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Abstract    

Above- and below-ground plant organ growth depends on the cell proliferation-

driven shoot and root meristem activities, respectively. Here, I quantitatively 

characterised cell cycle and cell size dynamics of Arabidopsis root meristem using 

cell cycle phase-specific tools: EdU labelling for S phase and pCYCB1;1:CYCB1;1-db‐

GFP as a mitotic marker under a confocal laser-scanning microscope. Exogenous 

sucrose transfer experiments under two light intensities and day-night cycles 

revealed a rapid rheostatic-like adjustment of cell cycle and cell size to different 

growth conditions.  

On possible molecular mechanisms connecting cell cycle to sugar availability, I found 

that chemical inhibition of nutrient-sensing TARGET OF RAPAMYCIN (TOR) 

signalling pathway through AZD-8055 supresses progression through the cell cycle. 

Importantly, TOR activity is required for passage through both G1-to-S phase and 

G2-to-M phase transition points, the former involves TOR-mediated phosphorylation 

of RETINOBLASTOMA-RELATED (RBR) and CYCLIN D2 protein level.  

To gain deeper understanding of root meristem control beyond TOR signalling, I 

studied two well-known protein families involved in cell cycle regulation: the MAPKs 

and TCPs. Based on EdU time-course experiments in a line that expresses MKK7, a 

MAP kinase kinase, under the control of a β-estradiol-inducible promoter system, I 

demonstrated that elevated level of MKK7 inhibits cell cycle in the root meristem. A 

similar estradiol-inducible system was used to study the effect of TCP14 

overexpression on root growth. Increased TCP14 level results in accumulation of 

meristematic-like cells well beyond the meristem region and is accompanied with 

diminished amount of actively-proliferating cells as measured by EdU labelling. This 
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suggests that TCP14 might be involved in coordinating cell proliferation with cell 

elongation during root growth and development 

A model is proposed to explain how TOR-, MKK7-, and TCP14- containing protein 

complexes may act in cooperative and independent ways to regulate cell cycle and 

cell size in time (i.e. during day and night) and space (root meristem-to-elongation 

boundary).  
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General introduction: cellular and molecular 
control of plant organ growth  
 

In this introductory chapter, I summarise key concepts that define plant organ 

growth and its relationship with the environment. 

Cellular processes driving plant organ growth 

In a nutshell 

 The bipolar nature of plant growth relies on cell growth- and cell cycle-driven 

activity within the shoot and root meristems, and is limited by environmental 

conditions  

 Progression through the cell division cycle requires continuous supply of 

nutrients, and is dependent on nutrient-sensing signalling pathways 

 Cell cycle control occurs at the transcriptional, translational, and post-

translational levels, and requires coordinative actions between positive and 

negative regulators  

 How different growth conditions (i.e. light and sugar availability) affect cell 

cycle and cell size is not fully understood 

 Due to its cellular organisation, the Arabidopsis root meristem is an excellent 

model system to study cell cycle and cell size control in a multicellular context  
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What determines organ growth? How does the internal and external environment 

affect growth? How do individual cells decide when to divide? What intrinsic and 

extrinsic signals influence cell proliferation? What are the molecular mechanisms 

that connect a growth signal to the cell cycle machinery? These are some of most 

fundamental questions in cell and molecular biology that have been a research focus 

of numerous laboratories around the world for several decades. Through collective 

efforts, it is only in the recent years that the genetic and cellular control principles 

of organ growth is becoming better understood. In this introductory chapter, I will 

present some of the key ideas in relation to underlying cellular basis, signalling 

pathways, and environmental factors that define plant organ growth. 

 

1.1 The cellular basis of plant growth 

 

Cells make up the basic unit of all known biological life and thus, cellular dynamics 

define tissue and organ growth dynamics of multi-celled organisms. A cell itself is a 

makeup of macromolecules and organelles which all need to be duplicated when the 

cell divides into two daughter cells. At the whole-plant level, tissue or organ growth 

is as a result of 1) increase in cell number through cell division cycle, 2) cytoplasmic-

driven growth of proliferating cells mainly through protein synthesis, and 3) cell wall 

turgor pressure-driven cell expansion/elongation (Doerner, 2008; Henriques et al., 

2014; Barrada et al., 2015; Salvi et al., 2020) as visualised in Figure 1.1. These 

cellular processes that define final organ size have environmental, developmental, 

and genetic constraints with specific gene regulatory network at play (Vercruysse et 

al., 2020). For instance, early post-embryonic root growth (3-7DAS) follows a linear-

like   increase  in   number of  dividing  cells   in  the  meristem that plateaus as  root  



 
23 

 

Figure 1.1 Cellular basis of plant organ growth. 

Above-ground and below-ground tissue growth is driven by protein synthesis driven-cell 
growth (1) coupled with cell cycle progression (2) in the meristem. As cells exit the 
meristem, they start to expand through turgor-driven cell wall extension that is often 
coupled with increase in ploidy through the endocycle (3), an alternative form of cell cycle 
with repeated S phase rounds without mitosis. Together, cell proliferation in the 
meristem and cell expansion in the elongation and differentiation zones underlie plant 
growth dynamics (Barrada et al., 2015).     
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progresses through the developmental stages (Dello Ioio et al., 2007). Environmental 

cues such as light and sugar promote cell cycle in the shoot and root meristems (Li 

et al., 2017) whilst mild drought, an unfavourable growth condition, rapidly limits 

cell cycle in young Arabidopsis leaves (Dubois et al., 2018).  

Post-embryonic plant growth and development can be divided into two major phases: 

the proliferation phase and expansion phase (Donnelly et al., 1999; Johnson and 

Lenhard, 2011; Gonzalez et al., 2012). Cell proliferation precedes cell expansion in 

young organs that is, there is a rapid production of cells in specialised tissues called 

the meristem which is followed by significant enlargement of cells exiting the mitotic 

cycle and is associated with increase in DNA ploidy level through endocycle, a 

modified form of cell cycle in which cells undergo repeated rounds of DNA replication 

without mitosis/cytokinesis (Beemster et al., 2005; Inzé and De Veylder, 2006; 

Breuer et al., 2010) as shown in Figure 1.1. In short, cell proliferation provides the 

material for growth with post-mitotic expansion leading to dramatic enlargement in 

final organ size. Compensatory mechanisms are activated in response to 

environmental and/or genetic perturbations of cell cycle to ensure the final organ 

size remains close to the ‘normal’ state (Horiguchi and Tsukaya, 2011).   

In the next few sections, I will describe the series of events defining cell cycle 

progression, the underlying molecular control system and the accompanying 

checkpoints. Proliferating cells are controlled at the transcriptional, translational, 

and post-translational levels, and I will present recent advances in this field. Besides 

the intrinsic control system, cell cycle is governed by environmental cues such as 

light and nutrient availability, both of these growth signals will be discussed. Cells 

maintain a cell-type specific size upon each round of division implying the existence 

of an active size-sensing mechanism, I will introduce key ideas and models which 

explain how cells might sense and maintain their size during cell cycle progression 
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and upon division. The work introduced here will mostly be from the plant model 

organism Arabidopsis thaliana literature, but wherever necessary research in non-

photosynthetic organisms will also be highlighted to reinforce points under 

discussion or present historical context.  

 

1.2 A journey through the plant cell division cycle  

 

Cell division is a universal feature (Nurse, 1990) of the tree of life, thus in this 

context cell reproduction ability was arguably one of the greatest evolutionarily 

milestone. Cell division or mitotic cycle is a series of four ordered events which starts 

with chromosomal DNA synthesis/replication phase termed S phase and equal 

segregation of duplicated chromosomes during mitosis or M phase (Norbury and 

Nurse, 1992). Gap phase 1 (G1) temporally separates S phase from previous M phase 

and G2 intercedes between S phase and mitosis (Figure 1.2). The unidirectional 

decision to progress through the cell cycle is determined during the gap phases and 

forms the basis of the control system (Norbury and Nurse, 1992; Dewitte and 

Murray, 2003). Thus, the regulatory cell cycle network termed ‘checkpoints’ acts on 

G1/S and G2/M transitions while the fidelity of chromosome segregation is controlled 

at the metaphase-to-anaphase checkpoint. 

The core cell cycle machinery is centred around CYCLIN-DEPENDENT KINASES 

(CDK) and CYCLINS (CYC) which form phase-specific complexes that promote the 

progression from G1 through S phase and mitosis (Figure 1.2). Cyclins are named 

after their cyclic nature of phase-specific protein accumulation, first identified in sea 

urchin eggs (Evans et al., 1983). Genome-wide analysis showed that the Arabidopsis 

genome contains over 60 cell cycle genes with 12 CDK genes, alphabetically 
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categorised into A through F; and 32 cyclin genes belonging to A-, B-, D-, and H-

types (Vandepoele et al., 2002). Work by Wang and colleagues (2004) identified an 

additional 18 Arabidopsis cyclins grouping them into C-, P-, L, and T-types (Wang et 

al., 2004). Although the level of redundancy and precise function of each cyclin is far 

from understood, the high number of cyclins is thought to support the plasticity of 

post-embryonic development, and the ability of plants to respond adequately to 

diverse developmental and environmental signals (Inzé and De Veylder, 2006). 

 

 

 

Figure 1.2 Basics of cell cycle progression and control.  

The hallmark of G1/S entry to the cell cycle, in response  to mitogenic signals such as 
sugar availability, is the CYCD-CDKA complex dependent phosphorylation of RBR 
protein which ‘releases’ E2FA transcription factor. Together with its dimerisation 
partner A (DPA), E2FA  initiates transcription of genes required for DNA replication 
during S phase.  Another important cell cycle transition occurs after the entire genome 
is duplicated, and the cells enter mitosis by passing through G2/M that require CYCB-
CDKB complex. Upon environmental or developmental signal, CDK inhibitors such as 
KRPs and SMRs block CDK activity at G1/S and/or G2/M transition points. The scheme 
is adapted from Dewitte and Murray, 2003.  
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CDKs and cyclins form phase-specific functional complexes that drive progression 

through the cell cycle (Figure 1.2); in Arabidopsis, as many as 90 CDK-CYC complex 

variants were identified (Van Leene et al., 2010). Among the most studied cyclins 

are types D, A, and B which, in simplistic view, are involved in G1-to-S transition, 

S-to-G2 progression, and G2-to-M transition, respectively (Menges et al., 2005). In 

addition to CDKs and CYCs, E2 PROMOTER BINDING FACTOR (E2F) family of 

transcription factors together with their DIMERISATION PARTNER (DP) and 

RETINOBLASTOMA-RELATED (RBR) protein form an important regulatory node 

that is a conserved feature of mammalian and plant cell cycle (Dick and Rubin, 2013; 

Harashima et al., 2013; Dick et al., 2018). 

 

1.2.1  G1-to-S phase transition   

 

The ‘decision’ to enter the mitotic cycle is made during G1 phase and is influenced 

by growth signals, mainly sugar availability and hormones such as cytokinin and 

auxin (Riou-Khamlichi et al., 1999; Gutierrez et al., 2002; Perrot-Rechenmann, 

2010). Of the 10 D-type cyclins, CYCD2;1, CYCD3;1, CYCD4;1 were shown to be 

sensitive to sucrose (Riou-Khamlichi et al., 2000; Menges et al., 2006; Nieuwland et 

al., 2009). Interestingly, CYCD2 and CYCD3 were shown to rescue the cell cycle-

arrested phenotype of Saccharomyces cerevisiae G1 cyclin mutant cln1cln2 and 

contained the LxCxE RBR-interacting motif (Dahl et al., 1995; Soni et al., 1995), 

giving an early indication that the basal control mechanism is conserved across the 

eukaryotic kingdom. Healy and co-workers (2001) showed that CYCD2;1 and 

CYCD3;1 in vivo interacts and forms an active complex with the PSTAIRE-

containing CDKA, but not with the plant-specific PPTALRE-containing CDKBs 
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(Healy et al., 2001). Additionally, a CYCD2/CDKA complex was identified to 

phosphorylate RBR within the C-terminal domain during late G1 in highly 

proliferating tissues (Boniotti and Gutierrez, 2001). There is also genetic evidence 

that RBR is regulated by CDKA;1, Nowack and colleagues (2012) reported that the 

severely growth-defected cdka;1 mutant could be partially rescued in cdka;1 rbr1-2 

double homozygous mutant (Nowack et al., 2012).   

In its unphosphorylated state, RBR acts as a transcriptional repressor of S phase 

genes, in part, by binding to and inhibiting E2F transcription factors. Arabidopsis 

has three typical E2Fs that were all shown to form a functional complex with RBR 

and require DPA or DPB proteins for DNA-binding functions; whereas E2FA and 

E2FB are considered to be cell cycle activators, E2FC is regarded as a repressor 

(Magyar et al., 2016; Rossignol et al., 2002). The categoric split of E2Fs is largely 

based on phenotypic analysis of transgenic lines, where E2FA overexpression results 

in enlarged cotyledon due to extra epidermal cell divisions (De Veylder et al., 2002) 

as well as increased root meristem size (Magyar et al., 2012). Overexpression of 

E2FB resulted smaller plant with increased cell number and was able to drive cell 

cycle in auxin-free conditions (Magyar et al., 2005; Sozzani et al., 2006). E2FC 

overexpressing plants showed enlarged epidermal cells of the cotyledons with 

reduced expression of CELL DIVISION CYCLE 6 (CDC6) S phase gene, suggesting 

E2FC limits cell proliferation further supported by elevated CYCB1::CYCB1-GUS 

activity in the RNAi-induced E2FC silencing line (Del Pozo et al., 2002, 2006).   

At the protein level, E2FA accumulates in proliferating cells and peaks during S 

phase whilst E2FB maintains a constant level throughout the cell cycle (Magyar et 

al., 2005). In terms of cellular spatial distribution, E2FA is expressed predominantly 

in proliferating tissues such as the root meristem and the shoot apex with a weak 

detection in differentiating tissues whilst E2FB maintains a strong presence in fully 
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differentiated cells such pavement cells and stomatal guard cells and root columella 

cells (De Veylder et al., 2002; Magyar et al., 2012; Oszi et al., 2020). The E2FB spatial 

pattern closely resembles that of RBR protein indicating a cooperative cell cycle 

repressive role (Oszi et al., 2020) that will be discussed later.  

Genome-wide microarray analysis of E2FA-DPA overexpression Arabidopsis line 

identified 181 putative target genes that are overwhelmingly expressed during G1 

and S phase (Vandepoele et al., 2005). DNA replication machinery is largely 

conserved between animals and plants (Shultz et al., 2007) which involve proteins 

establishing multiple sites of replication origins, subsequent unwinding of DNA 

followed by DNA synthesis that is catalysed by DNA polymerases (Shultz et al., 

2007). Thus, the core DNA replication machinery include DNA polymerases,  

proliferating cell nuclear antigen (PCNA) , DNA replication licensing factors, origin 

recognition complexes (ORCs), minichromosome maintenance proteins (MCMs), 

most of which were identified as E2FA targets (Vandepoele et al., 2005).   

 

1.2.2 G2-to-M phase transition  

 

Sugar-induced increase in D-type cyclins which form a functional complex with 

CYCLIN-DEPENDENT KINASE A (CDKA) that phosphorylates RBR during G1 

allowing transcriptional role of activator-type E2Fs. With correctly doubled 

chromosomes, proliferating cells are able to move onto to the next cell cycle stage. 

G2-to-M phase transition follows a similar mode to G1-to-S in that a CYC-CDK 

complex and activator E2F together with another family of transcription factor called 

MYB3Rs drive cells into mitosis; transition to both stages is dependent on cell size 

and level of CDK activity (Jones et al., 2017). Plants have mitotic-specific PPTALRE- 
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or PPTTLRE-containing CYCLIN-DEPENDENT KINASE B (CDKBs), Arabidopsis 

contains at least four CDKB genes: CDKB1;1, CDKB1;2, CDK2;1, CDKB2;2 

(Vandepoele et al., 2002). Transcript of B1-type CDKs accumulate during S-to-G2 

whilst B2-type peaks at the G2/M transition (Menges et al., 2005). Transcript and 

protein level of CDKB1;1 are elevated in E2FA and E2FB overexpression lines, 

(Boudolf et al., 2004; Magyar et al., 2012; Oszi et al., 2020), but overexpression of 

E2FB shows a stronger and developmentally prolonged CDKB1;1 induction (Oszi et 

al., 2020), suggesting that E2FB may have a superior role in CDKB1 regulation.  

Transcriptionally, CYCA2;3 peaks at G2/M transition (Menges et al., 2005) and was 

shown as the cyclin binding partner of CDKB1;1 that negatively regulates endocycle 

transition (Boudolf et al., 2009). CDKB1;1 could partially rescue the root meristem 

developmental defects in the cdka;1 mutant, suggesting CDKBs can compensate for 

the loss of CDKA (Nowack et al., 2012). Furthermore, all four CDKBs were found in 

a complex with A- and/or B-type cyclins at the G2/M transition point (Van Leene et 

al., 2010), the precise biological role of each CDKB1/2-CYCA/B function is far from 

understood – they are likely to have cell cycle independent roles. In this regard, 

CDKB1;1-CYCB1;1 complex was shown to specifically phosphorylate RAD51, a well-

known DNA repair protein, presumably preventing onset of mitosis and allowing 

time for DNA repair (Weimer et al., 2016). Interestingly, CDKB1;1, but not CDKA;1, 

was reported to co-purify with RBR (Van Leene et al., 2010), given that CDKB1-

CYCB1 complex was shown to recruit RBR to DNA damage sites (Biedermann et al., 

2017), the RBR-CDKB interaction is likely to be activated upon genome damage.  

Whilst E2Fs mostly regulate genes for the G1-to-S phase transition with some 

exceptions like CDKB1;1, the family of transcription factors that specifically 

regulates G2/M genes is the  R1R2R3-Myb or MYB3R proteins. Arabidopsis has five 

MYB3R genes, numerically named MYB3R1 to MYB3R5 that have overlapping 
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activating and repressive transcriptional functions that bind to mitosis -specific 

activator (MSA) elements in the promoters of G2/M genes (Kobayashi et al., 2015; 

Magyar et al., 2016). MYB3R1 and MYB3R4 are regarded as transcriptional 

activators of G2/M genes such as CYCB1;2 and KNOLLE (KN); correspondingly, 

mitotic genes are among the over-represented down-regulated genes in the 

myb3r1myb3r4 double mutant (Haga et al., 2007, 2011). The cooperative 

transcriptional control of cell cycle by E2Fs and MYB3Rs will be discussed later. 

Whilst positive regulators drive cells through each phase of the cell cycle, the proper 

phase-specific execution also requires timely inhibition of CDK activity.  

 

1.3 Cell cycle control by inhibitors of CDK activity   

 

Cell cycle transitions including the mitotic cycle-to-endocycle switch are primarily 

driven by CYC-CDK activity and CDK itself is subjected to regulation by its 

inhibitors and activators. Plants have two distinct families of CDK inhibitors (CKIs): 

KIP-RELATED PROTEIN (KRPs) and SIAMESE (SIM)/SIAMESE-RELATED 

(SIM/SMR) proteins. Arabidopsis genome contains seven KRP (1-7) and 17 putative 

SIM/SMR (SIM, SMR1-16) genes (De Veylder et al., 2001; Vandepoele et al., 2002; 

Kumar et al., 2015), the unusually high number of CDK inhibitors is thought to fine-

tune cell cycle to various environmental and developmental signals (Kumar and 

Larkin, 2017).   

Transcriptionally, KRP3, KRP4 and KRP5 peak during S phase, KRP1 peaks at the 

G2/M boundary and KRP6 in G1/S; additionally, KRP2 accumulates in sugar-starved 

cells (Menges et al., 2005). KRP2-7 could co-purify preferentially with CDKA;1-

CYCD complex (Van Leene et al., 2010) and have been shown in vitro to inhibit the 
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kinase activity of CYCD2-CDKB and CYCD2/CDKA (Nakai et al., 2006). KRP1 is 

expressed mostly in non-dividing tissues and was demonstrated to interact with 

CDKA;1 and CYCD2;1 in planta and thus has a key role in G1/S regulation (Ren et 

al., 2008). Strong over-expression of KRP2 led to inhibition of CDK activity in both 

dividing and endocycling leaf tissues, but weak overexpression line only limits G2/M 

progression and allows S phase rounds leading to increase in ploidy (Verkest et al., 

2005).   

KRP3 is expressed in meristematic tissues and its overexpression leads to low cell 

count but enhanced cell size which is followed by increased ploidy (Jun et al., 2013). 

Similarly, KRP5 is strongly expressed in the root meristem and mature stele tissue, 

the krp5 mutant showed a slow growth rate which was explained by reduced rounds 

of endocycles and lowered cell elongation rate (Wen et al., 2013). The quintuple 

mutant krp1/2/3/4/7 has increased number of root meristematic cells and shows more 

phosphorylated form of RBR and higher expression of E2F target genes such as 

MCMs and PCNA (Cheng et al., 2013, 2015). A similar conclusion was made in the 

triple krp4/6/7 mutant that showed enhanced leaf growth with high cell count and 

ploidy level and increased expression of core DNA replication machinery (Sizani et 

al., 2019). In short, studies on knock-out mutants and overexpression lines of 

different KRPs show that they predominantly have an inhibitory role on regulators 

of G1/S, such that there is an inverse relationship between KRP protein level and 

CDKA activity.  

The plant-specific family of CKIs, the SIM/SMRs play key regulatory roles in 

adjusting CDK activity in response to environmental stress. SIM, SMR1, SMR2 were 

found to be associated with CDKB1;1 and SMR11 interacted with CYCB2;4 whilst 

SMR3, SMR4, SMR5, SMR6 and SMR8 co-purified with CDKA;1 and CYCDs (Van 

Leene et al., 2010). SIM, SMR1 and SMR2 were proposed to work cooperatively to 
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inhibit G2/M progression and promote onset of endocycle during early leaf 

development (Kumar et al., 2015). Of all KRPs and SMRs, SMR1 and SMR5 are 

transcriptionally induced in response to drought and SMR1 protein was shown to be 

a short-lived that is post-translationally stabilised under drought, presumably 

functioning to inhibit cell division via CDKA/B (Dubois et al., 2018). SMR4, SMR5, 

and SMR7 were identified to be strongly induced by DNA damage in ATM and SOG1-

dependent manner and was proposed to be an integral part of DNA damaged-induced 

checkpoint (Yi et al., 2014).  

In summary, KRPs and SMRs are overwhelmingly involved in proliferation-to-

endocycle switch and play critical roles in blocking cell cycle progression under stress 

conditions.  

 

1.4 Control of cell cycle genes at the transcriptional and 
translational level   

 

Besides tuning of CDK activity by CKIs, core S phase and mitotic genes are 

controlled at the transcriptional level as evident from their peak expression level at 

specific points of the cell cycle (Menges et al., 2005); indeed, there are two bursts of 

transcription during G1-to-S and G2-to-M transitions (Breyne et al., 2002; 

Berckmans and De Veylder, 2009). In addition to transcriptional activation of cell 

cycle phase-specific genes, transcription of genes outside their phase need to be 

actively switched off as well as during cell cycle exit, quiescence and/or 

differentiation (Kobayashi, T. Suzuki, et al., 2015; Magyar et al., 2016). A landmark 

paper by Kobayashi, Suzuki and co-workers (2015) found that specific E2Fs and 

MYB3Rs together with RBR and other cell cycle proteins are components of a same 
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multi-protein complex called DREAM (dimerization partner, RB-like, E2F and 

multi-vulval class B) that is conserved in other eukaryotes such as worm, fly and 

human (Sadasivam and DeCaprio, 2013; Kobayashi, T. T. Suzuki, et al., 2015; 

Fischer and Müller, 2017).   

ChIP-seq analysis  of MYB3R3-bound genes revealed not only G2/M-specific genes 

but surprisingly also E2F targets and further co-immunoprecipitation experiments 

found MYB3R3 in complex with RBR and E2FC, but not E2FB, during later stages 

of leaf development (Kobayashi, T. T. Suzuki, et al., 2015). Furthermore, MYB3R4 

was found in complex with RBR1 and E2FB but not E2FC during early leaf 

development. Additionally,  CDKA;1 was found to be associated with MYB3R4 and 

MYB3R3 during early and late leaf development, respectively (Kobayashi, T. T. 

Suzuki, et al., 2015). Components of the MuvB core were also identified as TCX5, 

ALY2, ALY3 among other proteins (Kobayashi, T. T. Suzuki, et al., 2015). The E2FB-

MYB3R4 association is described as an activator-type DREAM complex that 

promotes transcription of G2/M genes in proliferating cells whilst E2FC-MYB3R4 

association forms the repressor-type DREAM complex that represses G2/M 

transcription both during interphase and in post-mitotic cells such as differentiated 

cells (Kobayashi, T. T. Suzuki, et al., 2015; Magyar et al., 2016).  

Whilst DREAM complexes are involved in transcriptional regulation of cell cycle 

genes, translational regulation provides another layer of cell cycle control. Indeed, 

cell cycle genes are translationally repressed upon sucrose starvation in Arabidopsis 

cell culture (Nicolaï et al., 2006). Another study based on ribosome profiling in 

human cells arrested at G1/S and G2 phases highlighted an extensive translational 

control of numerous mRNAs that are periodically translated and formed functional 

clusters such as regulators of the mitotic spindle checkpoint (Stumpf et al., 2013). 

Components of the translation machinery are also implicated in cell cycle control, for 
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instance eIF3h, which is part of the translation initiation complex. The Arabidopsis 

eif3h mutant showed enhanced expression of regulators of shoot development such 

as WUSCHEL and CLAVATA3 in the apical shoot meristem, resulting in over-

proliferation and enlarged meristem, suggesting that eif3h could provide a 

translational control in meristem maintenance (Zhou et al., 2014).  

Another candidate for regulating cell cycle at the translational level is ERBB3-

BINDING PROTEIN 1 (EBP1) that is, in part, functionally conserved between 

mammals and plants and is involved in ribosome biogenesis (Stegmann, 2018; 

Lokdarshi et al., 2020). In potato leaves, silencing of EBP1 led to fewer epidermal 

cells whilst its overexpression resulted in higher cell count (Horváth et al., 2006). It 

was further shown that EBP1 is required for the expression of cell cycle regulators 

such as RIBONUCLEOTIDE REDUCTASE 1 (RNR1), CDKB1;1 and CYCD3;1, and 

negatively regulates the abundance of RBR protein (Horváth et al., 2006). Consistent 

with its cell cycle role, EBP1 protein is mostly present in the meristem where it is 

predominantly localised in the cytoplasm with mild presence in the nucleolus 

(Lokdarshi et al., 2020). Furthermore, EBP1 promoter and protein was significantly 

reduced upon induced overexpression of RBR, and EBP1 overexpression partially 

rescues severely shortened meristem phenotype of RBR overexpression line 

suggesting that EBP1 and RBR have counteracting cell cycle functions in the 

meristem (Lokdarshi et al., 2020). However, given the timeframe during which EBP1 

level is lowered upon RBR overexpression i.e. EBP1 reduction is only apparent at 2d 

after RBR overexpression (Lokdarshi et al., 2020) when the meristem has almost 

disappeared, I think it is likely to be an indirect effect of RBR on EBP1.  

In short, transcriptional control by DREAM complexes and possible translational 

control by eIF3h and EBP1 show the significance of cell cycle regulation on multiple 

levels.  
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1.5 Involvement of MAPKs and TCPs in cell cycle regulation  

 

The eukaryotic mitogen-activated protein kinase (MAPK) signalling pathways are 

partially involved in shaping a specific cell cycle response to various developmental 

and environmental stress signals. For instance, the animal p38 MAPK is activated 

in response to UV radiation and inhibits the CDK1 phosphatase CDC25B which 

initiates G2/M DNA damage checkpoint and thus delays onset of mitosis (Bulavin et 

al., 2001). The general cascade of events starts when a stimulus is sensed via a 

plasma membrane receptor that results in the activation of MAP kinase kinase 

kinases (MAPKKKs) that activate MAP kinase kinases (MKKs) which, in turn, 

results in the activation of MAPKs (Cristina et al., 2010). MAPKs then activate or 

inhibit other kinases and/or transcription factors among other proteins to regulate 

numerous cellular responses. The Arabidopsis genome contains at least 60 

MAPKKKs, 10 MKKs, and 20 MAPKs (Ichimura et al., 2002).  

Several MAP kinases are implicated in cell cycle regulation, for instance MPK6 

shows cell cycle progression-dependent subcellular localisation in the root meristem 

where it is both nuclear- and cytoplasmic-localised during interphase but moves to 

the mitotic spindle during mitosis  (Smékalová et al., 2014). Therefore, MPK6 was 

suggested to be involved in microtubule organisation. MPK4 activity is high in 

actively-dividing tissues such as the shoot apex and root tip and the protein is 

localised to the cell division plane where it regulates cytokinesis (Kosetsu et al., 

2010). One possible mechanism proposed by Sasabe and co-workers (2011) for 

metaphase-to-anaphase transition and subsequent progression to cytokinesis 

centres on MAPKKK1 (also known as NPK1) and NPK1-ACTIVATING KINESIN-
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LIKE PROTEIN 1 (NACK1), a key regulator of cytokinesis (Sasabe et al., 2011). 

Phosphorylation of NACK1 and NPK1 by CDKB prevents their complex formation 

that is lifted after metaphase when CDKB is inactivated and NACK1 and NPK1 are 

subsequently dephosphorylated (Sasabe et al., 2011). Activated NACK1-NPK1 

results in the cascade of events that proposedly results in phosphorylation of MAP65, 

a microtubule-associated protein, that allows cytokinesis to occur (Sasabe et al., 

2011). In addition to cell proliferation, MAPKs play key roles in cell fate decision 

during stomatal development (Lampard et al., 2009; Umbrasaite et al., 2010).  

Another family of proteins involved in meristem functions and cell cycle regulation 

in response to various environmental and developmental cues is the TEOSINTE 

BRANCHED 1, CYCLOIDEA, PCF1 (TCP) transcription factor family. The 

Arabidopsis genome contains at least 24 TCP genes that are categorised into two 

classes, I and II, which have antagonistic roles with class I considered as growth 

activators and class II as growth repressors, but some TCP proteins have 

overlapping functions (Martín-Trillo and Cubas, 2010; Li, 2015; Danisman, 2016). 

Several TCPs have been shown in cell cycle regulation, for example, TCP15 

overexpression reduces CYCB1:GUS level in root tips, ploidy level, and E2FB 

transcript level, but increases and binds to RBR and CYCA2;3 promoter region 

implying that TCP15 may function in balancing proliferation and endocycle (Li et 

al., 2012). TCP20 was shown to bind to CYCB1;1 and PCNA2, suggesting TCP20 

involvement in cell cycle progression (Li et al., 2005).   

Single tcp mutants have little-to-no physiological phenotypes suggesting functional 

redundancy and/or compensation, but cumulative loss/reduction of TCP8, TCP14, 

TCP15, and TCP22 results in progressive reduction of plant stature and expression 

of cell cycle genes (Davière et al., 2014). TCP5, TCP13, and TCP17 were shown to 

redundantly repress mitotic cell cycle in developed petal and in young petal 
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primordia, these TCPs are transcriptionally repressed by a C2H2 zinc finger 

transcription factor called RABBIT EARS or RBE (Huang and Irish, 2015). TCP4 

was shown to bind to KRP1 promoter and KRP1 transcript level is increased in TCP4 

overexpression line, implying repressive cell cycle role of TCP4 (Schommer et al., 

2014).  In summary, TCP transcription factors are involved in promoting or 

repressing cell cycle progression in multiple plant organs during growth and 

development.  

 

1.6 Nutrient-control of cell cycle by the TOR signalling pathway 

 

Whilst core and upstream control of cell cycle is central for plant growth, progression 

through the cell cycle is dependent on cellular nutrient status and nutrient-sensing 

signalling pathways. One such pathway that is remarkably conserved between 

plants and animals is the TARGET OF RAPAMYCIN (TOR) signalling  

(Wullschleger et al., 2006; Dobrenel, Caldana, et al., 2016). Heitman and colleagues 

(1991) carried out a mutant screen in budding yeast to look for strains that were 

resistant to rapamycin treatment that had initially been identified as an anti-fungal 

agent, these strains lacked FK506 BINDING PROTEIN (FKBP) which narrowed the 

search to two gene products which the authors named TOR1 and TOR2 (Heitman et 

al., 1991). Moreover, the authors reported that the FKBP-rapamycin complex causes 

growth arrest at G1 phase of the cell cycle.  

In Arabidopsis, a single TOR gene was identified that was shown to be highly 

expressed in actively dividing meristematic tissues and was not detected in 

differentiated cells (Menand et al., 2002). Inducible silencing of TOR through 

artificial microRNA (amiR) showed a positive correlation between level of TOR and 
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overall plant growth (Deprost et al., 2007) as depicted in Figure 1.3A. Additionally, 

some of the Gene Ontology (GO) categories among the down-regulated genes in the 

amiR-tor line were “regulation of mitotic cell cycle” and “cell growth” (Deprost et al., 

2007), suggesting a direct involvement of TOR signalling in control of cell 

proliferation.      

Normal TOR function in mammals is known to be essential to allow progression 

through the cell cycle as the early studies showed that rapamycin blocks cell at G1 

phase. Rapamycin-resistant tor mutants were shown to rescue rapamycin-inhibited 

cells by promoting G1-to-S transition through its downstream effectors S6 KINASE 

1 (S6K1), 4E-BINDING PROTEIN 1 (4E-BP1), and EUKARYOTIC TRANSLATION 

INITIATION FACTOR 4E or eIF4E (Fingar et al., 2004). However, the authors did 

not identify which cyclin-CDK complex is involved or targeted by mTOR signalling. 

In yeast, it is known that G1 blockade occurs due to decreased cyclin CLN3 

translation, in other words TOR activates core cell cycle players required to drive G1 

progression in response to nutrients, therefore preventing early entry into cell cycle 

(Barbet et al., 1996).   

Xiong and colleagues (2013) developed an experimental system to study TOR 

signalling pathway in relation to sugar availability and root meristem activation 

(Xiong et al., 2013). The set-up involves germinating Arabidopsis seeds in 

photosynthesis-limiting sugar-free liquid growth medium which leads to mitotically 

quiescent root meristem at the photoautotrophic transition. Seedlings are then 

transferred to glucose with or without rapamycin and observations are made. It was 

shown that glucose-induced meristem activation strictly depends on active-TOR 

signalling, and that TOR directly targets E2FA for phosphorylation (Xiong et al., 

2013; Figure 1.3B). The same experimental system was used to propose that E2FB 

is another target of TOR phosphorylation (Li et al., 2017). 
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Figure 1.3 TOR signalling and plant growth control. 

A. Transgenic lines with reduced or increased TOR protein amount lead to smaller and 
larger plants, respectively, reminiscent of effects on nutrient level on plant growth. 
B. Positive growth signals such as light and sugar promote TOR activity which, in turn,  
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leads to phosphorylation of S6Ks and proposedly EBP1 that acts antagonistically to 
RBR. S6K1 and EBP1 are positive regulators of mRNA translation that could enhanced 
protein synthesis-driven cell growth. TOR phosphorylates E2Fs to allow transcription 
of cell cycle genes and inhibits YAK1 which is an activator of CDK inhibitors (CKIs).  
Through these side-by-side branches, TOR signalling connects growth signals to growth 
processes. Information and figure provided here are adapted from Ahmad et al., 2019.    

 

Light-induced cell cycle activation is also dependent on active TOR signalling 

(Mohammed et al., 2018). Small GTPase RHO-RELATED PROTEIN 2 (ROP2) was 

suggested to relay auxin-light signalling to the TOR pathway which in turn 

phosphorylates E2FB and activates cell cycle (Li et al., 2017). ROP2 has been shown 

to work upstream of ROP2-TOR axis (Cai et al., 2017). Although the studies 

discussed above provide compelling evidence that light and sugar through TOR 

signalling promote cell cycle activation; cell cycle events under unperturbed 

conditions has not been fully characterised (Ahmad et al., 2019). In short, sugar and 

light availability is connected to cell cycle through TOR-E2F signalling (Figure 1.3B). 

TOR signalling is counteracted by SUCROSE NON-FERMENTING-1-RELATED 

KINASE (SnRK) pathway which is activated in response nutrient deprivation and/or 

stress signals (Halford and Hey, 2009).   

 

1.7 Size control of cycling cells  

 

Whilst cell proliferation underpins organ size regulation, size of individual cells at 

which they divide is actively controlled as evident from low size variation among the 

same cell-type population (Amodeo and Skotheim, 2016). Thus, to maintain size 

homeostasis requires a tight coordination between cell cycle and cell growth which 

can occur through size-dependent progression through the cell cycle and/or size-

dependent adjustment of cell growth rate (Ginzberg et al., 2015). As shown in Figure 
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1.4, at least three distinct models, namely sizer, adder, and timer have been proposed 

to explain how cells can maintain size homeostasis, summarised by Jones and 

colleagues (Jones et al., 2019). Below we provide a brief overview of the three models 

with examples in yeast studies since most of the current understanding of cell size 

control has cemented from it, relevant literature on plant cell size control will be 

covered in the chapter-specific introduction.  

According to the sizer model, small cells accumulate more mass by prolonging cell 

cycle whilst larger cells spend less time in the cell cycle (Figure 1.4A). Thus, sizer 

cells have an inverse relationship between size at division and growth rate (Figure 

1.4A). In the adder model, cells add the same mass irrespective of size at birth and 

optimal size homeostasis is achieved over several cell division rounds (Figure 1.4B). 

In the timer model, cells show temporal cell cycle synchrony and thus have the same 

period for growth (Figure 1.4C). Homeostatic state of timer cells can be achieved over 

multiple divisions or if cell growth shows a linear relationship between size at birth 

and growth rate. In short, sizer cells require threshold size to divide, adder cells add 

a fixed growth amount, and timer cells grow within a fixed time window (Figure 1.4).   

One possible mechanistic explanation for the sizer model based on budding yeast 

and animal studies involves dilution of the G1/S repressor, Whi5 in yeast (Schmoller 

et al., 2015) and Retinoblastoma (Rb) protein in humans (Zatulovskiy et al., 2018). 

According to this model, Rb (and whi5) is size-independently produced during S-G2 

phases and being a stable protein, it is diluted as the cell grows during G1. 

Accordingly, RB-overexpressing cells are large since it takes longer to reach a 

threshold RB concentration, and RB deletion results in smaller cells (Zatulovskiy et 

al., 2018). Thus, dilution of Rb serves as proxy for sensing cell size and allows 

homeostasis to occur over successive division rounds. Interestingly, deletion 

METHIONINE ADENOSYLTRANSFERASE 3 (MAT3)  also  leads  to   smaller  cells,    
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MAT3 is a Rb homologue in Chlamydomonas reinhardtii (Umen and Goodenough, 

2001), suggesting the size-sensing logic between yeast, humans and green alga may 

be conserved. An identical mechanism may exist in Arabidopsis, we noted a similar 

small cell size phenotype in the root meristem of RBR silencing line (not shown in 

this thesis).  

Experimental evidence for the adder model (Figure 1.4B) is most convincing in 

bacterial studies where it was shown that two evolutionary distant species 

Escherichia coli and Caulobacter crescentus cells add a fixed volume, irrespective of 

length at birth (Campos et al., 2014). In another study, E. coli cells were shown to fit 

sizer and adder models under slow- and fast-growing conditions, respectively 

(Wallden et al., 2016). Further complicating the size control mechanism budding 

yeast cells, whi5-dilution model alone does not explain mutants with altered ploidy 

and Whi5 gene copy number (Heldt et al., 2018). Simulations showed that during 

S/G2/M phases, cells use the timer mode to keep the Whi5 level constant per cell 

cycle and when combined with G1 sizer, it produces an overall adder outcome during 

the whole cell cycle (Heldt et al., 2018).  

Mechanistic understanding of plant cell size control is extremely poor, and largely 

focuses on phenotypic observation of increased or reduced cell size of several mutants 

Figure 1.4 Existing models of cell size control. 

A. Sizer cells achieve cell size homeostasis by inversely correlating cell cycle duration with 
size at birth. This leads to smaller cells with longer period of cell cycle and larger cells 
divide quickly, representing length of blue arrows. Optimal size can be achieved within 
one cycle given cells strictly couple cell growth and cell cycle progression.  
B. Adder cells add a fixed volume or growth unit per cell cycle round, represented by 
dashed lines. Optimal size required for cell homeostasis can be achieved over successive 
division rounds. 
C. Timer cells progress through the cell cycle within a fixed time window, irrespective of 
size at birth as represented by equal lengths of green arrows. Cell size homeostasis can be 
achieved if small cells grow faster than large cells during cell cycle.  
Information and figure provided here are adapted from Jones et al., 2019.    
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and overexpression lines. For example, overexpression of CYCD3;1 and E2FB 

decreases cell size whilst KRP1 expression driven by epidermis-specific promoter 

increases size of epidermal cells, phenocopied when REGULATORY PARTICLE 

AAA-ATPASE 2A (RPT2A) gene, a 26S proteasome subunit, is mutated (Marshall et 

al., 2012). In conclusion, our understanding of cell size control is far from completed 

and it is becoming apparent that a single model cannot explain size homeostasis 

within a cell population and all phases of the cell cycle. Additionally, how cell-to-cell 

communication and daily environmental changes affect size of dividing cells is not 

explored much.   

 

1.8 Arabidopsis root meristem as a model system to study cell 
cycle and cell size 

 

Arabidopsis thaliana, commonly known as thale cress or rock cress, belongs to the 

Brassicaceae (mustard) family of flowering plants that is native to Europe and Asia, 

but has colonised all major parts of the world (Hoffmann, 2002; Alonso-Blanco et al., 

2016). Factors that make Arabidopsis an ideal model species (Koornneef and Meinke, 

2010) to study plant biology include: 1) short generation time; for example, it takes 

approximately a month from germination to flowering 2) small size, wild-type plants 

height is ~30cm and thus makes easy to handle in confined space of laboratories 3) 

high seed yield through self-pollination means ample availability of plant material 

at low cost 4) ease of genetic manipulation for forward and reverse genetic studies 5) 

well-characterised genome and availability of thousands of knock-out mutants.  

Besides these qualities that make Arabidopsis a popular choice to study plant growth 

responses under normal and stress conditions at the molecular and cellular level,  
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the root meristem is an excellent model system (Figure 1.5) to investigate cell cycle 

regulation and cell size control for the following reasons:  

I. cell cycle occurs in specific region called the meristem located in the root tip 

that is spatially separated from other tissues (Dolan et al., 1993) 

 

 

Figure 1.5 Arabidopsis root meristem as a model system. 

Primary root growth can easily be tracked by marking position of the growing root tip 
which hosts the meristem zone (MZ) where cells grow and divide. Cells exit the cycle in 
the transition zone (TZ) and start to dramatically expand through cell wall extension in 
the elongation zone (EZ). Nuclei size and morphology also changes along the root, with 
elongated nucleus appearing in the EZ. In most experiments, counting of S-phase cells 
(EdU labelling, see Figure 1.6) and mitotic cells (CYCB1;1-GFP, see Figure 1.6) was done 
in the epidermis (epi), cortex (cor), endodermis (end), and the vasculature (vas) cell files.   
Confocal images presented here were taken by the author.  
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II. transparent nature of the root means easy microscopic observation and 

efficient cell staining (Choe and Lee, 2017) 

III. availability of phase-specific tools allows visualisation and quantitative  

characterisation of cell cycle in a multi-cellular context (Yin et al., 2014) 

IV. cell cycle is primarily driven by shoot-derived sugars and thus allows 

investigation into nutrient control of cell proliferation (Li et al., 2017)  

V. cell size can be measured easily and reliably in multi-cellular context 

(Pavelescu et al., 2018) 

 
Figure 1.6 Tools to study cell cycle in the Arabidopsis root meristem. 

S phase progression in the root meristem can be visualised by EdU labelling that has two 
distinct signals. Whole EdU signal corresponds to early-S phase cells whereas speckled 
localisation of EdU corresponds to late-S phase cells (Hayashi et al., 2013). Onset of 
mitosis can be visualised by CYCB1;1-GFP marker (Meng and Feldman, 2010) that is 
active at G2/M to metaphase-anaphase transition, represented by black lines. In most 
experiments, EdU-positive and mitotic cells were counted in all cell layers of the root 
meristem.    
Confocal images presented here were taken by the author.  
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 At the basic experimental level, studying cell cycle requires measurement and/or 

visualisation of different cell cycle phases. One of the common and traditional 

methods is flow cytometry which involves measurement of DNA content or ploidy 

level of the cell by staining DNA with a fluorochrome (Darzynkiewicz et al., 2010). 

Another method commonly used to study cell cycle involves fluorescence microscopy-

based observation of proliferating cells, which relies on use of fluorochromes and/or 

unique intra-cellular features such as DNA/nucleus (and other organelles) 

morphology and visualisation of proteins with phase-specific expression, such as 

cyclins, to identify different cell cycle stages and their dynamics in response to 

environmental and developmental cues (Roukos et al., 2015).  

 

1.9 Hypotheses, aims and objectives of the thesis 

 

In the present thesis, we mainly use two tools, EdU labelling for S phase and 

CYCB1;1-GFP  as a mitotic marker (Figure 1.6). 5-Ethynyl-2´-deoxyuridine or EdU, 

preceded by antibody-based BrdU labelling, is a nucleoside analogue of thymidine 

that is incorporated into DNA when it is undergoing replication in a population of 

proliferating cells (Buck et al., 2008). DNA-incorporated EdU is then detected with 

a fluorescent azide which forms a covalent bond via so-called "click" chemistry 

reaction and is observed under a fluorescence microscope. EdU method of S phase 

detection has also been applied in Arabidopsis root (Hayashi et al., 2013). 

For mitotic cells, we used an engineered GFP containing CYCB1;1 destruction box 

sequence driven under the control of CYCB1;1 promoter (Meng and Feldman, 2010) 

thus the GFP marker is switched on at G2/M to metaphase-anaphase transition 

(Figure 1.6). Furthermore, cell length measurements of CYCB1-positive cells 
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determine size of actively-dividing cells as compared with the whole of meristematic 

tissue. 

The overarching aim of the thesis is to better understand the effects of genetic and 

environmental perturbation on cell cycle and cell size driven root meristem growth. 

More specifically, we aim to achieve the following: 

Aim 1: Cellular-level characterisation of primary root and meristem growth under 

different growth conditions  

Accompanying objectives: Measure a) primary root growth, b) meristem length, c) 

number of mitotic cells, d) size of mitotic cells under two constant light intensities 

and exogenous sucrose concentrations for a 6d period. Seedlings will be transferred 

from sucrose-containing to sucrose-free media.  

Hypothesis 1: This will reveal the cellular re-organisation that takes place when 

roots are exposed to different growth conditions. I hypothesise that standard light 

supplemented with sucrose will score the highest in cellular measurements whereas 

low-light sucrose-free will score the lowest and sucrose-supplemented low-light will 

score at an intermediate level. This is consistent with current understanding on 

widespread control of plant growth by sugar availability (Wingler, 2017). 

Aim 2: Determine whether cell cycle and cell size change on a diel basis and dissect 

possible molecular basis.  

Accompanying objectives: Carry out time-course experiments under 12h light 12h 

dark cycle using the mitotic marker and EdU labelling in Col-0 background. Carry 

out EdU labelling in selected timepoints (based from the timecourse experiment) in 

mutants of different cell cycle proteins.  
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Hypothesis 2: Temporal changes in cell cycle and size will be better classified. I 

hypothesise that cell cycle will mostly occur during the light hours consistent with 

the rapid cell cycle activation in response to light availability (Mohammed et al., 

2018) 

Aim 3: Dissect the role of TOR signalling pathway in cell cycle control. 

Accompanying objectives: Follow cell cycle using the mitotic marker and EdU 

labelling upon chemical inhibition of TOR activity. Investigate whether RBR is part 

of the TOR-cell cycle network by carrying out EdU labelling in RBR silencing line.    

Hypothesis 3: This will reveal novel insights into TOR control of entry into S phase 

(G1/S) and mitosis (G2/M). I hypothesise that TOR signalling will be involved in RBR 

regulation as TOR is known to regulate components of the RBR network such as 

E2FA and E2FB (Wu et al., 2019). Additionally, I hypothesis that TOR activity will 

be required for G2/M transition, previous reports have shown the requirement of 

metabolic signals in promoting G2/M progression (Skylar et al., 2011; Peng et al., 

2014).  

Aim 4: Investigate involvement of known cell cycle regulators such as components of 

MAPK signalling cascade and TCP transcription factor family.  

Accompanying objectives: Determine the effect of elevated levels of MKK7 and 

TCP14 using lines which express these genes under the control of a β-estradiol-

inducible promoter system.  

Hypothesis 4: This will show how different signalling pathways converge to regulate 

cell proliferation in the root meristem. Based on current understanding of MAPK 

signalling in limiting plant growth in response to various stress signals (Dóczi and 

Bögre, 2018), I hypothesise that under normal growth condition, increased MKK7 

level will results in inhibition of root growth and cell cycle in the root meristem. TCPs 
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play key role during plant growth and development through regulation of cell 

proliferation and endoreduplication (Li et al., 2012; Huang and Irish, 2015; 

Danisman, 2016), thus I hypothesise that overexpression of TCP14 will perturb the 

balance between cell cycle and endocycle in the primary root.  

The thesis has 7 chapters with 4 chapters of results. Each chapter has a cover page 

with a brief graphical and written summary of main findings as well as its own 

specific introduction and discussion sections. Chapter-specific aims and objectives 

are provided at the end of the introduction section, General discussion and 

conclusions are made in chapter 7.  
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Chapter 2      Materials and methods 
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2.1 Plant growth half-strength MS media preparation  

 

Half-strength Murashige-Skoog (Murashige and Skoog, 1962) basal salt mixture 

(0.22% w/v, Duchefa Biochemie) was prepared with 1% w/v phytoagar (Melford 

Laboratories Ltd)  and experiment-specific sucrose concentration of either 0%, 1%, 

2%, 3% w/v. Morpholineethanesulfonic acid (MES) solution was used as a buffering 

agent and the final pH was set to 5.7 by 1N potassium hydroxide (KOH) solution. 

Media was sterilised by autoclavation at 121°C for 20min. The media was 

subsequently let to be cooled to ~60°C before being poured into petri dishes. ~20ml 

MS media was added to 90mm round petri dishes and ~40ml MS media was added 

to 120mm x 120mm square petri dishes.  

 

2.2 Arabidopsis seed surface sterilisation  

 

Seed surface sterilisation was carried out using the liquid-phase method as 

previously described (Rivero et al., 2014) with altered concentration and incubation 

periods. Seeds were washed with 70% v/v ethanol (EtOH) by inverting 3-5 times for 

1min. EtOH was then removed, and the seeds were incubated in sodium hypochlorite 

solution (5% v/v Domestos) for 5min on a vertical rotator (Rotator Grant Bio PTR-

60). Sodium hypochlorite solution was discarded, and seeds were subsequently 

washed four times with sterilised distilled water. Finally, the sterilised seeds were 

kept in water after the final wash and cold stratified at 4°C for at least 2-3 days 

before sowing.  
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2.3 Plant material and growth conditions   

 

Seeds were sown on petri dishes placed vertically in the growth chamber (PHcbi, 

MLR-352) with ~80 µmol m-2 s-1 photon flux of cool white fluorescent light under 12h 

day-night cycles at day temperature of 21°C and night temperature of 18°C, which 

is considered as standard growth regime in this thesis. Other growth conditions 

include continuous standard light (~80 µmol m-2 s-1) and continuous low light (~20 

µmol m-2 s-1) at 21°C. For molecular work, seeds were sown on mesh for easy 

harvesting. Specific growth conditions for some experiments are described in the 

results chapter. 

A list of Arabidopsis lines used is provided in Table 2.1 below which are all that the 

ecotype Columbia 0 (Col-0) background. Additional details on T-DNA insertion sites 

of e2fa and e2fb mutants is provided in Figure 2.1.   

Table 2.1 List of Arabidopsis lines used in the thesis 

Seed line Identifier  Reference 

amiRBR  NA  (Cruz-Ramírez et al., 2013) 

e2fa-1 MPIZ_244 (Berckmans, Vassileva, et al., 2011) 

e2fa-2 GABI-348E09 (Berckmans, Vassileva, et al., 2011) 

e2fa-3 Not listed  (Xiong et al., 2013; Horvath et al., 2017) 

e2fb-1 SALK_103138 (Berckmans, Lammens, et al., 2011) 

e2fb-2 SALK_120959 (Horvath et al., 2017) 

pCYCB1;1-GFP NA (Meng and Feldman, 2010) 

pCYCD2;1:CYCD2:1-GFP  NA (Sanz et al., 2011)  

pER8GW:myc:MKK7 NA (Dory et al., 2018) 

tcp14-7 GABI611_C04  Unpublished (Ben Scheres collection) 

TCP14-iOE  NA Unpublished (Ben Scheres collection) 

TOR-RNAi NA (Deprost et al., 2007) 
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2.4 Arabidopsis primary root growth assay  

 

Primary root growth was tracked by marking the position of the growing tip at the 

‘backside’ of the petri dish at 24h intervals using different colour markers. At the 

end of the experiment, photographs of the petri dish with a ruler (as means of a scale 

reference) were taken. Using the freehand tool on ImageJ software 

(https://imagej.nih.gov/ij/), root growth was measured between two intervals which 

is the growth rate per day (growth over 24h period) and plotted as a function of time. 

 

2.5 Standard AZD-8055 experimental set-up   

 

To inhibit in vivo activity of TOR signalling, AZD-8055 (AZD) was used. For most 

AZD experiments the following regime was used. Seeds were sown on sucrose-free 

media under 12h light-dark cycles for one week. At 7DAS (day after stratification), 

Figure 2.1 Structural organisation of E2FA and E2FB proteins with position of T-DNA 
insertion sites 

Schematic showing different regions of E2FA and E2FB protein, red arrowheads show 
location of T-DNA insertions corresponding to different alleles of e2fa (a-1, a-2, a-3) and 
e2fb (b-1, b-2) mutants. The schematic is adapted from Leviczky and co-workers (2019) and 
was originally designed by Zoltan Magyar.  
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seedlings were transferred to either fresh sucrose-free or sucrose-containing media 

supplemented with 1µM AZD just before the growth chamber lights are switched on 

(timepoint = 0h). For maximum efficacy of AZD, AZD-containing media plates were 

prepared the day before the experiment and the drug was added after the media was 

cooled to 40-50 oC. 

 

2.6 EdU labelling of Arabidopsis root meristem  

 

To detect S phase cells, commercially available 5-ethynyl-2’-deoxyuridine (EdU) kit 

was used (ThermaFisher, Click-iT™ EdU Alexa Fluor™ 488 Imaging Kit). The 

following protocol is adapted from Hayashi and colleagues (2013) was designed and 

tested for 4d to 10d old Arabidopsis roots (Figure 2.1). Stocks of EdU and reaction 

mixture components are prepared in accordance with manufacturer’s instructions. 

Following experiment-specific treatment, seedlings were transferred to six-well 

plates and incubated in 10µM EdU-containing liquid MS media. For some 

experiments, EdU solution was directly added on the root tip on plates. The most 

common EdU incorporation period was 15min unless otherwise stated.  

After incubation period, seedlings were placed on a glass microscope slide containing 

a drop of 3.7% v/v formaldehyde and shoots were excised for easy handling. The cut-

roots were then transferred to a 1.5ml microcentrifuge tube containing 1ml of 

fixation solution consisting of 3.7% v/v formaldehyde + 0.1% v/v Triton X100 (Sigma) 

in 1X microtubule-stabilising buffer[a] (MTSB) for 1h under vacuum at RT. The 

fixation solution was removed, and the roots were washed 3 times with 1X MTSB, 

5min per wash. At this stage, samples were either stored at 4°C or the following 
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steps were subsequently followed. Note, fixed root samples can be safely stored at 

4°C for ~6 months.   

Next, cut-roots were permeabilised in 1ml 0.5% v/v Triton-X100 PBS[b] for 15 min 

at RT. Permeabilisation solution is then discarded and roots were washed 3 times 

with 1X PBS, 5min per wash. Samples were then incubated in 100µl Click-iT 

reaction mixture[c] for 40 min at RT, protected from light. Samples were washed 3 

times with 1X PBS, 5 min per wash.  

For nuclei counter-staining, samples were incubated in 500µl 25% v/v Sysmex 

CyStain UV Precise P staining buffer (contains DAPI[d]) in 1X PBS for 15min at RT, 

protected from light. Samples were then washed 3 times with 1X PBS, 5min each. 

Samples were kept in 1X PBS after the final wash. EdU-labelled and DAPI-stained 

roots were then observed under a confocal microscope or stored at 4°C and protected 

from light.  

[a] 10X MTSB stock preparation: 1.5% w/v of PIPES, 0.19% w/v of EGTA, 0.132% 

w/v of MgSO4·7H2O and 0.5% w/v of KOH were added in distilled water. pH was 

adjusted to pH 7.0 with KOH. The solution was sterilised by autoclavation at 120°C 

for 20min. 1X working MTSB solution (in distilled water) was filtered using a 50ml 

syringe with 0.2µm sterile filter. Protocol was taken from 

http://biowww.net/know/1/301.html [Last accessed: 16 December 2020]  

[b] 10X PBS stock preparation: 8% w/v of NaCl, 0.2% w/v of KCl, 1.44% w/v of 

Na2HPO4 and 0.24% w/v of KH2PO4 were added in distilled water. pH was adjusted 

to pH 7.4 with HCl. The solution was sterilised by autoclavation at 120°C for 20min. 

1X working PBX solution (in distilled water) was filtered using a 50ml syringe with 

0.2µm  filter. Protocol was taken from http://cshprotocols.cshlp.org/ 

(doi:10.1101/pdb.rec8247). 
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[c] Click-iT reaction mixture: 80.5% v/v distilled water, 11% v/v EdU reaction buffer 

+ 6% v/v CuSO4 + 2% v/v EdU buffer additive + 0.5% v/v Alexa Fluor 488 were added. 

[d] Alternatively, roots were incubated in 1µg/ml DAPI in 1X PBS solution for 20-

25min, protected from light.   

 

2.7 Confocal laser scanning microscopy  

 

An Olympus  IX‐81 FluoView FV‐1000 inverted microscope equipped with multiple 

laser lines was used. The following lasers were used for fluorescent dyes/proteins: 

405nm for DAPI, 488nm for GFP and Alexa Fluor 488, 543nm for propidium iodide. 

The parameters including high voltage (HV), gain, and offset settings once set were 

 

Figure 2.2 Step-by-step protocol of EdU labelling of Arabidopsis root tip. 

For additional information, see section 2.6 above. The protocol is adapted from Hayashi 
and colleagues (2013).  
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unchanged for fluorescence-of-interest but were modified for counter-staining dyes 

such as DAPI and propidium iodide.  

 

2.8 Confocal data processing  

 

The confocal images were processed and analysed using the Olympus FV10-ASW 4.2 

and/or ImageJ. Confocal OIB files were converted to TIFF files and processed in 

ImageJ software. Using the straight-line tool on ImageJ, cell length was measured 

in longitudinal direction from middle of the cell in the cortex layer. Meristem was 

defined as region of cells smaller than 10µm in length or the boundary of cells 

becoming gradually enlarged which defines the transition zone.  

 

2.9 Western blotting 

 

2.9.1 Protein extraction, quantification, and separation  

 

Whole-plant material was harvested and snap-frozen in liquid nitrogen and stored 

in 80°C or used immediately. Samples were ground to fine powder form using liquid 

nitrogen-cooled mortar and pestle and transferred to pre-chilled 1.5ml 

microcentrifuge tube. Lacus protein extraction buffer[a] (Magyar et al., 1997) 

consisting of PIC, DTT, PMSF, pNPP was added by following 1:1 v/v ratio and mixed 

by vortex. The samples were centrifuged at 14,000rpm at 4°C for 10min. 

Supernatant was transferred to a new microcentrifuge tube and SDS was added by 

following 1:4 v/v ratio i.e. 20µl SDS to 80µl lysate. The SDS samples were then 
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heated at 100°C for 5min and kept on ice afterwards for immediate use or stored at 

-20°C for later use. 

Protein concentration was determined by performing a Bradford assay. Briefly, 

800µl distilled water, 200µl Bradford solution, and 2µl protein sample were 

sequentially added to a microcentrifuge tube and mixed by vortex. For blank, 2µl 

Lacus protein extraction solution was added. The protein solution was then 

transferred to a glass cuvette and absorbance at 595nm was detected using a 

spectrophotometer. The recordings were entered on an Excel spreadsheet to 

interpolate the protein concentration of the given sample.    

Proteins were separated in 10% SDS-polyacrylamide gels which were composed of 

approximately 4/5 separating solution[b] and 1/5 stacking solution[c]. The 

separating gel was let to polymerise under a layer of isopropanol. Gel electrophoresis 

apparatus was filled with 1X SDS running buffer and 20µg or 30µg protein was 

loaded onto each well. PageRuler protein ladder (ThermoFisher) was used as a 

marker. The gel was run at 50V for 4-5h or until the running bands entered the 

buffer solution. Gel region-of-interest was cut and subsequently rinsed with distilled 

water on a rocking platform for 2min. The gel was kept in 1X transfer buffer with 

gentle agitation till the next step.    

 

2.9.2 Protein transfer, immunoblotting, and detection  

 

Proteins were transferred by performing a wet electroblotting. Nitrocellulose 

transfer membrane was soaked in absolute methanol for 30sec and rinsed with 1X 

transfer buffer. The transfer sandwich was assembled in the following order: cushion 

pad-Whatman paper-gel-membrane-Whatman paper-cushion pad. All components 
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were pre-wetted with transfer buffer. The gel and membrane were marked at the top 

left corner that the order of protein samples on the membrane could be determined. 

The assembled sandwich was then placed at a vertical position in a tank and ran 

overnight at 14V in the cold room. 

Following day, the membrane was washed once with 1x TBS-T (containing 1% v/v 

Tween-20 in 1X TBS) for 5min and subsequently incubated in blocking solution 

containing 5% w/v milk powder in TBS-T for 2h with gentle agitation. The membrane 

was then washed once with TBS-T and subsequently incubated in primary antibody 

overnight in the cold room. The membrane was then washed 4 times with TBS-T, 

10min per wash on a rocking platform. Secondary antibodies were diluted in 5% w/v 

milk powder in TBS-T and incubated for 30min at RT followed by washing with TBS-

T 4 times, 10min per wash on a rocking platform. Antibody dilutions are provided 

below.  

 

Table 2.2 List of antibodies and their dilutions used in this thesis. 

Antigen Host Source Dilution 

E2FA rat (Leviczky et al., 2019) 1:500 

E2FB rabbit (Magyar et al., 2005) 1:500 

GFP mouse Roche, 11814460001  1:1000 

phospho-Rb(Ser807/811) rabbit Cell Signaling, 9308 1:500 

phospho-S6K1/2 rabbit Agrisera, AS132664 1:500 

RBR1 chicken Agrisera, AS111627 1:1000 

S6K1/2  rabbit Agrisera, AS121855 1:1000 

chicken-IgG goat Sigma, 12-349 1:20000 

mouse-IgG rabbit Sigma, 12-341 1:10000 

rabbit-IgG goat Sigma, A0545  1:10000 

rat-IgG goat Sigma, A9037 1:10000 
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The membrane was developed using Immobilon chemiluminescent HRP (Merck 

Milipore) substrate by following 1:1 ratio of luminol reagent and peroxide reagent. 

Substrate solution was poured onto the membrane and incubated for 2min. The 

membrane was then fixed in an X-ray film cassette, exposure period depended on 

the antibody and the experiment. After development, membrane was stained with 

0.1% w/v Coomassie Brilliant Blue (dissolved in 50% v/v methanol) for 5min, and de-

stained with 50% v/v methanol. Membrane and X-ray film were scanned for analysis.             

[a] Lacus protein extraction buffer: 1% v/v of PIC (Sigma, PhosSTOP™), 0.1% v/v of 

1mM DTT, 1% v/v of 1mM PMSF, 1.5% v/v of PNPP are added to Lacus solution. 

Protocol is taken from Magyar and colleagues (1997).  

[b] 10% separating gel: 39.4% v/v of H2O, 33% v/v of 30% v/v acrylamide mix, 25% 

v/v of 1.5M Tris (pH 8.8), 1% v/v of 10% SDS, 1% v/v 10% w/v APS, 0.6% v/v of 

TEMED were added. Protocol is taken from Bio-Rad Laboratories, Inc. 

[c] For 5ml of stacking gel: 68.7% v/v of H2O, 16.6% v/v of 30% v/v acrylamide mix, 

12.6% v/v of 1M Tris (pH 6.8), 1% v/v of 10% SDS, 1% v/v of APS, 0.1% v/v of TEMED 

were added. Protocol is taken from Bio-Rad Laboratories, Inc. 

 

2.10 Statistical analysis  

 

Information on number of technical and biological replicates is provided in the figure 

legend corresponding to the experiment. Since most of the experimental work 

involved comparing two groups i.e. comparison between 0% and 1% sucrose, between 

two timepoints, light versus dark, or control versus AZD samples, I carried out two-

sample assuming unequal variance (heteroscedastic) t-test on Microsoft Excel 2019 
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to statistically determine significant differences. A p-value of less than 0.05 was 

considered to be a statistically significant difference.  

Unless otherwise stated, error bars in all figures of the thesis and in textual 

parentheses represent standard deviation.    
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Chapter 3      Distinct diel protein 

accumulation of E2FA and E2FB may 

differentially control the cell cycle 

 

 

 

 

_____________________________________________________________________________ 

Declaration – Western blot in Figure 7 was performed by Csaba Papdi with a 

biological repeat done by the author.  

Zaki Ahmad, Csaba Papdi, Zoltan Magyar, Laszlo Bogre. Diurnal rhythm of cell cycle 

and size in the Arabidopsis root meristem. Manuscript in preparation. 
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Distinct diel protein accumulation of E2FA 
and E2FB may differentially control the cell 
cycle 

 

In this chapter, cell cycle- and cell size-driven root meristem growth dynamics and 

its relationship with the environment are investigated.  

 

E2FA and E2FB may have distinct roles in governing diel changes in cell cycle  

 

In a nutshell 

 Meristematic cells dividing under standard light growth conditions divide 

more frequently, but at a reduced size compared with low-light growth 

conditions 

 Exogenous sucrose supply does not interfere with size of dividing cells  

 Cells preferentially divide more frequently and at larger size during the day 

than during the night, suggesting a diurnal rhythm of cell cycle 

 Cell cycle transcriptional factors, E2FA and E2FB, have anti-phasic protein 

accumulation  

 Analysis of e2f mutants suggest E2FA is required in the morning to stimulate 

cell cycle, whereas E2FB limits S phase at end-of-day and night 
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3.1 Introduction  

 

Cell cycle and protein synthesis-driven cell growth processes underlie meristem 

growth, which in turn are limited by internal and external cellular environmental 

factors, namely light and sugar availability (Lastdrager et al., 2014). Consistent with 

this idea, transcripts of several cell cycle and translation regulators are 

coordinatively upregulated during the day (light period) and decrease during the 

night (dark period; Usadel et al., 2008). Transfer of dark-grown seedlings to light 

also promotes expression of genes involved in translation (Ma et al., 2001). Some of 

the cell cycle proteins are also post-translationally modified in a diurnal manner 

(Uhrig et al., 2019). Furthermore, sugar promotes accumulation of cyclins and could 

partially derepress growth in transgenic seedlings where growth is otherwise 

compromised (Gutzat et al., 2011; Wang and Ruan, 2013; Lokdarshi et al., 2020). 

Additionally, exogenous sucrose supply leads to cell-type specific increase in cell 

cycle gene expression in the root meristem (Shulse et al., 2019) whilst nutrient-

deficiency reduces cell cycle progression (Buckner et al., 2019). Collectively, these 

findings suggest that light-dark cycles and nutrient availability level may jointly 

contribute to the increase in cell number and size to promote tissue growth at the 

whole-plant level. 

Phenomenologically, cell size and division can be coupled through size-dependent 

progression through cell cycle phases and/or size-dependent growth of small and 

large cycling cells (Schmoller, 2017). Time-course imaging of Arabidopsis shoot 

apical meristem (SAM) revealed that variations in cell size at birth are largely 

corrected by adjusting cell cycle duration such that large cells cycle faster, and small 

cells spend longer period in the cell cycle; in extreme cases, cell cycle length of 

daughter cells can differ by up to 48h (Jones et al., 2017). Transfer of plants from 
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normal light to low-light led to reversible reduction in cell size that could also be 

restored by exogenous sucrose (Jones et al., 2017). This suggests that size of dividing 

cells is fundamentally limited by environmental conditions, whether similar changes 

occur in the root meristem is not known. Computer simulations backed up by cell 

size measurements of mutants with altered CDK production revealed that reduced 

CDK amount results in larger cells whilst high CDK level leads to smaller cells 

without influencing cell cycle length (Jones et al., 2017). Furthermore, cell growth 

continues beyond G1 phase and it was implied that progression through both G1/S 

and G2/M transitions are size dependent that is primarily determined by CDK 

activity (Jones et al., 2017).  

One main target of CDK is to lift RBR repression on E2F transcription factors to 

drive transcription of genes required for S phase and mitosis. The classical view of 

E2FA and E2FB as cell cycle activators is being challenged such that E2FB, 

depending on its protein interactors, can act to limit cell proliferation (Magyar et al., 

2016). E2FA and E2FB have non-overlapping biological roles; for example, E2FA in 

complex with RBR represses endocycle genes in the meristem and is part of the DNA 

damage response  (Magyar et al., 2012; Horvath et al., 2017). In developing leaves, 

RBR-bound E2FB represses cell proliferation, and is a component of the multi-

protein DREAM complex (Kobayashi, T. T. Suzuki, et al., 2015; Oszi et al., 2020).   

Minimal overlap in temporal and spatial transcript and protein accumulation of 

E2FA and E2FB further strengthens the view that these two transcription factors 

are not redundant. For example, in developing siliques E2FA expression was highest 

in proliferation phase and nearly disappeared during maturation phase when E2FB 

expression peaked (Leviczky et al., 2019). Confocal imaging of Yellow Fluorescent 

Protein-tagged E2F lines showed E2FA protein accumulated during globular to late-

heart stages and disappeared in mature embryo whilst E2FB was mostly present at 
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the torpedo stage and remained detectable in mature embryo (Leviczky et al., 2019). 

Whereas E2FA is predominantly found in proliferating tissues such as young leaves, 

E2FB could also be detected in fully-differentiated cells (Oszi et al., 2020). During 

SAM growth and development, E2FB trough corresponds with peak expression of 

E2FA and S phase genes as well as A- and B-type CDKs (Klepikova et al., 2015). 

Additionally, E2FA and E2FB expression patterns are anti-phasic in most 

timepoints with E2FB and RBR level closely resembling each other (Klepikova et al., 

2015). Lastly, spatial pattern and intensity of E2FA and E2FB expression appear in 

distinct cell clusters of root tip (T. Q. Zhang et al., 2019). Whilst these studies 

convincingly distinguish between E2FA and E2FB functions, daily accumulation of 

E2Fs, on hourly basis, has not been determined.  

Light-dark cycles are arguably the most extreme change plants face on daily basis, 

indeed, transfer of dark-grown seedlings to light rapidly activates cell cycle in the 

shoot apex (López-Juez et al., 2008). Whilst the effect of light intensity on plant 

biomass and several other growth traits has been explored (Schumann et al., 2017; 

Poorter et al., 2019), there is still a lack of detailed investigation into cell cycle and 

cell size adjustment to light and sugar availability in the Arabidopsis root meristem 

over a long time-period and under light-dark cycles.  

 

3.1.1 Aims and objectives 

 

The overarching aim of this chapter is to define temporal changes in cell cycle and 

cell size in response to different growth conditions.  

Aim 1. quantitatively characterise dynamics of cell cycle and cell size under standard 

light and low light growth conditions as well as sucrose supplementation. 
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Accompanying objective: Utilise pCYCB1;1:CYCB1;1-db‐GFP marker line to 

measure number of mitotic cells in different growth conditions.  

Aim 2. determine diel hourly changes in cell cycle and G2/M cell size under light-

dark cycles. 

Accompanying objective: Carry out timecourse experiment with EdU labelling and 

the mitotic marker under 24h light-dark cycles. Measure length of CYCB1;1-positive 

cells as a proxy for G2/M size.  

Aim 3. explore whether protein accumulation of E2F transcription factors have time-

of-the-day dependent pattern  

Accompanying objective: carry out Western blot with E2FA- and E2FB-specific 

antibodies as well as with GFP antibody in GFP-fusion lines of E2FA and E2FB.  

Aim 4. determine whether diel dynamics in cell cycle is altered in the e2f mutants.  

Accompanying objective: selected timepoints from Aim 2 to measure number of S 

phase cells in different e2fa and e2fb mutants.  

 

3.2 Results  

 

3.2.1 Cell cycle in the meristem underpins root growth adjustment to the light and 
sugar availability. 

 

Availability of photosynthates is one of the limiting factors for plant organ growth, 

in particular cell production in the root meristem exclusively depends on available 

sugars (Li et al., 2017). To understand cell cycle dynamics of root growth and how it 

is shaped by growth conditions, primary root growth and number of mitotic cells 
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were followed over time under constant standard light (SL; light intensity ~80 µmol 

m-2 s-1) and constant low light (LL; ~20 µmol m-2 s-1) conditions of the G2/M marker 

line pCYCB1;1:CYCB1;1-db‐GFP (hereafter referred to as mitotic marker or 

CYCB1;1‐GFP; Meng and Feldman, 2010). A similar range of light intensity for our 

LL condition has been used by others that show light intensity-dependent increase 

in Arabidopsis growth (Bailey et al., 2001; Mishra et al., 2012). To ensure equal 

seedling establishment ratio, seeds were sown on 1% sucrose MS media and 

transferred to sucrose-free media or fresh 1% media at 4d after stratification (DAS; 

Figure 3.1A).  

Transfer of seedlings from 1% to 0% sucrose reduces root growth rate in both light 

conditions within 1d after transfer (DAT) and the lowered growth was maintained 

throughout the course of the experiment (Figure 3.1B,C). Under SL, a modest but 

statistically significant reduction of ~12% and under LL a significant reduction of 

~43% was observed at 1DAT and a similar separation of growth rate is observed 

between sucrose and sucrose-free condition over 6DAT in the two light conditions. 

During 6DAT, an average difference of ~39% between SL 1% and LL 1% was 

observed. The total root growth after transfer was clearly distinguishable between 

each of the four conditions with ~52mm (+/- 3.7mm) growth under SL 1%, ~47mm 

(+/- 3.9mm) under SL 0%, ~32mm (+/- 3.8mm) under LL 1% and ~24mm (+/- 3.7mm) 

under LL 0% (Figure 3.1D).    

We next checked the occurrence of cell division events using the mitotic marker and 

found a similar trend as the primary root growth. CYCB1;1-GFP positive cells were 

counted in all cell layers of the root tip, and meristem length was determined by 

measuring the average distance from quiescent centre (QC) to the last GFP-positive 

cell in both sides of the cortex layer (Figure 3.2A). At 0DAT, number of mitotic cells  
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Figure 3.1 Light and sugar set the primary root growth rate. 

A. Schematic of experimental design. CYCB1;1-GFP seeds were sown on 1% suc under 
two light intensities and transferred to 0% and 1% at 4d. Position of the primary root tip 
was marked daily for a 6d period and used to plot growth rate and cumulative root growth  
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after transfer.  
B. Representative whole-plant photograph of CYCB1;1-GFP in each growth condition. 
Scale bar = 10mm  
C. Measurements of primary root growth rate, determined as distance between two 
marks along the root.   
D. Sum total of root growth after transfer to +/- sucrose at each growth condition.    
Data presented as mean, error bars represent standard deviation. Number of roots (n) 
> 15, number of biological repeats (N) = 2. Statistical differences between 1% and 0% 
within SL and LL were determined using Student’s t-test. Asterisk represents a 
significant difference, “ns” represents a difference that is not significant.  

 

under both light conditions was around 15 (+/- 5.2 for SL and +/- 4.2 for LL) which 

increased to 28 cells (+/- 8.7) and 19 (+/- 5.0) cells 1DAT under SL 1% and SL 0%, 

respectively (Figure 3.2B,F). Mitotic count at 1DAT under LL 1% and LL 0% was 17 

(+/- 5.7) cells and 12 cells (+/- 4.4), respectively (Figure 3.2B,F). At all timepoints, 

mitotic cell frequency was clearly distinguishable between 0% and 1% within LL, but 

a large overlap in mitotic count was observed in most timepoints between SL 0% and 

LL 1% whereas LL 0% showed the lowest count at all timepoints (Figure 3.2B). 

During all timepoints, under SL 1%, and SL 0%, 28 (+/- 5.9) and 24 (+/- 4.2) mitotic 

cells were observed on average (Figure 3.2C). Under LL 1% and LL 0%, 21 (+/- 3.7) 

and 12 (+/- 2.3) cells were observed on average of all time points, respectively (Figure 

3.2C).  

Meristem is defined as a region with the highest proliferation capacity (Dolan et al., 

1993; Otero et al., 2016), and thus we defined the size of the meristem as the distance 

from QC cells to the last GFP-positive cortical cell. Under SL 1% at 1DAT, meristem 

size was ~200µm (SEM +/- 6.2µm), and under SL 0% it was ~175µm (SEM +/- 

13.0µm), a reduction of 12.5% (Figure 3.2D,F). Under LL 1% at 1DAT, meristem size 

was ~155µm (SEM +/- 11.8µm), and under SL 0% it was ~115µm (SEM +/- 7.8µm), a 

reduction of ~25% (Figure 3.2D,F). At all timepoints, a clear difference in meristem 

size was observed when comparing 0% and 1% samples within SL and LL, whilst 

there was an overlap between SL 0% and LL 1% in some timepoints (Figure 3.2D) 
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During the course of experiment, the average meristem size under SL 1% was 215µm 

(+/- 19.7µm), 190µm (+/- 17.6µm) under SL 0%, 165µm (+/- 12.0µm) under LL 1% and 

125µm (+/- 14.6µm) under LL 0% (Figure 3.2E). 

To summarise, the root growth assay revealed a dynamic adjustment of growth rate 

from sucrose-containing to sucrose-free growth media, and a clear separation of 

growth between the two light intensities. This suggests an active monitoring of root 

growth even under constant growth conditions and implies an involvement nutrient-

sensing signalling pathway. The shift from 1% to 0% sucrose media under LL causes 

a higher reduction in growth rate, cell cycle occurrence and meristem size implying 

that exogenous sucrose supply has an overall greater positive effect on the 

aforementioned growth parameters under LL as compared to SL. Additionally, the 

size of meristem almost mirrors the primary root growth implying that the tuning of 

growth to the environment occurs in the meristem through regulation of cell cycle. 

This is consistent with the view that cell division events in the root meristem is a 

key determinant of root growth rate (Bennett and Scheres, 2010; Street et al., 2015; 

Gázquez and Beemster, 2017).        

 

3.2.2 Growth conditions dependence of root meristematic cell size  

 

Meristem regulation occurs through both rate of cell division and cell size at division 

(Ahmad et al., 2019), so we next asked whether cell size is affected by various growth 

conditions as we observed for primary root growth and root meristem mitotic count. 

To this end, we used the same SL/LL mitotic marker confocal data and measured 

only the size of CYCB1;1-positive cells (hereafter referred to as G2/M cell length/size) 

in the cortex layer of both sides of the root (Figure 3.3A). G2/M cell length at 4d (0D-  
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Figure 3.2 Cell cycle in the root meristem is largely defined by light and sugar availability 

A. Schematic of measurements made. All CYCB1;1-GFP positive cells were manually 
counted, and meristem size was determined as length between the QC and last GFP-
positive in the cortex layer. 
B. Number of CYCB1;1-GFP positive (mitotic) cells in the four growth conditions. 
C. Average number of mitotic cells of all timepoints in the four growth conditions. 
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D. Root meristem length in the four growth conditions during the course of experiment.  
E. Average size of root meristem of all timepoints in the four growth conditions.  
F. Representative confocal micrograph of PI-stained (red) CYCB1;1-GFP (green) root 
tip at each timepoint of four growth conditions. Blue arrowheads point meristem 
boundary. 
Data presented as mean, error bars in panels B,C,E represent standard deviation, error 
bars in panel D represent standard error of mean (SEM). Number of roots (n) > 15, a 
biological repeat was performed independently yielding identical conclusions. 
Statistical differences between 1% and 0% within SL and LL were determined using 
Student’s t-test. 1DAT data of 1% and 0% were compared with 1% 0DAT data for both 
light conditions. For other subsequent timepoints, 1% was compared with 
corresponding 0% in each light condition. Asterisk represents a significant difference, 
“ns” represents a difference that is not significant.  

 

AT) under both light conditions was ~10µm (+/- 0.8µm for SL and +/- 0.7µm for LL) 

and significantly reduced to 8.7µm (+/- 0.8µm) and 9.3µm (+/- 0.5µm) on 1% suc and 

0% suc under SL 1DAT, respectively (Figure 3.3B). At later timepoints, SL 1% G2/M 

cell size fluctuated between 9.4µm (+/- 1.2µm)  at 2DAT to 7.7µm (+/- 0.5µm) at 4DAT 

and 8.4µm (+/- 0.7µm)  at 5DAT , whilst SL 0% showed a gradual reduction and 

appeared to become less variant at ~7.7µm (+/- 0.3µm)  during 5 to 6 DAT (Figure 

3.3B). G2/M cell size under LL 1% at 2DAT was 10.1µm (+/- 0.7µm)  and plateaued 

at ~9.3µm (+/- 0.7µm) during 3 to 5 DAT and reduced to 8.5µm (+/- 0.6µm)  at 6DAT, 

whilst LL 0% G2/M size remained unaltered during 2DAT and reduced to 9.5µm (+/- 

0.2µm)  and did not show any significant difference till 6DAT (Figure 3.3B). The most 

extreme difference in cell size under SL 1% occurred at 4DAT in which cells were 

25% smaller than the starting point (0DAT) and the same percentage difference 

occurred at 5DAT under SL 0%. In case of LL 1% and LL 0%, the highest percentage 

reduction was 16% and 8% at 6DAT, respectively.  

Additionally, we did not observe any apparent difference between 0% and 1% sugar 

within the same light condition in size of cycling cells, but a clear difference between 

the two light intensities was observed (Figure 3.3C). The average cell size of all 1% 

LL timepoints was ~9.6µm (+/- 0.7µm) and average 1% SL cell size was 8.7µm (+/- 

0.9µm), a significant difference of ~10%; 0% LL cell size was 9.6µm (+/- 0.4µm) and  
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 0% SL was 8.3µm (+/- 0.6µm), a significant difference of ~14% (Figure 3.3C). In 

summary, exogenous sucrose does not cause an overall change in final size at 

division, but by comparing size differences between the two light intensities, we 

found that under low light cells divided at bigger size than under standard light 

 

Figure 3.3 Effect of growth conditions on cell size. 

A. Schematic of cell length measurements made. Size of CYCB1;1-GFP positive cells, 
representing size at G2/M, was measured in the cortex layer of both sides of the root and 
averaged for each timepoint.  
B. Cortical cell length at G2/M transition in the four growth conditions during the course 
of experiment.  
C. Average G2/M cortical cell length of all timepoints in the four growth conditions.  
Data presented as mean, n > 15, error bars represent standard deviation. Data used here 
is from Figure 3.2. a biological repeat was performed independently yielding identical 
conclusions Statistical differences between 1% and 0% within SL and within LL were 
determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents a difference that is not significant.  
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conditions. This suggests under low light which may reflect nutrient-poor 

endogenous conditions, cells compensate for reduced cell cycle by increasing division 

size. Supposedly, this allows the maximum meristem length to be achieved in a cell 

population with low proliferative capacity which would subsequently maximise 

growth of primary root. Additionally, the gradual reduction or plateauing of cell size 

during the course of experiment irrespective of growth conditions suggest that size 

threshold at division changes during root growth and development and is partially 

set by light signalling and/or photosynthetic capacity as we saw a clear separation 

of size distribution between standard light and low light growth conditions.  

 

3.2.3 Cell cycle and cell size in the root meristem changes on an hourly basis  

 

The sucrose transfer experiment in Figure 3.2 showed that the re-adjustment of cell 

cycle occurs within a period of 24h with low light and standard light having a low 

and high mitotic count, respectively. This led us to investigate how cell cycle might 

be altered under light-dark cycles without exogenous sucrose supply since dark in 

this photoperiod may resemble the sucrose-free LL condition in Figure 3.2. To test 

this, we followed cell cycle using the mitotic marker without exogenous sucrose 

supply under 12h light (day) 12h dark (night) cycles with day temperature of 21°C 

and night temperature of 18°C. The temperature cycle was used to mimic warm days 

and cool nights plants experience in nature; however, I acknowledge the effect 

temperature cycles may have on interpreting the effect of light-dark cycles on cell 

cycle count in the root meristem.  

Confocal imaging was carried out every 4h for a 48h period when the seedlings were 

6d old, we used the 0h timepoint as the reference point to compare changes at other 
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timepoints (Figure 3.4A). Number of mitotic cells at 0h (growth chamber lights off) 

was 15 (+/- 3.1)  which increased to 26 (+/- 6.0)  cells within 4h after lights are 

switched on (Figure 3.4B,C). After the 4h peak, there was a gradual decrease in 

mitotic count from 8h to 20h with a moderate increase afterwards followed by a sharp 

increase of ~45% between 28h and 32h, with 16 (+/- 4.6) cells and 29 (+/- 5.0) cells, 

respectively (Figures 3.4C, S3.1 – see appendix). The second 32h peak followed 

another decline but fluctuated at 40h. Overall, average mitotic count during the light 

period was 22 (+/- 4.9) cells and 16 (+/- 3.6) cells during the dark period, a significant 

difference of ~25% (Table 3.1).  

Since SL/LL experiment showed light intensity- and root growth -dependent cell size 

differences, we next checked whether cell size changes within and/or between light 

and dark periods and measured length of CYCB1;1-GFP positive cells from the same 

confocal data as in Figure 3.4. At 0h, cell size was 8.3µm (+/- 0.7) and increased by 

~15% to 9.7µm (+/- 0.8) at 4h and stayed the same size at 8h and 12h (Figure 3.5A). 

At 16h and 20h, cell size was 9.1µm (+/- 0.5 for 16h and +/- 0.6 for 20h), a modest but 

significant difference of ~7% from the preceding light hours (Figure 3.5A). At 24h, 

cell size increased to 9.7µm (+/- 0.6) and further to 10.1µm (+/- 0.7) at 28h; at 32h 

and 36h cell size was determined to be 9.5µm (+/- 0.6 for 32h and +/- 0.7 for 36h) and 

reduced to 8.8µm during the dark hours (Figure 3.5A). Although we noted significant 

differences from 0h to light-hours and dark-hours, the percentage difference was 

mostly greater during light-hours. Thus, night-cycling cells divide with a slight, but 

statistically significant smaller size (9.0µm) than cells dividing during the day 

(9.7µm; Table 3.1).  
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Figure 3.4 Effect of light-dark cycles on cell cycle in the root meristem. 

A. Schematic of experimental design. Seeds were sown on sucrose-free MS media under 
12h light-dark cycles. All CYCB1;1-GFP positive cells were manually counted and the co-  
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Since onset of mitosis shows time-of-the-day dependent changes, we asked whether 

S phase count in the root meristem will behave in the same way. For this, we used 

5-ethynyl-2′-deoxy-uridine (EdU) labelling technique under the same experimental 

system as for the mitotic marker. EdU is a thymidine analogue and incorporates into 

DNA during replication and is visualised with a fluorescent probe (Buck et al., 2008). 

unt for all roots in each timepoint was averaged. 
B. Representative confocal micrograph of PI-stained (red) CYCB1;1-GFP (green) root 
tip of each timepoint. 
C. Number of mitotic cells at each timepoint during the course of experiment.  
Data presented as mean, error bars represent standard deviation. Number of roots (n) 
> 9. Number of biological repeats (N) = 2. A biological repeat is presented in Figure S3.1. 
All three repeats yield identical conclusions. Statistical differences between 0h and all 
other timepoints were determined using Student’s t-test. Asterisk represents a 
significant difference, “ns” represents a difference that is not significant. 

 

Figure 3.5 Diel changes in G2/M cell size.  

Cortical cell length at G2/M transition during diel cycles. Size of CYCB1;1-GFP positive 
cells, representing size at G2/M, was measured in the cortex layer of both sides of the root 
and averaged for each timepoint.   
Data presented as mean, error bars represent standard deviation. Number of roots (n) > 
13. Confocal data used here is from Figure 3.4. Statistical differences between 0h and all 
other timepoints were determined using Student’s t-test. Asterisk represents a significant 
difference, “ns” represents a difference that is not significant. 
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EdU is a versatile cell cycle tool and can be used to label DNA replicating cells in 

any plant tissue and genotypes (Hayashi et al., 2013). 

At 0h, the number of S phase (EdU-positive) cells were 14 (+/- 4.5) which increased 

by over two-fold to 35 (+/- 6.2) within 4h after growth chamber lights are switched 

on (Figure 3.6A,B). A similar number of S phase cells were observed at 8h followed 

by a gradual decline till EdU count reached a similar level as 0h at 20h. A similar 

pattern of rise and fall in number in EdU cells was observed between 24h and 48h 

(Figure 3.6B). The average S phase count of all light hours was determined to be 34 

(+/- 5.6) cells and an average of 18 cells (+/- 5.5) during dark hours, a significant 

decrease of 45% (Table 3.1).  

 

Table 3.1 Averages of cellular parameters measured in light-dark experiments.   

Parameter Light-hours (L) Dark-hours (D) p-value (L vs D) 

S phase count1 33.5 (+/- 5.6) 18.4 (+/- 5.5) 0.000549 

Mitotic count2 21.9 (+/- 4.9) 16.1 (+/- 3.6) 0.039285 

G2/M cell length3 (µm) 9.7 (+/- 0.2) 9.0 (+/- 0.4) 0.004500 

1. Mean S phase count of all light-hours and all dark-hours in Figure 3.6 were averaged, 
standard deviation is presented in the parenthesis. 
2. Mean mitotic count of all light-hours and all dark-hours in Figure 3.4 were averaged, 
standard deviation is presented in the parenthesis. 
3. Mean G2/M cell length of all light-hours and all dark-hours in Figure 3.5 were averaged, 
standard deviation is presented in the parenthesis.   
 

 
In summary, the daily oscillation of cell cycle with peak count during the day and 

trough during the night suggests a functional diurnal rhythm of cell cycle. This is 

implied from the observation that the starting point (0h and 24h in Figure 3.6B) of 

S phase cells reaches after a 20h cycle (0h to 20h and 24h to 44h in Figure 3.6B) in 

a gradual way coupled with the observation that most of the S phase and mitotic 

events (Figures 3.4 and 3.6) occur during the light part of the light-dark cycles. Furt-     
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Figure 3.6 Diel changes in number of DNA replicating cells in the root meristem. 

A. Representative confocal micrograph of DAPI-stained (blue) EdU-labelled (green) root 
tip of each timepoint.  
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her investigation into duration of cell cycle during the day and the night should 

reveal cellular mechanistic insight into diel control of root meristem. 

 

3.2.4 Diel pattern of E2FA and E2FB protein accumulation may create temporal 
changes in S phase  

 

E2FA and E2FB have different regulatory roles throughout the cell cycle and so we 

next explored their protein levels during a day-night cycle. To this end, we collected 

7d- old seedlings every 4h for a 24h period under 12h light-dark cycles and measured 

endogenous E2F protein amount using E2FA- (Leviczky et al., 2019) and E2FB-

specifc antibodies (Magyar et al., 2005). E2FA accumulated early in the morning 

with maximal level at 4h and followed a gradual decline till 16h and started to rise 

at 20h whilst E2FB showed low amount from 0h to 8h, with an increased level at 

12h to 20h and a decrease afterwards (Figures 3.7, S3.2 – see appendix).  

B. Number of S phase (EdU-positive) cells at each timepoint during the course of 
experiment. EdU-positive cells were counted in all layers of the root meristem.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) > 7. Statistical differences between 0h and all other timepoints were 
determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents a difference that is not significant. 

 

 

Figure 3.7 Differential accumulation of E2FA and E2FB proteins. 

Endogenous E2FA and E2FB protein abundance in whole-seedlings during light-dark 
cycle was determined using specific antibodies against the two E2Fs. Number of biological 
repeats (N) = 2. A Western blot with E2F-GFP lines using GFP antibody in presented in 
Figure S3.2. For antibody dilution, see Table 2.2.     
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In short, E2FA and E2FB protein abundance show an almost anti-phasic pattern 

with E2FA peaking during “morning” hours and end-of-night corresponding to high 

cell cycle count and E2FB peaking towards the end-of-day and night corresponding 

to decline in cell cycle count. A similar anti-phasic pattern was observed with mRNA 

level of E2FA and E2FB obtained from an online data repository (Figure S3.3 – see 

appendix). We theorised that E2FA is needed in the morning to stimulate 

light/sugar-driven cell cycle induction and E2FB acts to limit cell cycle entry during 

end-of-day/dark hours. To test this idea, we carried out EdU labelling in different T-

DNA insertion mutants of e2fa and e2fb described in detail by Leviczky and 

colleagues (2019; also see Figure 2.1). Since in wild-type we observed a low S phase 

count at 0h with a two-fold increase at 4h and then a significant decrease at 12h 

(Figure 3.6B), we only focused on an early timepoint of 3h and a later one of 12h to 

examine EdU frequency in the e2f mutants.  

As expected, wild-type Col-0 EdU count increased by nearly three-fold from 17 (+/- 

4.7) cells at 0h to 49 (+/- 8.7) cells at 3h and subsequently reduced by ~40% to 26 (+/ 

11.0) cells at 12h (Figure 3.8A, B). At 0h, S phase count of e2fa-1, e2fa-2, e2fa-3 was 

22 (+/- 7.6), 24 (+/- 10.7), and 32 (+/- 10.0)  cells, respectively. e2fa-1 showed a 

moderate increase at 3h and reduction at 12h, whilst e2fa-2 and e2fa-3 did not show 

any significant change at 3h but decreased at 12h (Figure 3.8A, B). S phase count of 

e2fb-1 and e2fb-2 at 0h was 46 (+/- 8.4) and 53 (+/- 8.7) cells, respectively and e2fb-1 

did not show any change at 3h and 12h whilst e2fb-2 increased to 69 (+/- 10.9) cells 

at 3h and reduced to 56 (+/- 11.2) cells at 12h (Figure 3.8A, B). Overall, e2fa mutants 

have a low S phase count when WT count is high and e2fb mutants have higher 

number of S phase cells when WT count is less. Considering matching time window 

of E2FB accumulation and high S phase count in the e2fb mutants, we propose that 
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Figure 3.8 S phase count in e2fa and e2fb mutants. 

A. Representative confocal micrographs of DAPI-stained (blue) EdU-labelled (green) 
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root tip of each timepoint and mutant. 
B. Number of S phase (EdU-positive) cells of each e2fa and e2fb mutant at the three 
time points. EdU-positive cells were counted in all layers of the root meristem.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) > 10. A biological repeat was performed with e2fa-1 and e2fb-2 yielding 
identical conclusions. Statistical differences were determined using Student’s t-test. 
Asterisk represents a significant difference, “ns” represents a difference that is not 
significant. 
 

 

E2FB acts to limit cell cycle entry at the end-of-day whilst E2FA is required in the 

morning to trigger light/sucrose-dependent cell cycle.     

Consistent with Hypotheses 1 and 2 stated in section 1.9, I showed that cell cycle in 

the root meristem is dynamic such that cell cycle is tuned to sucrose, light intensity 

and light-dark cycles.  

 

3.3 Discussion  

 

Quantitative characterisation of cell cycle in the Arabidopsis root meristem using S 

phase EdU labelling and CYCB1;1-GFP mitotic marker revealed a remarkable 

rheostatic-like tuning of cell cycle to light, sugar availability, and day-light cycles 

such that high sugar availability (standard light, 1% sucrose, light part of the light-

dark cycle) results in high mitotic count compared to low miotic count observed in 

low-light sucrose-free and dark part of the light-dark cycles.  

Of noteworthy, the average cell length of both light-hours and dark-hours (Figure 

3.4D) resembles that of averaged low-light cell length as supposed to averaged cell 

length of standard-light timepoints (Figure 3.3C). Whilst it is clear that exogenous 

sucrose supply had no clear affect on length of CYCB1-positive cells (Figure 3.3C), 

the similarity between light-dark cycle and low-light suggests that total luminous 
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flux might play a role in determining cell growth rate. It would be of interest to purse 

this experimentally by carrying out cell length measurements under different light 

intensities of under constant light and 12h photoperiod.  

Interestingly, under continuous light regime, exogenous sucrose supply had no clear 

effect on cell size. Rather, the differences were more pronounced between standard 

light and low light conditions such that G2/M cells were larger under LL than under 

SL. Coupling this observation with the mitotic count under LL suggests that root 

meristem compensates for reduced mitotic count by increasing size at which cells 

divide. This is different to observations made in yeast and mammalian cells where 

poor nutrient conditions lead to smaller cells (Petersen and Nurse, 2007; Lloyd, 

2013). 

Conceptually, a similar compensatory phenomenon has been observed in an3-4 

mutant leaves where decrease in cell proliferation results in increased post-mitotic 

cell expansion (Kawade et al., 2010), and in petals of rbe-1 mutant (Huang and Irish, 

2015). Primary roots also exhibit compensatory behaviour as seen in the aak6 

mutant where reduced meristematic cell division increases mature cell length 

(Slovak et al., 2020). Whilst these studies show a remarkable similarity of cellular 

responses between different plant organs, we specifically focused on size of CYCB1-

positive cells within the meristem region and found an inverse-like relationship 

under constant light between number and size of mitotic cells suggesting the 

compensation mechanism may be active at both inter- and intra-tissue level. For 

example, Slovak and colleagues (2020) focused on relationship between meristematic 

cell number and cell length of mature cells and found an inverse relationship in the 

aak6 mutant that has fewer meristematic cells which is accompanied with increased 

cell mature cells (Slovak et al., 2020). Whilst this is a different cellular approach as 

we focused on comparison between size and number of cells within the same tissue 
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(root meristem), this suggests that cellular principles in shaping final organ size 

(primary root)  work coherently across different root tissues. 

 

Time-course analysis of cell size determined that size threshold at G2/M is not fixed, 

but changes during root growth and development, irrespective of growth condition. 

For example, we found a general downward trend such that 10d old dividing cells 

are much smaller than 5d old dividing cells. The reduced cell size phenotype of old 

roots compared with younger roots can be explained by CDK threshold amount 

required to progress through mitosis. Mutants with supposedly low CDK activity, 

such as cycd3;1-3 triple and cdkb1;1/1;2 double, have larger SAM cells compared 

 
Figure 3.9 Schematic summary of diel dynamics of cell cycle and E2F protein 
accumulation. 

Cell cycle (green circle) predominantly occurs during the day with mild occurrence 
towards the end-of-night. Cells dividing during the light hours are considering larger 
than cells dividing during the dark hours as depicted by relative size of green circle. The 
high cell cycle count corresponds with high protein accumulation of E2FA (red circle) 
whereas low cell cycle count corresponds with high E2FB (blue circle) levels. Taken 
together, we proposed that E2FA is required during the light period to trigger cell cycle 
whilst E2FB limits cell cycle at the end-of-day and during the night. 
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with CYCD3;1-overexpressing line that has smaller cells (Jones et al., 2017). As 

young seedlings grow and develop leaves, photosynthate availability is presumably 

higher, leading to increased CYCD production and the resultant enhanced CDK 

activity. Thus, older roots have smaller cells due to less time it takes to meet the 

required CDK activity to progress through G1/S and G2/M transitions.  

Whilst 12h light-dark cycles are a popular choice to study diurnal and circadian 

rhythms (McClung, 2006), a high temporal resolution of cell division and cell size 

dynamics is missing. Both of these cellular events are key determinants of final 

organ size (Gázquez and Beemster, 2017) and a better understanding of these events 

are likely to improve crop yield in the future (Gonzalez et al., 2009). To fill this gap 

in knowledge, we investigated diel changes of cell cycle under 12h light-dark cycles 

without sucrose supplementation, and found cells predominantly enter S phase and 

mitosis during light (day) hours. The spike in cell cycle evens in the meristem during 

the day could be due to photosynthesis-derived sugars being transported to the root, 

and reduced sugar availability at night through starch metabolism leading to 

suppression of cell cycle. In support of this view, the sugar transporter SWEET2 

shows a high expression in the root and the sweet2 mutants have a smaller meristem 

(Chen et al., 2015). Additionally, the starchless mutant pgm has little-to-no cell cycle 

events in the root meristem during the night (personal observation, unpublished).  

To elucidate possible molecular basis of diel dynamics of cell cycle, we focused on 

E2F transcription factors and found that e2fa mutants do not show increase in S 

phase count during light hours whereas e2fb mutants loose end-of-day dependent 

decrease in S phase count. Coupling this finding with the observation that E2FA 

protein accumulates most during the day whilst E2FB peaks during the night 

suggest that these two E2Fs act antagonistically to create a diurnal rhythm of cell 

cycle. Thus, according to this mode, E2FA would be required in the morning to 
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trigger S phase gene expression, and E2FB limits cell cycle progression in the 

evening (Figure 3.9). Whilst E2FB is traditionally viewed as a positive regulator of 

cell cycle, when bound to RBR, E2FB acts as negative regulator as evident from 

decreased leaf epidermal cell count (Oszi et al., 2020). Future Co-IP studies are likely 

to shed light on differential complex formation between E2FA and E2FB during day-

night cycles. 

The diurnal rhythm of cell cycle is coupled with hourly changes in G2/M size, such 

that day-dividing cells are considerably larger than night-dividing cells. Whilst we 

unexpectedly found that the Arabidopsis root meristem undergoes these diel changes 

in cell size, a similar observation was made in the Synechococcus elongatus 

photosynthetic bacterial cells (Martins et al., 2018). A hallmark of the timer model 

of size-homeostasis is that cell growth occurs for a fixed period and a sizer model 

suggests that cells ‘wait’ till a certain size is reached before progressing through the 

cell cycle (Facchetti et al., 2017; Jones et al., 2019). Coupling this to our observation 

that G2/M size remains constant during the day (Figure 3.5A) and most of cell cycle 

events occur within a short time-window of the light period (Figures 3.4 and 3.6), we 

think root meristematic cells likely coordinate cell cycle progression and cell growth 

through a sizer that works at G1/S, followed by a G2/M timer mechanism to achieve 

cell size homeostasis.  
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Chapter 4 TARGET OF RAPAMYCIN 

signalling pathway regulates sugar-induced 

progression through the cell cycle 
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Declaration – Western blots in Figures 4.6,4.10, and 4.12 were performed by Csaba 

Papdi.  
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regulates cell cycle by mediating phosphorylation of RBR. Manuscript in 
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TARGET OF RAPAMYCIN signalling 
pathway regulates sugar-induced progression 
through the cell cycle 

 

In this chapter, I investigated the role of TOR signalling in context of cell growth 

and cell cycle progression under 12h day-night cycles.     

TOR activity is required for cell cycle progression and cell growth 

In a nutshell 

 Chemical inhibition of TOR signalling by AZD8055 leads to dramatic 

lowering of primary root growth rate and meristem size  

 AZD8055 treatment lengthens cell cycle period and reduces the size of 

dividing cells 

 TOR inhibition rapidly decreases S phase count and onset of mitosis, 

implying TOR activity is required for both G1/S and G2/M transitions 

 TOR activity promotes protein accumulation of CYCD2 

 TOR regulates G1-to-S phase transition by regulating phosphorylation of 

RBR 
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4.1 Introduction  

 

TOR signalling pathway is the principle regulator connecting growth signals with 

growth processes such as cell proliferation and protein synthesis-driven cell growth 

and thus ensuring cell size homeostasis. In Arabidopsis, signals that increase TOR 

kinase activity, as measured in vivo from phosphorylation of its prime target S6K1, 

include sucrose and glucose availability, light, auxin, amino acids (Xiong and Sheen, 

2014; Dobrenel, Caldana, et al., 2016; Wu et al., 2019; O’Leary et al., 2020). Sugar 

production through photosynthesis reflects energy status, indeed a large proportion 

of Arabidopsis transcriptome responds to changing sugar levels (Bläsing et al., 2005; 

Smith and Stitt, 2007; Usadel et al., 2008). Additionally, sugar-starved seedlings 

rapidly trigger cell cycle gene expression and progress through the cell cycle when 

treated with sucrose and/or light (López-Juez et al., 2008; Mohammed et al., 2018).  

Although the precise series of molecular events connecting sugar availability to cell 

cycle entry are not fully delineated, D-type cyclins were shown to be positively 

regulated by sugar availability suggesting that sugar-sensing signalling pathways 

may be involved in CYCD regulation. mRNA and protein level of CYCD2 and CYCD3 

respond rapidly to sucrose supply and dramatically reduce upon sucrose removal 

(Riou-Khamlichi et al., 2000; Healy et al., 2001). Furthermore, CYCD2;1 and 

CYCD3;1 were shown as binding partners and activators of PSTAIRE-containing 

CDKA, but not of the mitotic CDKB, and the CYCD-CDKA complex was shown to 

phosphorylate RBR (Healy et al., 2001; Nakagami et al., 2002). Additionally, 

CYCD2;1-GFP translational fusion line showed that the CYCD2 protein is strongly 

present in all cell-types of the root meristem and is sensitive to sucrose availability 

(Sanz et al., 2011), whether CYCD2 accumulation shows diel changes is not known. 

In a brief simplistic view, G1/S entry is strongly dependent on sugar availability 
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which promote the accumulation of D-type cyclins that result in the inhibition of 

RBR cell cycle repressor function, and thus allows S phase gene expression through 

E2FA transcription factor. The upstream signalling pathway involved in the CDKA-

CYCD-RBR linear model is not fully delineated.   

Due to embryo lethality of tor mutant and limited use of transgenic TOR lines with 

altered expression level, deeper understanding of the inputs and outputs TOR 

signalling network has largely relied on ATP-competitive chemical inhibitors such 

as AZD-8055 and TORIN (Montané and Menand, 2019). Although these TOR 

inhibitors were designed to target the mammalian TOR, they have been shown to be 

specific for inhibiting Arabidopsis TOR function (Montané and Menand, 2013). For 

instance, AZD led to inhibition of primary root growth and meristem shortening in 

a dose-dependent manner (Montané and Menand, 2013). Due to absence of critical 

amino acids in the Arabidopsis FKBP12, rapamycin does not have an inhibitory 

effect on TOR activity in most commonly used experimental conditions (Menand et 

al., 2002; Mahfouz et al., 2006; Sormani et al., 2007). However, rapamycin was shown 

to inhibit TOR activity as detected from Thr-449 S6K1 phosphorylation under 

extreme growth conditions at a very high concentration (Xiong and Sheen, 2012).   

A CYC-CDK-RBR independent pathway was proposed where TOR kinase was 

identified to phosphorylate E2FA and E2FB directly, connecting glucose availability 

to transcriptional changes which trigger S phase entry (Xiong et al., 2013). Whether 

CYC-CDK and RBR are involved in TOR signalling is not explored. A recent 

phosphoproteomics study identified RBR phospho peptides that were sensitive to 

AZD, but not rapamycin, suggesting RBR involvement in TOR dependent control of 

cell cycle (Van Leene et al., 2019). Thus, it appears that TOR-E2FA/B model is 

probably specific to the experimental system used. Whilst the E2FA connection puts 

TOR as a G1/S regulator, whether TOR signalling is required for G2-to-M phase 



 
96 

transition is not known. In this regard, some mitotic genes such as B1-type CYC and 

B2-type CDK are among the down-regulated genes in amiR-tor silencing lines 

(Caldana et al., 2013), however, direct cellular evidence for TOR-G2/M connection is 

missing.  

Whilst the role of TOR signalling in cell cycle regulation has been explored widely, 

no study to date has investigated whether TOR is involved in G2/M transition as 

well as quantitative temporal changes on cell cycle progression upon chemical 

inhibition of TOR under light-dark cycles. In this chapter, we aim to more precisely 

dissect the involvement of TOR signalling in S phase progression and onset of 

mitosis. We also did experiments to understand how TOR affects cell cycle duration. 

Additionally, we checked whether CYCD2, a major sugar-responsive cyclin, protein 

accumulation requires TOR activity as well as effect of TOR inhibition on 

phosphorylation of RBR. An alternative model is proposed to explain TOR regulation 

of G1/S transition and G2/M connection, as well as how TOR signalling may be 

involved in cell size homeostasis.   

 

4.1.1 Aims and objectives 

 

The overarching aim of this chapter is to elucidate cellular and molecular control of 

the root meristem by the TOR signalling pathway.  

Aim 1. characterise effect of TOR inhibition, through AZD-8055 treatment, on cell 

cycle under different growth conditions  

Accompanying objective: Utilise pCYCB1;1:CYCB1;1-db‐GFP marker line to 

measure number of mitotic cells in different light intensities and concentrations of 

exogenous sucrose upon AZD-8055 treatment  
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Aim 2. determine whether cell cycle length is altered in response to TOR inhibition 

Accompanying objective: Carry out EdU labelling with different incubation periods 

of EdU as described by Hayashi and colleagues (2013) 

Aim 3. determine whether diurnal rhythm of cell cycle (shown in chapter 3) is altered 

by exogenous sucrose supply and/or TOR inhibition  

Accompanying objective: carry out timecourse experiment with EdU labelling and 

the mitotic marker under the same experimental system as Figure 3.4 and transfer 

seedlings to different sucrose concentrations supplemented with/without AZD  

Aim 4. determine whether RBR protein is part of the TOR-cell cycle network   

Accompanying objective: measure sensitivity of the RBR silencing line (amiRBR) to 

AZD at the level of S phase count and determine whether RBR phosphorylation 

amount changes in response to TOR inhibition  

 

4.2 Results  

 

4.2.1 Sugar/light-induced increase in mitotic count requires TOR signalling 
pathway 

 

The tuning of cell cycle in the root meristem to light intensity and sugar availability 

(Figure 3.2) implies an active control of cycle control in response to growth cues. 

Indeed, work by others have revealed TARGET OF RAPAMYCIN (TOR), a Ser/Thr 

protein kinase, as a master regulator which functions to connect growth signals to 

cellular processes. As the tor null mutant is embryo lethal, ATP-competitive 

inhibitors such as AZD-8055 (hereafter referred to as AZD) designed as anti-cancer 
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drugs for mammalian TOR have been shown to specifically inhibit the activity of 

Arabidopsis TOR (Montané and Menand, 2013, 2019; Dobrenel, Mancera-Martínez, 

et al., 2016). AZD is commonly used to study diverse plant TOR functions at a 

concentration of 1µM (Montané and Menand, 2013).  

To show TOR signalling is required for sugar-dependent increase in mitotic cells, we 

studied the effect of different exogenous sucrose concentrations on cell cycle as 

visualised by CYCB1;1GFP mitotic marker in the root meristem and TOR inhibition 

through 1µM AZD. Mitotic marker seeds were sown on sucrose-free media under 

continuous low light and at 7d, transferred similar sized seedlings to different 

sucrose concentrations (0%, 0.5%, 1%, 2%, 3%) and 1µm AZD in each sucrose 

concentration for 1d (Figure 4.1A). Within 0% samples, the number of mitotic cells 

at 7d and 8d on average increase from 6 to 10 cells (Figure 4.1B,C), this may be due 

to natural kinetics of root growth as seen in Figures 3.1, 3.2 or as a result of the 

transfer to fresh plates. We then examined whether exogenous sucrose supply causes 

a further increase in the number of mitotic cells and thus we compared 0% 8d 

samples to the four sucrose concentrations. We did not see a significant difference 

between 0% to 0.5% or 1% sucrose samples, implying that exogenous sucrose supply 

at those concentrations do not enhance proliferative potential of the root meristem. 

However, there was a significant increase of 32% in mitotic cell count between 0% 

and 2% sucrose, and no further significant increase at 3% sucrose (Figure 4.1B,C). 

This identifies 2% as an ideal sucrose concentration under low nutrient growth 

conditions which enhances cell cycle count and can be used to study sugar-sensing 

signalling pathways. 

As expected, the TOR inhibitor AZD causes a significant reduction in the number of 

mitotic cells at all sucrose concentrations (panels 1B,C). We found a ~70% reduction  
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Figure 4.1 Inhibition of TOR suppresses sugar-dependent increase in mitotic activity. 

A. Schematic of experimental design. CYCB1;1-GFP seeds were sown on sucrose-free  
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in the number of mitotic cells at all sucrose concentrations upon 1µM AZD treatment, 

suggesting TOR activity is required for sucrose-induced promotion of cell cycle. This 

led us to ask 1) whether light intensity dependent effect on cell cycle (Figure 3.2) also 

requires TOR activity and 2) whether cell cycle under low light could be increased 

by exogenous sucrose and 3) to what extent this requires activity of TOR signalling. 

To answer these scenarios, we used the same experimental system as in Figure 3.2 

and counted number of mitotic cells 1d after transfer at 7d (Figure 4.2A). Under 

standard light, exogenous sucrose supply did not cause any significant change in 

number of mitotic cells, but interestingly increased the meristem boundary by 25% 

whilst AZD reduced both the mitotic count and meristem size ~50% and 35%, 

respectively (Figure 4.2B-D). Under low light, exogenous sucrose doubled the 

number of mitotic cells and increased meristem size by 35% whilst this increase was 

largely blocked by AZD (Figure 4.2B-D). This was expected as we showed in Figure 

4.1 that any sucrose-dependent increase in mitotic count requires TOR activity.    

Taken together, the dramatic cell cycle response to the sucrose-free and sucrose-

containing media irrespective of growth condition implies that endogenous and 

exogenous sugar-induced enhancement of cell cycle requires the activity of TOR 

signalling pathway.   

 

media under low light growth condition and transferred to different sucrose 
concentrations with or without 1µM AZD at 7d. Confocal images were taken 1d after 
transfer and total number of CYCB1;1-GFP-positive cells were counted.   
B. Representative confocal micrograph of PI-stained (red) CYCB1;1-GFP (green) root 
tip of each growth condition. Scale bar = 50µm 
C. Box plots of mitotic count for each sucrose and AZD treatment.   
Average number of roots (n) = 13. Number of biological repeats (N) = 1. Statistical 
differences between sucrose and sucrose + AZD were determined using Student’s t-test. 
Asterisk represents a significant difference, “ns” represents a difference that is not 
significant. 
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Figure 4.2 AZD treatment blocks light- and sugar-induced cell cycle progression and 
meristem growth. 



 
102 

4.2.2 AZD treatment reduces root growth rate, meristem size, cell number and size, 
but increases cell cycle duration  

 

To support the observations in Figures 4.1 and 4.2 and to further characterise how 

TOR inhibition by AZD affects root meristem activities, we transferred similar sized 

over a one-week period and observed cellular phenotypes using propidium iodide-

stained root meristem 1d after transfer under a confocal microscope (Figures 4.3A, 

4.4A). Transfer to AZD causes a dramatic shift to a much lower root growth rate 

within 1DAT that is maintained throughout the course of the experiment (Figure 

4.3B,C). At 1DAT, the control root growth was ~5.6mm (+/- 0.6) and AZD-treated 

growth was ~2.4mm (+/- 0.5), a reduction of ~57%. At later timepoints, the 

percentage difference of growth rate between controlled and AZD-treated roots is 

further increased by ~10%.    

At the tissue level, TOR-inhibition within 1d leads to shortening of meristem zone 

(Figure 4.4B, D) as evident from the early exit to the elongation in the cell length 

profile (Figure 4.4C). Meristem size is reduced by ~25%, from ~205µm (+/- 23.1µm) 

profile (Figure 4.4C). Meristem size is reduced by ~25%, from ~205µm (+/- 23.1µm) 

to ~150µm (+/- 16.8µm) upon AZD treatment (Figure 4.4D). Meristem shortening is     

A. Schematic of measurements made. CYCB1;1-GFP seeds were sown on sucrose-free 
media under low and standard light growth conditions, and transferred to different 2% 
sucrose with or without 1µM AZD at 7d. Confocal images were taken 1d after transfer 
and total number of CYCB1;1-GFP-positive cells were counted. Meristem size was 
determined as average length between the QC and last GFP-positive cells in both sides 
of the cortex layer    
B. Representative confocal micrograph of PI-stained (red) CYCB1;1-GFP (green) root 
tip of each growth condition. Scale bar = 50µm 
C. Number of CYCB1;1-GFP-positive (mitotic) cells in 0%, 2%, and 2% + AZD under two 
light intensities. 
D. Meristem  length in 0%, 2%, and 2% + AZD under two light intensities.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 10.  Number of biological repeats (N) = 1. Statistical differences were 
determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents a difference that is not significant. Note: 0% data in panels B, C and D is 
same as chapter 3 Figure 2B,D 4DAT timepoint.   
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accompanied with fewer cells, from 28 (+/- 2.8) cells in the control to 22 (+/- 3.0) cells 

in the AZD-treated roots (Figure 4.4E). Moreover, we noted a statistically significant 

~12% reduced size of first 15 cells from the QC in AZD samples (Figure 4.4F).   

We next asked whether the reduced meristematic cell count is due to slowing down 

of cell cycle or accelerated cell cycle exit or both. To address the former scenario, we 

Figure 4.3 TOR inhibition lowers primary root growth rate. 

A. Schematic of experimental design. Wild-type Col-0 seeds were sown on 1% sucrose 
under standard growth conditions are transferred to 1% sucrose with or without 1µM 
AZD. Position of the primary root tip was marked daily for a 6d period and used to plot 
growth rate.  
B. Whole-plant photograph of Col-0 with or without 1µM AZD. Scale bar = 10mm  
C. Primary root growth rate measurements, determined as distance between two marks 
along the root.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 9. Number of biological repeats (N) = 2. Statistical differences were determined 
using Student’s t-test. Asterisk represents a significant difference. CTRL= control 
(without AZD).  
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Figure 4.4 Cellular characterisation of AZD-treated root meristem. 

A. Schematic of measurements made. Profile of cortical cell lengths were used to 
determine meristem size, number and size of meristematic cells. 
B. Representative confocal micrographs of PI-stained (red) Col-0 root tip with or without 
1µM AZD. Blue arrowheads point meristem boundary. Scale bar = 50µm, inset scale bar 
= 10µm.  
C. Cortical cell length profiles of control at 4d (0DAT) and 1DAT with or without 1µM 
AZD. 
D. Meristem length of 0DAT and with or without AZD 1DAT. 
E. Number of cells in the meristem 0DAT and with or without AZD 1DAT. 
F. Mean size of meristematic cells at 0DAT and with or without AZD 1DAT. 
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Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 9. Number of biological repeats (N) = 2. Statistical differences were 
determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents a difference that is not significant. DAT = day(s) after transfer, CTRL= 
control (without AZD). 

 

measured the duration of cell cycle in the root meristem by 5-ethynyl-2′-deoxy-

uridine (EdU) incorporation as previously described (Hayashi et al., 2013). The rate 

of S phase entry can be determined by carrying out a time-course experiment of 

multiple EdU incubation periods and quantifying the percentage EdU-positive cells 

from the total population of meristematic cell (Figure 4.5A). As duration of EdU 

incubation increases, more proliferating cells take up EdU and thus percentage of 

EdU-positive increases over time. To calculate cell cycle duration i.e. time taken to 

achieve 100% EdU-positive in the meristematic cell population, percentage of EdU-

positive cells is plotted against EdU incubation period and a line of best fit can then 

be used to determine equation for the linear regression line (Hayashi et al., 2013). 

In the early time-points of 0.5h, 1h and 2h, the percentage of EdU-positive cells do 

not show a clear difference between control and AZD samples (Figure 4.5B,C). 

However, a clear separation starts to emerge after 4h of EdU incubation between 

AZD-free and AZD-containing samples. At 8h, 80% (+/- 8.4%) of meristematic cells 

are positive for EdU, whereas only 50% (+/- 7.7%)  cells, on average, are EdU-positive 

in the AZD-treated roots. From the linear equations, cell cycle duration in the control 

root meristem is determined to be ~21h with a predicted S phase length of 4.6h 

(Figure 4.5D). In the AZD-treated root meristem, duration of the cell cycle is ~30h 

with a predicted S phase length of 5.5h (Figure 4.5D). Whereas inhibition of TOR 

signalling increases cell cycle period, AZD treatment does not proportionally 

increase the duration of DNA synthesis. A similar observation was reported for 

rapamycin-treated mammalian cell line (Fingar et al., 2004).   
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Figure 4.5 Inhibition of TOR increases cell cycle duration. 

A. Schematic of experimental design. 7d Col-0 seedlings grown under standard conditions 
was transferred to 2% sucrose liquid EdU-containing media with or without AZD. EdU 
pulse period was doubled each time from 0.5h till 16h. EdU count is expressed as 
percentage total, and used to predict S phase and cell cycle length from the linear 
equation.  
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Taken together, the reduced root growth rate can be explained from the shortening 

of meristem which is due to fewer cells as a result of slowing of cell cycle as well as 

reduced size of dividing cells. Thus, the cellular basis of AZD-induced suppression of 

primary root growth as a result of meristem shortening caused by cells spending a 

longer period in the cell cycle.   

 

4.2.3 Exogenous sucrose suppresses end-of-the-day decline in S phase count in a 
TOR-dependent manner   

 

Prior to further experiments, we first set out to confirm whether TOR activity 

changes in response to different sucrose concentrations. To this end, we carried out 

Western blotting with TOR-targeted phospho-specific S6K1/2 antibody and collected 

whole-seedlings at 3h treated with AZD and 0% to 3% sucrose under 12h photoperiod 

(Figure 4.6A). Without sucrose and AZD, we detected a low amount of 

phosphorylated S6K form which increased substantially at 1% and even more at 2% 

but reduced at 3% (Figure 4.6B). AZD caused a visible reduction of phosphorylated 

S6K in 1% and 2% sucrose samples; although slight changes were observed, in 

proportion to phosphorylated form, the non-phosphorylated S6K did not show any 

apparent change (Figure 4.6B). Why AZD led to an increased S6K phosphorylation 

at sucrose-free conditions and why at 3% sucrose the S6K phosphorylation is insensi-    

B. Representative confocal micrographs of EdU-labelled (green) root tip of each 
timepoint. Scale bar = 50µm.  
C. Percentage of S phase EdU-positive cells in 2% (CTRL) and 2% + AZD. 
D. Bar plot of predicted S phase length  and cell cycle duration of 2% with or without 
AZD.    
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 16.  Number of biological repeats (N) = 1. Statistical differences between 
CTRL and AZD were determined using Student’s t-test. Asterisk represents a 
significficant difference, “n” represents a difference that is not significant. CTRL= 
control (without AZD).  
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tive to AZD is not clear but might indicate that multiple signals may lead to S6K 

phosphorylation at different conditions, and some of these are TOR independent. 

Consistently, we did not observe any further increase in mitotic count between 2% 

and 3% sucrose (Figure 4.1C). Altogether, this confirms previous reports 

(Schepetilnikov et al., 2013; Dong et al., 2015; Dobrenel, Mancera-Martínez, et al., 

2016; Enganti et al., 2018) on specificity of AZD-8055 in inhibiting Arabidopsis TOR 

kinase activity.  

To understand how rapidly AZD inhibits cell cycle, we carried out a timecourse 

experiment using the same experimental system of light-dark cycles as in chapter 3 

(Figures 3.4 and 3.6) with the mitotic marker and EdU labelling. Since we observed 

a rapid S phase response within 4h and a reduction towards the end-of-day, we only 

Figure 4.6 Sucrose level define activity of TOR-S6K signalling. 

A. Schematic of experimental design. Col-0 seeds were sown on sucrose-free MS plates 
and grown under 12h light-dark cycles. At 7DAS, seedlings were transferred to different 
sucrose concentrations containing either DMSO (mock) or 1µM AZD for a 3h period after 
which samples were snap-frozen for Western blot. 
B. Western blot image of S6K1/2 and phosho-S6K1/2 antibodies. Coomassie Brilliant Blue 
was used as a loading control. For antibody dilution, see Table 2.2.     
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focused within this timeframe of 0h to 12h and collected samples every 3h and used 

1% and 2% sucrose supplemented with 1µM AZD (Figure 4.7A).      

We observed a 3.5-fold increase in number of S phase cells in the root meristem, from 

averaged 10 (+/- 5.2) cells at 0h to 35 (+/- 12.6) cells at 3h after light period (Figure 

4.7B,C). A greater increase of ~50 cells was seen for both sucrose concentrations at 

3h. A similar EdU count was observed for 0%, 1% and 2% sucrose at 6h. Whereas 

sucrose-free roots showed a decline at 9h and to a similar 0h level at 12, exogenous 

sucrose supply supressed this fall in S phase count. The higher positive effect on cell 

cycle of 2% over 1% becomes apparent at 9h and 12h, where S phase count was 59 

(+/- 8.9) and 52 (+/- 12.3), respectively (Figure 4.7B,C). On 1% sucrose, the S phase 

count was 47 at 9h (+/- 6.5) and 39 (+/- 13.4) at 12h. In short, exogenous supply of 

sucrose leads to an enhanced entry into the cell cycle early in the day that is not 

lowered at the same level as the sucrose-free roots.   

The addition of AZD in the 1% and 2% sucrose media causes a significant reduction 

of 60% and 52%, respectively in S phase count within 3h and inhibits the diurnal 

rhythm of cell cycle (Figures 4.7B,C). This implies that the daily sugar-induced 

tuning of S phase is regulated by TOR signalling. Although within the AZD samples 

we observed a marginal but statistically significant difference between 3h and 6h for 

both sucrose concentrations, the amplitude between AZD and AZD-free samples is 

visibly lower. Overall, the average number of S phase cells across all timepoints is 

32 (+/- 21.7), 48 (+/- 7.7), and 56 (+/- 5.7) cells in 0%, 1%, and 2% sucrose, respectively 

(Table 4.1). The high standard deviation of sucrose-free timepoints (~70% of mean 

value) is due to fluctuating EdU count from 0h towards end-of-day, the low standard 

deviation at both sucrose concentrations suggest that sucrose uncouples temporal 

concentration is around 25 cells (+/- 7.1 for 1% +AZD and +/- 4.8 for 2% +AZD; Table 

4.1). The  high  standard  deviation  in  sucrose-free  timepoints  signifies  the  diurnal  
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Figure 4.7 TOR inhibition rapidly reduces number of S phase cells in the root meristem. 
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rhythm of S phase (Table 4.1).  

 

Table 4.1 Average S phase count in AZD experiment in each growth condition. 

Condition 
 

Mean value Standard deviation p-value (suc vs AZD) 

0% suc. 32.1 21.7 - 
1% suc. 48.0 7.7 - 

1% suc. +AZD 56.3 5.7 0.00493 
2% suc. 25.3 7.1 - 

1% suc. +AZD 26.6 4.6 0.00023 
Mean valued presented here is an average of all timepoints in Figure 4.7.  

 

Taken together, inhibition of S phase within hours of AZD treatment suggests that 

cell cycle entry i.e. G1/S transition requires TOR signalling. Furthermore, the level 

of sucrose defines the level of cell cycle count which becomes apparent at the end of 

the day. That is, at 12h 2% sucrose has ~25% higher number of S phase compared to 

1% sucrose whereas there was no statistically significant difference between the 

AZD-treated roots at the two concentrations (Figure 4.7C).  

 

4.2.4 AZD treatment rapidly alters ratio of early/mid-to-late S phase and reduces 
spatial synchrony of cell cycle   

 

A. Schematic of experimental design. Col-0 Seeds were sown on sucrose-free MS media 
under 12h light-dark cycles. All EdU-positive S phase cells were manually counted and 
averaged for each timepoint. 
B. Representative confocal micrograph of DAPI-stained (blue) EdU-labelled (green) root 
tip of each timepoint and growth condition. Scale bar = 50µm.  
C. Number of S phase (Edu) cells for each sucrose and AZD condition during the course 
of experiment.  
D. Average number of S phase cells of all timepoints for each sucrose and AZD condition.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 14. Experiments with similar set-up were performed twice. Statistical 
differences between sucrose and corresponding sucrose + AZD for each timepoint were 
determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents  a difference that is not significant. 
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EdU signals have two distinct patterns, a signal evenly distributed within the 

nucleus corresponding to early-to-mid S phase and speckled signal corresponding to 

late S phase (Dvořáčkova et al., 2018). This is due to early replication firing of 

euchromatin which uniformly diffused in the nucleus giving a whole EdU fluorescent 

signal, and late firing of heterochromatin which occurs in compact structures in the 

nucleus and thus gives a speckled-appearing EdU signal (Feng and Michaels, 2015).  

Giving that total S phase count was rapidly reduced upon TOR inhibition, we asked 

whether AZD perturbs S phase progression. To test this, we counted whole and 

speckled EdU signals at 3h only (Figure 4.8A). On average, we observed 

approximately 3 to 1 ratio of early/mid to late S phase cells for 0%, 1% and 2% sucrose 

(Figure 4.8B). However, this ratio reduced to 1.5 to 1 (or 3:2) upon AZD treatment at 

both sucrose concentrations. Thus, inhibition of TOR activity disturbs intra-S phase 

progression.  

Besides entry into S phase, the change in the ratio between early and late EdU 

pattern hints to the involvement of TOR signalling post G1/S. In another scenario, 

the change of ratio suggests the slowing down of cell cycle as a longer S phase would 

result in increased probability of capturing cells in late S phase. This is consistent 

with our observation that TOR inhibition increases cell cycle duration as well as 

predicted S phase length (Figure 4.5).  

We noticed the occurrence of EdU positives cells in clusters within cell files, 

suggesting a spatial synchrony among neighbour cells. We decided to quantify this 

at the time point of 6h during the diurnal cycle, since these show a similar EdU count 

for all three sucrose conditions. We counted clusters of 2,3 or 4 neighbouring EdU-

positive cells in epidermis, cortex and endodermis layers on both sides of the root 

meristem since individual nuclei could be clearly distinguished in these layers. There 

was no  apparent  difference in clusters of  2 or 3 cells in all  conditions, but we  noted 
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a significant difference in the occurrence of clusters of 4 S phase cells between AZD-

free and AZD-containing 2% samples (Figure 4.8C), suggesting TOR signalling 

promotes cell cycle entry at the local cell-level in the meristem.   

 

 

Figure 4.8 Spatial and intra-S phase characterisation upon AZD treatment. 

A. Schematic of measurements made. EdU signal was categorised into whole-type, 
corresponding to early/mid S phase and speckled-type, corresponding to late S phase. 
Clusters of 2, 3, and 4 EdU-positive cells were quantified in three outward cell layers of 
the root meristem.   
B. AZD favours accumulation of late S phase cells. Box plots of early/mid to late S phase 
ratio at 3h under different sucrose and AZD conditions. 
C. TOR inhibition reduces spatial synchrony of S phase. Number of spatial clusters of 
EdU-positive cells at 6h under different sucrose and AZD conditions.    
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 14. Data used here is from Figure 4.7. Statistical differences between sucrose 
and corresponding sucrose + AZD were determined using Student’s t-test. Asterisk 
represents a significant difference, “ns” represents a difference that is not significant. 1% 
or 2% = 1% or 2% sucrose, A = AZD.    
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4.2.5 CYCD2 protein accumulates diurnally and is sensitive to TOR inhibition  

 

A conserved hallmark of cell cycle entry is the accumulation of D-type cyclins during 

G1 (Healy et al., 2001); in particular, CYCD2 mRNA and protein levels have been 

shown to be regulated by sucrose level (Riou-Khamlichi et al., 2000). Thus, we asked 

whether CYCD2 protein level is sensitive to AZD treatment. To this end, we used a 

translational GFP fusion line  proCYCD2;1:CYCD2;1-GFP (Sanz et al., 2011) and 

followed the same time-points and conditions as for the EdU experiment (Figure 

4.9A). To maintain consistency within different samples and timepoints, we 

measured fluorescent intensity (grey value) of GFP in 100µm meristem region from 

the QC (Figure 4.9A). In the sucrose-free samples, we observed a 40% increase in 

fluorescent intensity of CYCD2;1-GFP line from ~21 (+/- 5.5) arbitrary unit (au) at 

0h to ~35 (+/- 6.1) au at 3h which was not statistically different from 1% sucrose 

(Figure 4.9B, C). There was a further 6% increase in CYCD2;1 protein abundance 

with 2% sucrose (Figure 4.9B,C). These CYCD inductions are blocked by AZD at 3h 

and remain low throughout the timecourse (Figure 4.9B,C).  

Interestingly, without sucrose CYCD2 protein level follows a diurnal rhythm with a 

peak at 3h and then a gradual decline afterwards such that the starting level at 0h 

is within the 10% range to the end-of-day level at 12h (Figure 4.9C). The intrinsic 

mechanism that drives the decline in CYCD2 after the 3h peak was not explored 

here but given the observation that exogenous sucrose suppresses the end-of-day 

reduced CYCD2 protein amount suggests that sugar availability might play a critical 

role in regulating CYCD2 levels. Although we observed a significantly higher grey 

value for 2% over 1% at 3h, there was no significant difference at other timepoints 

between the two sucrose concentrations and the basal level remained unaltered 

between 6h and 12h for each concentration (Figure 4.9C).  
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Figure 4.9 TOR activity drives sugar-dependent increase in CYCD2 protein accumulation. 

A. Schematic of experimental design. CYCD2-GFP seeds were sown on sucrose-free MS 
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Overall, the average CYCD2 protein amount of all timepoints is 29au (+/- 5.1)  in 0%, 

around 35au (+/- 0.2 for 1% and +/- 2.5 for 2%) in 1%, and 2% sucrose, and around 

28au (+/- 3.2 for 1% +AZD and +/- 3.5 for 2% +AZD) with AZD at both sucrose 

concentration (Table 4.2). We could also show the elevation of CYCD2;1 protein 

amount when seedlings were treated with 2% sucrose for 3h on a Western blot with 

GFP antibody, which was inhibited by AZD (Figure 4.10).  

 

Table 4.2 Average CYCD2 fluorescent intensity in AZD experiment in each growth 
condition 

Condition 
 

Mean value Standard deviation p-value (suc vs AZD) 

0% suc. 29.5 5.1 - 
1% suc. 36.2 0.2 - 

1% suc. +AZD 35.3 2.6 0.01281 
2% suc. 27.8 3.2 - 

1% suc. +AZD 28.9 3.5 0.02818 
Mean valued presented here is an average of all timepoints in Figure 4.9.  

 

Whereas we noted a significant reduction in CYCD2 level upon AZD treatment 

within 3h, the down-tuning is similar to the sucrose-free samples at other timepoints 

suggesting that CYCD2 protein dynamics may be regulated in TOR-dependent and 

TOR-independent signalling pathways. This is consistent with the observation that 

media under 12h light-dark cycles. GFP fluorescent intensity (grey value) of 100µm 
meristematic region from the QC was quantified.  
B. Representative confocal micrographs of PI-stained (red) CYCD2-GFP (green) root tip 
of each timepoint and growth condition. Scale bar = 50µm.  
C. Fluorescent intensity CYCD2-GFP for each sucrose and AZD condition during the 
course of experiment.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 15. A similar timecourse experiment was performed under different growth 
condition, an identical conclusion was made in regards to effect of sucrose and AZD on 
CYCD2 protein accumulation. Statistical differences between sucrose and 
corresponding sucrose + AZD for each timepoint were determined using Student’s t-
test.   
Asterisk represents a significficant difference, “ns” represents  a difference that is not 
significant. 1% or 2% = 1% or 2% sucrose, A = AZD. 
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light without exogenous sucrose leads to stronger accumulation of CYCD2 protein as 

compared with sucrose under dark (Sanz et al., 2011). CYCD2 might be behind the 

diurnal rhythm of cell cycle as detected by EdU labelling, but this needs to be further 

studied genetically using mutants. 

 

 

4.2.6 TOR regulates G1/S entry through mediating phosphorylation of RBR. 

 

To gain further insight into the molecular mechanism behind TOR-dependent G1/S 

regulation, we tested the involvement of RETINOBLASTOMA-RELATED (RBR) 

protein, a master repressor of cell cycle which is inhibited by CYC-CDK 

phosphorylation event (Nowack et al., 2012). To this end, we used the 12h light 12h 

dark experimental set-up and only focused on a single timepoint and selected 3h 

since we saw a clear elevation in S phase and CYCD2 level, both of which were 

inhibited by AZD. As knockout of rbr leads to embryo lethality, we used an artificial 

microRNA induced silencing line of RBR, hereafter referred to as amiRBR (Cruz-

Ramírez et al., 2013). Additionally, we studied phosphorylation of RBR using 

phospho-specific antibody for human Rb phospho-site Ser807/811 that was shown to 

Figure 4.10 AZD reduces CYCD2 protein at the whole-plant level. 

Western blot image of CYCD2 using GFP antibody. CYCD2-GFP seeds were sown on 
sucrose-free MS plates and grown under 12h light-dark cycles. At 7DAS, seedlings were 
transferred to 2% sucrose containing either DMSO (mock) or 1µM AZD for a 3h period 
after which samples were snap-frozen for Western blot. Coomassie Brilliant Blue was 
used as a loading control. Number of biological repeats = 1. For antibody dilution, see 
Table 2.2.     
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recognise serine 911 position in Arabidopsis  (Magyar et al., 2012) (Figure 4.12A). 

This phosphorylation site is targeted by CDK and the specificity of this antibody was 

further shown by mutating serine 911 to alanine which resulted in the absence of 

the band-of-interest on a Western blot (Wang et al., 2014).  

 

Figure 4.11 Silencing of RBR reduces sensitivity to AZD. 

A. Representative confocal micrograph of DAPI-stained (blue) EdU-labelled (green) Col-
0, amiRBR, and TOR-RNAi root tip of each growth condition. Scale bar = 50µm.   
B. Number of EdU-positive S phase cells 3h after transfer to 0% sucrose and 2% sucrose 
with or without 1µM AZD. 
Data presented as mean, error bars represent standard deviation. Average number of 
roots for each line (n) = 10. Number of biological repeats (N) = 2. Statistical differences 
were determined using Student’s t-test. Asterisk represents a significant difference, “ns” 
represents a difference that is not significant. 2% = 2% sucrose, A = AZD.    
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Whereas at 3h there was a significant increase in the number of S phase cells upon 

exogenous sucrose supply which showed a 50% reduction in response to AZD 

treatment in wild-type, but there was no significant change in S phase count to both 

sucrose and AZD in the amiRBR line (Figure 4.11A, B). In the RNAi-induced TOR 

silencing line, number of S phase cells reduced by 25%, reduced sensitivity to AZD 

provides further evidence for AZD specificity. Without sucrose and AZD, we detected 

a low amount of phosphorylated RBR which increased substantially at 1% and even 

more at 2% but reduced at 3% (Figure 4.12B), corresponding to the EdU labelling at 

these sucrose levels. AZD caused a visible reduction of phosphorylated form of RBR 

at all sucrose concentrations. Interestingly, without the addition of external sucrose 

the RBR phosphorylation is low, but it was increased by the addition of AZD. This 

suggest a cross talk between a sucrose and TOR-dependent pathway leading to RBR 

phosphorylation, which inhibits a TOR independent and possibly light regulated 

pathway, both leading to RBR phosphorylation. While the loading control shows 

equal protein amounts, we also observed an increase in RBR amounts upon sucrose 

treatment, but the inhibition by AZD was less pronounced (Figure 4.12B). This is in 

agreement with previous reports that RBR amount is most abundant in proliferating 

cells (Oszi et al., 2020).  

Taken together, the AZD insensitivity at the level of S phase in the RBR silencing 

line and AZD-induced lowering of RBR phosphorylation implies that TOR signalling 

promotes S phase entry through RBR phosphorylation that lifts the RBR repression 

on E2Fs and cell cycle progression. Additionally, the use of anti-phospho-Rb that is 

a target site for CDK phosphorylation (Magyar et al., 2012) and the observation that 

AZD reduces CYCD2 protein level strongly suggests that TOR pathway is involved 

in CDK-CYCD dependent phosphorylation of RBR. This could be experimentally 

tested  through  identifying  and  mutating  TOR  phosho-site  on  RBR  protein,  this 



 
120 

 

should diminish the sensitivity of AZD at the level of RBR phosphorylation.   

 

4.2.7 Inhibition of TOR activity reduces G2/M cells and meristem size within hours 

 

Previous reports (Xiong et al., 2013; Li et al., 2017; Wu et al., 2019) and our EdU 

experiments with high temporal resolution (Figures 4.7 and 4.8) conclusively show 

that TOR activity is essential for G1-to-S phase transition. This led us to ask whether 

G2-to-M phase transition also requires TOR activity. To test the hypothesis that 

TOR is required for G2/M entry, we made use of the CYCB1;1 mitotic marker and 

carried out the same time-course experiment as for EdU labelling and CYCD2-GFP 

line (Figure 4.13A). At 0h, there were 18 (+/- 6.2) mitotic cells which increased by 

Figure 4.12 TOR signalling modulates phosphorylation of RBR. 

A. Schematic of experimental design. 7d old Col-0 seedlings grown without sucrose under 
12h light-dark cycles were transferred to different sucrose concentration with or without 
1µM AZD at 0h (lights off) for a 3h period. 
B. Western blot image of RBR and phosho-RBR antibodies. Coomassie Brilliant Blue was 
used as a loading control. N.B. Loading control used here is the same as in Figure 4.6.  
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~33% to 27 (+/- 5.5) at 3h without exogenous sucrose (Figure 4.13B,C). 1% sucrose 

supply caused an additional ~18% rise in mitotic count whereas 2% did not cause 

any significant change to 0% (Figure 4.13B,C). There was a gradual decline in 

number of mitotic cells after 3h with a significant decrease at 9h and to a level below 

0h at 12h (Figure 4.13C). This down-tuning was lost with exogenous sucrose, 

interestingly the 1% sucrose causes a greater mitotic count than 2% (Figure 4.13C). 

Surprisingly, AZD leads to inhibition of sucrose-induced increase in mitotic count 

within 3h and no significant change is observed at other timepoints (Figure 4.13B,C).  

We then asked whether size of the meristem is altered within the same timeframe 

as the inhibition of mitotic cells. Meristem is defined as a region of actively-

proliferating tissue with the highest proliferative (Dolan et al., 1993; Otero et al., 

2016) and so we defined it as the distance of the last CYCB1;1-GFP positive cortical 

cell from the QC. Meristem length at 0h was ~110µm (+/- 19.1µm) which increased 

by 13% to 128µm (+/- 14.2µm) at 3h without sucrose (Figure 4.13D). There was a 

marginal increase with 1% and 2% exogenous sucrose that resulted in ~134µm (+/- 

14.4µm) and ~137µm (+/- 12.8µm) meristem length, respectively (Figure 4.13D). 

However, the difference in meristem size becomes visibly apparent at 6h with 0% 

meristem size of ~120µm (+/- 21.5µm) and 1% and 2% meristem length at a similar 

value of 150µm (+/- 10.2µm for 1% and +/- 17.5µm for 2%; Figure 4.13D). At later 

timepoints, without sugar there was a gradual decrease in meristem size that is 

supressed with exogenous sucrose supply. AZD treatment completely inhibited the 

sugar-induced increase in meristem size within 3h and to a similar level as sucrose-

free samples at all other timepoints (Figure 4.13D). In short, sucrose availability 

pushes the meristem boundary shootward whereas TOR inhibition rapidly represses 

cell proliferation-driven meristem growth. This implies that the initial TOR-

dependent   organ   growth  through   promotion  of  cell  cycle  is  due  to  an  increased   
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Figure 4.13 TOR inhibition rapidly reduces G2/M entry and meristem length. 

A. Schematic of experimental design. CYCB1;1-GFP seeds were sown on sucrose-free MS  
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proliferative capacity of the meristem.      

 

4.2.8 Evolution of cell size during TOR inhibition and exogenous sucrose supply 

 

In chapter 3, G2/M cell size was shown to change on an hourly basis under light-

dark cycles (Figure 3.5), given the observation that AZD treatment reduces number 

of mitotic cells within 3h (4.13C) and size of meristematic cells within 1d (Figure 

4.4F), we asked how quickly does the effect of AZD on cell size becomes apparent. To 

this end, we used the same mitotic marker confocal data as in Figure 4.13 and 

measured the size of GFP-positive and non-GFP cells separately (Figure 4.14A). As 

a mitotic cyclin, CYCB1 expression is well-defined and accumulates at the G2-to-M 

phase transition and degrades at metaphase-to-anaphase transition (Doerner et al., 

1996; Gutierrez, 2009). Thus, we reasoned that CYCB1;1-GFP positive cells are 

those in late G2 or early mitosis, and non-CYCB1;1-GFP cells are in G1,S, or early 

G2 phases. Thereby, it is reasonable to state CYCB1;1-positive cell length as proxy 

for G2/M size and CYCB1;1-negative cell length as a proxy for interphase cell size. 

At 0h, interphase and G2/M cell sizes were 6.1µm (+/- 0.4µm) and 8µm (+/- 0.6µm), 

respectively, whereas G2/M size increased by ~14% to 9.3µm (+/- 0.7µm) at 6h and  

media under 12h light-dark cycles. All CYCB1;1-GFP-positive mitotic cells were 
manually counted and averaged for each timepoint. 
B. Representative confocal micrograph of PI-stained (red) CYCB1;1-GFP (green) root 
tip of each timepoint and growth condition. Blue arrowheads point meristem boundary. 
Scale bar = 50µm.  
C. Number of mitotic cells for each sucrose and AZD condition during the course of 
experiment.  
D.  Meristem length for each sucrose and AZD condition during the course of 
experiment.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 14. Statistical differences between sucrose and corresponding sucrose + AZD 
for each timepoint were determined using Student’s t-test. Asterisk represents a 
significant difference, “ns” represents a difference that is not significant. 1% or 2% = 1% 
or 2% suc, A = AZD  



 
124 

reduced to 8.7µm (+/- 0.7µm) at 12h, interphase cell size did not fluctuate 

proportionally as much (Figure 4.14B,C). Exogenous 1% and 2% sucrose supply does 

not cause any difference in G2/M size during early timepoints but leads to larger 

cells than sucrose-free at 9h and 12h. At 9h, G2/M size were 8.4µm (+/- 0.6µm) 

 

Figure 4.14 Inhibition of TOR differentially affects interphase and G2/M cell size. 

A. Schematic of cell size measurement methodology. Size of CYCB1;1-GFP positive and 
negative cells, respectively representing size at G2/M and G1/S, was measured in the 
cortex layer of both sides of the root and averaged for each timepoint. 
B. G2/M cell length for each sucrose and AZD condition. 
C. Interphase cell length for each sucrose and AZD condition.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 14. Data used here is from Figure 4.13. Statistical differences between sucrose 
and corresponding sucrose + AZD for each timepoint were determined using Student’s t-
test. Asterisk represents a significant difference, “ns” represents a difference that is not 
significant. 1% or 2% = 1% or 2% sucrose, A = AZD.  
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without sucrose, 9.3µm (+/- 0.7µm) and 9µm (+/- 0.8µm) with 1% and 2% sucrose, 

respectively (Figure 4.14B). Cells in interphase did not show any apparent time-of-

the-day or sucrose concentration-dependent changes in cell size (Figure 4.14C). 

TOR inhibition prevents sucrose-induced G2/M size increase and significantly 

reduces G2/M size at 6h which is 8.2µm (+/- 0.7µm) with 1% + AZD and 8.5µm (+/- 

0.8µm) with 2% + AZD (Figure 4.14B). A similar G2/M size was measured at both 

sucrose concentrations with AZD. Interestingly, interphase cell size did not show a 

clear effect of AZD treatment at all timepoints and show similar minor fluctuations 

to AZD-free samples (Figure 4.14C). In summary, inhibition of TOR activity rapidly 

lowers cell size at the G2-to-M phase transition without having any visible effect on 

interphase cells. This could be due to cell growth occurring predominantly during G1 

in a TOR-independent way and cell size being “checked” by TOR pathway at the 

G2/M transition. 

Consistent with Hypothesis 3 stated in section 1.9, I showed TOR activity is required 

for G2-to-M phase transition. Additionally, I Showed RBR to be part of the TOR-cell 

cycle regulatory network. 

 

4.3 Discussion  

 

Progression through the cell cycle requires continuous supply of energy and is 

limited by nutrient-sensing signalling pathways. Time-course experiments with S 

phase EdU labelling and CYCB1;1-GFP mitotic marker showed a significant AZD-

dependent reduction of both phases within the same time window, suggesting that 

TOR signalling is required for light/sugar induced cell cycle, and regulates both G1-

to-S and G2-to-M transition points (Figure 4.15A,B). Contradictory to the direct 
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TOR-E2F G1/S control model proposed by Xiong and co-workers (2013), we found 

that RBR is part of the TOR regulatory network. This conclusion is based on AZD-

induced reduction in phosphorylated form of RBR and reduced AZD sensitivity of the 

RBR silencing line at the level of S phase. Consistent with our view of RBR as part 

of TOR network, AZD-sensitive RBR phosphopeptides, but not E2Fs, were recently 

identified (Van Leene et al., 2019) suggesting that TOR kinase may coordinate 

phosphorylation of RBR on multiple sites which would result in “release” of E2FA to 

allow S phase gene expression.  

Although we did not dissect the molecular basis of G2/M control, we identified TOR 

as a putative upstream signalling pathway connecting sugar availability with the 

onset of mitosis. A recent transcriptome analysis of synchronised tobacco BY2 cells 

showed TOR was differentially expressed throughout the cell cycle with peak 

expression at the G2/M transition (Trolet et al., 2019). This suggests that TOR is 

required beyond triggering cell cycle entry, consistent with our TOR-G2/M model. 

On possible molecular mechanism of TOR control on G2-to-M phase transition, RBR 

could be co-purified with CDKB1;1 (Van Leene et al., 2019) and a CDKB-CYCD6;1 

complex could in vitro phosphorylate RBR pocket domain (Cruz-Ramírez et al., 2012) 

suggesting its involvement in G2/M transition. Thus, continued TOR activity 

throughout the cell cycle may maintain RBR in its phosphorylated form which would 

ensure progression from G1/S through G2/M. Precise cell cycle role of these TOR 

phospho-sites on RBR protein could be experimentally tested through mutating 

them and measuring S phase and mitotic frequency with and without AZD-8055.   

What could be a target of TOR kinase to allow progression through G2/M? A recent 

genetic screen to identify mutants resistant to AZD-8055 identified YET ANOTHER 

KINASE 1 (YAK1) as a downstream target of TOR signalling that transcriptionally 
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promotes SMR activity (Barrada et al., 2019). YAK1 belongs to the family of dual-

specificity tyrosine (Y) phosphorylation-regulated kinase (DYRK) that have been 

Figure 4.15 TOR signalling is required for both G1/S and G2/M transitions.  

A. Schematic summary of cellular phenotypes of TOR-inhibited root tips. AZD treatment 
results in a smaller meristem (dashed lines) due to reduced S phase progression (whole 
and speckled circles representing early and late S phase, respectively) and mitotic onset 
(rectangles). Additionally, inhibition of TOR reduces size of cycling cells.  
B. A proposed model for TOR control of G1/S transition. TOR signalling promotes 
accumulation of CYCD2 protein which presumably increases formation of CYCD-CDKA 
complex which phosphorylates RBR and thus liberating E2FA to carry out S phase 
transcription. TOR activity is also required for G2-to-M phase transition, but the 
molecular mechanism was not investigated. 
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shown to be conserved in all studied model organisms and have been strongly 

implicated to have negative regulatory roles in cell cycle (Aranda et al., 2011; Soppa 

and Becker, 2015). In Arabidopsis, TOR complex was shown to phosphorylate YAK1 

(Forzani et al., 2019), which likely inhibits its negative cell cycle role. YAK1 

specifically promotes transcription of SIM, SMR4, SMR5, and SMR7 (Barrada et al., 

2019). SMR4 and SMR6 proteins could be co-purified with CDKA;1 and CYCDs 

whilst SIM was found to interact with CDKB1;1-CYCB2 and CDKB1;1-CYCA2 

complexes (Van Leene et al., 2019) suggesting that the SIM/SMRs which are 

targeted by TOR, are involved in both G1/S and G2/M transitions. RBR 

phosphorylation level is increased in simsmr1 mutant (Wang et al., 2014), 

supporting the view that phosphorylated RBR form exists beyond G1 and S phase. 

Taken together, a TOR-E2F independent pathway is likely to exist that is centred 

on TOR-YAK1-SMR-CDK-RBR. The former pathway may act throughout the cell 

cycle as supposed to transcriptional control of cell cycle entry executed by TOR-E2F 

node at the G1/S transition point (Ahmad et al., 2019).  

Progression through all phases of the cell cycle is connected with cell growth rate to 

achieve size homeostasis over successive division rounds, our quantitative 

characterisation of cell size changes in response to TOR inhibition showed reduced 

CYCB1;1-GFP size within hours but not that of non-CYCB1;1-GFP cells. Given that 

size sensing occurs at both G1-to-S and G2-to-M phase transition points (Jones et 

al., 2017) and our observation of decrease in S phase and mitotic cells as well rapid 

cell size reduction suggests that TOR signalling coordinates cell growth rate with 

cell cycle progression preferentially at G2/M as supposed to G1/S. This conclusion is 

based on the observation that only the CYCB1;1 cell size is sensitive to AZD, and 

since growth in CYCB1;1-positive cells likely occurs before i.e. during G1, S to G2 

phases, it follows that TOR signalling acts at G2/M to couple cell cycle entry to 
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growth rate. Since the DREAM complex, which target mitotic genes, includes RBR 

and E2FB, it is possible that the TOR pathway could regulate mitosis and cell size 

through DREAM.   

More broadly, our cell size observation implies that more than one size-sensing 

mechanisms may act to maintain size homeostasis. In fission yeast, a major proposed 

mechanism involved spatial dilution of Pom1, a DYRK family kinase (Martin and 

Berthelot-Grosjean, 2009; Moseley et al., 2009). At the protein level, Pom1 is 

enriched at cell tips and forms a gradient along the cell. Pom1 in shorter cells 

phosphorylate and inhibit cdr2, as yeast cell grows during G2 phase, cdr2 is liberated 

from Pom1-inhibition which results in the activation of downstream events involving 

CDK activity and entry into mitosis (Martin and Berthelot-Grosjean, 2009; Moseley 

et al., 2009). Although this places Pom1 to be a sole size-sensor in fission yeast, a 

later study found that cell size homeostasis could still be achieved in the absence of 

Pom1 (Wood and Nurse, 2013), suggesting independent and/or multiple pathways 

involved in size homeostasis. Although the role of DYRKs in plant cell size control 

has not yet been investigated, we note that Arabidopsis YAK1 which is a DYRK 

protein, may play functionally equivalent role in meristematic tissues.  

Like yeast cells, in Arabidopsis, CDK activity mainly drives passage through 

different cell cycle stages and cell growth (Jones et al., 2017, 2019); here we have 

identified TOR signalling, which partially promotes CYCD2 protein accumulation 

that correlates with cell size diel changes, as an upstream pathway involved in 

maintaining size homeostasis that likely acts on the G1-to-S phase transition. 

Additionally, exogenous sugar supply could supress the end-of-day reduction in cell 

size and CYCD2 level, suggesting that TOR is central to coupling nutritional control 

of cell size and cell cycle, and likely drives CDK activity. However, it cannot be ruled 

out whether sucrose increases protein stability of CYCD2, which would result in 
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increased CYCD2 detected at the end-of-day. In this regard, sucrose has been shown 

to increase stabilisation of DELLA (aspartic acid (D)–glutamic acid(E)–leucine(L)–

leucine(L)–alanine(A)) proteins that function as negative regulators of gibberellin 

signalling (Li et al., 2014). Whether exogenous sucrose promotes CYCD2 

stabilisation can be experimentally tested by treating CYCD2-GFP seedlings with 

cycloheximide (CHX; an inhibitor of protein synthesis) and detecting CYCD2 level 

by GFP antibody over time.    

Our cell cycle and size measurements with high temporal resolution identified a 

previously unknown role of TOR signalling in G2/M regulation as well as mediating 

RBR phosphorylation and provided strong cellular evidence for direct role in cell size 

control. Future work will likely shed light on the precise molecular mechanisms 

involved in separating roles of TOR signalling in cell cycle and cell growth control to 

maintain size homeostasis in meristematic tissues.  
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Chapter 5 MKK7, a MAP kinase kinase, is a 

negative regulator of the cell cycle 
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MKK7, a MAP kinase kinase, is a negative 
regulator of the cell cycle 
 

In this chapter, I set out to characterise meristem in the root tip of an inducible 

overexpression line of MKK7 (Dory et al., 2018).  

MKK7 overexpression reduces meristem size by inhibiting cell cycle 

 

In a nutshell 

 Induced overexpression of MKK7 leads to dramatic lowering of primary root 

growth rate in a dose-dependent manner   

 Elevated level of MKK7 leads to meristem shortening and reduced number of 

cells, but increased cell length  

 Elevated MKK7 levels result in a dramatic reduction in S phase count  
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5.1 Introduction  

 

MAP KINASE KINASE 7 (MKK7) belongs to the MKK family of MAPKs that is 

positioned in the middle of the three-tiered MAPK module and function to converge 

and diversify signalling events (Cardinale et al., 2002). Elevated MKK7 expression 

in the gain-of-function bushy and dwarf 1 (bud1) mutant leads to strong phenotypes 

such as ~80% reduction in plant height with smaller cells in rosette leaves and over 

halved the number of lateral roots than wild-type (Dai et al., 2006). Conversely, the 

mkk7 mutant plants are bigger with increased number of lateral roots (Jia et al., 

2016), whether MKK7 expression alters cellular dynamics in the primary root has 

not yet been explored.  

MPK6 was shown to be a downstream phospho-target of MKK7, and together the 

MKK7-MPK6 cascade regulates shoot branching through phosphorylating PIN1 on 

Ser337 which influences its polar localisation and auxin flow (Jia et al., 2016). MPK6 

and MPK4 were also shown to phosphorylate PIN-FORMED 1 (PIN1) within the 

hydrophylic loop at multiple conserved sites adjacent to sites phosphorylated by AGC 

kinases, such as PINOID (Dory et al., 2018). MPK6 and PINOID oppositely regulate 

PIN1 localisation, the former leads to PIN1 plasma membrane dissociation while the 

later to enhance PM attachment and polarity (Dory et al., 2018). In the bud1 mutant, 

continued activation of MKK7-MPK6 nodule results in prolonged PIN1 polarity 

which ultimately translates into increased branch number (Jia et al., 2016). Induced 

overexpression of MKK7 was shown to also disturb PIN1 polarity in young root tips, 

where plasma membrane localisation of PIN1 is significantly compromised (Dory et 

al., 2018).  
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MKK7 is among the four MKKs that is mitochondrial-localised and has a regulatory 

role in enhancing stomatal clustering (Lampard et al., 2014). Salt stress promotes 

kinase activity of MKK7 through phosphatidic acid which subsequently promotes 

MPK6 activity (Shen et al., 2019). NaCl addition to growth media rapidly reduces 

primary root growth through reduced cell production rate in the meristem (West et 

al., 2004). The precise molecular mechanism of salt stress-induced cell cycle 

repression is unknown, but it likely involves MKK7-MPK6 as it is the predominant 

MAPK cascade that participates in the cellular response. Additionally, MKK7 is 

required for systemic acquired resistance to bacterial diseases (Zhang et al., 2007). 

Lastly, RPS6A was identified as a downstream target of MKK7-MPK3/6, the 

functional relevance of this is unknown (Huck et al., 2017). RPS6A is a direct target 

of TOR kinase phosphorylation (Dobrenel, Mancera-Martínez, et al., 2016) which is 

well-documented as a positive regulator of cell cycle and cell growth (see Chapter 4). 

Thus, MKK7 likely counteracts TOR signalling.      

In summary, the studies summarised above demonstrate involvement of MKK7 in 

several growth and developmental processes in both shoots and roots. In this brief 

chapter, we examine how the level of MKK7 alters primary root growth as well as 

cell cycle-driven root meristem growth. We find a dramatic reduction in S phase 

count but increased meristematic cell size upon MKK7 overexpression. A model is 

proposed to explain the MKK7 connection to cell cycle with cell growth to maintain 

cell size homeostasis.       

 

5.1.1 Aims and objectives  
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The central aim of this chapter is to characterise Arabidopsis root phenotypes upon 

elevated levels of MKK7 by utilising the line of MKK7 expression driven under the 

control of a β-estradiol-inducible promoter system (Dory et al., 2018).      

Aim 1. determine the effect of different elevated levels of MKK7 on primary root 

growth    

Accompanying objective: Carry out root growth assay with different estradiol 

concentrations to induce varying levels of MKK7 and measure root length after 

transfer to +/- estradiol MS media 

Aim 2. characterise short-term effect of MKK7 overexpression on the root meristem 

using propidium iodide staining    

Accompanying objective: measure meristem size, number and size of meristematic 

cells upon MKK7 induction  

Aim 3. characterise short-term effect of MKK7 overexpression on cell cycle using 

EdU labelling 

Accompanying objective: Carry out EdU labelling with different estradiol 

concentrations and count number of S phase cells as a proxy for cell cycle ‘state’ of 

the root meristem 

  

5.2 Results  

 

5.2.1 Overexpression of MKK7 dramatically inhibits primary root growth  
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As a first step to understand the relationship between mitogen-activated protein 

(MAP) kinase kinase 7 (MKK7) and plant growth, we made use of an estradiol-

inducible overexpression line (pER8:MKK7) which has been previously described 

(Dory et al., 2018) and carried out a root growth assay. Six-day old seedlings grown 

under standard growth conditions of 1% sucrose under long-day were transferred to 

three different β-estradiol concentrations of 0.01µM, 0.1µM, 1µM. The position of the 

growing root tip was marked every day for three days (Figure 5.1A).  

In the empty vector, there was no significant difference within the three β-estradiol 

concentrations during the course of the experiment (Figure 5.1B,C). Without β- 

estradiol, the average root growth rate of pER8:MKK7 was around 7mm (+/- 1.2mm) 

and at 0.01µM the average growth rate was around 3mm (+/- 0.8mm; Figure 5.1C), 

with a 60% root inhibition at 1d after transfer (DAT). At 0.1µM and 1µM, the average 

growth rate was around 0.31mm (+/- 0.1mm) and 0.24mm (+/- 0.1mm), respectively 

(Figure 5.1C). Surprisingly, within 1DAT, 0.1µM and 1µM led to a 95% and 97% root 

inhibition, respectively (Figure 5.1C). There was no apparent difference in MKK7 

root growth between 0.1µM and 1µM during the three days of experiment, suggesting 

a set threshold of MKK7 protein level is reached between 0.01µM and 0.1µM. 

Further, the rapid near-complete inhibition of growth implies that MKK7 is a 

negative regulator of root growth.  

 

5.2.2 MKK7 overexpression reduces root meristem size and number of cells, but 
increases meristematic cell size  

 

Since root growth is dependent on cell cycle in the meristem (Gázquez and Beemster, 

2017), we next characterised different parameters 16h after transfer to 0.1µM β- 

estradiol  (Figure 5.2A).  We  selected  16h  as  a  sole  time-point  as  we observed  a  
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Figure 5.1 Overexpression of MKK7 causes a dramatic primary root growth reduction. 

A. Schematic of experimental design. Seeds of empty vector and pER8:MKK7 estradiol 
inducible line were sown on 1% suc under long-day growth condition. At 6d, seedlings 
were transferred to different β-estradiol concentrations and position of the primary root 
tip was marked daily for a 3d period which was used to plot growth rate. 
B. Representative whole-plant photographs of empty vector and pER8:MKK7 with or 
without 0.1µM estradiol. Scale bar = 10mm  
C. Primary root growth rate measurements of empty vector and pER8:MKK7, determined 
as distance between two marks along the root.     
Data presented as mean, error bars represent standard deviation. Number of biological 
repeats (N) = 3. Average number of roots (n) = 14. Statistical differences between empty 
vector and pER8:MKK7 with or without estradiol were determined using Student’s t-test. 
Asterisk represents a significant difference, “ns” represents a difference that is not 
significant. DAT= days after transfer, E2 = β-estradiol.  
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dramatic inhibition of primary root within 24h. In the same experimental batch as 

the growth assay, we checked the root meristem under a confocal microscope using 

propidium iodide staining (Figure 5.2A). Cell length profile was measured in the 

cortex layer and used to determine size of meristem, number of cells, and average 

meristematic cell size (Figure 5.2A).  

There was no apparent difference between estradiol-free and 0.1µM in the cell length 

profiles of the empty vector and steady-state of cell size (Figure 5.2B,C). MKK7 

overexpression shifts the curve to the left implying an early transition to elongation 

(Figure 5.2B,C). Additionally, upon MKK7 overexpression, cells appear to 

accumulate in the transition zone for longer compared with the mock and empty 

vector controls (Figure 5.3). From the cell profile, meristem size was determined to 

be around 230µm for estradiol-free (+/- 19.1µm) and 0.1µM empty vector (+/- 8.8µm), 

and estradiol-free (+/- 18.5µm) MKK7 roots (Figure 5.2D). Induction of MKK7 

overexpression with 0.1µM β-estradiol shortened the meristem to ~150µm (+/- 

16.4µm), a reduction of around 30% (Figure 5.2D). Additionally, MKK7 

overexpression decreased number of meristematic cells by ~50%, from 35 (+/- 3.5µm)  

to 18 (+/- 1.3µm)  on average (Figure  5.2E). Interestingly, the average cell size in the 

meristem increased by 20% upon MKK7 overexpression (Figure 5.2F) suggesting an 

early transition to cell cycle exit or uncoupling of cell cycle progression from cell 

growth.   

 

5.2.3 Overexpression of MKK7 reduces number of S phase cells in the root 
meristem   

 

To confirm MKK7 involvement in cell cycle as indicated by reduced meristematic cell 

count, we carried out EdU labelling to visualise cells in S phase. Six-day old seedlings  
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Figure 5.2 MKK7 overexpression shortens the meristem. 

A. Schematic of measurements made. At 6d, empty vector and pER8:MKK seedlings were 
transferred to +/- 0.1µM estradiol and confocal images were taken 16h after transfer. 
B. Representative confocal micrographs of PI-stained (red) empty vector and pER8:MKK7 
root tip with or without 0.1µM estradiol. Dashed lines represent meristem length. Scale 
bar = 50µm. 
C. Cortical cell length profiles of empty vector and pER8:MKK7.  
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grown under standard growth conditions were transferred to three different β-

estradiol concentrations of 0.01µM, 0.1µM, 1µM for 16h and number of S phase cells 

were counted in six 50µm sections from the QC (Figure 5.4A).  

There was no significant difference between estradiol-free and all other β-estradiol 

concentrations in the empty vector in all measured 50µm sections along the root tip 

(Figure 5.4B,C). We also did not note any significant difference between 0µM and 

0.01µM β-estradiol in all 50µm sections of the MKK7 root. Induction of MKK7 

overexpression with 0.1µM reduced number of EdU-positive cells by ~70%, from a 

total count of 63 (+/- 9.1) S phase cells to 17 cells (+/- 11.5; Figure 5.4C). A further 

20% reduction was observed with 1µM β-estradiol (Figure 5.4C). In short, MKK7  

D. Root meristem length of empty vector and pER8:MKK7.  
E. Number of cells in the meristem of empty vector and pER8:MKK7. 
F. Average  length of meristematic cells of empty vector and pER8:MKK7.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 11.  Number of biological repeats (N) = 1. Statistical differences between 
empty vector and pER8:MKK7 with or without 0.1µM estradiol were determined using 
Student’s t-test. Asterisk represents a significant difference, “ns” represents a 
difference that is not significant. 
Note: Panels D-F are derived from the cell length profile in Panel C.  

Figure 5.3 Elevated level of MKK7 obscures meristem-to-elongation boundary 

A closed-up view of plot in Figure 5.2C.  
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Figure 5.4 S phase count in response to MKK7 overexpression. 

A. Schematic of experimental design. Seeds of empty vector and pER8:MKK7 estradiol 
inducible line were sown on 1% suc under long-day growth condition. At 6d, seedlings 
were transferred to different estradiol concentrations for 16h. All EdU-positive S phase 
cells were manually counted. 
B. Representative confocal micrographs of DAPI-stained (blue) EdU-labelled (green) root 
tip of empty vector and pER8:MKK7 for each estradiol concentration. Scale bar = 50µm.  
C. Number of S phase (Edu) cells of empty vector and pER8:MKK7 in each estradiol 
concentration. 
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 21. Number of biological repeats (N) = 1. Statistical differences between empty 
vector and pER8:MKK7 with or without corresponding estradiol concentration at each 
50µm region (colour-coded) were determined using Student’s t-test Asterisk represents a 
significant difference, “ns” represents a difference that is not significant. E2 = β-estradiol.  
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overexpression drastically lowered S phase count implying a negative regulatory role 

of cell cycle.  

Consistent with Hypothesis 4 stated in section 1.9, I showed induced overexpression 

of MKK7 inhibits cell cycle as measured by EdU labelling.  

 

5.3 Discussion  

 

MKK7 is induced by both abiotic and biotic stresses and likely re-organises plant 

growth and developmental processes. In this chapter, we examined how changing 

the expression level of MKK7 affects primary root growth and meristem under 

standard growth conditions without any stress. We found a near-complete inhibition 

of root growth and a dramatic reduction in meristem size and number of cycling cells 

within one day after induced overexpression of MKK7. This places MKK7 to have a 

negative regulatory role in cell cycle. Based on the mpk6 mutant analysis, a similar 

conclusion was made for MPK6 which is a MKK7 phospho-target (López-Bucio et al., 

2014). In synchronised BY2 cells, MPK6 transcript accumulates during G2 and 

peaks during mitosis (Trolet et al., 2019). Thus, the MKK7-MPK6 signalling may act 

on the G2-to-M phase transition and the effect on S phase might be a secondary 

effect. This is consistent with the timing of 16h required for the pronounce reduction 

in EdU labelling, although a time-course with higher temporal resolution should 

resolve how long it takes for S phase reduction upon MKK7 overexpression.  

Some of the phosphorylation substrates of MPK6, include RBR, MYB3R5, and 

TESMIN/TSO1-LIKE CXC 2, also known as TCX2 (Popescu et al., 2009). MYB3R5 

have redundant G2/M transcriptional repressor functions with MYB3R3, and 

together with RBR among other cell cycle proteins, form the DREAM complex 
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(Kobayashi, T. T. Suzuki, et al., 2015). TCX2 is likely homologue of the animal DNA-

binding LIN54 that is also a DREAM member (Kobayashi, T. Suzuki, et al., 2015). 

Given our EdU data indicates a rapid inhibition of cell cycle upon MKK7 

overexpression, it is reasonable to speculate that the continued MKK7-MPK6 

cascade activation potentiates the repressive function of DREAM complex through 

RBR and/or MYB3R5 phosphorylation.  

Interestingly, despite reduced cell cycle in the root meristem, the average 

meristematic cell length is increased in response to MKK7 overexpression. This 

suggests a possible dual role MKK7 may play in coordinating cell cycle with cell 

growth to maintain cell size homeostasis. In animal cells, the p38 MAPK was shown 

to coordinate length of G1 phase with cell growth such that small cells have 

increased p38 activity and thus have a prolonged G1 and allowing more time to 

accumulate mass (Liu et al., 2018). A similar size-sensing mechanism may exist in 

Arabidopsis; indeed, it was reported that meristematic cells measure size at both 

G1/S and G2/M transitions (Jones et al., 2017). The G2/M cell size checkpoint may 

involve MAPK signalling. In short, we identified MKK7 as a possible upstream 

regulator of cell proliferation that likely coordinates with other signalling pathways.  
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Chapter 6 TCP14 coordinates cell 

proliferation with cell elongation  
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TCP14 coordinates cell proliferation with cell 
elongation  

 

In this chapter, I set out to characterise cell cycle dynamics in the root meristem of 

inducible overexpression line and knock-out mutant of TCP14 transcription factor.  

Elevated level of TCP14 disturbs the transition zone 

In a nutshell 

 Primary root of tcp14 mutant grows slightly faster with increased number of 

meristematic cells 

 Induced overexpression of TCP14 leads to dramatic reduction in root growth 

 Short-term TCP14 overexpression leads to increased S phase cells and 

increased meristem size 

 Prolonged overexpression of TCP14 leads to near-complete inhibition of cell 

proliferation and an increase of meristem-to-elongation zone boundary 
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6.1 Introduction  

 

TCP14 belongs to class I TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERAT-

ING CELL FACTOR1 family of transcription factors, whose members include TCP20 

that is known to be a negative regulator of endocycle onset or cell elongation (Li et 

al., 2005). Phylogenetic analysis showed that TCP14 together with TCP7, TCP8, , 

TCP15, TCP21, TCP22, and TCP23 form a distinct clade (Aguilar-Martlnez and 

Sinha, 2013). The quadruple mutant tcp8 tcp14 tcp15 tcp22 plants are extremely 

small and show a reduced response to gibberellins (Davière et al., 2014), a 

phytohormone that promotes cell proliferation (Takatsuka and Umeda, 2014). Of all 

the TCPs, TCP14 was found to be most strongly expressed during seed germination 

which is tightly coupled with cell cycle and protein synthesis (Tatematsu et al., 

2008). Additionally, the TCP14 is highly expressed during the proliferation phase of 

leaf growth, especially in the shoot apex (Kieffer et al., 2011). From the Arabidopsis 

Root Cell Atlas, TCP14 transcript is also detectable in the root meristematic region 

(T. Q. Zhang et al., 2019). In the tcp14-4 tcp15-3 double mutant and tcp8 tcp14 tcp15 

tcp22 quadruple mutant, expression level of A- and B-type CYCs is significantly 

reduced (Kieffer et al., 2011; Davière et al., 2014).  

Interestingly, overexpression Chrysanthemum TCP14 in Arabidopsis resulted in 

reduced expression of CYCs and CDKs that corresponding with reduced organ size 

(Zhang et al., 2017). Induced overexpression of Gossypium TCP14 in Arabidopsis 

advances formation of trichomes and root hairs and promotes responsiveness to 

auxin in roots (Wang et al., 2013). Chemical inhibition of proteasomal activity by 

MG132 increases intensity and spatial distribution of TCP14 and TCP15 and the 

protein stability of these two TCPs was shown to be regulated by ubiquitin receptors 

DA1, DAR1, and DAR2 (Peng et al., 2015). Genetic analysis of double, triple, and 



 
147 

pentuple mutants placed TCP14/15 downstream of DA proteins that promote protein 

degradation of TCP14/15 and therefore down-tunes the expression of endocycle 

repressors such as RBR and CYCA2;3 (Peng et al., 2015). Taken together, these 

heterologous expression and mutant studies suggest that a critical threshold of 

TCP14 (and other TCP proteins) abundance maintains normal plant growth and 

development through regulation of cell proliferation and endoreduplication. 

In this brief chapter, we investigated the role of TCP14 in root meristem growth. We 

found that whilst the number of meristematic cells and root length in the tcp14 

mutant are significantly greater than wild-type, prolonged induced TCP14 

overexpression causes a dramatic reduction in cell proliferation as measured by EdU 

labelling. We propose a model whereby TCP14 level may define when cells enter cell 

elongation which feeds back to cell proliferation.    

 

6.1.1 Aims and objectives 

 

The central aim of this chapter is to define the cellular consequence of loss and 

elevated level of TCP14 in the root tip.  

Aim 1. determine the effect of loss and overexpression of TCP14 on primary root 

growth    

Accompanying objective: Carry out root growth assay with tcp14 mutant and 

estradiol-inducible overexpression line of TCP14 and measure root length after 

transfer to +/- estradiol MS media 

Aim 2. characterise root phenotypes of tcp14 mutant  
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Accompanying objective: use propidium iodide staining and measure meristem size, 

number and size of meristematic cells of wild-type and tcp14 mutant  

Aim 3. characterises short-term effect of TCP14 overexpression on cell cycle using 

EdU labelling 

Accompanying objective: Carry out EdU timecourse experiment and count number 

of S phase cells as a proxy for cell cycle ‘state’ of the root meristem 

 

6.2 Results  

 

6.2.1 TCP14 is a negative regulator of primary root growth   

 

As a first step towards understanding the role of TCP14 in root growth, we 

characterised several cellular parameters including size and number of cells of the 

cortex layer in the root meristem of 7d old tcp14-7 GABI611_C04 mutant, hereafter 

referred to as ‘tcp14’ (Figure 6.2A). Primary roots of tcp14 were longer than wild-

type Col-0 (Figure 6.1A) and on average, tcp14 roots grew 20% more than Col-0 

during 6d to 7d (Figure 6.1B). Propidium iodide-stained confocal imaging and cell 

length profile of tcp14 root tips suggested that proliferation-to-elongation transition 

was further away in terms of cell position from the QC (Figure 6.2B,C). There was 

no significant difference between meristem size of Col-0 and tcp14 (Figure 6.2D), 

however tcp14 mutant had significantly more cells than Col-0 in the cortex layer 

(Figure 6.2E). Additionally, tcp14 meristematic cortical cells were ~12% smaller 

than wild-type (Figure 6.2F). In summary, the increased root length of tcp14 can be 
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explained by increased cell count in the meristem which does not affect meristem 

size due to the smaller size of dividing cells. 

 

 

We next investigated the effect of elevated level of TCP14 and measured root growth 

of estradiol-inducible overexpression line of TCP14 (hereafter referred to as TCP14-

iOE) and transferred 5d old seedlings of TCP14-iOE and Col-0 (pER8), hereafter 

referred to as empty vector or EV (Zuo et al., 2000) as a control to 5µM β-estradiol 

containing media. There was no difference in root growth rate between TCP14-iOE 

and EV at 6h and 12h after transfer to estradiol, however, a 40% reduction was 

observed at 24h after transfer (Figure 6.3A,B). At 36h and 48h, EV roots grew by 

2mm/day (+/- 0.7mm for 36h and +/- 0.6mm for 48h) whereas TCP14-iOE growth rate 

was 0.9mm/day (+/- 0.4mm for both timepoints; Figure 6.3A,B). In summary, the 

tcp14 mutant shows increased primary root length and meristematic cells whilst 

prolonged overexpression of TCP14 lowers root growth rate. 

Figure 6.1 Increased primary root growth of tcp14 mutant. 

A. Whole-plant photographs of Col-0 and tcp14. Seeds were sown on 1% sucrose under 
long-day conditions. Root growth was measured between 6d and 7d. Scale bar = 4mm.  
B. Measurements of primary root growth between 6d and 7d for both Col-0 and tcp14 
seedlings. Green circle represents the mean value.   
Average number of roots (n) = 9. Statistical difference between Col-0 and tcp14 using 
Student’s t-test. Asterisk represents a significant difference. This is a biological repeat of 
collaborative work, conclusions made here are consistent with previous observations.  
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Figure 6.2 Cellular phenotypes of tcp14-7 mutant root tip. 

A. Schematic of measurements made. Confocal images of 7d old root tip of Col-0 and 
tcp14-7 mutant. Profile of cortical cell length was used to determine meristem size, 
number and average cell size cells. 
B. Representative confocal micrograph of PI-stained (red) Col-0 and tcp14. Blue 
arrowheads point meristem boundary. Scale bar = 30µm 
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6.2.2 Temporal changes in S phase count upon TCP14 overexpression    

 

To better understand root inhibition of TCP14-iOE, we carried out EdU labelling to 

visualise DNA replication in proliferating cells of the root tip. TCP14-iOE and EV 

C. Cortical cell length profiles of Col-0 and tcp14.  
D. Root meristem length of empty Col-0 and tcp14.  
E. Number of cells in the meristem in the cortex layer of Col-0 and tcp14. 
F. Average length of meristematic cells of Col-0 and tcp14.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 9. Statistical differences between Col-0 and tcp14 were determined using 
Student’s t-test. Asterisk represents a significant difference, “ns” represents a 
difference that is not significant. This is a biological repeat of collaborative work, 
conclusions made here are consistent with previous observations. 
 

Figure 6.3 Overexpression of TCP14 causes a dramatic primary root growth reduction. 

A. Whole-plant photographs of empty vector and TCP14-iOE estradiol inducible line. 
Seeds were sown on 1% sucrose under long-day conditions. At 5d, seedlings were 
transferred to +/- β-estradiol, and position of root tip was marked for 48h after transfer. 
Scale bar = 4mm.  
B. Primary root growth rate measurements of empty vector and TCP-iOE, determined as 
distance between two marks along the growing root.      
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 12. Statistical differences between empty vector and TCP14-iOE estradiol 
inducible line for each timepoint were determined using Student’s t-test. Asterisk 
represents a significant difference, “ns” represents a difference that is not significant. This 
is a biological repeat of collaborative work, conclusions made here are consistent with 
previous observations. 
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roots were collected at 0, 3, 6, 12, 24, and 48h after β-estradiol induction and the 

number of EdU-positive cells were recorded in 200µm region from the QC (Figure 

6.4A). At 0h, the number of S phase cells in EV were 75 (+/- 12.0) which reduced to 

58 (+/- 12.4) and 51 cells (+/- 9.3) at 3h and 6h, respectively and increased to 66 (+/- 

7.9) cells at 12h and 24h and 77 (+/- 22.7)  cells at 48h (Figure 6.4B,C). Whereas EV 

showed an initial drop in S phase count at 3h and 6h, number of S phase cells in 

TCP14-iOE did not change from 0h to 3h, but increased by 15% to 72 (+/- 17.9) cells 

at 6h which was 30% more than EV at the same timepoint. The 6h peak was followed 

by a decrease to 54 (+/- 10.4) cells and 44 (+/- 14.8) cells at 12h and 24h, respectively 

(Figure 6.4B,C). At 48h, only 16 (+/- 8.2) S phase cells were observed which mostly 

concentrated around the QC region, a ~75% reduction from the 6h peak of TCP14-

iOE and EV count at 48h (Figure 6.4C).  

We next measured meristem size which we defined as the distance from the QC to 

the last EdU-positive cell in the epidermis, cortex and endodermis layers of both 

sides of the root. To ensure accurate measurements of meristem length, we did not 

consider EdU-positive cell where the nuclei was visible large and the space between 

two nuclei increased as this indicates occurrence of endoreduplicating cells in the 

elongation zone. Although at 0h, meristem size of TCP14-iOE was significantly 

smaller than EV, comparing 144µm (+/- 24.4µm) with 199µm (+/- 40.0µm), TCP14-

iOE meristem size at 3h increased by 20% whereas EV did not show any change 

(Figure 6.4D). At 6h and 12h, meristem size was statistically indifferent and TCP14-

iOE showed a 15% and 40% reduction at 24h and 48h, respectively (Figure 6.4D).  

To summarise,  overexpression of TCP14 leads to a short-term increase in S phase 

cell count and meristem length which is followed by a dramatic reduction in number 

of proliferating cells.  
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Figure 6.4 Temporal dynamics of S phase and meristem size in response to TCP14 
overexpression.  
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A. Schematic of experimental design. At 5d, seedlings of empty vector and TCP14-iOE 
estradiol inducible line were transferred to +/- β-estradiol. EdU-positive S phase cells 
within 200µm measured from the QC in all layers of the meristem were manually 
counted. Meristem size was defined as the average distance between the QC and the 
last EdU-positive cells in three outermost layers.   
B. Representative confocal micrographs of DAPI-stained (blue) EdU-labelled (green) 
root tip of empty vector and TCP14-iOE for each timepoint. Scale bar = 50µm.  
C. Number of S phase (EdU) cells of empty vector and TCP14-iOE in each timepoint. 
D. Root meristem length of empty vector and TCP14-iOE in each timepoint.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 8. Statistical differences between empty vector and TCP14-iOE  at each 
timepoint were determined using Student’s t-test. Asterisk represents a significant 
difference, “ns” represents a difference that is not significant. This is a biological repeat 
of collaborative work, conclusions made here are consistent with previous observations. 
 

 

6.2.3 TCP14 overexpression increases nuclei count in the transition-to-elongation 
zone 

 

During the course of counting EdU-positive cells, we observed increased occurrence 

of DAPI-stained nuclei beyond the meristematic region at 48h after induction in the 

TCP14-iOE line. Thus, we quantified the number of nuclei within 500µm to 600µm 

region from the QC (Figure 6.5A). Number of nuclei in empty vector roots ranged 

from 25 to 42 and in TCP14-iOE the range was from 35 to 55 (Figure 6.5B,C). On 

average, TCP14-iOE and EV respectively had 45 (+/- 7.6) and 29 nuclei (+/- 5.2) 

within the 500-600µm region, a significant difference of 35%.  

Morphological features of the nucleus, such as size and shape, varies along the 

primary root with elongated rod-like nuclei associated in the 

elongation/differentiation zone (Tamura and Hara-Nishimura, 2011). Compared 

with the empty vector, prolonged elevated level of TCP14 results in delayed spatial 

occurrence of elongated rod-like nuclei  in the epidermal and cortex layers of the 

primary root (Figure 6.5C). Taken together, the significant reduction of S phase cells 

and high nuclei count beyond the meristem coupled with absence of rod-like nuclei 

strongly   suggests   that   long-term    overexpression  of  TCP14   prevents  cell  from 
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Figure 6.5 Continued overexpression of TCP14 delays cell elongation. 

A. Schematic of measurements made. Number of DAPI-stained nuclei within 500µm to 
600µm region were counted 48h after estradiol induction.  
B. Number of nuclei within 500-600µm region from the QC of empty vector and TCP14-
iOE root. Green circle represents the mean value.   
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C. Representative confocal micrographs of DAPI-stained (blue) root tip of empty vector 
and TCP14-iOE, inset shows the 500µm to 600µm root region. Scale bar = 100µm. Inset 
scale bar = 10µm.  
Data presented as mean, error bars represent standard deviation. Average number of 
roots (n) = 8. Statistical differences between empty vector and TCP14-iOE were 
determined using Student’s t-test. Asterisk represents a significant difference. This is 
a biological repeat of collaborative work, conclusions made here are consistent with 
previous observations. 
  

 

entering the elongation zone.  

Consistent with Hypothesis 4 stated in section 1.9, I showed that induced 

overexpression of TCP14 disturbs proliferation-to-elongation boundary such that 

cells struggle to exit the meristem/transitions regions as observed with occurrence 

of increased small-sized nuclei well-beyond the meristem zone.  

 

6.3 Discussion  

 

Long-term organ growth sustainability requires cells to timely enter, progress, and 

exit the cell division cycle. tcp14 mutant has increased number of cells in the root 

meristem with reduced size. However, induced overexpression of TCP14 has a two-

stage phenotype. First, in the early hours of induction, S phase count increased; 

second, prolonged overexpression led to a dramatic near-complete inhibition of cell 

cycle suggesting that an increased protein level of TCP14 inhibits cell cycle. 

Quantification of spatial dynamics in response to prolonged TCP14 overexpression 

revealed a build-up of small meristem/transition-like nuclei in 500µm to 600µm root 

region, considering that meristem size in the empty vector was around 230µm, the 

presence of small round-shaped nuclei without EdU signals shootward in TCP14-

iOE suggests an inhibition or delay of cell elongation.  
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From the root ‘endoploidy map’ published by Bhosale and co-workers (2018), it 

appears that in endocycling cells of cortex layer, TCP14 is differentially expressed 

with highest expression in 2C cells, intermediate expression in 4C and 16C cells, and 

lowest expression level in 8C cells (Bhosale et al., 2018). The spatial down-tuning of 

TCP14 transcript from 4C to 8C suggests that exit from mitotic cycle (4C cells) and 

switch to endocycle (8C cells) requires reduction of TCP14. Induced overexpression 

causes an early burst of S phase cells (Figure 6.4C), but presumably fails to meet the 

low threshold level of TCP14 to exit the meristem zone and start to elongate. Genes 

that show a similar expression pattern include several ribosomal proteins (Bhosale 

et al., 2018) suggesting TCP14 transcriptional regulation may be involved in distinct 

spatial dynamics of protein synthesis-driven cell growth. TCP20 was proposed to 

couple cell growth with cell proliferation (Li et al., 2005), and here we suggest that 

TCP14 may be involved on coupling cell proliferation with cell elongation and 

coordinatively tuning cell growth.         

Exogenous supply of Root Growth Factor 1 (RGF1), a peptide hormone, greatly 

increases number of meristematic cells but does not proportionally increases 

primary root length (Matsuzaki et al., 2010; An et al., 2018). RGF1 sustains root 

meristem growth through stabilising PLETHORA (PLT) 1 and PLT2 transcription 

factors which form gradient along the root with highest level in the stem cell niche 

and gradually decreasing shootward (Galinha et al., 2007; Matsuzaki et al., 2010). 

Whether TCP14 is part of the RGF1-PLT signalling is not known, in this regard, 

PLT1 was shown to interact with TCP8, TCP20, and TCP21 proteins which function 

in the same pathway to control primary root formation and other root developmental 

contexts (Shimotohno et al., 2018).  

To summarise, in this short chapter we uncovered a new role of TCP14 in regulating 

meristem-to-elongation transition. The precise molecular mechanism of TCP14 
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action is yet to be discovered, but likely involves well-known regulators of cell cycle 

and/or endocycle. Plausible connections to TOR signalling and MAPK signalling 

cascade are made in the next chapter.  
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Chapter 7 General discussion, conclusions, 

and future perspectives 
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General discussion, conclusions, and future 

perspectives 

 

In this final chapter, I summarise main findings of the thesis and how it may fit with 

other working models and make a few suggestions for future work. 

Molecular control of cellular processes driving root growth 

 

In a nutshell 

 Primary root growth is dependent on the proper execution of cell cycle 

progression and exit to cell elongation 

 Light/sugar induced high TOR activity drives cell cycle during the day and 

supposedly reduced TOR activity at night limits cell cycle  

 TOR signalling might work antagonistically to MAPK signalling cascade 

 Diurnal rhythm of cell cycle may have an underlying circadian rhythm  

 Down-tuning of cell cycle is actively controlled and might be driven by CDK 

inhibitors SMRs and KRPs 

 Connection between TCP14 and a MAP kinase is discussed  
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Plant organ growth relies on continuous production and growth of cells in 

meristematic tissues, both of these processes (cell division cycle and cell growth) are 

extremely energy consuming and thus must only occur when nutrients are in 

abundant supply (Henriques et al., 2014; Lastdrager et al., 2014). Whilst root 

meristem is extensively used as a model system and much is known about hormonal 

and environmental control and some of the underlying genetic regulatory networks 

that shape root growth (Jung and McCouch, 2013; Kitagawa and Jackson, 2019), 

there is still a lack of complete understanding of cellular and molecular root biology, 

especially in relation to diel dynamics and sugar signalling. In this thesis I aimed to 

contribute in filling this gap by characterising cell cycle and cell size in relation to 

different growth conditions.  

In chapter 3, I discovered the fluidity and rapid adjustment to light and sugar 

availability as well as diurnal rhythm of cell cycle- and cell size-driven root meristem 

growth. This followed the findings in chapter 4 that TOR signalling pathway likely 

regulates both G1-to-S phase and G2-to-M phase transition points, the former 

involves phosphorylation of RBR which is regulated upstream by TOR kinase. These 

novel findings suggest that cell cycle-driven root growth is tightly regulated and 

connected to cellular nutrient status which is continuously monitored both at the 

start of (G1/S) and throughout (G2/M) the cell cycle and is centred on TOR signalling.  

In chapter 5, we defined MKK7, a MAP kinase kinase, as a negative regulator of cell 

cycle that may be involved in coupling cell cycle with cell growth. Finally, in chapter 

6, we found that induced overexpression of TCP14 transcription factor supresses 

cells exiting the meristem region. The following discussion focuses on how these 

findings fill in the knowledge gap to advance current understanding of meristem 

growth dynamics.        
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Prolonged inhibition of TOR signalling severely reduces primary root growth as a 

result of blockage of S phase and onset of mitosis (Figures 4.3, 4.4, 4.7, 4.13). Long-

term induction of TCP14 overexpression also leads to strong root growth inhibition, 

due to suppression of cell cycle but additionally we noted that cell elongation is 

spatially delayed (Figures 6.3, 6.5). Elevated MKK7 amount strongly inhibits root 

growth due to loss of cell cycle in the meristem (Figures 5.1, 5.2, 5.4). By noting these 

observations in conjunction, we suggest that progression through and exit from the 

cell cycle to enter cell elongation are equally critical to sustain root growth, an 

imbalance between any of the two cellular events (namely, cell cycle entry and cell 

cycle exit coupled to cell elongation) can result in organ fatality as seen from near-

complete inhibition of primary root growth upon overexpression of MKK7 and TCP14 

and chemical inhibition of TOR.      

Cell elongation is often accompanied with endocycle, an alternative form of cell cycle 

in which repeated rounds of DNA replication occurs without mitosis (de Veylder et 

al., 2011; Bhosale et al., 2018), whilst diel dynamics of endocycle has not yet been 

investigated, our observation of differential accumulation of E2FA and E2FB (Figure 

3.7) suggests endocycle may have an underlying time-of-the-day dependent rhythm. 

This is based on previous reports that RBR-bound E2FA complex suppresses 

endocycle genes such as CELL-CYCLE SWITCH 52 A  1 (CCS52A)  and CCS52A2 

and E2FA is also mildly detectable in elongation zone (Magyar et al., 2012), given 

the observation that E2FA protein is high during the morning and starts to decrease 

towards the end-of-day (Figure 3.7), this would presumably de-repress endocycle 

genes and promote onset of endocycle (Figure 7.1). This could be experimentally 

tested by carry out flow cytometry analysis of whole-root, collecting samples during 

mid-day and mid-night for a longer time period as supposed to our two-day 
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timecourse, as ploidy level increases as plants progress through developmental 

stages (Magyar et al., 2012). 

 

 

A major challenge for plants is to find the optimal balance between energy 

expenditure and energy production, and thus energy-consuming processes namely 

cell division and cell growth should optimally occur when nutrient supply is high. 

For plants, light/day period (photosynthesis-derived sugar availability) represents a 

nutrient-rich condition and dark/night period represents a low-nutrient condition 

(Mohammed et al., 2018). Consistent with this notion, we found that overwhelmingly 

high number of cell division events occur during the day and cells divided less 

frequently and at smaller size during the dark hours (Figures 3.4, 3.5). Given that 

Figure 7.1 A proposed model of daily control of cell cycle and endocycle.  

E2FA and E2FB largely have non-overlapping temporal pattern of protein accumulation 
such that E2FA level is high during the day whilst E2FB accumulates at night. RBR-
bound E2FA complex is known to inhibit endocycle genes (Magyar et al., 2012), reduced 
amount E2FA towards the end-of-day supposedly lifts this suppression and allows onset 
of endocycle. E2FB in complex with RBR acts as a negative regulator of cell cycle (Oszi et 
al., 2019) and increased E2FB level during the night would increase formation of E2FB-
RBR complex which subsequently prevents cell cycle. Thus, these three proteins (E2FA, 
E2FB, RBR) form a central regulatory network to tune cellular processes (cell 
proliferation and cell elongation) driving plant growth on a daily basis.   
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diurnal rhythm of plant growth is largely regulated by the circadian clock which 

serves to harmonise growth-related processes with fluctuating environment (Smith 

and Stitt, 2007; Creux and Harmer, 2019); it is plausible that the diurnal rhythm of 

cell cycle we observed is under the control of the circadian clock.  

Circadian regulation of cell proliferation is widespread in animals (Henriques et al., 

2018) and has also been reported in Arabidopsis where the evening clock component 

TOC1 binds to CDC6 and constrains its transcription and thereby limits onset of cell 

cycle (Fung-Uceda et al., 2018). Whether diel changes in cell cycle that we observed 

are clock-driven can be explored by timecourse EdU labelling experiment in 

circadian mutants and/or overexpression lines as well as free-running experiments, 

if cell cycle in the root meristem has a circadian rhythm then the diel changes should 

continue to occur in the absence of light-dark cycles. 

TCP transcription factors have been an implicated in regulation of circadian 

proteins, TCP20 and TCP22 was shown to bind to the TCP-binding site in the CCA1 

promoter (Wu et al., 2016). Whether TCP14 is also capable of bind to CCA1 promoter 

region needs to be investigated. CCA1 is a transcription factor which is part of the 

core circadian network that accumulates in the morning (McClung, 2006), and its 

target genes include D-type cyclins (Nagel et al., 2015). Thus, it seems plausible that 

TCP-circadian network works in parallel to E2FA to boost S phase gene expression 

in the morning (Figure 7.2).  

The creation of diurnal rhythm of cell cycle likely requires active TOR signalling 

since we observed that chemical inhibition of TOR significantly reduces light and 

sugar-induced cell cycle count in the meristem (Figure 4.2). Phosphorylation pattern 

of RPS6, a TOR target, was shown to be disrupted in clock-deficient mutants 

(Enganti et al., 2018). Zhang and co-workers (2019) found that TOR signalling is 
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required for nutrient-induced circadian period adjustment and cell proliferation in 

root meristem (N. Zhang et al., 2019). In line with these two studies, we suggest that 

underlying circadian regulation of cell cycle diurnal rhythm might involve TOR 

signalling as means to integrate metabolic signals to catabolic processes. In relation 

to RPS6, it is worth noting that RPS6A has been identified as a target of MKK7-

MPK3/6 cascade (Huck et al., 2017), coupling our observation of cell cycle inhibition 

upon MKK7 overexpression (Figure 5.4) with RPS6A as a well-known phospho-

target of TOR kinase (Dobrenel, Mancera-Martínez, et al., 2016), thus it seems likely 

that TOR and MAPK signalling work in antagonistic ways to tune cell cycle with cell 

growth. In support of this view, a recent phospho-proteomics screen identified at 

least three MPK6 phospho-peptides that were target of TOR phosphorylation (Van 

Leene et al., 2019), the functional relevance of this has not been explored but it may 

contribute to TOR control of cell proliferation.  

The two cell cycle transcription factors, that are TOR phospho-targets E2FA and 

E2FB (Wu et al., 2019), have distinct protein accumulation (Figure 3.7) and 

corresponds differentially to cell cycle diel dynamics such that E2FA increase in level 

corresponds to increase in cell cycle count and high level of E2FB corresponds to 

reduced occurrence of cell cycle (Figures 3.6 and 3.7). We think that the down-tuning 

of cell cycle is actively controlled as supposed to reduced supply of nutrients. 

Dependent on its protein:protein interactions, E2FB can act both as a positive and 

negative regulator of cell proliferation (Oszi et al., 2020), it would be of interest to 

explore diel changes in E2FB complex formation through Co-immunoprecipitation 

experiments under light-dark cycles. 

In addition to E2Fs, CDK inhibitors KRPs and/or SMRs may play a role creating a 

diurnal rhythm of cell cycle. Accordingly, transcript level of KRP2 and KRP7 are low 
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during the day and increase during the night (Fung-Uceda et al., 2018), a similar 

correlation   with   peaks   and    troughs   of   cell   cycle   we   observed   (Figure 3.6).  

 

 

 

 

 

 

 

 

 

Additionally, TOR phosphorylates and inhibits YAK1, a DYRK kinase which 

promotes transcription of SMR4, SMR5 and SMR7 (Barrada et al., 2019; Forzani et 

al., 2019). In conjunction with this observation, it is possible that reduced TOR 

activity towards the end-of-day derepresses YAK1 which subsequently results in 

SMR expression and reduced CDK activity.  

Could TCPs and MAP kinase cascade work in the same pathway? Although exploring 

the connection between MAPK signalling and TCP transcription factors was not the 

scope of this thesis, long-term induction of overexpression of MKK7 and TCP14 

phenocopy each other at the level of S phase count (Figures 5.4 and 6.4) suggests 

Figure 7.2 A proposed model of cell cycle control by TCP transcription factors and TOR 
signalling pathway.  

TCP20 and TCP22 have been shown to bind to the promoter region of the circadian 
transcription factor CCA1 which accumulates in the morning (Wu et al., 2016). CCA1 
target genes include D-type CYCLINS (Nagel et al., 2015), thus the TCP-CCA1 axis can 
potentially serve to connect circadian clock to the cell cycle. TOR signalling promotes 
CYCD2 protein level (Figure 4.9) and is required for phosphorylation of RBR (Figure 4.12) 
which results in “release” of E2FA to allow transcription of S phase genes. Whether these 
two branches work independently or cooperatively to boost S phase gene expression in the 
morning remains to be investigated.  
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they may act in cooperative ways. A recent study found MAP KINASE 8 (MPK8) and 

TCP14 to physically interact, and MPK8 was shown to in vitro phosphorylate TCP14 

to work in a common pathway to promote dormancy-to-germination transition (W. 

Zhang et al., 2019). Cell cycle genes such as MCMs, PCNA, CDKB1;1, CYCDs are 

among the down-regulated genes in imbibed seeds of tcp14.4 and mpk8.1 mutants 

(W. Zhang et al., 2019), whether this interaction continues during post-embryonic 

growth needs to be investigated.   

Plant growth is a combination of multiple cellular processes, each of which has an 

array of underlying molecular mechanisms. In this thesis, we focused on some of 

these events in the root meristem and found an adjustable cell cycle behaviour that 

is intricately connected with the cell’s internal and external environment, namely 

light and sugar availability. We hope a better understanding of organ growth could 

be used to improve crop yield and productivity to ensure future food security.  
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Appendices  

 

Supplemental figures presented below are biological repeats of selected experiments 

from chapter 3, see figure legends for specific cross-references.  

 

 

 

  Figure S3.1 Mitotic count under light-dark cycles. 
A. Number of mitotic cells at each timepoint during the course of experiment.  
B. Number of mitotic cells in light-timepoints and dark-timepoints were averaged and 
plotted separately. 
This figure supports Figure 3.4 
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Figure S3.2 Differential accumulation of E2FA and E2FB proteins. 
This figure supports Figure 3.7. For antibody dilution, see Table 2.2.     
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Figure S3.3 Diurnal changes in transcript level of Arabidopsis E2Fs.  
A. Transcript dynamics of E2FA. 
B. Transcript dynamics of E2FB. 
Plots are obtained from CircadiaNet at the following weblink: 
(http://viridiplantae.ibvf.csic.es/circadiaNet/exploration/searchGene.html ) 
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