclos en plantas. El trabajo realizado durante esta Tesis Doctoral se 
ha centrado en el estudio del papel del reloj circadiano en el control del ciclo 
celular durante la regulación del crecimiento de la planta. Los resultados 
obtenidos muestran que plantas con un reloj circadiano de ritmo lento 
desaceleran la progresión del ciclo celular, mientras que un reloj de ritmo 
rápido lo acelera. El componente esencial del reloj denominado en inglés 
TIMING OF CAB EXPRESSION 1 (TOC1) controla la transición de la fase G1 a 
la fase S, regulando así el ritmo del ciclo mitótico durante los estadios 
tempranos del desarrollo foliar. Asimismo, TOC1 también controla la ploidía 
somática característica del endociclo durante estadios tardíos del desarrollo 
foliar y en las células del hipocotilo. Utilizando técnicas de citometría de flujo y 
parámetros de cinéticas de crecimiento foliar se pudo determinar que en 
plantas que sobre-expresan TOC1 la fase S es más corta, lo que se 
correlaciona con la represión diurna del gen CELL DIVISION CONTROL 6 
(CDC6). Este gen codifica un factor esencial en la formación de los complejos 
de pre-replicación que determinan los orígenes de replicación del ADN. 
Mediante técnicas de inmunoprecipitación de cromatina encontramos que la 
represión de CDC6 ocurre a través de la unión directa de TOC1 al promotor de 
CDC6. Los análisis de interacción genética demostraron que los fenotipos de 
crecimiento reducido y de ploidía somática alterada observados en plantas que 
sobre-expresan TOC1, quedaban revertidos al sobre-expresarse también 
CDC6. Estos resultados confirman que la función de TOC1 en el ciclo celular 
ocurre en gran medida a través de la represión de CDC6. La desaceleración de 
la progresión del ciclo celular en plantas que sobre-expresan TOC1 afecta no 
solo el desarrollo de los órganos de la planta, sino también el desarrollo 
tumoral en los tallos de las inflorescencias. Por lo tanto, nuestros estudios 
demuestran que la función de TOC1 es importante en la regulación rítmica de 
la maquinaria pre-replicativa del ADN para controlar el crecimiento de las 
plantas en resonancia con el medio ambiente.
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The circadian function is essential for plant growth and its adaptation to the 
environment. The molecular machinery responsible for the establishment of the 
circadian rhythmicity relies on the rhythmic oscillation of differentially expressed 
genes with different peaks of expression along the day and night. The rhythms 
in gene expression are translated into oscillations of physiological and 
developmental processes. Plant growth is controlled by a plethora of different 
processes that ultimately work through the control of cell proliferation and 
differentiation. Cell proliferation relies on the proper progression of the mitotic 
cycle, which is divided in 4 phases: S (DNA synthesis), M (Mitosis) and two gap 
phases G1 and G2, that take place before S and M phases, respectively. Cell 
differentiation coincides with the entry into the endocycle, a variant of the mitotic 
cycle in which genomic DNA duplicates without further division or mitosis. Even 
though the circadian clock and cell cycle as separate pathways have been well 
documented in plants, the possible direct interplay between these two cyclic 
processes has not been previously addressed. The work performed during this 
Thesis has focused on the characterization of the role of the circadian clock in 
the control of the cell cycle during plant growth. We found that plants with 
slower than Wild-Type circadian clocks slow down the progression of the cell 
cycle, while plants with faster clocks speed it up. The core clock component 
TIMING OF CAB EXPRESSION 1 (TOC1) controls the G1 to S-phase 
transition, thereby regulating the rhythm of the mitotic cycle during the early 
stages of leaf development. Likewise, TOC1 controls somatic ploidy during later 
stages of leaf development and of hypocotyl cell elongation. The use of flow 
cytometry analyses and of leaf growth kinetics showed that in plants over-
expressing TOC1, the S-phase is shorter, which correlates with the diurnal 
repression of the CELL DIVISION CONTROL 6 (CDC6) gene. This gene 
encodes an essential component of the pre-replication complex, which is 
responsible for the specification of DNA origins of replication. Chromatin 
immunoprecipitation assays showed that the diurnal repression of CDC6 most 
likely relies on the direct binding of TOC1 to the CDC6 promoter. Genetic 
interaction analyses showeed that the reduced growth and altered somatic 
ploidy phenotypes observed in plants over-expressing TOC1 were reverted 
when CDC6 was over-expressed. Thus, our results confirm that TOC1 
regulation of the cell cycle occurs through CDC6 repression. The slow cell cycle 
progression in plants over-expressing TOC1 has an impact not only in organ 
development but also on tumor growth in stems and inflorescences. Thus, 
TOC1 sets the time of the DNA pre-replicative machinery to control plant growth 
in resonance with the environment.  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1. DNA constructs and plant transformation

Generation of single CDC6-ox and CDC6-ox/TOC1-ox double over-expressing 
plants (ox/ox) was performed by Agrobacterium tumefaciens (GV2260) 
mediated DNA transfer (Clough and Bent, 1998) of WT and TOC1-ox plants 
with a CDC6 over-expressing construct. The construct was generated by PCR-
mediated amplification of the CDC6 coding sequence followed by cloning into 
the pENTR/D-TOPO vector (Invitrogen). The coding sequence was cloned into 
the plant destination vector pGWB514 (35S pro, C-3xHA) (Nakagawa et al., 
2007a, Nakagawa et al., 2007b) following the manufacturer’s recommendations 
(Invitrogen). Several one insertion, T2 lines were used for the kinematic 
analyses of ploidy. Cloning of the CDC6 promoter was performed by PCR 
amplification of 2000 base pairs (bp) of the genomic region upstream of the 
gene’s transcription start site (TSS) (primer pairs A and D). The mutated 
versions of the CDC6 promoter lacking the Evening Element (EE) (-670 bp from 
TSS) were obtained following two strategies. The mut1CDC6p was generated 
by just deleting the EE (-10 bp). A second mutated version (mut2CDC6p) was 
obtained by deleting the EE plus 10 nucleotides on each side flanking the motif. 
To generate the mutants, a PCR-based mutagenesis by overlap extension was 
performed (Lee et al., 2004). The WT and mutated versions of the CDC6 
promoter were then cloned into a vector derived from the pCAMBIA1305.1 
vector containing the GLUCURONIDASE gene (GUSplus) under the control of a 
minimal 35S promoter (Lee et al., 2017).

2. Hypocotyl measurements

For hypocotyl length measurements, seeds were stratified on MS medium in the 
dark for 4 days at 4°C, exposed to white light (40 μmol·quanta·m−2·s−1) for 6 h 
and maintained in the dark for 18 h before transferring to chambers under 
constant white light, 40 μmol·m−2·s−1 (WL40) or 1 μmol·quanta·m−2·s−1 (WL1). 
Hypocotyl length was measured using the ImageJ software at 7 days after 
stratification or every day over 7 days for the growth kinetic analyses. Hypocotyl 
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epidermal cell length and number were examined at 7 days after stratification by 
using a wide-field fluorescence microscope (Axiophot Zeiss) and analyzed 
using the ImageJ software. At least 20 hypocotyls and about 100 cells per 
condition and genotype were measured. Each experiment was repeated at least 
twice using a similar “n” number. Statistical analyses were performed by two-
tailed t-tests with 99% of confidence.

For flow cytometry analyses, the apex, cotyledons and roots were removed with 
a razor blade, and about 10 hypocotyls were chopped in ice-cold LB01 buffer 
(15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCl, 
20 mM NaCl, 0.1% (vol/vol) Triton X-100, pH 7,5) (Galbraith et al., 1983, 
Dolezel et al., 2007). The suspension was filtered through a 30 µm nylon mesh 
(Sysmex CellTrics) before incubation with 50 µg mL−1 DNase-free RNase and 
50 µg mL−1 propidium iodide (Sigma-Aldrich). DNA content was examined with 
a FACSCalibur flow cytometer (Becton Dickinson) and the BD CellQuest Pro 
software (Becton Dickinson). Propidium iodide was detected using the FL2 
(585/42) channel. Gates were set in the fluorescence intensity (FL2)/side 
scatter density plot. At least 10000 nuclei were measured within a gate. Each 
experiment was repeated at least twice using a similar “n” number. The 
endoreplication index or cycle value (Barow and Meister, 2003) was calculated 
taking the number of nuclei of each ploidy multiplied by the number of 
endoreplication cycles required to reach that ploidy. The sum of the resulting 
products was divided by the total number of nuclei measured.

3. Kinematic analyses and flow cytometry

Approximately 30 leaves (at young stages) or 10 leaves (at old stages) were 
chopped with a razor blade in extraction buffer LB01 (15 mM Tris, 2 mM 
Na2EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCl, 20 mM NaCl, 
0.1% (vol/vol) Triton X-100, pH 7,5) (Galbraith et al., 1983, Dolezel et al., 2007). 
The suspension was filtered through a 30 µm nylon mesh (Sysmex CellTrics) 
followed by incubation with 50  µg mL−1 DNase-free RNase, and 50  µg mL−1 
propidium iodide (Sigma-Aldrich). Nuclei were analyzed with a FACSCalibur 
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flow cytometer (Becton Dickinson) and BD CellQuest Pro software (Becton 
Dickinson). At least 10000 nuclei were counted per sample. Analyses were 
performed as described for hypocotyls (see section above). Cell cycle analysis 
on proliferating leaves was analyzed by using the ModFit software (Verity 
Software House). Each experiment was repeated at least twice using a similar 
“n” number.

For the kinematic analysis of leaf growth (De Veylder et al., 2001), 
approximately 10 seedlings grown under ShD and LgD conditions were 
harvested at the specified days after stratification. Plants were incubated with 
methanol overnight to remove chlorophyll, and subsequently stored in lactic 
acid before microscopy analyses. Leaf blade area of the first pair of true leaves 
(at young stages 3-7 das) was measured using a wide-field fluorescence 
microscope (Axiophot Zeiss) while leaves at older stages (10-24 das) were 
measured with a magnifying glass (Olympus DP71). Cell area of the first pair of 
true leaves for all stages was measured using a wide-field fluorescence 
microscope (Axiophot Zeiss). Measurements were performed by drawing leaf 
areas containing approximately 100 cells, located 25% and 75% from the 
distance between the tip and the base of the leaf blade of the abaxial epidermis 
of each leaf. Total number of cells was estimated by dividing the leaf blade area 
by the average cell area of each leaf. Average cell division rates were estimated 
as the slope of the log 2–transformed number of cells per leaf, using a five-point 
differentiation formula (Fiorani and Beemster, 2006). Each experiment was 
repeated at least twice using a similar “n” number.

4. Real-time PCR analysis

For the developmental time course analyses, the first pair of leaves were cut in 
halves and the expression of selected core cell cycle genes was separately 
examined at the tip and base of leaves. RNA was isolated using the Maxwell 16 
LEV simply RNA Tissue kit (Promega). Single strand cDNA was synthesized 
using iScript™ Reverse Transcription Supermix for RT‐Q-PCR (BioRad) 
following manufacturer recommendations. For quantitative real-time gene 
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expression analysis (Q-PCR), cDNAs were diluted 10‐fold with nuclease‐free 
water and Q-PCR was performed with the Briliant III Ultra-Fast SYBR Green 
QPCR Master Mix (Agilent Technologies) in a 96‐well CFX96 Touch Real‐Time 
PCR Detection System (BioRad). Each sample was run in technical triplicates. 
The geometric mean of APA1 and IPP2 expression was used as a control. 
Crossing point (Cp) calculation was used for quantification using the Absolute 
Quantification analysis by the 2nd Derivative Maximum method. Table 1 shows 
the specific sequences for primers used in this study. For the developmental 
time course analyses, samples were harvested at ZT7. For the diurnal gene 
expression analyses samples were harvested every 4 hours over a 24 hours 
cycle. Each experiment was repeated at least twice.

5. Protoplast transfection

Leaves from 3-week-old plants were cut into 0.5-mm pieces using a fresh razor 
blade. Twenty leaves were digested in 15 ml of enzyme solution [0.8% cellulase 
(Yakult), 0.2% macerozyme (Yakult), 0.4 M mannitol, 10 mM CaCl2, 20 mM KCl, 
0.1% bovine serum albumin, and 20 mM MES (pH 5.7)], vacuumed for 20 min, 
and incubated in the dark for 5 hours at 22° to 23°C. Protoplasts were then 
passed through 40-μm stainless mesh and collected after a gentle wash with 
W5 media (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, 5 mM 
glucose adjusted to pH 5.7 with KOH). For transient expression assays using 
Arabidopsis protoplasts, reporter and effector plasmids were constructed. The 
reporter plasmid contains a minimal 35S promoter sequence and the GUS 
gene. The CDC6 promoter was inserted into the reporter plasmid. To construct 
effector plasmids, TOC1 cDNA was inserted into the effector vector containing 
the CaMV 35S promoter. Recombinant reporter and effector plasmids were co-
transformed into Arabidopsis protoplasts by PEG-mediated transformation. The 
GUS activities were measured by a fluorometric method. A CaMV 35S 
promoter–Luc construct was also co-transformed as an internal control. The Luc 
assay was performed using the Luciferase Assay System kit (Promega).
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6. Chromatin immunoprecipitation

Plants grown under LgD conditions (7, 14 and 22 day-old) were sampled at ZT7 
for TOC1-ox and ZT3 and ZT15 for TMG. Chromatin immunoprecipitation 
(ChIP) assays were essentially performed as previously described (Huang et 
al., 2012). Samples were fixed under vacuum with 1% of formaldehyde (16% 
formaldehyde solution (w/v) methanol-free, Thermo Scientific) for a total of 15 
min, shaking the samples every 5 min. Special care was taken with the fixation 
process as it was found to be crucial for successful ChIP results. Soluble 
chromatin was incubated overnight at 4°C with an Anti‐MYC antibody (Sigma-
Aldrich) for assays with TOC1-ox plants or Anti‐GFP (Invitrogen by Thermo 
Fisher Scientific) antibody for the assays with TMG plants. Chromatin antibody 
conjugates were then incubated for 4 hours at 4°C with Protein G–Dynabeads 
beads (Invitrogen by Thermo Fisher Scientific). ChIPs were quantified by Q‐
PCR analysis using a 96‐well CFX96 Touch Real‐Time PCR Detection System 
(BioRad). Crossing point (Cp) calculation was used for quantification using the 
Absolute Quantification analysis by the 2nd Derivative Maximum method. ChIP 
values for each set of primers were normalized to Input values. Table 1 shows 
the sequences of primers used in this study.

7. Tumor induction and progression

The Agrobacterium tumefaciens strain A281, p35SGUSint (Van Wordragen et 
al., 1992) was grown on Yeast Extract Broth (YEB) medium (0.5% tryptone, 
0.5% yeast extract, 0.5% sucrose, 50 mm MgSO4 and 1.5% agar, pH 7.8) for 24 
h at 28°C. Tumors were induced by applying the Agrobacterium strain at the 
base of slightly wounded inflorescence stalks. Seven and five days after 
inoculation, tissues were excised under a binocular to avoid contamination of 
the inflorescence stalk and stained with GUS for visualization of tumor 
progression. The same procedure was used while inoculating the first 
internodes. GUS staining was performed by incubating inflorescence stalks and 
internodes with GUS staining solution (1mM X-Gluc, 0.5mM potassium 
ferrocyanide, 0.5 mM potassium ferricyanide and 0.5% triton X-100) for 30 
minutes under vacuum and then for 6 hours at 37º C in the dark. Samples were 
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rinsed in water and cleared with 70% Ethanol. Samples were mounted in water 
and images were taken using an Olympus DP71 magnifying glass. The same 
procedure was used to inoculate the non-tumorigenic Agrobacterium strain 
GV3101. This wounded but uninfected inflorescence stalks and internodes were 
used as controls. Two biological replicates were performed.

8. Quantification and statistical analysis

Quantification of hypocotyl length (Figures 22 and 23), leaf blade area (Figures 
9A, 10A, 13A and B, and 14A and B), hypocotyl cell length (Figure 24 B-D), leaf 
cell area (Figures 9C, 10C, 13E and F and 14E and F) and tumor foci area 
(Figures 44 and 45C) were measured using the ImageJ software. For hypocotyl 
measurements data are mean + SEM of n ≈ 20 hypocotyls and n ≈ 100 cells 
(per genotype and/or condition). Statistical analyses were performed by two-
tailed t-tests with 99% of confidence. For leaf and cell area measurements data 
are mean + SEM of n ≈ 10-20 leaves and n ≈ 100 cells. For all flow cytometry 
experiments (Figures 15A and D, 16, 17, 18, 19, 20, 21, 25, 40B, 41A, 42 and 
43) data are mean + SEM of n ≈ 10000 nuclei per gate. For gene expression 
analysis using Q-PCR (Figures 26, 27, 28, 29, 30, 31, 32, 33, 34, 35A, 38, 39A 
and 41A), data represent means + SEM of technical triplicates. Crossing point 
(Cp) calculation was used for quantification using the Absolute Quantification 
analysis by the 2nd Derivative Maximum method. All of the experiments were 
repeated at least twice using a similar “n” number.

Table 1: List of primers used in this study

Name Sequence Experiment 

APA1_EXP_F TCCCAAGATCCAGAGAGGTC Expression analysis

APA1_EXP_R CTCCAGAAGAGTATGTTCTGAAAG Expression analysis

IPP2_EXP_F CATGCGACACACCAACACCA Expression analysis

IPP2_EXP_R TGAGGCGAATCAATGGGAGA Expression analysis

CCA1_EXP_F TCGAAAGACGGGAAGTGGAACG Expression analysis

CCA1_EXP_R GTCGATCTTCATTGGCCATCTCAG Expression analysis

�104



Materials and methods

PRR7_EXP_F AAGTAGTGATGGGAGTGGCG Expression analysis

PRR7_EXP_R GAGATACCGCTCGTGGACTG Expression analysis

PRR9_EXP_F ACCAATGAGGGGATTGCTGG Expression analysis

PRR9_EXP_R TGCAGCTTCTCTCTGGCTTC Expression analysis

CYCB1;1_EXP_F CTCAAAATCCCACGCTTCTTGTGG Expression analysis

CYCB1;1_EXP_R CACGTCTACTACCTTTGGTTTCCC Expression analysis

CYCD3;1_EXP_F CCTCTCTGTAATCTCCGATTC Expression analysis

CYCD3;1_EXP_R AAGGACACCGAGGAGATTAG Expression analysis

CYCD3;2_EXP_F TCTCAGCTTGTTGCTGTGGCTTC Expression analysis

CYCD3;2_EXP_R TCTTGCTTCTTCCACTTGGAGGTC Expression analysis

CYCD3;3_EXP_F TCCGATCGGTGTGTTTGATGCG Expression analysis

CYCD3;3_EXP_R GCAGACACAACCCACGACTCATTC Expression analysis

CYCD4;1_EXP_F GAAGGAGAAGCAGCATTTGCCAAG Expression analysis

CYCD4;1_EXP_R ACTGGTGTACTTCACAAGCCTTCC Expression analysis

CCS52A2_EXP_F CGTAGATACCAACAGCCAGGTGTG Expression analysis

CCS52A2_EXP_R CGTGTGTGCTCACAAGCTCATTC Expression analysis

CDC6_EXP_F AGGCTCTATGTGTCTGCAGGAG Expression analysis

CDC6_EXP_R ACCACTTGACACTCTGGAACTGG Expression analysis

CDT1a_EXP_F AATCGCTCTTCGGAAAGTGTTTCG Expression analysis

CDT1a_EXP_R CCTCTGGAACTTCATCACCCTGAG Expression analysis

CDKA;1_EXP_F ACTGGCCAGAGCATTCGGTATC Expression analysis

CDKA;1_EXP_R TCGGTACCAGAGAGTAACAACCTC Expression analysis

E2Fa_EXP_F TAGATCGGGAGGAAGATGCTGTCG Expression analysis

E2Fa_EXP_R TTGTCGCCTTTCTCTTTCGTGAAG Expression analysis

KRP1_EXP_F ACGGAGCCGGAGAATTGTTTATG Expression analysis

KRP1_EXP_R CGAAACTCCATTATCACCGACGAC Expression analysis

KRP2_EXP_F TAGGAGATTATGGCGGCGGTTAGG Expression analysis

KRP2_EXP_R TTTCACCGTCGTCGTCGTAACTC Expression analysis

KRP4_EXP_F AAGCTTCAACAGGACCACAAGGG Expression analysis

KRP4_EXP_R GGGTTGTCATGATTTCAGGCCTTC Expression analysis

KRP7_EXP_F GAGGCTCATGAAATCTCCGAAACC Expression analysis
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KRP7_EXP_R CCGAGTCCATTTCTGCTGTTTCTC Expression analysis

SIM_EXP_F AGCCATCAAGATCCGAGCCAAC Expression analysis

SIM_EXP_R TTGTGGTCGGAAGAAGTGGGAGTG Expression analysis

SMR1_EXP_F CAAAGAAGGACGAAGGTGATGACG Expression analysis

SMR1_EXP_R TGTTCTTGGGATGTGGGTGTGC Expression analysis

SMR2_EXP_F TCACAAGATTCCGGAGGTGGAGAC Expression analysis

SMR2_EXP_R ATCTCACGCGGTCGCTTTCTTG Expression analysis

SMR4_EXP_F AACGGGTACTTTCAGCCACCAG Expression analysis

SMR4_EXP_R TTCTCTTCGAGGCTGTGCGTAG Expression analysis

SMR5_EXP_F ACGCCTACACGTGATGATTGCC Expression analysis

SMR5_EXP_R TATCCCTTCTTCGGTGGTTCCC Expression analysis

SMR7_EXP_F TTCACTAAAGCCGGTGAAGACG Expression analysis

SMR7_EXP_R CGCCGTGGGAGTGATACAAATTC Expression analysis

SMR8_EXP_F GCGGTTTCCGTCAGAATTCCAAG Expression analysis

SMR8_EXP_R GCACTTCAACGACGGTTTACGC Expression analysis

ACT2_CHIP_F CGTTTCGCTTTCCTTAGTGTTAGCT ChIP assays

ACT2_CHIP_R AGCGAACGGATCTAGAGACTCACCTTG ChIP assays

CCSS52A1_CHIP_F ACGCCTGCCATCTAAGATTC ChIP assays

CCS52A1_CHIP_R GGCTTGAAGATGGGCCTAAA ChIP assays

CDC6_CHIP_F CTATATCAATGCATTGATATTTTGG ChIP assays

CDC6_CHIP_R AATCATTGAAGTATGAGATATCATC ChIP assays

CDKB1;1_CHIP_F CGTCAACTCACGCAAATCAT ChIP assays

CDKB1;1_CHIP_R TCGTTCGTGACAACTGCAAC ChIP assays

CYCA2;3_CHIP_F CAAAGCCATGACAAGAAACATC ChIP assays

CYCA2;3_CHIP_R CGAGTGGAGTGGTGTATGTTA ChIP assays

CYCB1;1_CHIP_F AGAATAAGTGGGCCGTTG ChIP assays

CYCB1;1_CHIP_R TTAGAGGTCGTGGGCTTG ChIP assays

DEL_CHIP_F TTGCTCCCTCCATCTTAATTATTTTG ChIP assays

DEL_CHIP_R TTGTGTGTGTGTGTATGTTAGTTTC ChIP assays

E2Fa_CHIP_F GCTCAAATGGGGTACACTCG ChIP assays

E2Fa_CHIP_R CCTGCGCCGTTAGCTTATTA ChIP assays
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Table 2: List of reagents and materials used in this study

E2Fb_CHIP_F CATAGCTTTATTAACTTCGTTGACTTT ChIP assays

E2Fb_CHIP_R GCGCTCTTTATCTCTCTCTTTGT ChIP assays

E2Fc_CHIP_F TCGCGTTAGTGCACTTGAAA ChIP assays

E2Fc_CHIP_R TGTGACAAACAAACAAAACAAGATT ChIP assays

KRP2_CHIP_F TCTTTGTTCTTTTGAAGTCAACAA ChIP assays

KRP2_CHIP_R TCTCTCTCTTTTTTACACTCACTATA ChIP assays

CDC6_CLN-F CACCATGCCTGCAATCGCCGGACC Cloning

CDC6_CLN-R TAGAAGACAGTTGCGGAAGAATCGA Cloning

WTCDC6p(A)_CLN_F CACCAACCAAACGCTAAATGTCCAAA Cloning

WTCDC6p(D)_CLN_R TGTAGGTTATCAGAAGGAGGCAGAAAAA Cloning

Mut1CDC6p(B)_CLN_R ACGACGTGGCATGTATATCTGGTTCAT Cloning

Mut1CDC6p(C)_CLN_F ATATACATGCCACGTCGTCTTTATATG Cloning

Mut2CDC6p(B)_CLN_R ACATATAAATGGTTCATAAAAGGTTTT Cloning

Mut2CDC6p(C)_CLN_F TATGAACCATTTATATGTTGATATGAT Cloning

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-c-MYC antibody Sigma – Aldrich Cat#M4439-10
0uL

Rabbit polyclonal anti-GFP antibody (Anti-GFP, IgG)
Invitrogen by 
Thermo Fisher 
Scientific

Cat#A-11122-1
00uL

Bacterial Strains

One Shot TOP10 Chemically Competent E. coli Life Technologies Cat#C404010

Agrobacterium tumefaciens (strain GV2260) N/A N/A

Agrobacterium tumefaciens (strain GV3101) N/A N/A

Agrobacterium tumefaciens (strain A281, p35SGUSint) (Van Wordragen 
et al., 1992) N/A
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Chemicals

Propidium iodide solution  (1.0 mg/ml in water) Sigma – Aldrich Cat#P4864-10
ML

DL-Lactic acid Sigma – Aldrich Cat#69785-1L

Pierce 16% Formaldehyde (w/v), Methanol-free Thermo Scientific Cat#28908

Protein G Dynabeads® for Immunoprecipitation Life Technologies Cat#10004D

Protease Inhibitor Cocktail Sigma – Aldrich Cat#P9599

MG-132 (powder, 20mg) Calbiochem Cat#474790

Antipain Sigma – Aldrich Cat#10791

Chymostatin Calbiochem Cat#230790

Cellulase Yakult “Onozuka” R-10

Macerozyme (Macerating enzyme) Yakult Macerozyme 
R-10

Poly(ethylene glycol) (PEG) Sigma – Aldrich Cat#82240

Critical Commercial Assays

pENTR/D-TOPO Cloning Kit Life Technologies Cat#K240020

Gateway LR Clonase® II enzyme mix Life Technologies Cat#11791019

Phusion high fidelity DNA polymerase New England 
Biolabs Cat#M0530L

Maxwell® 16 LEV simplyRNA Tissue Kit Promega Cat#AS1280

iScript™ Reverse Transcription Supermix for RT-qPC BioRad Cat#1708841

Brilliant III Ultra-Fast SYBR green QPCR Master Mix Agilent 
Technologies Cat#600883

Luciferase assay system kit Promega Cat#E1500

Experimental Models: Organisms/Strains

Arabidopsis thaliana: WT Col-0 N/A N/A

Arabidopsis thaliana: WT C24 N/A N/A

Arabidopsis thaliana: TOC1-MYC-ox (Huang et al., 
2012) N/A

Arabidopsis thaliana:TOC1-RNAi (Más et al., 2003) N/A

Arabidopsis thaliana: toc1-2 (C24) (Strayer et al., 
2000) N/A

Arabidopsis thaliana: toc1-2 (Col-0) NASC N2107710

Arabidopsis thaliana: TMG-YFP/toc1-2 (Huang et al., 
2012) N/A
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Arabidopsis thaliana: ztl-1 (Somers et al., 
2000) N/A

Arabidopsis thaliana: ztl-3 (Somers et al., 
2000) N/A

Arabidopsis thaliana: ZTL-ox (Mas et al., 2003) N/A

Arabidopsis thaliana: ztl-1/TMG (Mas et al., 2003) N/A

Arabidopsis thaliana: CDC6-HA-ox This study N/A

Arabidopsis thaliana: CDC6-HA-ox/TOC1-MYC-ox This study N/A

Oligonucleotides

Primers for plasmid construction This study Table1 N/A

Primers for Q-PCR This study Table1 N/A

Primers for ChIP-PCR This study Table1 N/A

Primers for promoter cloning This study Table1 N/A

Recombinant DNA

35S::CDC6-HA (pGWB514) This study N/A

WTCDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Mut1CDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Mut2CDC6p::GUS (pMIN35S/pCAMBIA1305) This study N/A

Software and Algorithms

ImageJ ImageJ
https://
imagej.nih.gov/
ij/

BD CellQuest Pro software Becton Dickinson https://
www.bd.com

ModFit software
Verity Software 
House

http://
www.vsh.com/
products/mflt/
index.asp

GraphPad Prism
GraphPad 
Software

https://
www.graphpad.
com/scientific-
software/prism/
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