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Lay Summary 
 

Plants are highly malleable organisms and growth plasticity is the principal strategy 

employed to respond to external cues such as light. Plants possess an array of 

photoreceptors in order to sense and monitor changes in the external light 

environment. An important survival strategy is the so-called shade avoidance 

syndrome (SAS), elicited in far-red-rich vegetation shade, which leads to adaptive 

changes in plant architecture. A prominent feature of SAS is the reduction in leaf 

blade area, which occurs following the inactivation of the phytochrome B 

photoreceptor by far-red light (FR).  

This study delineates the molecular mechanism through which FR treatments curtail 

leaf development in the model species Arabidopsis. Evidence is presented showing 

that FR supplied at the end of each day from the early leaf development limits growth 

by restricting cell proliferation. PHYTOCHROME INTERACTING FACTOR 7 (PIF7) 

is a principal agent in repressing cell division, which it accomplishes by repressing 

the action of a key leaf development gene ANGUSTIFOILIA 3 (AN3).  

In summary, this thesis provides evidence that the far-red light at the end of the day 

(EODFR) promotes PIF7 activity which replaces AN3 by directly binding the same 

promoter cis-elements (G-box / PBE-box) of cell cycle genes, which in turn inhibits 

the leaf blade expansion. 
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Abstract 

 
Plants are highly malleable organisms that utilise developmental plasticity as a 

strategy to respond to external challenges which threaten their survival. Adaptive 

growth is regulated by external cues, including light, which is not only an energy 

source, but also provides vital information about the habitat. Low ratios of red (R) to 

far red (FR) radiation (R:FR ratio), detected by phytochromes, indicates the 

presence of nearby vegetation or crowding, and promote a growth strategy named 

the shade avoidance syndrome (SAS). Although the SAS is generally beneficial to 

plant survival in vegetation-rich conditions, it can be an undesirable trait in 

agriculture as it can compromise yield. Indeed, a prominent feature of SAS is the 

marked reduction in leaf blade size, which diminishes surface area for light capture 

and photosynthesis. Although SAS is fairly well studied, there are still large gaps in 

our understanding of the cellular response and the regulatory molecular mechanisms 

that underlie the small SAS leaf phenotype.   

Here, I show that exposure to end-of-day (EOD) FR-rich vegetative shade early 

during leaf development constrains leaf blade expansion by repressing cell division. 

RNAseq time course data identified a number of transcription factors that are 

strongly suppressed by FR during early leaf development. Further, systematic 

bioinformatics analysis of time-course RNAseq data revealed AN3, a transcriptional 

co-activator, operates downstream of phyB to modulate leaf blade cell division. I 

demonstrate that when phyB is active, cell division is promoted by AN3, but following 

phyB deactivation by EODFR, the basic helix-loop-helix (bHLH) transcription factor 

(PHYTOCHROME-
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INTERACTING FACTOR 7), PIF7 physically interacts with AN3 and halts AN3 

regulation of cell division genes. I established that EODFR favours an antagonistic 

substitution-suppression transcriptional module in which PIF7 can evict and 

substitute AN3 by direct binding to same promoter cis-elements of target genes, 

which in turn promotes a dynamic molecular switch from the promotion to the 

repression of gene expression. Furthermore, PIF7 activated by EODFR negatively 

regulates an3-4 mediated cell compensation phenomenon, in which cell proliferation 

defects lead to compensated cell size enlargement.  

This study brings a molecular level, mechanistic understanding of how phyB action is 

coupled to leaf cell division. This mechanism may be of great significance in the 

natural environment, because AN3 is a key developmental gene that is conserved 

throughout the plant kingdom. Furthermore, phylogenetic analysis shows that PIF7 

occupies a dominant position in the entire legume family, having been identified as a 

master regulator of shade avoidance response in nature. Therefore, this work has 

great potential to apply these molecular manipulations to crop species, increasing 

productivity by improving shade tolerance without compromising crop robustness 

and yield. 
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Chapter 1- Introduction 
 

1.1 Light – An essential environmental signal for plant’s life  

 

Light is an essential factor for plants, not only for photosynthetic energy production 

but also as an indicator of changes in the composition of their environment. Plants 

convert light energy from the sun into chemical energy through photosynthesis and 

store it in the form of carbohydrates (Galvao et al., 2015). Plants adjust their 

photosynthesis ability to adapt to the ambient light environment to regulate their 

fitness and reproductive success (Nagy and schäfer. 2000). Light plays a vital role in 

the plant’s life cycle, and changes in light availability, such as both high and low light, 

are harmful to plants (Fankhauser and Batschauer, 2016). The perception of light 

cues can shape plant development by initiating irreversible changes in the 

morphology of plants, enabling plants to adapt to a changing lighting environment 

(de Wit et al., 2016). For example, high light intensity can cause oxidative stress, 

which leads to photo-damage. To counteract this, plants exhibit plasticity by 

changing the position of leaves and chloroplasts, thereby reducing exposure to light 

(Fankhauser and Batschauer, 2016). In contrast, a low-light environment limits the 

photosynthetic capacity of plants and it can eventually lead to starvation. In 

response, plants enhance stem growth and change the direction of the leaves to 

capture more light for photosynthesis (Fankhauser and Batschauer, 2016).  

Light activates a suite of developmental processes throughout the plant life cycle, 

such as seed germination, seedling growth, flowering transition, and leaf maturation 

(Roig-Villanova et al., 2006). Plants use light-sensitive receptors called 

photoreceptors to achieve these growth and developmental adjustments. These 
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photoreceptors can detect the light spectrum from near UVB (280-315 nm) to far red 

(FR) (~750 nm) wavelengths (Moglich et al., 2010; Jenkins et al., 2014).  

1.2 Photoreceptors - mediators of light responses  

 

Photoreceptors exist in all kingdoms of life and have a wide range of functions, 

including vision, light perception, and regulation of growth and development 

(Gehring, 2014). Unlike animals, plants cannot change their habitats, and must 

instead change their development to optimise their growth in changing environments. 

To achieve this, plants use various sets of photoreceptors to accurately detect, and 

alter their growth in response to, changes in the duration, intensity, and direction of 

light across a broad light spectrum, ranging from near-UVB (280-315 nm) to far-red 

(FR) (∼750 nm) wavelengths (Moglich et al., 2010; Jenkins et al., 2014). Three types 

of photoreceptors proteins operate in plants (Chen et al., 2004), including the UV-B 

(282-320 nm) sensitive UVB-RESISTANCE 8 (UVR8) (Rizzini et al., 2011), blue and 

UV-A (320-500 nm) sensitive cryptochromes (CRY), phototropins (phots), and 

zeitlupe family members (Fankhauser and Staiger, 2002; Galvão and Fankhauser, 

2015), and the red and far-red (600-750 nm) sensitive phytochromes (Casal et al., 

1998). 

Except for UVB receptors, all these photoreceptors contain a chromophore, in which 

photon absorption of a specific wavelength occurs. In contrast, the UVR8 receptor 

uses tryptophan residues to absorb UVB light wavelengths (Jenkins et al., 2014). 

Photoreceptor responses depend on the type of environmental stimuli perceived, but 

include: adaptive responses (e.g., phototropism and the shade avoidance 

syndrome), developmental responses include (e.g., germination, de-etiolation, floral 
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transition, and senescence), and cellular level responses (e.g., chloroplast 

movement and opening of stomata) (Figure 1.2; Galva et al., 2015). 

 

 

 

 

 

Figure 1.2 Photoreceptor-mediated light perception in higher plants. Plant 
Photosynthetically Active Radiation (PAR) ranges from 400-700 nm; UVR8 
photoreceptor responds to UV-B light between 280-315 nm; Phototropins, CRYs and 
ZTL family respond to blue light (400-500 nm)/UV-a (315-400 nm); PHYs respond to 
red (600- 700 nm) and far-red (700-800 nm) light. 
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1.3 The Phytochrome family  

 

Phytochromes were first discovered in plants in 1959 (Butler et al., 1959), but these 

light-sensitive receptors also exist in certain fungi and many prokaryotes (Burgie et 

al., 2014). Phytochromes can exist as homodimeric or heterodimeric soluble 

phosphoproteins and are encoded by five genes in Arabidopsis thaliana (phyA-

phyE). These are perfectly tuned to measure the ratio of red light (R; 600-700 nm) to 

far-red light (FR; 700-800 nm) and enable plants to detect the vegetation-induced 

changes in the quantity of photosynthetically active radiation (PAR; 400-700 nm) and 

help to coordinate various developmental responses to such signals throughout the 

plant life cycle (Rausenberger et al., 2010; Roig-Villanova and Martínez-García et 

al., 2016). Each of these light-sensors (phyA-phyE) show some roles in overlapping 

responses, as well as some distinct functions, including seed germination, de-

etiolation, floral transition, and shade avoidance responses (Chory, 1991; Chen et 

al., 2014; Kami et al., 2010; Sakuraba et al., 2014; Leivar et al., 2014). Although the 

main function of phytochrome is to detect the ratio of R/FR light, changes in light 

intensity and fluence rate, their exact developmental function depends on their 

photochemistry, protein structure and the mode of light signal transduction (Rockwell 

et al., 2006; Bae and Choi, 2008). In Arabidopsis thaliana, the phytochrome family 

are classified into two types: a light-labile type I, referred to as phyA, and the light-

stable type II phytochromes (phyB-phyE) (Li et al., 2015). phyA is activated by FR 

light and inhibited by R light (Shinomura et al., 2000), and operates in both very low 

fluence responses (VLFRs) and the FR-high irradiance responses (FR-HIRs). In 

doing so, phyA drives several growth responses such as seed germination, de-

etiolation and sensing day-length extension (Casal et al., 2000; Kneissl et al., 2009; 
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Staneloni et al., 2009). The light-stable type II phytochromes (phyB-phyE), and in 

particular phyB, function to suppress the shade avoidance syndrome (SAS) 

signalling in sunlight (Franklin and Quail, 2010). phyB is the main phytochrome in 

SAS signalling, and while phyC, phyD and phyE also share redundant functions, 

their impact is relatively small (Devlin et al., 1999; Franklin, 2003). Figure 1.3. shows 

the functions of the phytochrome family in Arabidopsis thaliana.  

 

 

Figure 1.3 Phytochrome regulate the growth and development of plants 
throughout their life cycle. After germination, the seedling undergoes etiolated 
development in darkness or develops as a photosynthetically active seedling in the 
light. Upon canopy shade or neighbour proximity, the seedlings trigger the shade 
avoidance syndrome. Phytochrome also entertain circadian rhythms and 
temperature responses in plants.   
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1.4 Phytochrome photo-reversibility working mechanism-photochemistry 

 

Phytochrome biosynthesis takes place in cytosol in their biologically inactive (Pr) 

form. However, following red light absorption, which causes a transition to their 

active state (Pfr), nuclear translocation occurs. Pfr is rapidly converted back to the 

inactive Pr ground state following far-red light irradiation or slowly by thermal 

reversion (Legris et al., 2016; Jung et al., 2016; Chung et al., 2020; Fiorucci et al., 

2020). This switching characteristic consents phytochromes function as an R/FR-

dependent developmental switch and allows plants to elicit SAS developmental 

responses in low R:FR (Andel et al., 1996; Burgie et al., 2014; Fiorucci and 

Fankhauser, 2017). SAS-activated plants usually exhibit a series of developmental 

responses, such as reduced biomass, extension of hypocotyls and petioles, leaf 

hyponasty and smaller leaf blades (de Wit et al., 2015; Franklin and Whitelam, 2005; 

Galvao and Fankhauser, 2015; Goyal et al., 2016; Reed et al., 1993; Tsukaya, 2005; 

Yang et al., 2016; Xing et al., 2017; Krahmer et al., 2021; Romanowski et al., 

accepted). Light mediated phytochrome photo-reversible working mechanism is 

shown in Figure 1.4. 
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Figure 1.4 Phytochrome photoreversible working mechanism.  
Simplified illustration of the conformational changes of phytochromes after activation 
and inactivation by red and far-red light absorption or dark reversion during night. 
 

 

1.5 Early phytochromes signalling events 

 

Upon absorption of red light, the chromophore of phytochrome undergoes a 

conformational change which transitions phytochrome into its active state. Following 

this, phytochrome translocates to the nucleus where it interacts with transcription 

factors and initiates signal transduction, thereby regulating photomorphogenesis. 

Skotomorphogenesis is initiated when phy exits the nucleus (Leivar and Quail, 

2011). Photomorphogenesis is a process in which the light signal inhibits the rapid 

elongation of the hypocotyl, but expands the cotyledons and promotes greening, so 

that the seedlings can adapt to the best light-harvesting capacity and autotrophic 

growth. In contrast, skotomorphogenesis which is initiated when phys are switched 
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off, is characterized by elongated hypocotyl, closed cotyledons, and an apical hook 

to allow young seedlings to grow rapidly in darkness using the reserve energy 

present in the seed (Xu et al., 2015). Photoactivated phytochromes repress the 

activity of two classes of photomorphogenic repressors called the (COP/DET/FUS) 

complex and phytochrome interacting factors (PIFs). This repression of their activity 

can occur either by triggering their degradation via the proteasome, or through 

phosphorylation, which allows the stabilization of transcription factors (e.g., 

ELONGATED HYPO- COTYL5 (HY5), LAF1, HYH, HFR1) required for 

photomorphogensis. Conversely, to promote skotomorphogenesis in darkness, the 

biologically inactive Pr form of phytochrome remains localized in the cytosol. This 

enables the nuclear localized PIF homo- and heterodimers to bind to the promoter 

region of hundreds of light-regulated target genes and repress their expression, 

consequently preventing photomorphogenesis (Leivar et al., 2011; Lau et al., 2012). 

 

1.5.1 Phytochrome interacting factors  
 

PHYTOCHROME-INTERACTING FACTORS (PIFs) are a subfamily of basic helix-

loop-helix (bHLH) transcription factors, which act downstream of phyB and regulate 

the expression of hundreds of target genes and induces SAS developmental 

responses (Galvao et al., 2019; Leivar et al., 2020). They are induced in all aspects 

of plant growth and development from germination to reproductive growth, as well as 

nutrient uptake, stress tolerance and pathogen defence (Buti et al., 2020). 

Photoactive phyB interacts with all PIFs in the nucleus via the APB domain and 

inhibits their activity through phosphorylation and proteasome-dependent 

degradation (Khanna et al., 2004; Leivar and Monte, 2014; Pham et al., 2018; Huang 
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et al., 2018).  Contrary to other PIFs, PIF7 is not degraded when it interacts with 

photoactive phyB. However, its activity is regulated at protein level when it interacts 

with active phyB and other interacting proteins (such as 14-3-3 protein and ELF3) (Li 

et al., 2012; Huang et al., 2018; Jiang et al., 2019; Leivar et al., 2020). PIFs are 

potent transcriptional regulators and play important roles in the implementation of the 

SAS response in the hypocotyl, which indicates that the SAS response is the result 

of phytochrome regulation of the transcriptional network (Roig-Villanova and 

Martínez-García. 2016). PIFs function redundantly and form homodimers and 

heterodimers to bind E-box and G-box motifs of SAS promoters, and they also bind 

other TFs such as HFR1 (LONG HYPOCOTYL IN FAR-RED 1) and 

PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) and PAR2 and activate 

feedback loops to prevent hyperactivation of SAS responses (Buti et al., 2020). 

 A stabilized version of HFR1 has been shown to lead to a constitutively 

photomorphogenic phenotype in darkness, suggesting that HFR1 may function to 

sequester PIF proteins (Yang et al., 2003; Leivar et al., 2008; Shin et al., 2009). 

Similarly, hypocotyl elongation is inhibited by PIF3‐LIKE 1 (PIL1) which does not 

have the ability to bind DNA but heterodimerises with the PIFs and thereby blocks 

PIF action (Li et al., 2014). Shade-induced PIF activity is strictly controlled by 

positive interactors and negative interactors (Lorrain et al., 2008; Li et al., 2012; Oh 

et al., 2012; Crocco et al., 2015; Pucciariello et al., 2018; Huang et al., 2018; Leivar 

et al., 2020; Yang et al., 2020). For example, HEC1 (HECATE 1) (Zhu et al., 2016), 

EARLY FLOWERING3 (ELF3) (Jiang et al., 2019), and DELLAs (de Lucas et al., 

2008; Feng et al., 2008) act as negative regulators of PIF and inhibits PIF binding to 

target genes by directly sequestering their DNA-recognition domains and 

subsequent degradation through the ubiquitin-proteasome system. Conversely, 
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several factors positively regulate PIF activity (Oh et al., 2012; Crocco et al., 2015;). 

For example, bHLH48 and bHLH60 can form heterodimer with PIF7 and promote 

PIF7 DNA binding activity (Yang et al., 2021). B-BOX 24 (BBX24) regulates PIF4 

activity by inhibiting DELLA activity under SAS (Crocco et al., 2015). 

BRASSINAZOLE-RESISTANT 1 (BZR1) can form a heterodimer with PIF4 and bind 

to co-target genes and promote cell elongation (Oh et al., 2012). 

All PIFs have been implicated in increase of auxin abundance and activity, a 

requirement for SAS responses (Hersch et al., 2014). However, PIF7 plays a central 

role in low R:FR-mediated hypocotyl elongation through stimulating auxin synthesis 

(Li et al., 2012; Mizuno et al., 2015). 

 

1.5.2 Phytochrome-mediated inhibition of COP1 activity 
 

One of the long outstanding questions surrounding light signalling pathways is how is 

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) inactivated by light to promote 

photomorphogenesis. The simple light signalling mediated mechanism is that photo-

activated phytochromes (Pfr) disrupt the COP1-Suppressor of phytochrome A‐105 

(SPA) E3 ubiquitin ligase complex through direct interactions in a light dependent 

manner, thereby inhibiting the ability of COP1 to degrade positively acting 

transcription factors (e.g., HY5/HFR1/LAF1 and others). However, it is still not clear 

whether this separation only affects the SPA1- mediated enhancement of COP1 

activity and/or directly inhibits the ability of COP1 to degrade the positively acting 

transcription factors. Deactivation of COP1-SPA complex accelerates the 

accumulation of positive regulators in the nucleus in response and consequently 

promotes photomorphogenesis.  
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Conversely, in darkness COP1-SPA complexes become reactivated, and SPAs 

activate the COP1 E3 ligase activity to promote the polyubiquitylation and 

proteasome-mediated degradation of positively acting transcription factors (HY5, 

HFR1 and LAF1) that ultimately lead to skotomorphogenesis (Pacín et al., 2014). 

HY5 is a nuclear bZIP protein that has some level of interaction with each of the 

photomorphogenesis-repressing factors under a wide spectrum of wavelengths, 

including FR, R, B, and UV-B (Ulm et al., 2004; Adam Seluzick. et al., 2017). HY5 

interacts with PIF1 and PIF3 in vivo, co-regulating and competing for binding at G-

box motifs in the promoters of photosynthetic genes (Chen et al., 2013). hy5 mutants 

are characterized by large cotyledons, long hypocotyls under all lighting conditions 

and reduced chlorophyll and anthocyanin levels (Lee et al., 2007). The correlation of 

abundance of HY5 protein is directly linked with the development of 

photomorphogensis because chromatin Immunoprecipitation Sequencing (ChIP-

Seq) studies revealed that HY5 binds directly to a large number of genomic sites, 

mainly at the promoter regions of annotated genes and which directly mediates both 

upregulation and downregulation of gene expression by light (Osterlund et al., 2000; 

Zhang et al., 2011).  LAF1, a R2R3-MYB transcription factor that functions as a 

positive component of phyA signalling (Ballesteros, et al., 2001), has been noted to 

physically interact with HFR1. This interaction stabilizes both through the inhibition of 

ubiquitination by COP1, thereby enhancing phyA photoresponses (Jang et al., 2007). 

1.6 Phytochrome sensing the light environment and signal transduction for shade 

avoidance syndrome 

 

Sunlight is a rich source of photosynthetically active radiation (PAR; ranges from 

400-700 nm), which is essential for plants to fuel the photosynthesis for their growth 
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and development. However, plants also use light cues as an informational signal. 

Plants employ a suit of photoreceptors that enables them to process this information 

and adjust their growth and development. Among all the photoreceptors, the R/FR 

absorbing phytochromes allow plants to sense when it is day or night, as well as 

when light is limited. Plant growth and development is a highly plastic process and 

largely dependent on phytochrome function. Phytochromes enable plants to detect 

and interpret changes in the quantity, quality, and direction of red and far-red light in 

their surroundings and adjust it according to the perception of their light environment 

(Kami et al., 2010). The inactivation of these phytochromes due to vegetation 

proximity or canopy shade activates a mechanism that triggers a series of growth 

and developmental responses, which are collectively referred to as shade avoidance 

syndrome (SAS). Plants use SAS strategies to extend and grow more than 

neighbouring plants in order to capture more light for photosynthesis. SAS typically 

features hypocotyl and petiole elongation, increased apical dominance, early 

flowering, and reduced leaf expansion and yield (Roig-Villanova and Martínez-

García, 2016). Sunlight perception on open vegetation or less crowded plants 

contains a relatively constant spectrum and high R:FR, about 1.2-1.5 (Roig-Villanova 

and Martínez-García, 2016). However, crowded environments or canopy shade 

reduces the ratio of red (R) to far red (FR) radiation (R:FR ratio, about 0.6 or lower), 

which signals a high risk of competition for light to plants. These conditions inactivate 

the main red-light photoreceptor, phyB, and trigger the shade avoidance syndrome 

(SAS) (Villanova and Martínez-García, 2016; Fernández-Milmanda et al., 2020). 

Genetic mutants of phyB showed a constitutive SAS phenotype under normal R:FR 

(0.7 or higher), indicating that the SAS response to low R:FR (0.6 or lower) was 

mainly mediated by phyB (Casal et al., 2012, 2013; Martinez-Garcia et al., 2010). 
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Hypocotyls and petioles have always been classic models for SAS research at 

seedling stage (Galvao and Fankhauser, 2015). Studies on hypocotyl elongation 

responses suggest that SAS signalling pathway is primarily elicited by the physical 

interaction between photoactived phyB and phytochrome interacting factors (PIFs) 

that regulate the expression of many genes involved in growth of specific cells and 

organs within the plant (Pham et al., 2018). SAS-regulated transcriptional factors 

display both positive and negative regulation of SAS-mediated hypocotyl responses. 

For example, SAS induces the transcription of HFR1, PAR1, PIL1, BBX21, and 

BBX22, which negatively regulate hypocotyl elongation (Salter et al., 2003; Sessa et 

al., 2005; Roig-Villanova et al., 2006, 2007; Hornitschek et al., 2009; Crocco et al., 

2010; Gangappa et al., 2013). In contrast, SAS-induced transcription of BEE, BIM, 

BBX24 and BBX25 factors which positively regulates hypocotyl elongation 

(Cifuentes-Esquivel et al., 2013; Gangappa et al., 2013). Conversely, PIF1, 3, 4, 5, 

(PIF quartet) and PIF7 are positive regulators of the SAS-mediated hypocotyl 

elongation (Roig-Villanova and Martínez-García, 2016). PIF4 and PIF5 are strongly 

involved in SAS hypocotyl extension by directly binding and regulating several 

downstream genes involved in the expansion of hypocotyl cells (Nozue et al., 2011; 

Zhang et al., 2013; Oh et al., 2014). They are also involved in the elongation of 

hypocotyls in short days and/or warm nights (Kunihiro et al., 2011; Nomoto et al., 

2013). Over‐expression of PIF4 and PIF5 displayed a strong constitutive 

shade‐avoidance phenotype under normal high R:FR conditions (Lorrain et al., 

2008). In contrast, the pif4 pif5 double mutant plants displayed reduced hypocotyl 

elongation (Lorrain et al., 2008). The fact that pif4 pif5 double mutants still show 

significant elongation growth responses to low R:FR suggests that PIFs are 

functionally redundant, or that other regulatory mechanisms are involved this 
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response (Li et al., 2012). There is a growing body of information that auxin has a 

central role in SAS-induced hypocotyl elongation and the accumulation of auxin in 

hypocotyls cells is promoted by PIF7 (Li et al., 2012; Hornitschek et al., 2012; 

Mizuno et al., 2015). It has been shown that PIFs (PIF4, PIF5 and PIF7) can directly 

bind to the G-box motifs of several auxin biosynthetic (such as YUC genes) and 

auxin response genes (such as IAA19 and IAA29) but PIF7 is mainly responsible 

upregulating IAA19/29 expression to promote hypocotyl elongation (Mizuno et al., 

2015). Similarly, yuc2 yuc5 yuc8 yuc9 quadruple mutant plants showed reduced 

hypocotyl elongation response to low R:FR, thus confirming the role of auxin in the 

shade avoidance syndrome (Nozue et al., 2015). These observations indicate that 

PIF7 is a predominate player that fine-tunes auxin signaling and generate 

appropriate SAS response.  

 

1.7 Mimicking SAS conditions in the laboratory  

 

In natural vegetation, the shade light signals are complex due to their spatial and/or 

temporal variations. Currently, there are three common practices used to study SAS 

responses at laboratory level by applying different FR light intensities to a fixed 

intensity of white light (e.g., fluorescent light) (Wang et al., 2020). For example, 

Morgan and Smith (1978) studied SAS response by applying supplementary FR light 

to white light to reduce R:FR. The second method is to reduce the R:FR ratio by 

applying colour filters above the plant or around the stem to study the SAS 

responses (Yanovsky et al., 1995). The third approach is to achieve robust SAS 

conditions by applying a pulse of certain FR light intensity for a few minutes at the 

end of the daily photoperiod, immediately after the night starts (Smith, 1982; Mizuno 
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et al., 2015; Xie et al., 2017; Leivar et al., 2020). It is established that SAS in 

Arabidopsis is mainly elicited in the evening due to circadian gating by the clock 

(Salter et al., 2003; Mizuno et al., 2015). This shows that a daily end-of-day far-red 

light pulse (EODFR) is very effective in eliciting the SAS (Salter et al., 2003; Mizuno 

et al., 2015). Further support for EODFR treatment comes from the prospect that it 

does not activate the phyA action, which antagonises the SAS (Strasser et al., 

2010). Moreover, the use of EODFR treatment to study SAS has been frequently 

cited in the literature and considered a useful tool to interrogate the SAS (e.g., those 

promoted by vegetation proximity) (Nagatani et al., 1991; Johnson et al., 1994; 

Devlin et al., 1999; Salter et al., 2003; Franklin, 2008; Roig-Villanova and Martínez-

García, 2016). 

 Finally, using a genetic approach to study the SAS responses by studying the 

physiological and molecular outputs of the mutants with optical-signal defects under 

normal high R:FR and shade light conditions. For example, analyzing the differential 

growth responses of the phyA and phyB mutant seedlings (Sellaro et al., 2010; 

Sellaro et al., 2011; Roig-Villanova and Martínez-García, 2016). SAS is mainly 

regulated by phyB, although other photostable phys phyC, phyD and PhyE also play 

a minor role (Carabelli et al., 1996; Devlin et al., 1999; Franklin, 2008; Franklin and 

Quail, 2010). phyC, phyD and phyE act redundantly with phyB to mediate SAS 

signalling because the loss-of-function single mutants of these phys do not have any 

obvious phenotypes (Franklin et al., 2004). However, multiallele phytochrome 

mutants, such as phyABCDE exhibits significantly smaller leaf blades as compared 

to phyB-9 single mutant (Yang et al., 2016). Further, photolabile phytochrome, phyA 

induced in very low R:FR levels or in deep canopy shade can also inhibit the SAS 

response (Roig-Villanova and Martinez-Garcia, 2016; Yang et al., 2018). 
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The Arabidopsis phyB mutant showed a constitutive SAS phenotype under high 

R:FR conditions, indicating that phyB negatively regulates SAS growth responses 

(Reed et al., 1993). The phyB-9 mutant exhibits small and narrow leaf blade, 

indicating that it is a potent leaf growth regulator (Tsukaya et al., 2002; Kozuka et al., 

2005; Mizuno et al., 2015). Further, EODFR treated plants leaf blades resembles 

with phyB-9 mutant blades, suggesting phyB is the principal driver of leaf expansion 

in response to EODFR  (Mizuno et al., 2015). Thus, the shade condition mainly 

inactivates the phyB active pool and triggers the SAS response. SAS typically 

reduces leaf expansion in normal temperatures, but SAS increases the leaf blade 

expansion under cooler temperatures, so physical features of this response are 

condition specific (Robson et al., 1993; Devlin et al., 1999; Franklin et al., 2003; 

Patel et al., 2013). 

 

1.8. An overview of leaf development pathways in Arabidopsis 

 

Leaves are the main site for the efficient capture of light for photosynthesis in plants, 

and their final shape and size determine the amount of energy they can absorb. As a 

consequence, crop yield and plant health are strongly dependent on the size and 

shape of the leaves (Fritz et al., 2018). Thus, to obtain the correct shape and size of 

the leaf, all the leaf developmental stages that control the leaf size must be strictly 

regulated. As plants develop, cell proliferation and cell expansion are critical 

processes that strictly influence the final size of organs, such as leaves (Gonzalez et 

al., 2012). However, these developmental processes are flexible and adjusted 

according to environmental circumstances. The final shape of a leaf is 

predetermined at the beginning of formation and at least six major cellular events are 
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proposed to affect the size of the final leaf, four of which are directly related to cell 

cycle regulation: (i) the number of cells that determine leaf initial; (ii) the rate of cell 

division; (iii) the duration of the cell proliferation phase; and (iv) meristemoid division. 

Initially, leaf growth is therefore exclusively the result of cell proliferation (Gonzalez 

et al., 2012). When one of these events is altered in mutants or in response to 

environmental change, a change in the number of cells is often responsible for 

differences in final leaf size. A large and complex set of interacting cell cycle 

regulators controls the regulation of different processes such as the timing of cell 

division, the transition of cell division to cell expansion, the rate and extent of cell 

expansion and the control of meristemoid divisions, offering the possibility for plants 

to adjust leaf shape and size in throughout leaf development in response to 

environmental change (Boruc et al., 2010; Van Leene et al., 2010, 2011; De Veylder 

et al., 2007; Komaki and Sugimoto, 2012; Blomme et al., 2013). Some regulators 

only affect one process, while other regulators affect multiple components of leaf 

growth such as the GROWTH INTERACTING FACTOR (GIF) and GROWTH 

REGULATING FACTOR (GRF) proteins which control both the cell division rate and 

the duration of the cell division phase (Kim and Kende 2004; Horiguchi et al. 2005; 

Lee et al. 2009; Ichihashi et al. 2011). As cell-cycle progression is tightly regulated, 

cell-cycle proteins need to be expressed at the right time in the right place but also at 

a certain optimal level (Baloban et al., 2013; Cheng et al., 2013). In the following 

sections, I report on three important gene regulatory modules that regulate cell 

proliferation and influence final leaf size. 

 

1.8.1 The AN3-GRF-SWI/SNF chromatin remodeling transcriptional 

module 
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ANGUSTIFOLIA3/GIF1 (AN3/GIF1, hereinafter referred to as AN3)-GRF- 

SWITCH/SUCROSE NON-FERMENTING (SWI/SNF) (AN3-GRF-SWI/SNF) 

chromatin remodeling transcription module plays an important role in cell number 

determination during Arabidopsis leaf development. This complex is particularly 

important for controlling the transition from cell proliferation to cell differentiation in 

the developing leaf (Vercruyssen et al., 2014). AN3 is proposed to operate in a 

complex with DNA-binding GRFs and with SWITCH/SUCROSE NONFERMENTING 

(SWI/SNF) chromatin remodelling proteins, like BRM and BAF60, to regulate 

transcription (Kim and Kende, 2004; Debernardi et al., 2014; Vercruyssen et al., 

2014; Han et al., 2015; Archacki et al., 2017). The interaction between the 

transcription factor (TF) and it’s co-activator is essential in regulating downstream 

gene expression (Lu et al., 2020). AN3 is a transcriptional co-activator that plays a 

central role by recruiting the SWI2/SNF2 chromatin remodeling complex and GRFs 

into the promoters of leaf development and cell cycle genes (Vercruyssen et al., 

2014). AN3 belongs to a small family of putative transcriptional co-activator proteins 

(AN3, GIF2 and GIF3) which act redundantly to regulate cell proliferation in leaf 

primordia (Kim and Kende, 2004; Horiguchi et al, 2005). Overexpression of AN3 

promotes the expression of CYCB1; 1 and other cell cycle related genes and forms 

larger leaves due to increased cell proliferation (Lee et al., 2009; Horiguchi et al., 

2005; Besbrugge et al., 2018). In contrast, the loss of an3-4 mutation reduces the 

number of cells in Arabidopsis leaves by 70% (Horiguchi et al., 2005; Nozaki et al., 

2020), whereas the cell size is increased to 150% of those in the wild-type (Horiguchi 

et al. 2005). The changes in leaf size in mutants with impaired cell division is often 

accompanied by increased post-mitotic cell expansion, a phenomenon called 

compensation and such compensatory mechanisms often occur in mutants of core 
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cell cycle genes (Blomme et al., 2014; Hisanaga et al., 2015). These analyses 

indicate that AN3 is a core cell cycle gene and a key factor in determining the 

number of cells in leaves.  

The GIFs are a functionally redundant gene family of transcription co-activators that 

regulates leaf cell number (Kim and Kende 2004). The gif2 and gif3 mutant leaves 

are not different from the wild type plants. However, an31/gif2/gif3 triple mutant 

plants produce small leaves containing fewer cells due to a decrease in the cell 

division rate, and an earlier exit from the cell division phase (Lee et al., 2009). The 

areas of leaf primordia expressing AN3 (Kim and Kende, 2004; Horiguchi et al., 

2005) mostly overlap with the cell-proliferating zone, suggesting that AN3 is 

important in the control of leaf-lamina formation (Ichihashi et al., 2011). Detailed 

analyses of the an3 mutant showed that both the epidermis and inner tissue are 

under a control of the AN3 activity, in terms of number of cells (Kawade et al., 2013). 

AN3 interacts with at least six out of the nine members of GRF protein family in 

Arabidopsis: GRF1, GRF2, GRF3, GRF4, GRF5, and GRF9 (Kim and Kende, 2004; 

Vercruyssen et al., 2014; Debernardi et al., 2014). GRFs redundantly regulates leaf 

growth by modulating cell proliferation (Kim and Lee, 2006). For example, 

overexpression of GRF5 resulted in larger leaf area due to the increase in cell 

number and grf5-1 mutants have narrow leaves due to the reduction in cell numbers 

(Gonzalez et al., 2010). However, the loss of function mutations to single GRFs 

(grf1, grf2 or grf3) have subtle effects on leaf size, but multiple double, triple or 

quadruple combinations of grf1, grf2, grf3, grf4, or grf5 loss of functional mutations 

produce smaller leaves with fewer cells (Kim et al., 2003; Horiguchi et al., 2005; Kim 

and Lee, 2006). Evidence in the literature supports roles for AN3 and GRFs as 

positive transcriptional regulators that dynamically regulate leaf cell division 
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(Andriankaja et al., 2012; Kim et al., 2019). Except GRF5 and GRF6, other GRF 

family members are transcriptionally regulated by miR396 which restricts the GRF 

expression to the basal part of the leaf. Similarly, miR396-overexpressing plants 

produce smaller and narrower leaves due to fewer cells (Liu et al., 2009). Further, 

components of SWI/SNF complex are important for transcriptional regulation of leaf 

developmental genes (Vercruyssen et al., 2014). For example, (SWP73B) is 

recruited by AN3 to the promoters of GRF5, GRF3, CONSTANS-LIKE5 (COL5), and 

ARABIDOPSIS RESPONSE REGULATOR4 (ARR4), while BRM is recruited by AN3 

to the HECATE1 (HEC1) promoter (Vercruyssen et al., 2014). In addition, plants with 

a single mutation in several components of SWI/SNF complex including ARP7, 

SWI3B, SWP73B, BRM, SYD, SWI3C, or SWI3D display severe embryonic lethality 

and develop smaller leaves due to fewer cell (Sarnowski et al., 2005; Kandasamy et 

al., 2005; Sacharowski et al., 2015; Sang et al., 2012). Several genes are identified 

that are regulated by AN3 including GRF3, GRF4, GRF5, GRF6, CONSTANS-LIKE 

5 (COL5), CYTOKININ RESPONSE FACTOR 2 (CRF2), HECATE (HEC1), 

HOMEOBOX PROTEIN 33 (HB33), CYCLIN-DEPENDENT PROTEIN KINASE B1;1 

(CYCB1;1) and ARABIDOSPIS THALIANA RESPONSE REGULATOR 4 (ARR4) 

(Vercruyssen et al., 2014). However, the transcriptional network and molecular 

pathways that regulate leaf size downstream of AN3 are complicated and still largely 

unknown. 
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1.8.2 KIX-PPD-MYC module and asymmetric division of meristemoids 
 

Almost half of the pavement cells in Arabidopsis leaves are the result of asymmetric 

divisions of meristemoids. PEAPOD 2 (PPD2), a negative regulator of meristemoid 

asymmetric division and has been shown to directly bind to the CYCD3;2 and 

CYCD3;3 promoters to repress their transcription (Gonzalez et al., 2015).  KIX8/9 

are members of KINASE-INDUCIBLE DOMAIN INTERACTING (KIX) proteins, 

MYC3/4 the members of the bHLH family transcription factors. Both of which have 

shown a negative regulatory effect on leaf cell proliferation in Arabidopsis (Gonzalez 

et al., 2015; Gao et al., 2016; Li et al., 2018). Plants with a single mutation in KIX8/9, 

PPD1/2 and MYC3/4 form enlarged dome-shaped leaves that contain more cells. In 

contrast, ectopic expression of these genes results in the formation of smaller leaves 

with fewer cells (Gonzalez et al., 2015; Gao et al., 2016; Li et al., 2018). A recent 

paper showed that MYC3/4 recruits KINASE-KIX8/9 and PPD1/2 to the promoter of 

AN3 and inhibits its expression, thereby determining the number of cells in 

Arabidopsis leaves and seeds (Liu et al., 2020). It seems that this transcriptional 

complex is closely linked with the AN3-GRF-SWI/SNF module. 

 

1.8.3 DA1-EOD1 module 
 

DA1 is a ubiquitin receptor that is proposed to operate with the E3 ligase 

ENCANDER OF DA1-1/BIG BROTHER (EOD1/BB) to restrict the duration of leaf cell 

proliferation and modulate the transition to endoreduplication by indirectly affecting 

the expression of the cell cycle genes RETINOBLASTOMA RELATED (RBR) and 

CYCA3;2 (Peng et al., 2015; Vanhaeren et al., 2017). Further, SUPPRESSOR OF 

DA1-1 (SOD7, AT3G11580) has also been shown to negatively regulate seed and 
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leaf size (Zhang et al., 2015). Mutant plants (da2-1) developed larger leaves 

compared with the wild type, while overexpressing lines (BB or DA2) form smaller 

leaves (Disch et al., 2006; Xia et al., 2013). DA1 negatively regulates the stability of 

the deubiquitinating enzyme SUPPRESSOR OF DA1 2/UBIQUITIN SPECIFIC 

PROTEASE 15 (SOD2/UBP15, referred to from hereon as UBP15) that positively 

regulate cell division in developing leaves (Liu et al., 2008; Du et al., 2014; Dong et 

al.,2017). DA1 also inactivates TEOSINTE BRANCHED 

1/CYCLOIDEA/PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR 14 

(TCP14), TCP15 and TCP22, transcription factors that positively regulate cell 

division duration (Dong et al., 2017). 

 

1.9. The connections between SAS and leaf development pathways 

 

Phytochromes play many overlapping roles in the regulation of plant architecture. 

The monogenic mutations to phyA, phyD and phyE do not strongly reduce leaf blade 

expansion (Whitelam et al., 1993; Devlin et al., 1998). In addition, a single phyC 

mutant plant showed an elongated petiole and a small reduction in leaf area (Monte 

et al., 2003). In contrast, the phyB mutant did show a significant reduction in leaf 

area compared to wild-type plants (Reed et al., 1993). Furthermore, phyB-deficient 

mutant combinations display progressively shorter leaf blades with increasing 

phytochrome deficiency (Franklin and Quail, 2008). These analyses indicate that 

phyB, phyD, and phyE redundantly mediate the shade avoidance syndrome, but 

phyB as a major SAS regulator, displays a predominant role in regulating leaf 

expansion (Franklin et al., 2003; Franklin and Quail 2008). 
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The PIFs are primary signalling components downstream of phyB that regulate SAS-

mediated growth response in Arabidopsis, suggesting that these factors are involved 

in shade-supression leaf expansion. Indeed, PIF1,2,3,4,5 overexpressors exhibits 

constitutive SAS phenotype with reduced leaf blade width under normal high R:FR 

conditions (Xie et al., 2017). Leaf blade expansion was also significantly 

compromised in the pif4 pif5 double mutant, and to an even greater extent in the pif1 

pif3 pif4 pif5 quadruple (pifq) mutant plants (Xie et al., 2017). However, pifq plants 

had larger reductions in leaf blade under EOD-FR treatment compared with the wild 

type plants (Xie et al., 2017), suggesting a participatory role for PIF7 under these 

conditions. Further support for this notion comes from another paper, which showed 

that lower R:FR signal does not reduce leaf area in pif7 mutants (de wit et al., 2015). 

Another recent paper also reported that pif3pif4, pif3pif4pif5 and pifq mutants still 

retain the significant hypocotyl elongation. However, genetic removal of PIF7 in 

pifqpif7 mutants completely suppressed hypocotyl elongation growth responses 

under EODFR treatment (Leivar et al., 2020). PIF7 is also implicated in recruiting the 

chromatin remodelling machinery in downstream target promoters, temperature-

related growth responses and defense responses in plants (Peng et al., 2018; 

Guadalupe et al., 2020; Chung et al., 2020). This observation suggests that PIF7 is a 

central SAS-induced growth regulator and has largely implicated in EODFR-induced 

growth responses in Arabidopsis (Mizuno et al., 2015; Leiver et al., 2020). 

Although transcriptome research has become an effective tool to identifying 

downstream target genes to study SAS in seedlings (Kozuka et al., 2010; 

Pantazopoulou et al., 2017), there is little knowledge about SAS-mediated 

transcriptional changes in adult plants (Legris et al., 2019; Michaud et al., 2017; 

Pantazopoulou et al., 2017; Sasidharan et al., 2010). 
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So far, researchers have focused most of their attention on the largely up-regulated 

classic shade marker genes to study SAS in leaf development (Ballare and Pierik, 

2017; Iglesias et al., 2018; Sessa et al., 2018; Carabelli et al., 2018). Therefore, we 

lack knowledge about how SAS affects the leaf transcriptome. There are some good 

studies on phy control of leaf development, but we do not have clear understanding. 

For example, Carabelli et al., 2018 reported that SAS suppresses leaf growth by 

shortening the leaf cell proliferation phase triggered by the key shade responder 

transcription factor ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB-2), 

encoding a HD-ZIP transcription factor (Carabelli et al., 2018). Contrary to these 

reports, other authors showed that the low R:FR light or EODFR treatment restricts 

leaf growth mainly through changes in cell expansion (Kozuka et al., 2005; Patel et 

al., 2013). We currently do not have a clear understanding to reconcile these two 

observations, and there is limited information on how low R:FR shade affects the leaf 

development pathways. It is interesting that an3-4 mutant leaf blades are 

superficially similar to phyB-9. In addition, many of AN3-GRF-SWI-SNF transcription 

complex-mediated development processes overlap with the phyB SAS response 

including, reduced plant biomass, reduced leaf blade, early flowering, and fewer and 

smaller seeds (Mizuno et al., 2015; Leivar et al., 2020; Shimano et al., 2018; Kim. 

2019; Liu et al., 2020). Thus, I investigated the regulatory relationship between the 

phyB-PIFs signalling pathway and the AN3-GRF-SWI2/SNF2 regulatory module in 

mediating SAS in leaf development. 
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1.10. Thesis Overview  

 

Plants are highly sensitive to their light environment and possess a sensing system 

known as photoreceptors that integrates the perception of light and provides 

information about any environmental threat around plant’s surroundings. Shading by 

nearby vegetation strongly reduces R:FR ratio, which induces rapid phyB 

deactivation and triggers a SAS response. The most striking feature of the SAS is 

leaf blade shrinkage. SAS is generally beneficial to plant survival; however, it is 

undesirable trait in an agricultural context as SAS can compromise yield. PhyB is 

known to play a pivotal role in controlling the SAS leaf blade phenotype, yet current 

knowledge of how this is elicited is scant. This study will bring a molecular level 

mechanistic understanding of how phyB action is coupled to leaf growth and 

development. 

1.10.1 Objectives of the study 
 

My PhD project aimed to achieve the following objectives: 

1. To identify whether SAS restricted blade growth by limiting cell division or cell 

expansion. 

2. Define the developmental time at which phytochrome controls leaf growth. 

3. Analyse RNAseq data to identify potential candidate genes that link 

phytochrome to leaf development. 

4. Use molecular-genetic approaches to identify primary leaf developmental 

genes. 

5. Elucidate the molecular mechanism through which phytochrome controls leaf 

development.  
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Chapter 2 - Experimental Procedures 
 

 

2.1 Plant material  

 

All Arabidopsis thaliana mutants and transgenic plants that were used in this study 

were from the Columbia (Col-0) ecotype. Some of the mutant and overexpressing 

lines used in this study were described elsewhere including PIF7-Flash (35S::PIF7-

Flash; 9xMyc-6xHis-3xFlag) (Li et al. 2012), 35S::AN3-GSyellow (Besbrugge et al., 

2018). The triple mutant grf1-3;grf3-1;grf5-2, and quintuple muatnt grf1-3;grf3-1;grf4-

1;grf5-2 were obtained using the  following mutant alleles: grf1-3 (SALK_069339), 

grf3-1 (SALK_026786), grf4-1(GARLIC_714_B01), grf5-2 (SAIL_831_A07) and 

described before (Sang-Joo Lee et al., 2018). phyB-9 (Reed et al. 1993), pif7-1 

(Leivar et al. 2008a), pif1-2, pif3-3, pif4-2, pif5-2 (pifq) (Leivar et al. 2008b). grf5-1 

(Horiguchi et al., 2005), 35S:MIR396b (Rodriguez et al., 2010). an3-4 is an AN3 null 

mutant derived from an X-ray-irradiated population of the Col-0 strain (Horiguchi et 

al., 2005). New mutant combinations included an3-4;phyB-9, which were obtained by 

crossing an3-4 with phyB-9 plants, and an3-4;pif7-1 were obtained by crossing an3-4 

with pif7-1 plants and the triple an3-4;phyB-9;pif7-1 mutant was obtained by crossing 

an3-4;phyB-9 with an3-4;pif7-1 plants. 35S::PIF7-Flash; 35S::AN3-GSyellow plants 

were obtained by crossing 35S::PIF7-Flash with 35S::AN3-GSyellow plants and double 

homozygous transgenic plants were screened out with 30 μg ml-1 hygromycin and 50 

μg ml-1 kanamycin, respectively. pif7-1;35S::AN3-GSyellow plants were obtained by 

crossing 35S::AN3-GSyellow with pif7-1 plants. an3-4 and pif7-1 mutations was 
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identified by PCR with primers of a-eF/d-eR, EH16F/R, respectively, while phyB-9 

mutation was confirmed by sequencing primers listed (Supplementary Table 2). The 

phyB-9 seed stock used in this work was free of the secondary VEN4 mutation 

(Yoshida et al., 2018), as checked by sequencing using primers listed 

(Supplementary Table 2). 

 

2.2 Selection of double and triple homozygous lines 

 

2.2.1 Plant Pollination 

In the parental generation (P), Arabidopsis thaliana (Columbia) pif7-1 mutants were 

used as the maternal parent and were hand-pollinated (crossed) with an3-4 mutants. 

Similarly, phyB-9 mutants were used as the maternal parent and were hand-

pollinated (crossed) with an3-4 mutants. In addition, pif7-1; an3-4 were used as the 

maternal parent and were hand-pollinated (crossed) with phyB-9;an3-4 mutants. 

Hand-pollination was performed according to Protocol for Crossing Arabidopsis 

Plants(https://www.arabidopsis.org/download_files/Protocols/Crossing_of_Arabidops

is_Lab_Course.pdf). After hand-pollination of the parental plants, F1, F2, and F3 

plants were allowed to self-pollinate. To ensure F1, F2, and F3 self-pollination, each 

plant was placed in a sleeve before it began producing flower buds. 
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          P 

Hand-pollination 

F1 (heterozygous hybrids) 

Self-pollination 

F2 (Following in the Table 2.1) 

 Self-pollination (Selected double homozygous) 

F3 (Self-propagation of F2 Homozygous) 

 

Figure 2.1. Overview of the mutant generation from P to F3 including the 

pollination method for each generation. 

 

2.2.2 Genotype screening 
 

To determine the genotypes obtained in each generation variants of PCR scaled for 

a 25µl reaction volume were used. Plants were first screened for the double 

homozygous mutation in the F2 generation (Table 2.1). pif7-1 mutation identified by 

PCR genotyping from SALK line. Primers EMO88 (5 -

CATCCTCTGGTTTATCCTATCACGCCG-3) and EMO89 (5 -

CCGTTCATGGTCTAGGCG-3) were used to detect the PIF7 wild-type copy, and 

primers EMO88 and EMO48 (5 -TGATAGTGACCTTAGGCGACTTTTGAACGC-3 ) 

were used to detect the presence of the T-DNA in the PIF7 gene. The wild-type band 

was 0.65 kb, and the T-DNA band was ~0.85 kb. For an3-4, the same primer pair a-

eF a-F (AAAAAGCAGGCTCTCGGATCCATTTTTGGTACC), e-

F(AGAAAGCTGGGTAATTCCCATCATCTGATGATTTC) and d-eR d-R 

(CTTGTGTTCTGTTGAGTAACAAGA) and e-R 

(AGAAAGCTGGGTAATTCCCATCATCTGATGATTTC) was used to detect the AN3 

WT band with amplicon size is 0.6 kb and no band for an3-4 mutation. For the phyB-

9; an3-4 double homozygotes, the same pollination protocol and genetic strategy 
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was performed (Figure 2.1 and Table 2.1). However, to detect the phyB-9 mutation 

in double homozygous plants, the phyB-9 gDNA was sent for sequencing using the 

following primers JF32F (TAGGGCTCCTCATGGTTGTC) and JF33R 

(CAAGCAACCACTCCACAACA). The sequencing primer generated 470bp product 

and the sequencing was confirmed by detecting the point mutation using sequence 

alignment.  
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Table 2.1 Phenotype of the F2 progeny of phyB-9 X an3-4 and pif7-1 X an3-4 
plants and pif7-1; an3-4 X phyB-9; an3-4. 
 
 

WT – 

AABB, 

2xAaBB

mild 

phyB-9 

mutant 

– 

2xAABb

, 

phyB-9  – 

AAbb, 

2xAabb

an3-4 

homoz

ygous 

– aaBB

phyB-

9  het 

– 

2xaaB

b

phyB-

9;an3-

4  - 

aabb

N

HOMOZYGOT

E SELECTED 

& 

GENOTYPED

Expected 

%
24 48 24 8 16 8 128 8

Observed 

%
22±02 44±04 22±02 05±03 12±04 05±03 110±18 5

pif7-1 – 

AAbb, 

2xAabb

pif7-

1;an3-

4  - 

aabb N

Expected 

% 45 14.875 238.75 14.875

Observed 

% 45±00 08±06
238±13.87

6

an3-4 

– 

AABB, 

2xAaBB

mild 

phyB-9 

mutant 

– 

2xAABb

, 

pif7-1  – 

AAbb, 

2xAabb

phyB-9 

homoz

ygous 

– aaBB

phyB-

9;pif7-

1  het 

– 

2xaaB

b

phyB-

9;pif7-

1;an3-

4 - 

aabb

N

Expected 

%
18.75 37.5 18.75 6.25 12.5 6.25 100 5

Observed 

%

15±2.7

5
35±2.5 15±2.75

05±1.2

5

10±2.

5

05±1.2

5
85±15 5

F2 pif7-

1;an3-4 

X phyB-

9 ;an3-4 

[A=phyB-

9;an3-4, 

B=pif7-

1;an3-4]

Phenotype Progeny

F2 phyB-

9 X an3-

4 

[A=AN3; 

B=PHYB

]

F2 pif7-1 

X an3-4 

[A=AN3; 

B=PIF7]

WT – AABB, 

2xAaBB

133.875

136±3.87

an3-4 

homozygous – 

aaBB

45

49±04

 
 
The percentages ± SE of plants that have the wild type of phenotype. Expected % 

represents the percentage of plants that are expected to have a phenotype in case 

of a Mendelian segregation and the observed % represents the percentage of plants 

that show a phenotype in the observed population.  N indicates the total number of 

plants that was analysed. 
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2.2.3 Seed collection  
 

Seeds were collected from F1, F2, and F3 plants. Seeds were collected in 

Arabidopsis siliques (the fruit of the Arabidopsis plant) after siliques were a golden-

brown colour. To aid in collecting the small siliques, flat-headed forceps were used to 

pluck the stalk of the silique of the live plant. Once collected, seeds were placed in 

1.5 ml tubes and labelled with the identity of the seeds. The seeds were then stored 

at room temperature until needed for cleaning or sterilization. Theoretically, it was 

expected that number of the observed homozygous in F2 should be same as 

expected according to Mendel’s law of segregation. However, the possible 

explanation for fewer observed homozygotes than expected would that in the F2 

generation, a number of plants desiccated and died. Because only living plants were 

used and taken into account, any F2 deviations in observed versus expected 

numbers may have been caused by unintended desiccation.  

 

2.3 Selection of double overexpressor lines 

 

35S::PIF7-Flash; 35S::AN3-GSyellow plants were obtained by crossing 35S::PIF7-

Flash with 35S::AN3-GSyellow plants and double homozygous transgenic plants were 

screened out with 30 μg ml-1 hygromycin and 50 μg ml-1 kanamycin, respectively. 

pif7-1 ;35S::AN3-GSyellow plants were obtained by crossing 35S::AN3-GSyellow with 

pif7-1 plants. 35S::AN3-GSyellow phyB-9 plants were obtained by crossing 35S::AN3-

GSyellow with phyB-9 plants. pif7-1 mutation was identified by PCR with primers of 

JF270F/JF272R, while phyB-9 mutation was confirmed by sequencing using primers 

listed above.  
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2.4 Growth conditions 

 

Seeds were directly sown on F2 + S Levington Advance Seed and Modular Compost 

plus Sand soil mix (ICL Specialty Fertilizers, Suffolk, U.K.) and stratified for four days 

in darkness at 4ºC. Seeds were grown inside a Percival SE-41L cabinet (CLF Plant 

Climatics, Wertingen, Germany) under a light: dark (LD) 12-h: 12-h photoperiod, at 

100 μmolm-2 s-1 fluence rate and 22 °C of constant temperature. Half of the plants 

exposed to daily EODFR (40 μmol m-2 s-1) from Day 6 (prior to L3 emergence) until 

sampling on Day 34. For EODFR treatments, we used 7 24V OSLON 150 ILS-

OW06-FRED-SD111 FR led strips (Intelligent Led Solutions, Berkshire, UK), to 

deliver 40 µmol m−2 s−1 of FR light (730 nm) for 10 min. The spectrum of both light 

sources can be found in Supplementary Fig. 11. All reagents used in this work were 

purchased from Merck KGaA (Darmstadt, Germany), unless otherwise specified. 

Further growth conditions details are provided in the respective figure legends. 

2.5 Leaf blade clearing method 

 

Leaf blades were excised from 34-day old plants with a razor blade and cleared with 

a protocol adapted from (Katagiri et al., 2016). Briefly, fixation was performed for 

individual blades in 24 well tissue culture plate with 1ml of a mixture of ethanol and 

acetic acid (6:1) for 4 h. The samples were then washed with 1ml 70% ethanol for 5 

min and then incubated overnight in 600µl of chloral hydrate solution (8g:1ml: 2 ml 

chloral hydrate: glycerol: water) (Weigel and Glazebrook, 2002) for further clearing. 

Blades were then mounted onto microscope slides with the adaxial layer facing the 

slide for subsequent microscopic observation. 
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2.6 Blade area measurement 

 

Whole leaf pictures for blade area measurements were taken from a camera stand 

using a Nikon G20 camera with automatic focus settings. A ruler was included in 

each photograph for scaling purposes. Blade area was measured using NIH Image 

software (ImageJ, National Institutes of Health), with at least 24 leaf blades being 

analysed per genotype and condition. Differences between means were statistically 

analyzed by one-way analysis of variance using Tukey multiple comparison test 

(GraphPad Prism8). Statistically significant differences were defined as those with a 

P-value < 0.05 (n≥24). 

 

2.7 Cell size and number measurement 

 

 For abaxial epithelial and adaxial subepidermal layer cell parameters determination, 

at least ≥20 cleared blades mounted on slides were visualized and imaged using 

differential interference contrast (DIC) optics on an Eclipse E600 (Nikon) microscope 

at ×10 and ×20 magnification. Parameters of abaxial epithelial and adaxial 

subepidermal layer and palisade cell were measured by ImageJ software after 

photographing. Briefly, for each leaf blade, the individual palisade and abaxial 

epithelial cell area was determined by measuring at least ≥200 cells per genotype 

per condition.  

Average cell size was determined from averaging the size of 9 adjacent individual 

cells from each section (base, middle, tip) of each leaf blade, and then averaging the 

mean cell size of each blade. Average total number of cells was obtained by dividing 

the blade area by the total cell size of each blade, and then averaging the mean total 
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number of cells of each blade. Cell density in abaxial epithelial and adaxial 

subepidermal layer and palisade cell was manually determined by counting cells in a 

unit area of 1mm2 for at least ≥20 cleared blades using Image J per genotype per 

condition. Average cell density was obtained by dividing the total number of cells by 

the blade area, and then averaging the mean cell density of each blade 

(Romanowski et al., 2021). An S8 stage mic 1 mm / 0.01 mm DIV graticule 

(#02A00404, Pyser-SGI Ltd., Kent, U.K.) was used for scaling.  

 

2.8 RNA isolation and qRT-PCR  

For expression analysis, seedlings were grown on soil for 13 days under a light: dark 

(LD) 12-h: 12-h photoperiod, at 100 μmolm-2 s-1 fluence rate and 22 °C of constant 

temperature. Whole seedlings were harvested at ZT22 in RNA later solution, 

(Invitrogen) and leaf 3 blades were dissected with a razor, in a Petri dish filled with 

RNA later (Thermofisher) solution, under a Leica MZ 16 F dissecting microscope. 

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) with on-column 

DNase digestion. All samples were processed on the same day. cDNA synthesis 

was performed using the qScript cDNA SuperMix (Quanta Biosciences) as described 

by the manufacturer. The RT-qPCR was set up as a 10 μL reaction using Lightcycler 

480 SYBR Green Master Mix (Roche) in a 384-well plate, performed with a 

Lightcycler 480 system (Roche). Results were analyzed using the Light Cycler 480 

software.  
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Table 2.2 List of qPCR and ChIP Oligonucleotides used in this study. 
 

AGI code Symbol qPCR primers ChIP primers

AT5G28640 AN3 Forward-G-box CTTCAACGCAACCTAATGTACC GTTACGTCTCTATATACGAAGGGTTC

Reverse-G-box AAATAGTGTGACCCTCCTTCTCC CTCTTTTTCTTGGGTTTTGGGGTTTG

AT5G28640 AN3 Forward-self-GAGA GCAAAACAACTTTTGTGGAGGA

Reverse-self-GAGA CTTTTGCTATTTTATATAAAACCTG

AT5G28640 AN3 Forward-self-CATGTT TGAGACGAGACGAGTCATGC

Reverse-self-CATGTT TGCGGATTAGATTTGGCATA

AT5G28640 AN3 Forward-CDS CCATATCCTTCAGGGAGAGG

Reverse-CDS ATTCCCATCATCTGATGATTTC

AT2G22840 GRF1 Forward TGGCTCCATCTTCCCCTGTTC GCAAAAAGCAAAAAGCAAATG

Reverse CTCGGTGTTGACGCCTAATCC GAGGAAGCAAACAATGAACTTTT

AT4G37740 GRF2 Forward ATCCTTCCACCGTCAACTTACAAC TGTAACTTAAATCCTCGGGGA

Reverse CGGGTTGAGTAACGAATCAGAGG AGTATTGAGTGGAGTACCAAAT

AT2G36400 GRF3 Forward TCCACCTTAGTCAAAGTTGTTCGG TCCTCCAAAACAAAAGAAGCA

Reverse GGACTCGTATGGCCTCTTGTTG TGAGAATCCGGTATCCCTGT

AT3G52910 GRF4 Forward TTGGTATTGGGGAAGAGGAG CGGATCAGCTCCCGTGATTT

Reverse GGTTTCCACAGGCTTTCTTG  TGCTCATGTTCCAATTGTTTCGT

AT3G13960 GRF5 Forward TCAGTTCAATGTCTTAGCCTCTGC GAAAGATCTAGGGGGCTTCA

Reverse CCCAACTCCTCCAACTCTCTCC GGGTTGGGTTCATTAAGTGC

AT2G06200 GRF6 Forward CCTCAAGAAAGCCTCCTCCT GAGTCGCAGAGAGTGCAGAA

Reverse TTGACCCGGAAGGTTCTATG TCGTAGCTCCAACACATTCG

AT2G29680 CDC6 Forward AGGCTCTATGTGTCTGCAGGAG AAATCATCGTCAATTCATGTGG 

Reverse ACCACTTGACACTCTGGAACTGG TCAACATATAAAGACGACGTGGA

AT3G25100 CDC45 Forward AGGTTCGAGCACCAGACTGT TTCATTTGAATGTGGCTTCCT

Reverse CCCATACGCGCTAGAAGAAG CCCTCCACGGATTCTCTACA

AT4G37490 CYCB1;1 Forward AAGTCTGTTGAGAGTGAATGGAG GTGTGAGGCATTTGGAACCT

Reverse GGACATGCACATCAATCAACC GGTGACACATGGAGGTGTTG

AT3G48160 DEL1 Forward CCAATCTTCAGATCCCTCCA TCGAAAGATTGAACCGGAGA 

Reverse TCATAAAGCCGCCTCACTTT TTTGGTTAAGCAGATTCGTTGA 

AT5G55920 OLI2 Forward AGAGAATGAGCGGATTGTGG ACAACTTTTGGCTCGATAGGC

Reverse GTTGCACAAATCTCGTCGTG CCTTTGAGTCGGTGTTATTCA

AT2G46020 BRM Forward AAGCACAACGGATGAAGGAC

Reverse TGCAAAGGTGTTCCAGTGAG

AT1G27730 STZ Forward TTTCCACCACCAAAACCTCACT ATTTTGTAAGGCGGCATCAG

Reverse CGGAGAGAGTCTGTGATAAGTT TTGGGGGTAAAGAGAGGAAAA

AT4G32280 IAA19 Forward CCCCACTTTGTCTCCCCACA

Reverse CACCGCGTCGTGCTTTT

AT1G69960 PP2A Forward TAACGTGGCCAAAATGATGC

PP2A Reverse GTTCTCCACAACCGCTTGGT

Primer ID Symbol

EMO88 Forward CATCCTCTGGTTTATCCTATCACGCCG

EMO89 Reverse CCGTTCATGGTCTAGGCG

EMO88 Forward CATCCTCTGGTTTATCCTATCACGCCG

EMO48 Reverse TGATAGTGACCTTAGGCGACTTTTGAACGC

a-F Forward AAAAAGCAGGCTCTCGGATCCATTTTTGGTACC

e-R Reverse AGAAAGCTGGGTAATTCCCATCATCTGATGATTTC

Forward TAGGGCTCCTCATGGTTGTC

Reverse CAAGCAACCACTCCACAACA

Forward AATGGTTCAGGAGTGACAAACA

Reverse CTTTTCAAGGAATGTGCAAACA

`

Product was sequnced and confirmedphyB-9 

VEN4 Product was sequnced and confirmed 

T-DNA band

PIF7 WT band

pif7-1

an3-4 WT band and no band for mutation

 

 

2.8 Chromatin immunoprecipitation analysis 

 

In all genotypes and conditions, seedlings were grown on soil for 13 d under a light: 

dark (LD) 12-h: 12-h photoperiod, at 100 μmolm-2 s-1 fluence rate and 22 °C of 

constant temperature and half of the seedlings were submitted to a 10min saturating 
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FR pulse (40 μmol m-2 s-1) at the end of the daily photoperiod (EODFR) before night 

hours. Whole seedlings were harvested at ZT14, 2 h after the EODFR pulse. 

Chromatin immunoprecipitation analyses protocol was adapted from (Gendrel et al., 

2002). Briefly, a total of 5 ml of tissue per sample were fixed under vacuum for 15 

min repeated twice at 25 PSI in 1X PBS containing 1% formaldehyde. The reaction 

was quenched by adding 2 M glycine to a final concentration of 125 mM and 

incubated for 5 min. Samples were washed three times in sterile MilliQ H2O and 

ground to a fine powder with liquid nitrogen. Nuclei were isolated in three steps with 

the series of extraction buffers EB1-3. The lysate was centrifugated at 4,000rpm at 

4 °C  for 20 min in EB1 ((0.4 M sucrose), 10 mM Tris-HCl (pH8), 10 mM MgCl2, 5 mM 

2-Mercaptoethanol (BME), 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 2 

Phosphatase Inhibitor Mini Tablets, 1 mM EDTA)), and then at 12,000rpm for 10 min 

in EB2 ((0.25 M sucrose), 10 mM Tris-HCl (pH 8), 10 mM MgCl2, 5 mM BME, 0.2 

mM PMSF, 1 complete mini tablet, 1 mM EDTA)) and then at 15,000rpm for 1h  in 

EB3 ((1.7 M sucrose, 10 mM Tris-HCL (pH 8), 2 mM MgCl2, 5 mM BME, 0.2 mM 

PMSF, 0.15% (v/v) Triton X-100, 1 complete mini tablet, 1 mM EDTA)). Chromatins 

were extracted with cold nuclei lysis buffer containing 50 mM Tris-HCl (pH 8), 10 mM 

EDTA, 0.4 mM PMSF, 1 complete mini tablet,1% (w/v) SDS after centrifugation at 

4000rpm for 5 min, and sonicated the chromatin solution for 7 x 10s, 5 x 10s and 3 x 

10s at power 9. Chromatin solution were diluted to dilute the 1% SDS to 0.1% SDS 

with Chip buffer (16.7 mM Tris-HCL (pH 8), 167 mM NaCl, 0.2 mM PMSF, 1.1% (v/v) 

Triton X-100, 2.5 complete mini tablet, 1.2 mM EDTA). The chromatin complexes 

were immunoprecipitated with anti-GFP antibody (ab290) and an an anti-myc mouse 

antibody (mAb 9E10, Calbiochem) with a concentration of 2 µg per sample and 

incubated in chip dilution buffer with 20 μL of Dynabeads Protein A (Invitrogen) for 
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overnight at 4°C. An equal amount of chromatin solution was not treated with 

antibody and, thus, served as the mock antibody control. The beads were washed 

for 5 min each time at 4 °C with 1 ml of each of the following buffers: 2 times with low 

salt wash buffer (150 mM NaCl, 20 mM Tris-HCl (pH 8), 0.1% (m/v) SDS, 1% (v/v) 

Triton X-100, and 2 mM EDTA), two times with high salt wash buffer (500 mM NaCl, 

20 mM Tris-HCl (pH 8), 0.1% (m/v) SDS, 1% (v/v) Triton X-100, and 2 mM EDTA), 

two times with LiCl wash buffer (0.25 M LiCl, 1% (m/v) sodium deoxycholate, 10 mM 

Tris-HCl (pH 8), 1% (v/v) NP-40, and 1 mM EDTA), and two times with TE buffer 

(1 mM EDTA and 10 mM Tris-HCl pH 8). DNA was extracted from the beads with 

elution buffer containing 1% (m/v) SDS and 0.1 M NaHCO3 at 65 °C for 15 min and 

reversely cross-linked with 192 mM NaCl at 65 °C for overnight. Proteins were 

removed with equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). An 

additional step was performed by incubating chromatin solution for 1h at 45°C in a 

buffer solution containing 0.5 M EDTA, 1M Tris-HCl (pH6.5) and 10 mg/mL 

proteinase K to eluate and remove any of the remaining proteins. DNA was 

precipitated with 2.5 volume of 100% ethanol, 1ul glycogen, 1/10 volume of 1.5 M 

potassium acetate (pH 5.2) and spin at 15,000rpm for 30 min. The supernatant was 

removed, and DNA pellet was dried with 70% ethanol. A small aliquot of untreated 

sonicated chromatin was reverse cross-linked for use as the total input DNA control. 

qPCR analysis was used to detect the enrichment of the chromatin fragments. Gene 

specific primers covering the G-box and PBE-box are listed in Table 2.2. 

 

2.9 Co-IP assays 

For co-immunoprecipitation assay, 35S::PIF7-Flash;35S::AN3-GSyellow double 

overexpressor and  35S::AN3-GSyellow seedlings were grown on soil for 13 days 



CHAPTER 2 EXPERIMENTAL PROCEDURES 

38 
 

under a light: dark (LD) 12-h: 12-h photoperiod, at 100 μmolm-2 s-1 fluence rate and 

22 °C of constant temperature and half of the seedlings were submitted to a 10min 

saturating FR pulse (40 μmol m-2 s-1) at the end of the daily photoperiod (EODFR) 

before night hours. Whole rosette was harvested at ZT14, 2 h after the EODFR 

pulse. Total proteins were prepared from whole rosette ground in liquid nitrogen in 

extraction buffer (100 mM phosphate buffer, pH 7.8, 150 mM NaCl, 0.1% NP40, 1× 

protease inhibitor cocktail, 1 mM PMSF, 10 mM iodoacetamide, 40 μM bortezomib, 

25 mM β-glycerophosphate, 10 mM sodium fuoride (NaF), and 2 mM sodium 

orthovanadate (Na3VO4)). After centrifugation at 15, 000 rpm for 15 min at 4 °C in the 

dark, total protein was quantified with the Bradford Protein Assay (Bio-Rad, USA) 

and the extracts of double overexpressor 35S::PIF7-Flash;35S::AN3-GSyellow and 

single overexpressor AN3-GSyellow were incubated with anti-myc antibody precoupled 

Dynabeads Protein A  at 4 °C for 3 h. The samples were precipitated with anti-myc 

antibody and run on a 4-12% NuPAGE Bis-Tris gel (ThermoFisher) and blotted using 

the MiniBlot Module (Life Technologies) 20V for 1 hour. Western blotting detection 

for PIF7-Flash was performed using anti-myc 9B11 (Cell Signalling) 1:1000, and 

anti-Mouse IgG (whole molecule)-Peroxidase antibody (A4416 Sigma) 1:10000. 

Western blotting detection for AN3-GSyellow was performed using anti-GFP antibody 

(ab290).1:1000, and Goat Anti-Rabbit IgG H&L (HRP) (ab6721) 1:10000. 

 

2.10 Clearing of whole-plant seedlings for fluorescence imaging 

 

To visualize the fluorescence protein for 35S::AN3-GSyellow and 35S::PIF7-CFP, 

whole Arabidopsis young seedlings were cleared using a protocol adapted from 

(Kurihara et al., 2015). Briefly, seedlings were first fixed by applying fixation solution 
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(8 mL of H20, 50 µL of 2mol/L sodium hydroxide solution and 1 mL of 10x PBS). the 

whole seedlings were harvested and directly submerged into fixation solution and 

seedlings were vacuumed two times for 30 minutes with vacuum pressure of -90 

kPa. After removing the fixative solution, 1 mL of 1 x PBS added and store for 1 

minute and repeated two times. Then the ClearSee solution [6 M urea (#19), 30% 

(v/v) glycerol (#03), 0.1% (v/v) Triton X-100 (#10)] was used to clear seedlings 

(Warner et al., 2014). Samples were cleared within 1-2 days for roots, 4-7 days for 

leaves and seedlings. The seedlings and cleared root tissues were fixed by vaseline 

on a slide glass and fluorescent protein images were taken under confocal 

microscopy. Excitation of the fluorophores was performed 458 nm for CFP and its 

emission was detected between 535 to 590 nm (Bauer et al., 2003). cYFP was 

excited at 515 nm, and its emission was detected between 530 and 560 nm 

(Besbrugge et al., 2018). 
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Chapter 3 - RNAseq data Reveal AN3-GRF Leaf Cell 

division Regulator Genes are Strongly Supressed by 

EODFR 

 

3.1 Introduction 

 

Leaves are the main site for the efficient capture of light for photosynthesis in plants, 

and their final shape and size determine the amount of energy they can absorb, so 

crop yield and plant health are strongly dependent on the size and shape of the 

leaves (Fritz et al., 2018). Thus, to obtain the correct shape and size of the leaf, all 

the leaf developmental processes that control the leaf size must be strictly regulated. 

As plants develop, cell proliferation and cell expansion are critical processes during 

development that control the final size of organs, such as leaves (Gonzalez et al., 

2012). However, these developmental processes are flexible and adjusted according 

to plant species, and environmental circumstances. In Arabidopsis thaliana, the 

development of primordia into mature leaves consists of two partially overlapping 

phases: cell proliferation phase and cell expansion phase (Gonzalez et al., 2012). 

During the cell proliferation phase, the leaves originate from the flanks of the SAM as 

a lump of new cells of relatively constant size that are actively dividing. During the 

cell expansion phase, cells cease to divide, and cells start to differentiate through 

turgor-driven expansion along a basipetal gradient (from leaf tip to base) in a so-

called cell-cycle-arrest front (Donnelly et al., 1999; Johnson and Lenhard, 2011; 

Gonzalez et al., 2012; Andriankaja et al., 2012).  
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The final shape of a leaf is largely predetermined and at least six major cellular 

events are proposed to affect the size of the final leaf, four of which are directly 

related to cell cycle regulation: (i) the number of cells that determines leaf initial; (ii) 

the rate of cell division; (iii) the duration of the cell proliferation phase; and (iv) 

meristemoid division. Therefore, the correct regulation of cell proliferation and cell 

expansion processes are fundamental to determine final leaf size (Gonzalez et al., 

2012). A large and complex set of interacting cell cycle regulators controls the 

regulation of different processes such as the timing of cell division, the transition of 

cell division to cell expansion, the rate and extent of cell expansion and the control of 

meristemoid divisions, offering the possibility for plants to adjust leaf shape and size 

in all phases of leaf development in response to environmental change (Boruc et al., 

2010; Van Leene et al., 2010, 2011; De Veylder et al., 2007; Komaki and Sugimoto, 

2012; Blomme et al., 2014). Some regulators only affect one process, while other 

regulators affect multiple components of leaf growth such as the GROWTH-

REGULATING FACTOR (GRF) and GRF-INTERACTING FACTOR (GIF) proteins 

which control both the cell division rate and the duration of the cell division phase 

(Kim and Kende, 2004; Horiguchi et al., 2005; Lee et al., 2009; Ichihashi et al., 

2011). As cell-cycle progression is tightly regulated, cell-cycle proteins need to be 

expressed at the right time in the right place but also at a certain optimal level 

(Baloban et al., 2013; Cheng et al., 2013).  

GIF proteins are transcriptional co-activators. The Arabidopsis gif1/an3 gif2 gif3 triple 

mutant (an3/gif2/gif3) developed smaller and narrower leaves containing fewer cells. 

GIFs control both the rate and duration of cell division phase during the leaf 

development (Lee et al., 2009). AN3 has been reported to be highly expressed in cell 

proliferation zone of leaf lamina (Kim and Kende, 2004; Horiguchi et al., 2005), 
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suggesting that AN3 is important in the control of leaf-lamina formation (Ichihashi et 

al., 2011). An an3-4 mutant showed fewer cells in both the epidermis and palisade 

cell layer (Kawade et al., 2013). Conversely, in plants overexpressing AN3, leaves 

were slightly larger and contained more cells, but the cell size was not changed 

(Horiguchi et al., 2005; Besbrugge et al., 2018). AN3 interacts with members of a 

family of GROWTH-REGULATING FACTOR1 (GRF1), GRF2, GRF3, GRF4, GRF5, 

GRF6, GRF7, GRF8 and GRF9 (Kim and Kende, 2004; Vercruyssen et al., 2014; 

Debernardi et al., 2014), which are also involved in the regulation of leaf growth by 

modulating cell proliferation. For example, plants overexpressing GRF5 developed 

larger leaves with more cells and, the loss-of-function mutant allele of GRF5 

developed smaller leaves with fewer cells (Horiguchi et al., 2005; Gonzalez et al., 

2010). The other members of the GRF family are also positive regulators of growth, 

since mutation in grf1grf2grf3 (grf1/2/3 triple mutations) leads to the formation of 

smaller leaves, whereas leaves are larger in plants overexpressing GRF1 or GRF2 

(Kim et al., 2004). The altered leaf size in the grf1/2/3 triple mutant and the GRF-

overexpressing lines is the result of a decrease in cell number and increase in cell 

number, respectively (Kim et al., 2004). Literature evidence supports AN3 and GRF 

as transcriptional regulators that dynamically regulate leaf cell division (Andriankaja 

et al., 2012; Kim, 2019).  

The leaf blade expansion is a very malleable process and is strongly influenced by 

external signals such as temperature and light (Fritz et al., 2018; Jiang et al., 2020; 

Martin Balcerowicz, 2020). Phytochromes (a class of photoreceptors- that absorb red 

(R) /far-red (FR) light) play a central role in mediating an adaptive growth response 

known as the shade avoidance syndrome (SAS) (Krahmer et al., 2018). In 

Arabidopsis, SAS is an alternative growth strategy that reprograms the 
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transcriptional and metabolic networks to promote petiole and hypocotyl elongation 

at the expense of leaf blade expansion, when plants need to compete for light 

resources (Kozuka et al., 2005; Carabelli et al., 2007; Franklin, 2008; Kozuka et al., 

2010; Sasidharan et al., 2010; de Wit et al., 2015; Roig-Villanova and Martínez-

García, 2016; Yang et al., 2016; Ballare and Pierik, 2017; Xie et al., 2017; Carabelli 

et al., 2018). 

phyB is the principal regulator of SAS signalling and phyC, phyD and phyE also 

share redundant functions, but their influence is relatively small (Devlin et al., 1999; 

Franklin et al., 2003). phyB is an effective regulator of leaf growth, indeed phyB-9 

mutant shows constitutive smaller and narrower leaf blades (Romanowski et al., 

2021). In a normal light environment, plants expand their leaves to optimise the use 

of light for photosynthesis and to control the flowering time or reproductive success. 

However, a limited light environment, or a rich FR environment caused by nearby 

vegetation or competitors, restricts the growth and development of leaves, and may 

occur at any time during the growth and development of leaves. As the leaf is the 

main organ in the plant, any change in leaf blade architecture affects the overall 

biomass production and reproduction success of the plant. Therefore, leaf growth 

and development are strongly influenced by light environment. Thus, phytochrome B 

detects changes in red to far red-light environment and dictates the plant how to 

progress with leaf growth and development.    

The end of day far red (EODFR) laboratory conditions has been frequently used to 

study photoreceptors signaling mechanisms, where the conversion of phyB from the 

active FR-absorbing Pfr to its inactive red-absorbing Pr is easily achieved and 

mimicked by adding supplemental far-red light at the end of the day light period 

(Salter et al., 2003; Cole et al., 2011; Ciolfi et al., 2013; Jiang et al., 2019; Leivar et 
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al., 2020). Researchers are now aware that SAS action is important in the evening 

due to circadian gating by the clock (Franklin and Whitelam, 2005). Thus, EODFR 

treatments are an effective method to deactivate phyB and elicit SAS (Mizuno et al., 

2015; Xie et al., 2017). 

Although many SAS-induced transcriptome and cell-level studies have been 

conducted in hypocotyls and petioles, and researchers have discovered several key 

operational pathways in the SAS, studies have been hormone focused to date 

(Kozuka et al., 2010; Michaud et al., 2017; Pantazopoulou et al., 2017). 

Nevertheless, these studies do suggest a possible interaction between 

photoreceptor signaling and leaf development that may alter leaf expansion later on. 

Hypocotyls and petioles have always been classic models for SAS research, but 

SAS also greatly limits the expansion of leaves (Galvao and Fankhauser, 2015; 

Goyal et al., 2016; Yang et al., 2016; Xie et al., 2017). Not much has been done to 

clarify the role of SAS in controlling cellular and transcriptomic changes in the leaf.  

In this chapter, my data provides evidence that EODFR can mimic the phenotype of 

phyB mutant leaves, and that changes in the number of epithelial and palisade cells 

are responsible for the significant reduction in leaf area. Consistent with published 

data, EODFR treated leaves resemble phyB-9 mutants leaves. This indicates phyB 

is the major regulator of the SAS leaf response (Galvao and Fankhauser, 2015; 

Goyal et al., 2016; Yang et al., 2016; Xie et al., 2017). By applying EODFR, time-

series deactivation of phyB at different stages of rosette leaf 3 (L3) development 

allowed me to identify the two windows in standard 12:12 photoperiods (Figure 3.1a), 

through which phyB controls cell division: day 10-14, which coincides with the main 

proliferative phase, and day 6-34 which probably includes meristemoid cell division 

(Gonzalez et al., 2012).  
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Through EODFR mRNAseq analysis, I identify two sets of candidate genes, which 

are strongly suppressed by EODFR and these controls the two phases of cell 

proliferation in L3 development. Morphological and cellular analysis of an3-4 mutant 

and multi-allele grf mutants shows that an3-4 and multi-allele grf mutants abolish the 

EODFR regulation of cell division. Taken together, these data suggest that EODFR 

reduces leaf area by suppressing cell number, while AN3-GRF-SWI/SNF 

transcription module plays a role in the main phase of cell proliferation and may act 

downstream of phyB. 

3.2 EODFR treatment mimics the phyB mutant leaf phenotype 

 

In nature, the inactivation of phyB through shading by nearby plants/ or due to cloudy 

environment can occur at any time during leaf development. The phyB mutant shows 

a constitutive shade avoidance syndrome (SAS) phenotype, which makes it difficult 

to study the time-resolved effects of phyB on leaf development. Thus, I adopted 

EODFR treatment as a tool to deactivate phyB (and other light stable phys) during 

different windows of leaf development. First task was to test the effect of EODFR 

treatment on leaf development to see if EODFR light treatment can mimic the phyB 

null mutant phenotype. Thus, I grew wild-type columbia-0 (Col-0) and phyB-9 plants 

in standard 12:12 light/dark cycle with or without an end-of-day (EODFR) treatment 

which inactivates phyB during the night period (Figure 3.2A). The fully expanded leaf 

3 area was measured, and the data showed that the leaf area of EODFR treated 

wild-type plants was reduced by 50% as compared to those of wild-type plants 

(Figure 3.2B). However, the effect of EODFR on phyB-9 plants was smaller but 

significant to that of untreated phyB-9 null mutant plants (Figure 3.2B). The leaf area 
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of wild-type EODFR-treated plants was similar to that of EODFR-treated and 

untreated phyB-9 null mutant plants (Figure 3.2B). This suggests that EODFR 

treatment can mimic phyB-9 leaf phenotype.  The EODFR treated plants produced 

reduced leaf blade phenotype presented in Figure 3.2 C.  

I observed similar EODFR effects on leaf blade expansion for all rosette leaves 

(Figure 3.2D) but focus on L3 to allow direct comparison with our published data and 

that of other studies (Andriankaja et al., 2012; Romanowski et al., 2021). So 

consistent with previous studies (Romanowski et al.,2021), the data supported that 

the EODFR treatment can accurately simulate the phyB-9 leaf blade phenotype. 

Hence, to study how phyB action is coupled to leaf growth and development, 

EODFR treatment was used for further research.  
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Figure 3.2 Physiological study of wild-type columbia-0 (Col-0) and phyB-9 
adult plants grown under white light and EODFR light conditions. (A) 
Schematic representation of the environmental treatment regime. White and black 
rectangles indicate the 12 h of day or night period, respectively. The green arrow 
indicates the period of L3 (leaf 3) development, which is enclosed between the two 
innermost black dashed lines. The plant drawn on top of day 8 indicates L3 
emergence. The leaf drawn on top of day 26 indicates that L3 is fully expanded. The 
red dashed lines indicate the day at which a specific treatment was started and 
coincides with a specific-coloured arrow (WL in white and EODFR in dark red). The 
red dashed line at the end of day 34 marks the end of each treatment. The black 
dashed line on day 34 indicates tissue collection. (B) Comparison of leaf blade area 
(ANOVA, Tukey’s post hoc test, p < 0.0001, n = 24 blades). (C) Photos of rosettes of 
representative 34 D.A.S. old Arabidopsis thaliana wild type (Col-0) and phyB-9 
mutant under WL or EODFR conditions. Bar = 10 mm2. (D) Comparison of the leaf 
blade area of all rosette leaves (ANOVA, Tukey’s post hoc test, p < 0.0001, n = 5 
blades for each leaf from leaf 1 to leaf 12) between white light (WL) and simulated 
shade (EODFR) conditions. Error bars represent the SEM. The center of the error 
bars represent the mean values. Different letters denote statistically significant 
differences in leaf blade area between treatments (one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test). 

D 
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3.3 EODFR treatment reduces leaf size by controlling leaf cell division 

 

After I successfully showed that EODFR delivered daily from day 6 (when the tip of 

L3 is just visible) was effective in limiting L3 expansion and mimics the phyB null 

mutant phenotype. My next task was to establish the cellular basis for phyB-control 

of leaf blade area. Thus, the cellular analysis was done to determine what the 

differences in the third leaf are caused by: a difference in the cell number, a 

difference in the cell size, or a combination of both. To do this, I grew wild-type 

columbia-0 (Col-0) and phyB-9 plants in the growth Percival at 22 C with a 12:12 

light/dark cycle for 34 days, provided with and without daily EODFR pulse start at 

day 6 (Figure. 3.2 A for growth regime schematic), and the fully expanded third leaf 

was harvested and microscopic photos of the abaxial epidermis were made to 

determine the leaf cell number and cell size.  

To allow direct comparison of cellular phenotype between phyB-9 allele and wild-

type columbia-0 (Col-0), I measured the epithelial and palisade cell number and cell 

size in both genotypes in all tested growth conditions (Figure. 3.2 A for growth 

regime schematic). I found that EODFR treated wild-type and treated and untreated 

phyB-9 allele, are equally effective in reducing total cell numbers, but the cell density 

of epithelial cells and palisade cells is comparable to wild-type control plants (Figure 

3.3 A-F). This indicates that the phyB-9 mutation reduces the number of cells, but 

does not reduce the cell size, indicating that phyB controls leaf area by regulating 

cell division, and the inhibitory effect of EODFR on cell number depends solely on 

phyB action. 
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Figure 3.3 Cellular analysis of wild-type (Col-0) and phyB-9 adult plants grown 
under white light and EODFR light conditions. (A-B)  Epidermal and palisade cell 
number (ANOVA, Tukey’s post hoc test, p < 0.0001 and p < 0.0001, respectively; total 
number of cells from n > 20 blades), C, D epidermal and palisade cell size (ANOVA, Tukey’s 
post hoc test, p < 0.4234 and p < 0.375327, respectively; 27 cells from each blade n > 20 
blades), E, H epidermal and palisade cell density (ANOVA, Tukey’s post hoc test, p < 0.8082 
and p < 0.7436, respectively;  mean cell density from n > 20 blades). i 34 days old 
representative images of whole rosette of Col-0 and phyB-9. A, B, C, D Error bars represent 
the SEM. The center of the error bars represent the mean values. Different letters denote 
statistically significant differences in leaf blade area, cell number, cell size and cell density 
between different treatments (one-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test, p < 0.05). 
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3.4 phyB control of leaf cell division occurs in a specific developmental time window 

In nature, plants compete with nearby plants for light to selectively absorb blue and 

red (600-700 nm) wavelengths for photosynthesis and reflect/scatter far red (700-

800 nm) (Salter et al., 2003). This selective absorption of certain wavelengths in a 

dense cropping system leads to a relative enrichment of FR light (low R/FR), and the 

plant elicits a series of adaptive responses in which the leaf blade shrinkage is 

obvious (Roig-Villanova and Martinez-Garcia, 2016; Pantazopoulou et al., 2017). I 

have shown that daily EODFR (inactivates photoactivated phyB) reduces the leaf 

blade area by reducing the number of cells (as shown in 3.3 A-F above). However, 

the precise timing of EODFR/phyB action in our conditions is not known. To identify 

the phyB controlled leaf developmental window, I delivered EODFR at different time 

intervals (Figure. 3.4A for growth regime schematic) through the different 

development processes of L3. I exposed wild-type columbia-0 (Col-0) plants grown 

in 12L:12D, 22 °C, to 5 days of EODFR in the following intervals day 6-10, 10-14 or 

14-18, negative controls did not receive EODFR, and positive controls received 

EODFR for day 6-18, or 6-34 (Figure. 3.4A for growth regime schematic).  

The plants wild-type (Col-0) were grown for 36 days in the growth Percival with and 

without an EODFR time course, and the third leaf was harvested to determine the 

cellular (cell number and cell size) and morphological (leaf blade area) parameters. 

The first and third EODFR time-course treatments (EODFR6-10 and EODFR14-18) 

showed a similar leaf 3 development pattern and did not induce significant changes 

in leaf size or cell number generating a leaf 3 blade with cells (Figure 3.4B-H) 

comparable to the wild type. In contrast, leaf 3 development was significantly 

impaired in the second and fourth EODFR time-course treatments (EODFR6-18 and 

EODFR10-14), and the decrease of leaf 3 blade (Figure 3.4B-H) area was mainly 
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due to fewer cells, compared to the wild type. In all EODFR treated leaf 

developmental time points, the cell size was not affected. So, I observed that the 

decrease in leaf area was caused by the reduction of number of cells (both epithelial 

and palisade) rather than the size of the cells (Figure 3.4B-H).  

Collectively, the data identify two windows during which phyB controls cell division: 

day 10-14, which coincides with the main proliferative phase, and day 6-34 which 

may be the phase of meristemoid cell division (Gonzalez et al., 2012). As the longer 

period of EODFR (6-34 and 6-18) are more effective than 10-14 and 14-18, this 

suggests that phyB also controls cell division later on in leaf development which is 

consistent with the published results that phyB mutants generates aborted divisions 

in the stomatal lineage (Casson and Hetherington, 2014). In conclusion, EODFR 

time course treatment analysis explicitly revealed a connection between phyB and 

leaf cell cycle control under standard 12:12 photoperiod growth conditions.  
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3.5 EODFR RNAseq time course expression analysis provides a list of key leaf 

development genes whose expression overlaps with the leaf cell division window 

controlled by phyB 

 

As my EODFR morphological and cellular quantitative analyses revealed an optimal 

period of leaf 3 development in which phyB control leaf cell proliferation, my next aim 

was to determine the underlying transcriptome regulation. RNA-Seq is a valuable 

tool that allowed many advances in the characterization and quantification of the 

transcriptome and has been widely used for gene discovery in Arabidopsis (Stark et 

al., 2019). Thus, I took an advantage of the lab EODFR RNAseq, in which we 

exposed wild-type Columbia-0 (Col-0) to either daily EODFR from day 6 (EODFR6) 

and collected leaf 3 primordia or blade enriched tissue at days 13, 16 and 20, or 

EODFR from day 18 (EODFR18), sampling at day 20, grown in standard 12:12 

light/dark cycle (Romanowski et al., 2021). This study generated a novel data set 

showing the time-course transcriptome responses to EODFR in Arabidopsis leaves. 

This longitudinal study revealed that 18,934 genes out of 34,212 annotated the 

Arabidopsis Thaliana Reference Transcript Dataset 2 (AtRTD2) genes were 

expressed in RNAseq and that 28.5% (5,393/18,934) of all expressed genes were 

affected by EODFR6 treatment (Romanowski et al., 2021). As the molecular 

connection between phyB and cell cycle control is still unclear, I aim to identify 

candidate cell cycle transcription factors (TFs) from leaf 3 RNAseq data and how 

they are affected by EODFR treatment during L3 development.  

 



CHAPTER 3 PHYTOCHROME AND LEAF DEVLOPMENT 

55 
 

 

3.5.1 mRNAseq identifies EODFR regulated genes implicated in cell 

cycle control 

As the molecular connections between phyB and cell cycle control are largely 

unknown we sought to identify candidate cell cycle regulator genes from our L3 

mRNAseq data (Romanowski et al., 2021). This longitudinal study captured EODFR-

induced changes in transcription through leaf development. From this dataset, I 

identified 317 genes, classified as transcription factors, or co-transcriptional 

regulators (Supplementary Table 1), with EODFR-altered expression early-on in L3 

development. In this gene set, 14 genes (AN3, GRF2, GRF4, GRF6, DP-E2FA like1 

(DEL1), AINTEGUMENTA, (ANT), DP-E2F like3 (DEL3), FAMA, (FMA), 

SCARECROW (SCR), AT4G02110, HOMEOBOX GENE 8 (HB-8), AUXIN 

RESPONSE FACTOR 10 (ARF10), ASYMMETRIC LEAVES 1 (AS1) and MYB 

DOMAIN PROTEIN 3R-4 (MYB3R) are known to have roles associated with the cell 

cycle (Kim and Kende, 2004; Lee et al., 2009; Van Leene et al., 2010). In nearly all 

cases, expression levels were higher on day 13, which falls in the 10–14-day window 

that coincides with cell proliferation in our experimental regime (Supplementary Fig. 

3.5.1A-D) (Romanowski et al., 2021; https://aromanowski.shinyapps.io/leafdev-app/).  

Recent articles have identified AN3 as a transcription regulator with a central role in 

the promotion of leaf expansion (Horiguchi et al., 2005; Kawade et al., 2013; Liebsch 

et al., 2020). AN3, lacks DNA-binding capacity, and so functions as a transcriptional 

co-activator by interacting with GRFs that can bind DNA directly (Kim et al., 2012; 

Vercruyssen et al., 2014; Nelissen et al., 2015; Besbrugge et al., 2018; 

Omidbakhshfard et al., 2018). The AN3-GRF unit appears to regulate transcription 

by recruiting chromatin modelling complexes, including BRM, which operates as a 
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central SWI2/SNF2 ATPase (Vercruyssen et al., 2014). Our finding opens the 

possibility that the AN3 transcriptional module operates downstream of phytochrome 

to control leaf cell division and growth. 
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Figure 3.5.1 Comparison of Plant Transcription factors, cell cycle and EODFR 
regulated genes. The Venn diagram shows the overlap between candidates genes that are 

differentially expressed in L3 EODFR mRNAseq. A Venn diagram of EODFR differentially expressed 
(left), transcription factors and co-regulators (right) and known cell cycle (bottom) genes. B Table 
showing the 14 common genes between all three data sets, representing the list of candidates. In the 
Venn diagrams, EODFR differentially expressed genes were extracted from our published mRNAseq 
(Romanowski et al., 2021), a manually curated list of transcription factors and co-regulators which 
were obtained from PlantTF (http://planttfdb.gao-lab.org/), AgrisTF (https://agris-
knowledgebase.org/AtTFDB/) and co-activators (GO:0003713: transcription coactivator activity) and 
co-repressors (GO:0016564: transcription repressor activity) extracted from Virtual Plant 1.3 (Katari et 
al., 2010), and a list of cell cycle genes which were extracted from the Kim and kendi, 2004; Lee et 
al., 2009 and Van leene et al., 2010 (Supplementary Table 3.1). 
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Figure 3.5.1C Gene expression of leaf cell cycle TFs genes from the L3 EODFR 
mRNAseq dataset (Romanowski et al., 2021) shown as normalized counts relative to 
maximum (n = 2 biological replicates per time point per condition). Error bars represent 
SEM. Colour bars indicate light treatment conditions (WL (white bars), EODFR06 (grey bars) 
and EODFR18 (pink bars)). 
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Fig. 3.5.1 D Gene expression of leaf cell cycle AN3 target genes from the L3 
EODFR mRNAseq dataset (Romanowski et al., 2021) shown as normalized counts 
relative to maximum (n = 2 biological replicates per time point per condition). Error bars 
represent SEM. Colour bars indicate light treatment conditions (WL (white bars), EODFR06 
(grey bars) and EODFR18 (pink bars)). 
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3.6. EODFR regulation of cell division is abolished in gif1/an3 / multi-allele grf 

mutants  

The transcript abundance of AN3 and GRF1, GRF2 and GRF4 are strongly inhibited 

by EODFR treatment, which are potential regulator of the cyclin gene CYCB1; 1 

expression and leaf cell division (Vercruysse et al., 2020; Vercruyssen et al., 2014).  

The GRF-INTERACTING FACTOR (GIF) proteins are the putative transcription co-

activators that interact with growth regulator (GRF) DNA-binding transcription factors 

and SWITCH2/SUCROSE NONFERMENTING2 chromatin remodllers to form 

function transcriptional complexes, regulating leaf growth and development patterns 

in Arabidopsis, maize, rice, wheat and mosses (Vercruyssen et al., 2014; Nelissen et 

al., 2015; Zhang et al., 2018; Shimano et al., 2018; Debernardi et al., 2020; Kawade 

et al., 2020).  

The GRFs are a functionally redundant gene family of transcription factors. The loss 

of function mutations in a single grfs (grf1, grf2 or grf3) has a subtle effect on leaf 

size, but the loss of function mutations in double, triple, or quadruple combinations of 

grf1, grf2, grf3, grf4, or grf5 produce smaller leaves with fewer cells (Kim et al., 2003; 

Horiguchi et al., 2005; Kim and Lee, 2006). Similarly, loss-of-function mutations of 

AtGIF1/AN3 have small and narrow leaves and the number of cells was reduced to 

30%, whereas the cell size is increased to 150 % of those in the wild-type (Horiguchi 

et al., 2005).  
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The changes in leaf size in mutants with an impaired cell division is often 

compensated by excessive post-mitotic cell expansion, a phenomenon called 

compensation and such compensatory mechanisms often occur in mutants of core 

cell cycle genes (Blomme et al., 2014; Hisanaga et al., 2015). Because AN3 is the 

central regulator in the AN3-GRF/SWI/SNF transcription complex, and loss of 

mutation of an3 abolished the transcription abundance of key participatory genes in 

the complex, including GROWTH REGULATING FACTOR 3 (GRF3), GRF5, GRF6, 

BRAHMA (BRM) and BAF60 (Vercruyssen et al., 2014). As AN3 and GRF were 

supressed by EODFR, I investigated the expression of chromatin remodellers and 

found that they were also suppressed by EODFR treatment (Figure 3.6.1).  

In addition to these observations, evidence from published data shows that many 

developmental processes mediated by AN3/GRF-SWI/SNF transcription complex 

overlap with the phyB shade avoidance syndrome (SAS) response (Vercruyssen et 

al., 2014; Horiguchi et al. 2005). Thus, I aim to investigate the GIF1/AN3 and GRF 

role in mediating shade avoidance syndrome (SAS) in leaf development. 

3.6.1 An an3-4 mutant does not reduce leaf cell number in response to 

EODFR treatment 

 

The EODFR mRNAseq analysis identified that AN3 is a factor in phyB control of leaf 

cell proliferation. To test this, I measured the EODFR response in the an3-4 mutant. 

The hypothesis was that if AN3 is responsible for the EODFR suppression of leaf 

size then we expect an3-4 mutation should not reduce cell number in response to 

EODFR treatment. To test this, I grew wild-type columbia-0 (Col-0) and an3-4 mutant 

plants in the growth Percival at 22 °C with a 12:12 light-dark cycle for 34 days, 

provided with and without daily EODFR pulse start at 6th day after stratification (as 
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shown in Figure. 3.2 A for growth regime schematic). I harvested the fully expanded 

3rd leaf on 34th day after stratification and measured the leaf blade area. I also made 

the microscopic photos of the abaxial epidermis to determine the leaf cell number 

and cell size. For the an3-4 mutant I observed that the third leaf blade area was 

significantly smaller compared to wild-type columbia-0 (Col-0) in white light control 

conations (Figure 3.6.1 A). However, an3-4 mutant leaf blade area was less 

responsive to EODFR treatments compared to leaf blade area of wild-type columbia-

0 (Col-0) plants (Figure 3.6.1 A). The white light grown third leaf of an3-4 mutant 

generates fewer cells compared to wild-type columbia-0 (Col-0) plants (Figure 3.6.1 

B-D). However, the cell size of an3-4 mutant plants was increased to more than 1.7-

fold the wild-type (Col-0) plants (Figure 3.6.1 C-E). So, cell density for both epithelial 

and palisade cells were significantly less compared to wild-type columbia-0 (Col-0) 

control plants (Figure 3.6.1 E-GF. Consistent with previous reports (Horiguchi et al., 

2005), I observed a similarly smaller leaf area of an3-4 mutant with low cell number 

and large cell size. However, in EODFR conditions, there was a no reduction in cell 

number an3-4 mutant plants compared to Columbia (Col-0) wild-type (Figure 3.6.1 

B-D). But cell size was significantly reduced compared to an3-4 mutant control plants 

and comparable with the cell size of Columbia (Col-0) wild-type (Figure 3.6.1 C-E). 

The cell-level analyses of an3-4 mutants show that an3-4 plants are not sensitive to 

EODFR treatment with regard to cell number. As AN3 transcript abundance is 

suppressed by EODFR and the an3-4 mutant is not sensitive to EODFR treatment, 

this data supports the hypothesis that EODFR inhibits leaf cell numbers due to 

inhibition of AN3. It also suggests that EODFR can suppress the cell size defect 

caused by the an3-4 mutation. These data indicate that AN3 may operate 
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downstream of phyB to control the leaf cell number, and EODFR is also to suppress 

cell expansion compensation caused by an3-4 mutation. 

 

3.6.2 EODFR leaf size analysis of grfs mutants and an SWI/SNF 

chromatin-remodeling factor BAF60 downstream targets of AN3 

 

GRFs are required, in a redundant manner, for cell proliferation in leaves, thus 

influencing their final size (Kim et al., 2003, Kim and Kende, 2004; Kim and Tsukaya, 

2015). Thus, it would be interesting to test the effect of EODFR on the morphological 

and cellular leaf phenotype of gif mutants. I hypothesize that the multi-allele grf 

mutant’s response should be the same as the an3-4 response against EODFR 

treatment. Therefore, to test this hypothesis, I grew an3-4, the triple grf1-3;grf3-

1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutants and wild-type (Col-0) 

plants in standard experimental conditions stated in Figure 3.2 A.  I analyzed the leaf 

area of the third leaf, the cell number and cell size of each genotype, which allowed 

me to make a thorough comparison between the triple grf1-3;grf3-1;grf5-2 and 

quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutants with an3-4 and wild-type (Col-0) plants.  

In the white light control conditions, I examined the leaf phenotype of the triple grf1-

3;grf3-1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2 at the cellular level. Both the 

area of the 3rd leaf blade and the number of epithelial and palisade cells were 

reduced in the triple grf1-3;grf3-1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2  

and an3-4  compared to wild-type (Col-0) plants (Figure 3.6.1 A, B, D). While the 

projection area of both epithelial and palisade cells was 1.7 % larger the triple grf1-

3;grf3-1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2 and an3-4  compared to 

wild-type (Col-0) plants (Figure 3.6.1 C, E). There was also a significant decrease in 

third leaf blade area for the swp73b-1/baf60, (an SWI/SNF ASSOCIATED 
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PROTEINS 73 (SWP73B), also called BAF60), compared to wild-type (Col-0) plants 

(Figure 3.6.1 I).  

While in the EODFR conditions, the triple grf1-3;grf3-1;grf5-2 and quadruple grf1-

3;grf3-1;grf4-1;grf5-2 and an3-4 mutant lines showed significantly less response to 

decrease in third leaf blade area compared to wild-type Columbia (Col-0) plants 

(Figure 3.6.1 A). However, the reduction in leaf blade area in the triple grf1-3;grf3-

1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2 and an3-4 mutant lines caused by 

EODFR was due to the reduction in cell size (Figure 3.6.1 C, E). These results 

indicate that multi-allele grf mutants do not reduce the number of cells in response to 

EODFR treatment.  

In addition, consistent with previous reports (Vercruyssen et al., 2014; Sacharowski 

et al., 2015), an AN3 interactor and downstream target chromatin regulator protein 

swp73b/baf60 also showed smaller leaves and showed significant less response to 

decrease in leaf area to EODFR as compared to wild-type (Col-0) plants (Figure 

3.6.1 I). These results provide evidence that BAF60 positively regulates phy-B-

dependent leaf size. 

As anticipated, I found that the triple grf1-3;grf3-1;grf5-2 and quadruple grf1-3;grf3-

1;grf4-1;grf5-2 and an3-4 mutant lines are phenotypically similar to an3-4, with 

smaller leaves with fewer but larger cells under control conditions, which suggests 

that these growth regulators may act together with AN3 and regulate the same 

molecular circuit in developing leaves (Kim et al., 2003; Kim and Kende. 2004; Kim 

and Tsukaya, 2015). Interestingly, the cell analysis of triple grf1-3;grf3-1;grf5-2 and 

quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutant lines showed cell expansion similar to 

an3-4, and EODFR treatment did not reduce the number of cells, but it did 
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completely abolished the phenotype of cell expansion caused by multiple mutations 

in grf protein.  

EODFR treatment abolished the cell expansion phenotype, suggesting that phyB can 

also control cell expansion in leaves.  Overall, under white light control conditions 

and EODFR treatment conditions, I observed that the growth trend and response of 

multi-allele grfs leaves are the same as an3-4, indicating that AN3 and GRF control 

the phyB-dependent cell proliferation in developing leaves. Therefore, the 

morphological and cellular analysis data of an3-4 and multiple grfs are consistent 

with the EODFR mRNA seq observations and indicate that suppression of AN3 and 

GRF by EODFR may be the cause of the reduction in leaf blade area. 

 Further, at the transcript level, except GRF5 and GRF6, other GRFs are often 

regulated by microRNA miR396 (Omidbakhshfard et al., 2015). Consistent with 

earlier reports, microRNA 35S:miR396b plants exhibit smaller leaves in control 

conditions and reduction of blade area was further reduced in response to EODFR 

(Figure 3.6.2 I). This suggest that phytochrome also regulate microRNA miR396b. 
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3.7 Discussion 

Leaf size is an important trait of agronomic crops and neighbor detection leads to 

leaf size shrinkage which makes plants more susceptible to pests and pathogens 

and impairs yield (Legris et al., 2019; Kebrom and Brutnell, 2007; Pierik and Ballare, 

2021). Although a distinguishing feature of SAS is the significant reduction in leaf 

size, little is known about the molecular and cellular mechanisms of leaf 

development controlled by phytochrome photoreceptors in plants. 

Despite, a large number of transcriptome and cell-level studies have been conducted 

in dissecting petiole shade avoidance syndrome (Legris et al., 2019; Michaud et al., 

2017; Pantazopoulou et al., 2017; Sasidharan et al., 2010), the role of phytochromes 

in controlling leaf development is largely unknown. There are few reports on how 

SAS affects cellular and molecular responses in leaves. For example, Kozuka et al. 

reported that 15 minutes far-red light treatment ceased the leaf blade growth by 

inhibiting the cell expansion rather than cell division (Kozuka et al., 2005). Further 

support for this notion comes from another study showed leaf growth modulation by 

low R:FR light is primarily mediated by changes in cell expansion (Patel et al., 2013). 

Contrasting with these reports, other studies, which are associated with 

ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB-2) and CYCLINB1;1-

GUS (CYCB1;1-GUS), showed low R:FR ratio curtails the duration of the leaf cell 

division phase (Carabelli et al., 2007, 2008, 2018). We currently lack a definitive 

understanding that reconciles these contrasting observations, and only have limited 

information on how low R:FR shade affects the leaf development. Thus, I have 

shown that the phyB-9 null mutant and EODFR treatment when delivered from day 6 

has reduced leaf blade area due to low epithelial and palisade cell number, but the 

cell size and cell density did not change. These results provide the first 
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comprehensive report on how SAS orchestrates the cell division phase of leaf 

development (Figure 3.3 A-F). Concurs with these findings and additionally identifies 

the developmental windows during which phy controls cell division. My data also 

shows that the daily EODFR equally effects the leaf expansion of all rosettes leaves 

as of L3 shown in Figure 3.2 D, but I focus on L3 to allow comparison with our 

published data and that of other studies (Andriankaja et al., 2012; Woo et al., 2016). 

EODFR treatments at different time intervals on L3 has identified two windows for 

phyB to control cell division: day 10-14 (coincides with the main proliferation period) 

and day 6-34 which probably includes meristemoid cell division (Figure 3.4 A-H) 

(Gonzalez et al., 2012). These data identified that phyB controls leaf development by 

regulation of the two phases of cell proliferation including the main proliferation 

phase, which involves in initiation of leaves from the flanks of the SAM as a lump of 

new cells of relatively constant size that are actively dividing and a later phase that 

most likely corresponds to the meristemoid cell division phase, which corresponds to 

the arrest of meristemoid asymmetric divisions in which some cells dispersed 

throughout the leaf epidermis and retain their meristematic activity before giving rise 

to functional stomata (Bergmann and Sack, 2007; Vercruysse et al., 2020). These 

results supporting a role of phyB in regulating cell division in the later stages of leaf 

development, which is consistent with the published results that phyB mutants 

produce aborted division in the stomatal lineage (Casson and Hetherington, 2014). 

After identifying the two cell proliferation windows (day 10-14 and day 6-34) 

controlled by phyB in L3, my next goal was to identify participatory transcriptional 

regulators from our EODFR RNAseq data (Romanowski et al., accepted), which may 

possibly be responsible for suppression of leaf cell division. mRNAseq data mining 

produced two groups of EODFR-controlled growth regulators (Figure 3.5.1E-F), 
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corresponding to the two stages of cell proliferation in developing leaves known as 

primary cell cycle arrest front (inhibition of main cell proliferation phase) and 

secondary cell cycle arrest front (corresponds to the arrest of meristemoid 

asymmetric divisions) (Vercruysse et al., 2020). Thus, EODFR likely negatively 

regulates positive regulators of main cell proliferation phase (AN3, GRF1, GRF2, 

GRF4, BAF60, EF2A and DEL1, CDC45, CYCB1;1) and meristemoid cell 

proliferation phase (ANT, SPCH, MYB124 and FMA), whilst it upregulates the 

negative regulators of meristemoid cell proliferation phase (PPD2) (Figure 3.5.1E-F), 

which may explain why EODFR is more effective in particular stages of the leaf 

development. As phyB-9 null mutant show 45 % fewer leaf cells and the early 

EODFR window (10-14) also show approximately 31 % fewer leaf cells compared to 

controls (Figure 3.3 A-F). The EODFR window (days 10-14) results suggest that 

phyB controls leaf expansion mainly by regulating genes involved in the primary cell 

cycle arrest front. The genes expressed in EODFR window are constituted core 

members of the AN3/GRF-SWI/SNF transcription complex, of which AN3 has been 

shown to be a central regulator, known to regulate the main cell proliferation phase 

and key developmental pathways in growing leaves (Gonzalez et al., 2012; 

Vercruyssen et al., 2014; Vercruysse et al., 2020; Kim et al., 2003; Horiguchi et al., 

2005). Consistent with Andriankaja et al., 2012, AN3 is strongly developmentally 

expressed in our L3 mRNAseq, and its transcriptional abundance is strongly 

supressed by EODFR (Figure 3.5.1E-F). Thus, our bioinformatic analysis of EODFR 

mRNAseq together with published studies has revealed that AN3 may be a phyB-

dependent key cell cycle transcriptional-coactivator (Vercruyssen et al., 2014). 

Consistent with previous reports that AN3 can regulate 70% of the number of cells in 

Arabidopsis leaves, an3-4 produces smaller leaves with fewer cell counts and show 
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cell expansion phenotype which mark the AN3 as a core cell cycle gene (Figure 

3.6.1 A-H) (Nozaki et al., 2020; Vercruyssen et al., 2014; Horiguchi et al., 2005). The 

changes in leaf size in mutants with an impaired cell division is often compensated 

by excessive post-mitotic cell expansion, a phenomenon called compensation and 

such compensatory mechanisms often occur in mutants of core cell cycle genes 

(Blomme et al., 2014; Hisanaga et al., 2015). The EODFR mediated cellular analysis 

of an3-4 mutant show that an3 is insensitive to EODFR, but the daily EODFR 

treatment reduces the cell size expansion caused by the an3-4 mutation (Figure 

3.6.1 A-H). phy inactivation limits cell division at least partly through reducing AN3 

and GRF expression, however it also limits the impact of reduced AN3 on cell 

expansion. This implies AN3 may operate down stream of phyB to control leaf blade 

cell division and AN3 also controls phyB-dependent cell expansion in leaves. As 

anticipated and consistent with the previous studies (Horiguchi et al., 2005; 

Omidbakhshfard et al., 2015) Figure 3.6.1 A-J, we have shown that GRFs 

redundantly regulate leaf size, and like an3, multi-allele triple grf1-3;grf3-1;grf5-2 and 

quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutants also show smaller leaves due to low 

epithelial and palisade cell numbers, and abolished cell expansion phenotype in 

response of EODFR, indicating that AN3 and GRF function in the same molecular 

pathway and operate downstream of phyB to control cell proliferation and cell 

expansion. Altogether, the data suggests that AN3 may be a target gene that can 

connect photoreceptor signals to leaf expansion.   
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Chapter 4- EODFR-Induced PIF7 Controls Leaf Cell 

Division by Directly Supressing the AN3 Expression 

During Leaf Development in Arabidopsis 

 

4.1 Introduction 

Although transcriptome research has been an effective tool for identifying 

downstream target genes to study SAS in seedlings (Kozuka et al., 2010; 

Pantazopoulou et al., 2017), there is little knowledge about which transcription 

factors trigger SAS to affect leaf expansion. As petioles and hypocotyls have always 

been used to study SAS at the cellular and transcriptome level (Legris et al., 2019; 

Michaud et al., 2017; Pantazopoulou et al., 2017; Sasidharan et al., 2010), there is 

no clear understanding how phytochrome regulates major leaf development 

pathways. Our EODFR RNAseq analysis found that phyB inactivation has a broad 

repressive effect on the leaf 3 transcriptome and GO analysis of the mis-regulated 

transcriptome showed that many cellular and biological processes related to leaf 

growth and development were down-regulated (Romanowski et al., 2021).  

So far, researchers have focused most of their attention on the largely up-regulated 

classic shade marker genes to study SAS in leaf development (Ballare and Pierik, 

2017; Iglesias et al., 2018; Sessa et al., 2018; Carabelli et al., 2018). For example, 

Carabelli et al., 2018 reported that SAS suppresses leaf growth by shortening the 

leaf cell proliferation phase triggered by the key shade responder transcription factor 

ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB-2), encoding a HD-ZIP 

transcription factor (Carabelli et al., 2018). Our SAS mRNAseq time series analysis 

and cell count data of the leaf blade of an3-4 and multi-allelic grf mutants show that 
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AN3 is a key phyB-dependent cell cycle transcription coactivator (Ch3; Lee et al., 

2009; Andriankaja et al., 2012; Vercruyssen et al., 2014), which can regulate 70% 

cells in Arabidopsis leaves (Horiguchi et al., 2005; Nozaki et al., 2020).  

AN3 is a non-DNA binding transcriptional regulator that interacts with growth 

regulators (GRF) and can recruit SWI/SNF chromatin remodeling components to its 

target genes to stimulate cell division during leaf development (Vercruyssen et al., 

2014; Shimano et al., 2018; Kim, 2019). My finding opened the possibility that the 

AN3 transcriptional complex may be a direct functional link that can connect 

photoreceptor signals to leaf expansion.  

PIF are a subfamily of basic helix-loop-helix (bHLH) transcription factors, known as 

PHYTOCHROME-INTERACTING FACTORS consist of eight members of PIF1-

8/PIF-like proteins present in Arabidopsis. These bHLH proteins have been 

extensively implicated in SAS mediated plant growth and development (Galvao et 

al., 2019; Leivar et al., 2020). 

Several known shade-induced genes in Arabidopsis thaliana, such as ATHB-2, 

PHYTOCHROME INTERACTING FACTOR 3-LIKE 1 (PIL1), INDOLEACETIC ACID 

INDUCED 19 (IAA19), CYTOKININ OXIDASE 5 (CKX5), YUCCA 8 (YUC8), 1-

AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 8 (ACS8), and the 

shade-repressed genes TRP AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) 

have been shown to be regulated by PIFs (Kozuka et al., 2010; Li et al., 2012; 

Mizuno et al., 2015; Pantazopoulou et al., 2017).  

Perhaps, PIFs does regulate the molecular mechanisms of transcription activation 

and inhibition of AN3 in leaf development? Photoactive phyB interacts with PIFs in 

the nucleus and inhibits their activity through phosphorylation and proteasome-
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dependent degradation or inactivation through less known mechanisms (Leivar and 

Monte, 2014; Pham et al., 2018; Huang et al., 2018). Contrary to other PIFs, PIF7 is 

not degraded when interacts with photoactive phyB and PIF7 activity in particular is 

regulated at the protein level in response to low red far red ratio, via the activity of 

phytochromes as well as through interaction with other interacting proteins such as 

14-3-3 proteins and ELF3 (Li et al., 2012; Huang et al. 2018; Jiang et al., 2019; 

Leivar et al., 2020). PIF7 is the major regulator of shade avoidance responses, which 

include accelerated flowering, hypocotyl and petiole elongation and leaf size and leaf 

hyponasty (Li et al., 2012, Mizuno et al., 2015; Quint et al., 2016; Xie et al., 2017; 

Peng et al., 2018; Galvao et al., 2019; Leivar et al., 2020). PIF4 and PIF5 have been 

considered central players in shade avoidance responses (Lorrain et al., 2008; 

Leivar et al., 2012; Hao et al., 2012). However, it was recently showed that pif1 pif2 

pif3 pif4 pif5 (pifq) mutant has still significant elongation growth responses in 

response of EODFR treatment (Xie et al., 2017; Leivar et al., 2020). PIF protein 

stability has been reported to be affected directly and indirectly by competitive 

protein-protein interactions (Xu et al., 2018; Pham et al., 2018; Sharma et al., 2019) 

and unlike, other PIFs, PIF7 is light stable (Li et al., 2012) and activated by EODFR 

treatment (Leivar et al., 2020). Combined this information suggests that EODFR 

treatment enhances the dephosphorylation and activity of PIF7, which may acts as a 

master transcriptional repressor of AN3 in leaves. 

 

In this chapter, the data support the hypothesis that AN3 action is dependent on 

phyB. AN3 promotes expression of genes that modulate leaf cell cycle in control 

conditions, when phyB is present, but not in EODFR which deactivates phyB. These 

results also illustrate that AN3 regulates an additional set of cell cycle genes than 
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previously known. I demonstrated that when phyB is switched off by EODFR, PIF7 is 

necessary for the EODFR constraint of leaf blade growth and it does so at least in 

part through direct control of AN3 transcription. Further, genetics and AN3-

overexpressor analysis suggests that EODFR induced PIF7 activation, restricts cell 

division, possibly by repressing AN3 levels and/or activity, and secondarily, PIF7 

appears to limit compensatory cell expansion that arises from AN3 deactivation. 

In summary, this chapter has established a novel role of phyB in leaf development, 

where the EODFR deactivation of phyB, leads to PIF7 suppression of AN3 at 

transcriptional and post-transcriptional level. 

4.2. AN3 is required for phyB-controlled expression of cell cycle genes in leaf 

development  

In chapter 3, I showed that phyB inactivation EODFR treatment more accurately 

determines the time window for phyB to control leaf cell division. Our RNAseq 

analysis showed EODFR regulates AN3 expression, and several (B-TYPE and D-

TYPE CYCLIN-DEPENDENT PROTEIN KINASES, CYCB1;1 and CYCD3;3, SALT 

TOLERANCE ZINC FINGER (STZ), SHORT ROOT (SHR), CYTOKININ 

RESPONSE FACTOR 2 (CRF2), SWI/SNF ASSOCIATED PROTEINS 73 

(SWP73B), also called BAF60, as well as GRF1, GRF2, GRF3, GRF4 and GRF5), 

genes that are known to be bound and direct transcriptional targets for AN3 as 

shown in Figure 3.5.1 E (Lee et al., 2009; Vercruyssen et al., 2014; Besbrugge et al., 

2018). If the cellular response controlled by phyB is mediated by AN3, then EODFR 

control of these AN3 targets in the an3-4 mutant should be curtailed. To investigate 

whether AN3 is necessary for proper activation of the cell cycle genes regulated by 

AN3, their expression was analyzed in (Col-0) wild type and an3-4 mutants in both 

white light control and EODFR conditions (Figure 4.2).  
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I observed a significant downregulation in expression levels of AN3 targets (p <0.05) 

in an3-4 mutants compared to (Col-0) wild type in control condition (Figure 4.2). 

While under EODFR conditions, my qRT-PCR data showed that the AN3 target 

genes were significantly downregulated in (Col-0) wild type, and these were either 

unresponsive or less responsive to EODFR in an3-4 mutant blades (Figure 4.2). 

Consistent with other data, we have shown that expression levels are low in an3-4 

mutant, suggesting that AN3 can regulates these genes at least in our conditions 

(Lee et al., 2009; Vercruyssen et al., 2014).  

I also included other important EODFR cell cycle regulators identified by our RNAseq 

(CELL DIVISION CONTROL 45 (CDC45), CELL DIVISION CONTROL6 (CDC6), 

E2FA, and DP-E2F like1 (DEL1)) but are not known to be bound or regulated by 

AN3. Consistent with mRNAseq results, expression levels of these genes were 

significantly low (p <0.05) in EODFR treated wild type plants and in an3-4 mutant 

control blades (Figure 4.2). Further, these genes were either unresponsive or less 

responsive to EODFR in an3-4 mutant blades (Figure 4.2). Thus, my qRT-PCR data 

provides an additional list of cell cycle genes, indicating that AN3 may regulate a 

wider range of cell cycle genes than previously known. In summary, several genes 

involved in the main cell proliferation phase identified by RNAseq analysis may be 

under the transcriptional control of AN3. Taken together, this suggests that AN3 is 

required for phyB-controlled expression of cell cycle regulators in leaf size 

expansion.  
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Figure 4.2 AN3 is Required for phyB-Controlled Expression of Cell Cycle 

Genes in Leaf Development. GRF1, GRF2, GRF3, GRF4, GRF5, E2FA, DEL1, 

CYCB1;1, CDC45, CYCD3;3, STZ, SHR, CRF2, BAF60 and CDC6 mRNA quantification 

using quantitative real-time PCR (RT-qPCR) of wild type Col-0, an3-4 mutant plants grown 

under LDs at 22 °C in 100 µmoles/m2/s light conditions. On day 13, plants were either shifted 

to EODFR or kept in 100 µmoles/m2/s white light condition. L3 blades were harvested 13 

days after sowing at zeitgeber ZT 22-24. The PP2A gene was used for normalization for 

gene expression analysis. Error bars represent standard deviation of three biological and 

three technical replicates (*p < 0.05, **p < 0.01 and ***p < 0.001 , Student’s t-test). 
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4.3. EODFR activated PIF7 controls leaf cell division  

 

As our RNAseq and cell-level data indicate, the AN3-GRF transcription complex has 

central control over the early phase of leaf cell proliferation. PIF7-mediated SAS 

signalling can be swiftly deployed following phyB deactivation at dusk, particularly in 

short days when PIF7 is reported to be most effective to regulate hypocotyl growth 

(Leivar et al., 2020). These properties of PIF7 suggests that PIF7 may also play an 

important role in regulating leaf size. Our EODFR RNAseq transcriptome data of PIF 

also supports this hypothesis, where PIF7 is expressed more strongly in early leaf 

tissue than other PIFs (https://aromanowski.shinyapps.io/leafdev-app/). Hence, to 

assess the function of PIF7 in repressing leaf size, we first compared pifq, and pif7-1 

mutant plants grown in standard 12:12 light/dark cycle with or without an end-of-day 

(EODFR) treatment which inactivates phyB during the night period (shown in chapter 

3 Figure 3.2A). Analyses of fully expanded leaf 3 blade size in Arabidopsis thaliana 

wild‐type (Col-0), pifq and pif7-1 mutant were performed.  

The results showed that the leaf blade size of pifq plants were significantly smaller 

as compared to those of wild-type control plants and further reduced in response to 

EODFR treatment (Figure 4.3 A).  In contrast pif7-1 show a wild-type leaf blade size 

in control conditions but was completely unresponsive to EODFR treatment (Figure 

4.3 A). PIF has been shown to regulate the hypocotyl cell elongation after EODFR or 

under low R/FR ratio conditions typical of shade environments, or in diurnal light-

dark cycles (Mizuno et al., 2015, Jiang et al., 2019; Zhang et al., 2020, Leivar et al., 

2020). Considering that PIFs had role in regulating cell size, I examined the epithelial 

cell size and number in L3 of wild type (Col-0), pifq and pif7-1 under white light and 

EODFR conditions. First, I compared the epithelial leaf cell size and cell number of 
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pifq plants with wild-type (Col-0) plants (Figure 4.3 B-C). The cell count data showed 

that the wild-type leaves treated with EODFR showed 50% of the cell number of the 

control leaves (Figure 4.3 B). 

Further, third leaf cell count of pifq plants were significantly lower as compared to 

those of wild-type (Col-0) control plants and further reduced in response to EODFR 

treatment (Figure 4.3 B). However, cell size does not change in both EODFR and 

white light control condition (Figure 4.3 C). In contrast, consistent with the leaf size 

data, compared with the wild type (Col-0), the epithelial cell size and cell number of 

the pif7-1 mutant plant did not change under both conditions (Figure 4.3 B-C). So, 

consistent with previous reports, pifq mutant still show significant leaf blade reduction 

after EODFR (Leivar et al., 2020). These results indicate that PIF7 may be a 

negative regulator of leaf expansion by limiting the cell proliferation after EODFR 

treatment.  
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Figure 4.3 EODFR activated PIF7 control leaf cell division. A Comparison of leaf 

blade area (ANOVA, Tukey’s post hoc test, p < 0.0001, n > 15 blades). B epidermal cell 

number (ANOVA, Tukey’s post hoc test, p < 0.0001, n > 15 blades), C epidermal cell size 

(ANOVA, Tukey’s post hoc test, p = 0.1175; 27 cells per blade, n > 15 blades), D Phenotype 

of Col-0, pif7-1 and pifq. Plants were grown under a light : dark (LD) 12 h : 12 h photoperiod, 

at 22 °C. On the 6th day, the plants were exposed to EODFR treatment, until the 34th day. 

All leaf 3 blades were harvested and measured on the 34th day. A, B, C Error bars 

represent the SEM. The center of the error bars represents the mean values. Different letters 

denote statistically significant differences in leaf blade area, cell number, cell size and cell 

density between different treatments (ANOVA followed by Tukey’s post hoc test).  
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4.4 EODFR induced PIF7 acts upstream of AN3 in shade-repressed leaf growth 

 

My previous results showed that AN3 promotion of cell proliferation is prevented by 

EODFR (Figure 4.3 B-C) and the leaf cellular data of pif7-1 implicates PIF7 as a 

negative regulator of leaf expansion. Thus, I reasoned that PIF7 may negatively 

regulate AN3 to control leaf cell division. Next, to test this hypothesis, I studied the 

genetic interaction between phyB, PIF7 and AN3 under white light control and 

EODFR conditions. 

I generated an an3-4;pif7-1, an3-4;phyB-9 double, and an3-4;pif7-1;phyB-9 triple 

mutants. As expected, compared with the wild type (Col-0), the leaf blades of phyB-9 

were smaller and did not respond to EODFR treatment. Regarding an3-4 mutant, 

under the white light control, the leaf blades of an3-4 were equivalent to the leaf 

blades of phyB-9. While an3-4 responds to EODFR, however, the response is 

smaller than wild-type (Figure 4.4 A). In contrast pif7-1 has a wild type leaf blade 

size and was completely unresponsive to EODFR (Figure 4.4 A).  

 Regarding the comparison of different combinations of mutant leaf blades, the an3-

4;phyB-9 double mutant leaves were equivalent to the EODFR-treated leaves of 

an3-4 single mutant, but they have no response to EODFR treatment (Figure 4.4 A). 

The leaf size of an3-4;pif7-1 double and an3-4;pif7-1;phyB-9 triple mutant was 

equivalent to the control plant of the an3-4 single mutant and has no response to 

EODFR treatment (Figure 4.4 A). This indicates that when phyB is not present, PIF7 

negatively regulates leaf expansion in the an3-4 mutant in response to EODFR. 

Next to identify what cellular process caused the leaf shrinkage or leaf rescue in 

different combination of genetic mutants, I compare epithelial cell number in an3-

4;phyB-9, an3-4;pif7-1 and an3-4;pif7-1;phyB-9 triple mutant leaf blades and found 
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that all tested genotypes in all tested mutant combinations show cell number 

equivalent to an3-4 mutant blade cells (Figure 4.4 B). The leaf cell count data 

indicate that AN3 and phyB act in the same molecular pathway to control leaf cell 

division. 

To establish the genetic relationship between these alleles in control and EODFR, I 

compared the cell size of leaf blades of Col-0, phyB-9, an3-4, an3-4;phyB-9, an3-

4;pif7-1 and an3-4;pif7-1;phyB-9 triple mutant. Consistent with previous results 

(chapter 3), the Col-0 and phyB-9 leaf blades epithelial cell size is not changed in 

response to EODFR treatment, but an3-4 cells were larger in control but reduced 

under EODFR conditions (Figure 4.4 C). The pif7-1 epithelial cell size was 

indistinguishable from Col-0 and phyB-9 under both white light and EODFR 

conditions (Figure 4.4 C). Further, an3-4;phyB-9 double mutant show reduction in 

cell size as compared to an3-4 single mutant in control condition and were 

unresponsive to EODFR conditions (Figure 4.4 C). In contrast, an3-4;pif7-1 double 

mutant and an3-4;pif7-1;phyB-9 triple mutant have the same cell size an3-4 single 

mutant leaves in both white light and EODFR conditions (Figure 4.4 C).  

These results indicate that PIF7 induced by EODFR limits cell expansion caused by 

the inactivation of AN3 mutation (Figure 4.4 D). As AN3 promotes cell proliferation 

and PIF7 inhibits it and genetic analysis shows that an3-4 is epistatic to pif7-1, 

suggesting that PIF7 may operate by negatively regulating AN3 (Figure 4.4 D). 

These genetic analyses revealed a novel AN3-PIF7 and AN3-phyB genetic 

interaction in which an3-4 epistasis over phyB-9, most evident in control conditions 

and an3-4 epistasis over pif7-1, particularly in EODFR. Overall data suggests that 

an3-4 epistasis over pif7-1/phyB-9 which indicates that AN3 is required for the pif7-
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1/phyB-9 mutant phenotypes. Thus, these genetic data suggest that AN3 is 

necessary for the phyB-PIF7 module to control leaf cell division.   
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4.5 PIF7 activated by EODFR directly binds to the AN3 promoter and represses AN3 

expression 

 

As our RNAseq and qPCR show that EODFR reduces AN3 expression and genetic 

data indicate that PIF7 may control AN3, we sought to test if PIF7 controlled AN3 

expression levels. To test this possibility, I used 13-day-old leaf blade tissue to 

quantify the AN3 transcription level in pif7-1 by qRT-PCR. Consistent with RNASeq, 

AN3 expression levels were significantly downregulated (p <0.05) in EODFR treated 

wild type blades compared to control wild type blades (Figure 4.5 A). However, as 

anticipated, the expression of AN3 was not affected in pif7-1 mutant blades in both 

white light and EODFR conditions (Figure 4.5 A), indicating that PIF7 may regulate 

this pathway through AN3 transcriptional inhibition. Similar to other PIFs (Martínez-

García et al., 2000; Moon et al., 2008; Hornitschek et al., 2009; Huang et al., 2018; 

Zhang et al., 2013; Pedmale et al., 2016), a recent study showed that PIF7 also 

favourably target promoters cis-acting DNA regulatory element the (G-box), to 

activate or repress the target gene expression in a range of genes (Kidokoro et al., 

2009; Galvao et al., 2020). I have identified a G-box sequence (5′-CACGTG-3′) at 

the -425 bp site in the 2 kb promoter region of AN3, which opened the possibility that 

PIF7 may bind directly to the AN3 promoter.  

I tested this hypothesis with ChIPqPCR using the 13-d-old leaf blade enriched tissue 

of wild type (Col-0) and PIF7-Flash (35S::PIF7-Flash; 9xMyc-6xHis-3xFlag) plants (Li 

et al., 2012). The PIF7-Flash plants formed longer hypocotyl and smaller leaves 

compared with the wild type, indicating PIF7-Flash tags are functional (Figure 4.5 B). 

Consistent with previous knowledge that PIF7 bind at the G-box (CACGTG) cis-

element (Kidokoro et al., 2009; Galvao et al., 2020), I found that PIF7-Flash is 
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enrichment around the G-box at the promoter region of AN3 (Figure 4.5 E) compared 

with that in wild type control plants (Figure 4.5 C). This enrichment was enhanced in 

EODFR which is known to increase PIF7 activity (Leivar et al., 2020), implying that 

EODFR activated PIF7 represses AN3 expression through the direct association with 

the G-box site on AN3 promoter. The ChIP assay also showed PIF7-Flash 

enrichment at G-box containing promoter regions of the known direct targets, IAA19 

and IAA29, but not in the negative control, a fragment of AN3 CDS region (Figure 4.5 

E) (Peng et al., 2018) (Figure 4.5 C-D). These results confirm that PIF7 binds to the 

G-box site of the AN3 promoter in vivo after EODFR and blocks the transcription of 

AN3, which is consistent with earlier reports that the G-box is the main cis-regulatory 

element that mediates the transcriptional regulation of AN3 in Arabidopsis (Liu et al., 

2020). These observations, together with the AN3 expression data (Figure 4.5 A), 

support the hypothesis that PIF7, activated by EODFR, directly binds to the AN3 

promoter and inhibits AN3 expression to control leaf cell division. 
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Figure 4.5 PIF7 activated by EODFR directly binds to the AN3 promoter and 
represses AN3 expression. (A) AN3 mRNA quantification using quantitative real-time 
PCR (RT-qPCR) of wild type (Col-0) and pif7-1 mutant plants grown under LDs at 22 °C in 
100 µmoles/m2/s light conditions. On day 13, plants were either shifted to EODFR or kept in 
100 µmoles/m2/s white light condition. L3 blades were harvested 13 days after sowing at 
zeitgeber ZT 22-24. (B) 13-day old seedlings of wild type (Col-0), 35S::AN3-GSyellow and 
PIF7-Flash grown under LDs at 22 °C in 100 µmoles/m2/s light conditions. (C) The wild type 
(Col-0), 35S::AN3-GSyellow and PIF7-Flash leaf enriched tissues were incubated with ChIP 
anti-myc antibody and precipitated by ChIP protein A beads. The enrichment of fragments 
was determined by qPCR. The wild type (Col-0) plants acted as a control. The AN3 CDS 
promoter was used as a negative control. IAA19 and IAA29 were used as positive control for 
PIF7-Flash. E. The schematic diagram of AN3 promoter containing a typical G-box (5′-
CACGTG-3′) sequence in P1 fragment. P1-P4 represent DNA fragments used for ChIP-
qPCR analysis. The PP2A gene was used for normalization for gene expression analysis. 
Error bars represent standard deviation of three biological and three technical replicates. 
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4.6 EODFR activated PIF7 controls the expression of AN3 target genes  

 

Our RNAseq data shows that EODFR inhibits GRF1, GRF2, GRF4, E2FA, CDC6, 

CDC45, DEL1, CYCB1;1, and CYCD3;3 expression, and that the expression of 

these genes was constitutively low in an3-4 blades and less or unresponsive to 

EODFR (Figure 3.5.1 E & 4.2). I reasoned that if PIF7 controls leaf cell division by 

inhibiting AN3 transcription, then I would expect that PIF7 will also control the gene 

expression of AN3 regulated genes (GRF1, GRF2, GRF4, E2FA, CDC6, CDC45, 

DEL1, CYCB1;1, and CYCD3;3). To test this possibility, I quantified the transcript 

levels of these genes using the 13-day old leaf blade tissues of Col-0 and pif7-1 

grown in white light and treated with EODFR light and collected at zeitgeber (ZT24) 

on day 13 (Figure 4.6). As anticipated the quantitative reverse transcriptase (RT)-

PCR assay showed that for each of the AN3 regulated genes (GRF1, GRF2, GRF4, 

E2FA, CDC6, CDC45, DEL1, CYCB1;1, and CYCD3;3) pif7-1 completely abolished 

the EODFR repression response. The loss of the function of PIF7 rescues the 

expression of AN3 regulated genes suppressed by EODFR, thus suggesting a 

possibility that PIF7 functions upstream of AN3 and the genes activated by AN3 in 

leaf development. 
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Figure 4.6 PIF7 activated by EODFR also regulate AN3 target genes (A) GRF1, 
GRF2, GRF4, E2FA, CDC6, CDC45, DEL1, CYCB1;1, and CYCD3;3 messenger RNA 
(mRNA) level using quantitative reverse transcription (RT-qPCR) after the shift from white 
light to EODFR in Col-0 and pif7-1. Seedlings were grown for 13 days under a light : dark 
(LD) 12 h : 12 h photoperiod, at 22 °C. On day 13, seedlings were either shifted to EODFR 
treatment or kept in the white light control condition. L3 blades were harvested 13 days after 
sowing at zeitgeber (ZT) 24. The transcript levels were calculated relative to those of PP2A. 
Error bars represent the s.d. of three biological replicates. The center of the error bars 
represents the mean values.  (*p < 0.05, **p < 0.01 and ***p < 0.001 , Student’s t-test). 
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4.7 35S::AN3-GSyellow line is unable to block EODFR response  

Next, I tested whether PIF7 functions solely by regulating AN3 expression by analysing a 

35S::AN3-GSyellow line (subsequently referred to as AN3-GSyellow, (Besbrugge et al., 2018). 

Consistent with published data I found that the AN3-GSyellow line had elevated AN3 

expression and a moderately increased leaf blade area in control conditions. 

To test this hypothesis, I grew wild-type (Col-0) and 35S::AN3-GSyellow line in 

standard 12:12 light/dark cycle with or without an end-of-day (EODFR) treatment (as 

shown in chapter 3 Figure 3.2A). The fully expanded third leaf area was measured 

and the data showed that the leaf blade area of EODFR treated plants was reduced 

by half compared with wild type plants (Figure 4.7 A). While, consistent with 

published reports, compared with wild-type, the 35S::AN3-GSyellow line under the 

control conditions showed a 16% increase in leaf blade area. However, compared 

with the white light control 35S: AN3-GSyellow plants, the 35S::AN3-GSyellow line 

showed a wild-type reduction in leaf blade area under EODFR treatment (Figure 4.7 

A). These results suggests that higher transcript levels of AN3 do not prevent 

EODFR leaf response. These results ruled out the hypothesis that PIF7 controls leaf 

size solely by regulating AN3 transcription. This suggests that PIF7 may also control 

AN3 through an alternative post-transcriptional mechanism that regulates leaf cell 

division.  

To ruled out that whether transcription levels of AN3 in 35S::AN3-GSyellow plants are 

affected by EODFR treatment?.  I quantified the transcript levels of AN3 using the 

13-day old leaf blade tissues Col-0 and 35S::AN3-GSyellow grown for 13 days under a 

light : dark (LD) 12 h : 12 h photoperiod, at 22 °C. On day 13, seedlings were either 

shifted to EODFR treatment or kept in control white light condition. 
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Consistent with leaf size data, the quantitative reverse transcriptase (RT)-PCR 

analysis showed that 35S::AN3-Gyellow plants had higher AN3 transcription levels in 

white light control conditions and were unresponsive to EODFR. Whilst Col-0 plants 

showed a wild type AN3 expression response to EODFR (Figure 4.7 B).  

Next, as EODFR prevents the action of AN3, I reasoned if AN3 control leaf blade 

area by positively regulating target genes, then I expect that in 35S:AN3-Gyellow 

plants treated with EODFR, the transcription level of the target genes regulated by 

AN3 should be reduced. As expected, 35S::AN3-GSyellow showed substantial higher 

levels of target genes (GRF1, GRF4, GRF5 and GRF6) under control conditions 

compared to wild-type (Col-0) control plants (Figure 4.7 B). Under EODFR 

conditions, the transcription levels of AN3 target genes (GRF1, GRF4, GRF5 and 

GRF6) in wild-type (Col-0) and 35S::AN3-GSyellow lines were significantly down-

regulated (Figure 4.7 B), indicating that AN3 is required for normal transcription of 

GRF in leaf development. Taken together, leaf size and (RT)-PCR analysis of AN3 

and its target genes using 35S::AN3-GSyellow plants support a role for EODFR 

activated PIF7 to control leaf cell number by regulating AN3 at transcriptional and 

post-transcriptional levels.  
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Figure 4.7.1 35S::AN3-GSyellow line is unable to block EODFR response.  

A Comparison of leaf blade area (ANOVA, Tukey’s post hoc test, p < 0.0001, n = 20 blades). 

Error bars represent the SEM. The center of the error bars represents the mean values. 

Different letters denote statistically significant differences in leaf blade area between 

genotypes and different treatments (ANOVA followed by Tukey’s post hoc test). B AN3, 

GRF1, GRF4, GRF5, and GRF6 messenger RNA (mRNA) level using quantitative reverse 

transcription (RT-qPCR) after the shift from white light to EODFR in Col-0 and 35S::AN3-

GSyellow. The transcript levels were calculated relative to those of PP2A. Error bars represent 

the s.d. of three biological replicates. The center of the error bars represents the mean 

values.  (*p < 0.05, **p < 0.01 and ***p < 0.001 , Student’s t-test). 
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4.8 PIF7 prevents AN3 from binding to self-regulatory promoters elements 

 

Published data shows that AN3 can regulate itself by directly associating with its own 

promoter (called a self-regulatory motif (gaga motif in 5’ UTR and a 5-CATGTT-3 

region in AN3 promoter) (Vercruyssen et al., 2014; Meng et al., 2018). So, I 

reasoned that PIF7 may be complexing with AN3 and blocking the action of AN3, 

which in turn blocks the expression of AN3 and targets of AN3. As it has not been 

shown or reported that PIF7 can bind to these regulatory factors, I consider that this 

is an excellent system for studying whether PIF7 induced by EODFR can disrupt 

AN3 binding.  

To test this hypothesis, I first checked the 35S::AN3-GSyellow binding on the self-

regulatory elements of AN3 to verify the earlier reports and found that under white 

light control condition, the 35S::AN3-GSyellow protein was significantly enriched on P2 

(GAGA motif, Figure 4.8) present in 5 UTR (untranslated region) (Meng et al., 2018), 

and at the P3 (CATGTT, Figure 4.8) in the 2 kb promoter region of AN3 (Vercruyssen 

et al., 2014). However, 35S::AN3-GSyellow protein binding was abolished after 

EODFR but we did not find PIF7-Flash binding on these self-regulatory elements in 

both white light and EODFR conditions (Figure 4.8 A-E). These results are 

consistent with leaf size and (RT)-PCR analysis, indicating that PIF7 may blocks 

AN3 association with target promoters during leaf development after EODFR 

treatment. 
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Figure 4.8 PIF7 activated by EODFR directly binds to the AN3 promoter and 
represses AN3 expression. (A) The wild type (Col-0), 35S::AN3-GSyellow and PIF7-
Flash leaf enriched tissues were incubated with ChIP anti-myc antibody and 
precipitated by ChIP protein A beads. The enrichment of fragments was determined 
by qPCR. The wild type (Col-0) plants acted as a control. (B) The schematic diagram 
of AN3 promoter containing a CATGTT sequence in P3 fragment. (C). The 
schematic diagram of AN3 promoter containing a GAGA sequence in P2 fragment. 
(D) IAA19 and IAA29 were used as positive control for PIF7-Flash. (E) The AN3 
CDS promoter was used as a negative control. P2-P4 represent DNA fragments 
used for ChIP-qPCR analysis. Error bars represent standard deviation of three 
biological and three technical replicates. The center of the error bars represents the 
mean values.  (*p < 0.05, **p < 0.01 and ***p < 0.001 , Student’s t-test). 
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4.9 Discussion 

 

So far, PIFs have been shown as principal regulators of shade-induced gene 

expression and shade induced growth promoters (Galvao and Fankhauser, 2015; 

Goyal et al., 2016; Yang et al., 2016; Xie et al., 2017). While, among all PIFs, the 

PIF7 has become a prominent player in regulating SAS mediated growth responses 

(Li et al., 2012; Mizuno et al., 2015; Peng et al., 2018; Jiang et al., 2019; Galvao et 

al., 2019; Lievar et al., 2020; Zhang et al., 2020). Previously PIF7 has been shown to 

participate in transcriptional activation of key SAS genes including YUC8, YUC9, 

IAA19, IAA29, ATHB2 and PRE1 and positively regulate hypocotyl and petiole 

growth (de Wit et al., 2015; Mizuno et al., 2015; Peng et al., 2018). Further, PIF7 can 

directly interact with MORF RELATED GENE 2 (MRG2), to promote histone 

acetylation and the expression of YUC8, IAA19 and PRE1 (Mizuno et al., 2015; 

Peng et al., 2018). In this study, I have shown PIF7 acts as a transcriptional 

repressor, as it does in the regulation of the DRE-Binding1 C-repeat binding factor 

(DREB1C) (Kidokoro et al., 2009). Consistent with the published reports (Lee et al., 

2009; Vercruyssen et al., 2014), our cellular and transcript analysis of leaf blade 

showed that AN3 is a principal driver of leaf cell division by regulating a wide range 

of downstream cell cycle genes (Figure 4.2).  

 It is well established that EODFR inactivates the photo-activated photoreceptor 

phyB and triggers the dephosphorylation of PIF7 and increases its activity (Mizuno et 

al., 2015; Lievar et al., 2020). Therefore, I reasoned to test whether PIF7 is required 

to control leaf cell division? As anticipated pif7-1 completely lacked the EODFR 

reduction of epithelial cell number and leaf blade area, but the pifq mutant had 

significantly reduced epithelial cell number and leaf blade area in response to 
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EODFR (Figure 4.3). These findings are consistent with the recently published study 

in which authors reported that EOD-FR-treated wild type (Col-0), pifq, 35S::PIF3-OE 

and 35S::PIF1-OE plants all had significantly reduced leaf blade area (Xie et al., 

2017). Consistent with published results (Mizuno et al., 2015; Xie et al., 2017; Lievar 

et al., 2020), these findings suggest a minor role of PIF1, PIF3, PIF4 and PIF5 (PIFq) 

in EODFR regulation of leaf expansion and support the role of PIF7 as a master 

negative regulator of leaf cell division in response to EODFR.  

As I have shown that AN3 promotion of cell proliferation is prevented by EODFR 

(Figure 4.4), the leaf cell count data implicate EODFR induced PIF7 as a negative 

regulator of leaf expansion. Thus, I reasoned that PIF7 may negatively regulate AN3 

to control leaf cell division. The confirmatory evidence came from the genetic 

analysis of the pif7-1;an3-4 double mutant (Figure 4.4), and the results show that 

complete an3-4 epistasis over pif7-1 under EODFR, indicating that PIF7 likely 

regulates leaf cell division by repressing AN3 action. 

Further, the genetic and cellular analysis of the pif7-1;an3-4, an3-4;phyB-9 double 

and pif7-1;an3-4;phyB-9 triple mutants showed that an3-4 mutant cell size expansion 

phenotype is suppressed by EODFR in a pif7-1 dependent manner (Figure 4.4). It is 

worth noting that concurring with previously published reports (Horiguchi et al., 2005; 

Kawade et al., 2013), I also observed an increase in cell size in an3-4 plants but 

showed that this response is suppressed by EODFR when PIF7 is present (Figure 

4.4). This appears to be a PIF7 dependent compensatory mechanism to prevent leaf 

growth through cell expansion that would otherwise occur when AN3 is deactivated.     
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Thus, these data provide an interesting additional layer of information that can help 

to understand how cell division and cell expansion process are coupled to control 

leaf blade size in response to light. 

As EODFR and leads to a significant decrease in AN3 expression and reduces the 

leaf cell number, this suggested that PIF7 may inhibit AN3 expression. Indeed, I 

observed that pif7-1 leaf blades show a wild type AN3 transcript levels in control 

condition and did not respond to EODFR (Figure 4.5). As anticipated and consistent 

with the published results that PIF7 can act as a transcriptional repressor (Kidokoro 

et al., 2009), my ChIP assay demonstrated that PIF7 can directly associate to the G-

box site of the AN3 promoter in vivo after EODFR and block the transcription of AN3 

(Figure 4.5). Further support for this hypothesis comes from a more recent study 

showing that G-box is the main regulatory element to drive the AN3 expression in 

Arabidopsis (Liu et al., 2020). 

As AN3 is required for the transcriptional promotion of key leaf cell cycle genes and 

PIF7 is a principal regulator of leaf cell proliferation in EODFR (Figure 4.6), then I 

would expect that PIF7 will also be required for EODFR suppression of AN3 target 

genes. This is indeed what I observe, as for each of the AN3 regulated genes 

(GRF1, GRF2, GRF4, E2FA, CDC6, CDC45, DEL1, CYCB1;1, and CYCD3;3) pif7-1 

completely abolished the EODFR repression response (Figure 4.6), suggesting that 

PIF7 and AN3 likely be operating in the same phyB-dependent molecular pathway to 

regulate leaf cell proliferation.  

I asked that if PIF7 controls leaf cell proliferation only through the transcriptional 

repression of AN3, then AN3ox should block, or at least reduce the impact of 

EODFR. I found AN3ox plants displayed a wild-type EODFR response (Figure 4.7), 
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rejecting this hypothesis and suggesting that PIF7 may also control AN3 through an 

alternative, post transcriptional mechanism. Additionally, (RT)-PCR analysis of AN3 

and its target genes (Figure 4.7) using 35S::AN3-GSyellow plants support a role for 

EODFR activated PIF7 to control leaf cell number by regulating AN3 at 

transcriptional and post-transcriptional levels. 

Next, to determine whether PIF7 blocked the action of AN3 in developing leaves 

through sequestration, I exploited the property of AN3 to bind to its own promoter 

through its known binding motifs (GAGA in 5’ UTR, and CATGTT) that PIF7 is not 

expected to bind (Vercruyssen et al., 2014; Meng et al., 2018). The sequestration 

mechanism is very common in bHLH TFs in which bHLH TF can bind to and block 

the activity of other TFs (Hornitschek et al., 2009; Hao et al., 2012; Zhu et al., 2016).  

This is indeed I observed that 35S::AN3-GSyellow protein was enriched at these 

promoter regions in control but not in EODFR (Figure 4.8). While PIF7-Flash did not 

locate to AN3 known self-regulatory GAGA motif and 5-CATGTT-3 promoter regions 

in control or in EODFR (Figure 4.8). Thus, data suggest that EODFR activated PIF7 

may interfere with AN3 binding to its own promoter through a possible sequestration 

mechanism. In conclusion, these set of analyses indicated that EODFR deactivation 

of phyB, leads to PIF7 suppression of AN3 at the transcriptional and post-

transcriptional level.  
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Chapter 5 - EODFR Activated PIF7 Limits the Leaf 

Expansion by Inactivating AN3 and Blocking Downstream 

Signalling 

 

5.1 Introduction 

It is well established that in response to end of day far-red light treatment (EODFR) 

the photoreceptor phyB is inactivated which alleviates the inhibition of PIF7 a bHLH 

transcription factor, which regulates downstream signalling pathways, resulting in the 

suppression of phyB-mediated plant growth and development (Leivar et al., 2020). 

PIFs can bind to G-boxes and PBE-boxes in the promoters of many shade-regulated 

genes and promote the shade avoidance syndrome (SAS) downstream pathway in 

Arabidopsis thaliana (Li et al., 2012; Hornitschek et al., 2012; Pantazopoulou et al., 

2017; Michaud et al., 2017; Peng et al. 2018; Galvao et al., 2019; Zhang et al., 2019; 

Leivar et al., 2020; Pantazopoulou et al., 2020). Since the discovery of bHLH protein 

function in the late 1980s, our understanding of the function of bHLH transcription 

factors has made tremendous progress, but our understanding of their role is still 

evolving (Buti et al., 2020). PIFs induce rapid changes in gene expression in 

response to environmental cues, and control plant growth and development (Li et al., 

2012; Muzino et al., 2015). Although EODFR induces the rapid transcription of PIF4 

and PIF5, they play a secondary role in the regulation of SAS-mediated growth 

response during the circadian photoperiod, indicating that the transcript takes more 

time to be translated into active protein (Muzino et al., 2015). In contrast, PIF7 

transcripts have no EODFR response at all, but are immediately activated by 



CHAPTER 5 PIF7 BLOCKS AN3 DOWNSTREAM SIGNALLING 

99 
 

EODFR, which enables PIF7 to control the expression of growth-related genes at 

night (Muzino et al., 2015; Leivar et al., 2020). 

Immediate activation of PIF7 by EODFR treatment, enables PIF7 to act as a master 

regulator of SAS signalling in circadian light-dark cycle (Muzino et al., 2015; Leivar et 

al., 2020). The mechanism by which PIF relays phytochrome signals and regulates 

downstream transcriptional networks to promote hypocotyl elongation growth is 

relatively well understood (Muzino et al., 2015; Lorrain et al, 2008; Li et al, 2012; de 

Wit et al, 2016; Zhang et al., 2019; Leivar et al., 2020; Pantazopoulou et al., 2020). 

However, little is known how PIFs regulate leaf growth (Xie et al., 2017). It has been 

shown that PIFs can interact directly with several other proteins and form 

homodimers or heterodimers which enhance or inhibit their DNA-binding activity in a 

phyB-dependent manner (de Lucas et al., 2008; Feng et al., 2008; Lorrain et al., 

2008; Oh et al., 2012; Hao et al., 2012; Shi et al., 2013; Toledo-Ortiz et al., 2014; 

Zhu et al., 2016; Pham et al., 2018).  

My qRT-PCR data (Chapter 4; Figures 4.2 and 4.6) reveals that PIF7 and AN3 

antagonistically control the expression of EODFR regulated genes involved in leaf 

cell division. In addition to the extensive transcriptional regulation of AN3 and its 

target genes, my data also show that PIF7 may control AN3 at the post-

transcriptional level. 

In this chapter, I studied how PIF7 and AN3 can antagonistically control the 

expression of many genes involved in leaf cell division. My ChIP assays 

demonstrated that by directly targeting a common promoter cis-element (G-box or 

PBE-box), PIF7 and AN3 oppositely control leaf expansion by regulating the 

expression of the same target genes involved in the leaf cell division. These results 
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support the hypothesis that a strong suppression of AN3 by the EODFR-enhanced 

PIF7 activity is responsible for the lack of leaf expansion under EODFR condition. 

These results were supported by ChIP that loss of PIF7 function restored the 

35S::AN3-GSyellow protein enrichment on the target gene promoters and rescued the 

35S::AN3-GSyellow leaf expansion phenotype, suggesting that PIF7 supresses the 

expression of AN3 and its target genes through the sequestering and substitution of 

AN3 on target gene promoters. Indeed, my Co-IP showed PIF7 and AN3 interact, 

and western blot analyses showed AN3 more abundant in EODFR conditions.  

Further, the leaf phenotype analysis of single 35S::PIF7-Flash and double 

overexpressor 35S::PIF7-Flash; 35S::AN3-GSyellow plants shows that 35S::PIF7-

Flash; 35S::AN3-GSyellow leaf blades were smaller than wild type control plants and 

further reduced in response to EODFR, further supporting the genetic interaction 

between PIF7 and AN3. All this suggests that, in addition to changes in gene 

expression, a higher PIF7 activity in EODFR conditions could result 

post‐translational regulation of AN3. These results were consistent with PIF7 

functioning as a suppressor of AN3. 

 These experiments reveal a novel molecular mechanism that enables plants to 

adapt leaf growth to changes in the external light environment through modulating 

PIF7 and AN3, which compete to regulate key leaf expansion genes. 

5.2 EODFR induced PIF7 antagonises AN3 by directly binding to G-boxes and PBE-

boxes in the promoters of many AN3-regulated genes 

 

My in vivo ChIP assays show that EODFR prevents 35S::AN3-GSyellow binding to its 

self-regulatory elements and support the hypothesis that PIF7 may interfere with 
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AN3 binding activity through a possible sequestering mechanism. Similarly, my RT-

PCR results of pif7-1 also show that EODFR repression of AN3 target gene 

expression is relieved by the loss of function mutation in PIF7 (chapter4; Figure 4.6), 

suggesting sequestering mechanism in which PIF7 may sequester AN3 and replace 

AN3 at the same G-box or PBE-box motifs of a common set of genes. 

Interestingly, tandem chromatin affinity purification sequencing (TChAP-seq) and 

chromatin immunoprecipitation purification sequencing (ChIP-seq) (Vercruyssen et 

al., 2014; Yang et al., 202) identified the substantial overlapped downstream targets 

of AN3 and PIF7, again supporting a role for PIF7 and AN3 to antagonistically 

control leaf cell division through binding simultaneously to the promoters of common 

target genes.  

Notably, analysis of the peak locations of AN3 from previously published chromatin 

immunoprecipitation-sequencing (ChIP-seq) data revealed the presence of high-

confidence AN3 binding peaks in gene promoter regions containing GAGA, PBE-box 

and G-box motifs (Vercruyssen et al., 2014). Taken together, ChIP sequencing data 

indicates that AN3 and PIF7 may directly bind to the G-box or PBE-box on the 

promoter of the target genes to either induce or inhibit their expression.  

To test this hypothesis, I first analyzed the cis-elements of the putative promoters 

(~2 kb upstream promoter sequence) of all target genes of interest include GRF1, 

GRF2, GRF4, E2FA, DEL1, CYCB1; 1, CYCD3; 3, and CDC45 for AN3 and PIF7-

binding sites. One or multiple typical putative G-Box or PBE-box binding sites were 

found in all target gene promoters (http://plantpan.itps.ncku.edu.tw/), raising the 

possibility that EODFR may redirect the transcriptional control from AN3 to PIF7 by 
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allowing PIF7 to prevent AN3 from binding to target gene promoters and directly 

occupy the promoters of genes required for leaf cell division.  

My qRT-PCR assays demonstrated that when phyB is active, transcript abundance 

of GRF1, GRF2, GRF4, E2FA, DEL1, CYCB1; 1, CYCD3; 3, and CDC45 is 

promoted by AN3, but following phyB deactivation by EODFR, PIF7 represses the 

transcription of these genes through directly repressing AN3 expression. I next 

asked the question that whether PIF7 and AN3 bind the same region of DNA on 

target gene promoters.  

Thus, to determine whether AN3 and PIF7 could directly bind and control the 

transcription of target cell cycle genes, I performed chromatin immunoprecipitation-

quantitative PCR (ChIP qPCR) assays using 13day-old leaf blade enriched tissue of 

wild type (Col-0), 35S::AN3-GSyellow (Besbrugge et al., 2018) and PIF7-Flash (9xMyc-

6xHis-3xFlag, 35S::PIF7-Flash) plants (Li et al., 2012). The PIF7-Flash plants 

formed longer hypocotyl and smaller leaves compared with the wild type, indicating 

PIF7-Flash tags are functional (Figure 4.5), while the 35::AN3-GSyellow plants formed 

large leaves compared with the wild type (Col-0), indicating 35::AN3-GSyellow is 

functional (Figure 4.5).  

Figure 5.2 A 35::AN3-GSyellow shows statistically significant enrichment (p-values < 

0.05) at G-box or PBE-box promoter regions for GRF1, GRF2, GRF4, E2FA, DEL1, 

CYCB1; 1, CYCD3; 3, and CDC45 in the control, but not in EODFR conditions. In 

contrast, 35S::PIF7-Flash was more statistically enriched in control conditions (p-

values < 0.0001) at the same G-box or PBE-box containing promoter regions and the 

enrichment was significantly enhanced in EODFR (Figure 5.2 B). As shown in Figure 

5.2 C the 35::AN3-GSyellow was enriched in the GAGA motif of its own promoter  but 
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no enrichment was detected with primers in the coding regions of AN3 CDS, used as 

positive control and negative control, respectively. Similarly, 35S::PIF7-Flash was 

enriched at the G-box promoter site of IAA29 when precipitated with anti-myc 

antibody, but no enrichment was detected for 35S::PIF7-Flash with no antibody 

(Figure 5.2 C). These results verified the in vivo binding of PIF7 and AN3 and 

confirmed the ChIP-sequencing and TChAP-seq analysis that PIF7 and AN3 both 

can directly target G-box and PBE-box regions of genes to control their gene 

expression levels (Vercruyssen et al., 2014; Galvao et al., 2019; Yang et al., 2021). 

Furthermore, the ChIP-PCR assay findings were consistent with hypothesis that 

EODFR can redirect the transcriptional control from AN3 to PIF7 by allowing PIF7 to 

prevents AN3 from binding to target gene promoters and directly occupy the 

promoters of genes required for leaf cell division.  

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 PIF7 BLOCKS AN3 DOWNSTREAM SIGNALLING 

104 
 

 

 
Figure 5.2 EODFR Induced PIF7 Antagonises AN3 by Directly Binding to G-
boxes and PBE-boxes of Target Genes. (A) The enrichment of 35S::AN3-GSyellow on 
target genes (B) The enrichment of 35S::PIF7-Flash on target genes (C) The AN3 CDS 
promoter was used as a negative control and gaga motif as positive control for 35S::AN3-
GSyellow. IAA29 G-box promoter site were used as positive control and No. ab samples were 
used as negative control for 35S:PIF7-Flash. The wild type (Col-0), 35S::AN3-GSyellow and 
35S::PIF7-Flash leaf enriched tissues were incubated with ChIP anti-GFP and anti-myc 
antibodies, respectively, and precipitated by ChIP protein A beads. The enrichment of 
fragments was determined by qPCR. The wild type (Col-0) plants acted as a control. Error 
bars represent the s.d. of three biological replicates. The center of the error bars represents 
the mean values.  (*p < 0.05, **p < 0.01 and ***p < 0.001, Student’s t-test). 
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5.3 Loss of function of PIF7 restores the AN3 protein enrichment on target gene 

promoters  

 

My ChIP data showed that EODFR prevents AN3 from binding to its own promoter 

on self-regulatory elements and the promoters of its target genes (Chapter 4; Figure 

4.8) and suggests that PIF7 can sequester AN3 and substitute promoter occupancy 

to fully suppress the AN3 action in leaf development. I hypothesised that if this is 

true, then we could expect to observe 35S::AN3-GSyellow protein enrichment on the 

AN3 target gene promoters in pif7-1;35S::AN3-GSyellow transgenic plants in pif7-1 

mutant background. To test this hypothesis, I generated a pif7-1;35S::AN3-GSyellow 

Arabidopsis line and examined the possibility of enrichment by using the ChIP-PCR 

assay that used primers that anneal to the G-box or PBE-box recognition motifs of 

GRF1, GRF2, GRF4, E2FA, DEL1, CYCB1; 1, CYCD3;3, and CDC45 and coding 

regions in AN3 CDS and GAGA motif was performed to detect the DNA-binding 

ability of AN3 in both white light and EODFR conditions. The G-box and PBE-box 

regions of target gene promoters were significantly enriched in the chromatin 

fractions from 35S::AN3-GSyellow plants in both white light and EODFR conditions 

compared with wild type (Col-0) plants (Figure 5.3 A). As shown in Figure 5.3 B the 

35S::AN3-GSyellow was enriched in GAGA motif but no enrichment was detected with 

primers in the coding regions of AN3 CDS, used as positive control and negative 

control, respectively. AN3 binds to target promoters in the absence of PIF7, 

suggesting that PIF7 is required to suppress AN3 activity by a possible sequestering-

substitution mechanism. 
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Figure 5.3 Loss of Function of PIF7 Restores the AN3 Protein Enrichment on 
Target Gene Promoters. (A) The enrichment of pif7-1;35S::AN3-GSyellow on target genes 
(B) The AN3 CDS promoter was used as a negative control and  the GAGA motif as positive 
control for pif7-1;35S::AN3-GSyellow . The wild type (Col-0) and pif7-1;35S::AN3-GSyellow leaf 
enriched tissues were incubated with ChIP anti-GFP anti-body and precipitated by ChIP 
protein A beads. The enrichment of fragments was determined by qPCR. The wild type (Col-
0) plants acted as a control. Error bars represent the s.d. of three biological replicates. The 
center of the error bars represents the mean values.  (*p < 0.05, **p < 0.01 and ***p < 0.001, 
Student’s t-test). 
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5.4 Loss of function of PIF7 restores the 35S::AN3-GSyellow  leaf phenotype after 

EODFR  

 

To examine the biological functionality of the pif7-1;35S::AN3-GSyellow  transgenic 

line and validate the ChIP results, I hypothesised that if PIF7 controls leaf cell 

number through blocking AN3 from complexing with target genes, so the restoration 

of AN3 protein enrichment on target gene promoters in the absence of PIF7 should 

block the EODFR response and rescue the 35S::AN3-GSyellow control leaf blade 

phrnotype. To test this hypothesis, I grew wild-type Columbia-0 (Col-0) and pif7-

1;35S::AN3-GSyellow transgenic plants in pif7-1 mutant background in standard 12:12 

light/dark cycle with or without an end-of-day (EODFR) treatment (as shown in 

chapter 3 Figure 3.2A). The fully expanded third leaf area was measured, and as 

anticipated the data showed that the leaf blade area of EODFR treated wild type 

plants and 35S::AN3-GSyellow was reduced by 50% compared with their controls 

(Figure 5.4 A). In contrast, the pif7-1;35S::AN3-GSyellow  transgenic plants exhibit 

35S::AN3-GSyellow control leaf blade area in both white light and EODFR conditions. 

These results were consistent with ChIP findings and supported the hypothesis that 

PIF7 is required to suppress AN3 action during leaf development. Taken together, 

PIF7 and AN3 are positive and negative regulators of leaf cell division, respectively, 

and the transcript abundance of AN3 and its target genes decreases upon EODFR-

mediated PIF7 activity. 

 

 

 



CHAPTER 5 PIF7 BLOCKS AN3 DOWNSTREAM SIGNALLING 

108 
 

 

 

 

C
ol
-0

 

C
ol
-0

 

35
S
:A

N
3-

G
S
ye

llo
w

35
S
:A

N
3-

G
S
ye

llo
w

35
S
:A

N
3-

G
S
ye

llo
w /p

if7
-1

35
S
:A

N
3-

G
S
ye

llo
w /p

if7
-1

0

40

80

120

160

200

Blade area

S
iz

e
 (

m
m

2
)

WL

EODFR

n= 13      13         13      11        11         17

B

A A A

D

C

 

 
Figure 5.4 Loss of Function of PIF7 Restores the 35S::AN3-GSyellow -mediated 
Leaf Expansion Phenotype After EODFR (A) Quantification of leaf blades of wild type 
(Col-0), 35S::AN3-GSyellow and pif7-1;35S::AN3-GSyellow plants grown under LDs at 22 °C in 
100 µmoles/m2/s light conditions. On day 6, plants were either shifted to EODFR or kept in 
100 µmoles/m2/s white light condition. Leaf 3 blades were harvested 36 days after sowing. 
Error bars represent standard deviation of biological replicates n=12. Means were compared 
by one-way ANOVA followed by Tukey’s multiple comparisons test. Means that do not share 
a letter are significantly different. Significance level α= 0.05. WL = white light, EODFR = end 
of day far red. 
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5.5. PIF7-OX supresses 35S::AN3-GSyellow leaf blade phenotype  

 

In chapter 4, I discovered through analysis of both leaf morphology and genetic 

assay that AN3-PIF7 has a genetic interaction in which an3-4 epistatic to pif7-1, 

particularly in EODFR. Furthermore, ChIP assays show that PIF7 can inhibit AN3 

action in leaf development through a possible sequestering-substation mechanism 

(Figure 4.8). Although I have not tested the expression of AN3 regulatory genes in 

35S::PIF7-Flash plants, ChIP analysis of 35S::PIF7-Flash show PIF7 protein 

enrichment on AN3 target promoters and this enrichment was enhanced after 

EODFR. This suggests that 35S::PIF7-Flash plants should produce smaller blades 

and mask the 35S::AN3-GSyellow leaf expansion phenotype, and the blades should be 

further reduced after EODFR.  

To investigate the possible functional relationship between PIF7 and AN3 in 

regulating the leaf expansion, I crossed 35S::AN3-GSyellow and 35S::PIF7-Flash 

transgenic lines and obtained the 35S::PIF7-Flash;35S::AN3-GSyellow double 

overexpressor Arabidopsis line, in which the PIF7 and AN3 genes are expressed 

under the control of the 35S promoter. To explore whether the double overexpressor 

35S::PIF7-Flash; 35S::AN3-GSyellow has leaf blade phenotypes related to the 

overexpression of each 35S::AN3-GSyellow and 35S::PIF7-Flash, I measured the leaf 

blade sizes of these transgenic plants. I then compared the leaf blades of 35S::PIF7-

Flash, 35S::AN3-GSyellow and 35S::PIF7-Flash; 35S::AN3-GSyellow double-

overexpression line with wild type (Col-0), grown in standard experimental growth 

conditions (shown in chapter 3 Figure 3.2 A). Consistent with published results, the 

overexpression of 35S::AN3-GSyellow has slightly larger leaf blade (95 mm2) and both 
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35S::PIF7-Flash single and 35S::PIF7-Flash; 35S::AN3-GSyellow double 

overexpressor plants show smaller leaf blades (Leaf area, 55 mm2, 57 mm2, 

respectively)  as compared to Col-0 control plants (86 mm2), and all the genotype 

leaf blades showed further reduction in leaf blade size in response to EODFR 

treatment (Figure 5.5).  

As anticipated, compared with the control group 35S::PIF7-Flash and 35S::AN3-

GSyellow, the double overexpression line 35S::PIF7-Flash; 35S::AN3-GSyellow masks 

the 35S::AN3-GSyellow leaf expansion phenotype and exhibited the 35S::PIF7-Flash 

leaf blade phenotype in both white light and EODFR conditions, which is consistent 

with the ChIP assays and PIF7 dependent EODFR-repressed gene expression 

analysis (Chapter4; Figure 4.6 & 5.2), thus validating the effectiveness of the 

dominant action of PIF7 over AN3. All the genetic and biochemical analyses indicate 

that EODFR promotes an antagonistic substitution-suppression transcriptional 

module in which PIF7 can evict and substitute AN3 through direct binding to the 

same promoter cis-elements (G-box/PBE-box) of target genes, which in turn 

promotes a dynamic molecular switch from the promotion to the repression of gene 

expression thereby resulting in smaller leaf blades due to fewer cells.  
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Figure 5.5 35S::PIF7-Flash Supresses 35S::AN3-GSyellow Leaf Blade Phenotype 

(A) Quantification of leaf blade area n = 12). (B) Photos of rosettes of representative 34 

D.A.S. old Arabidopsis thaliana Col-0 wild type, 35S::AN3-GSyellow, 35S::PIF7-Flash and 

35S::PIF7-Flash; 35S::AN3-GSyellow overexpressor plants (scale bar 10 mm). (C) 

Comparison of the leaf blade area third leaf between 35S::PIF7-Flash, 35S::AN3-GSyellow, 

35S::PIF7-Flash; 35S::AN3-GSyellow and wild type (Col) plants grown under normal light (WL) 

or simulated shade (EODFR) conditions. Means were compared by one-way ANOVA 

followed by Tukey’s multiple comparisons test. Means that do not share a letter are 

significantly different. Significance level α= 0.05 WL = White Light; EODFR=End of Day Far 

red. 
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5.6 PIF7 and AN3 physically interact in Arabidopsis leaves 

 

To investigated whether there is a biochemical link between these two proteins 

which may be responsible for a sequestering-substitution mechanism. The 

35S::AN3-GSyellow and 35S::PIF7-Flash (9xMyc-6xHis-3xFlag, PIF7ox); 35S::AN3-

GSyellow double overexpressor plants were grown in a 12:12 light and dark 

photoperiod at 22 °C in 100 µmoles/m2/s light conditions. On day 13, plants were 

either transferred to EODFR or kept in the white light condition. Whole seedlings 

were harvested 13 days after sowing at Zeitgeber time (ZT) 24. Extracts from double 

overexpressor 35S::PIF7-Flash (9xMyc-6xHis-3xFlag, PIF7ox); 35S::AN3-GSyellow 

and single overexpressor 35S::AN3-GSyellow were precipitated with anti-myc 

antibody, and a western blot was performed using anti-myc and anti-GFP antibodies 

(Figure 5.6 A).  Co-immunoprecipitation assays confirmed that AN3 precipitated with 

PIF7, and EODFR further enhanced the interaction (Figure 5.6 A), supporting a role 

for PIF7 acting as a negative regulator of AN3 through a sequestering substitution 

mechanism. 35S::AN3-GSyellow plants precipitated with anti-myc antibody were used 

as negative control and did not show AN3 precipitation in either white light or 

EODFR conditions (Figure 5.6 A). Together, these results indicate that PIF7 and 

AN3 can physically interact with each other in vivo under 12:12 photoperiod 

conditions. Ponceau stain was used as internal control (Figure 5.6 C). 

Further, PIF7 and AN3 are co-expressed in the root tissues, supporting a role that 

they may also work together in the leaf tissues (Figure 5.6 D). Taken together, data 

indicate that PIF7 acts directly as a transcriptional repressor of AN3, which itself acts 

intrinsically as a transcriptional activator, and thus that PIF7 and AN3 act 

antagonistically in regulating the expression of their common target genes. 
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Figure 5.6 PIF7 and AN3 Interact and localize in the Nucleus in Arabidopsis. (A) 

The 35S::AN3-GSyellow and 35S::PIF7-Flash; 35S::AN3-GSyellow double overexpressor plants 

were grown under LDs at 22 °C in 100 µmoles/m2/s light conditions. On day 13, plants were 

either shifted to EODFR or kept in 100 µmoles/m2/s white light condition. Whole seedlings 

were harvested 13 days after sowing at zeitgeber ZT 24. Extracts from double overexpressor 

35S::PIF7-Flash; 35S::AN3-GSyellow and single overexpressor 35S::AN3-GSyellow were 

precipitated with anti-myc antibody and western blot was performed using anti-myc and anti-

GFP antibodies. (B) Sample number and their details (C) Poncaeue stain showing an equal 

amount of protein loaded into each well for samples. (D) 35S::PIF7-CFP and 35S::AN3-

GSyellow showing colocalization and co-expressed in the root tissues. 

 1 Input of PIF7oxAN3ox white light  

 2 Input of PIF7oxAN3ox EoD-FR light  

 3 IP of AN3ox white light  

 4 IP of AN3ox EoD-FR light  

 5 IP of PIF7oxAN3ox white light  

 6 IP of PIF7oxAN3ox white light  
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5.7 Discussion 

 

The genetic data provide evidence that several key cell proliferation genes (GRF1, 

GRF2, GRF3, GRF4, GRF5, GRF6, CYCB1;1, CYCD3;3, STZ, CDC45, CDC6, and 

DEL1) are antagonistically regulated by AN3 and PIF7. As the known PIF7 and AN3 

binding G-box/PBE-boxes, were common motifs found in the promoters of all of 

these genes, this suggested PIF7 and AN3 signal convergence at common motifs 

(Vercruyssen et al., 2014; Galvao et al., 2019).  My work in chapter4 indicated that 

PIF7 activation by EODFR leads to displacement of AN3 from regulatory regions on 

its own promoter (Figure 4.8). This means that PIF7 activation can lead to AN3 

removal from common G-boxes/PBE-boxes element in a so-called switching 

mechanism (Figure 5.2). Indeed, Co-IP assay showed a direct physical interaction 

between AN3 and PIF7 and western showed that EODFR increases AN3 abundance 

(Figure 5.6).   

These results are supported by the fact that bHLH TF can sequester and block other 

TFs from binding to DNA (Pham et al., 2018), and PIF7 appears to halt AN3 

regulation using this common mechanism. Furthermore, the binding of AN3, like 

PIFs, to a wide range of G-box and PBE-box containing genes (Vercruyssen et al., 

2014; Galvao et al., 2019) and substantial overlap of downstream targets of AN3 and 

PIF7 (Yang et al., 2021) provide another possibility that AN3 and PIF7 signalling may 

converge at the same common motifs of target genes. 

Indeed, PIF7 was able to bind to the promoters GRFs and cell cycle genes 

previously shown to be AN3 direct targets, and our ChIP qPCR assays show 

EODFR induces switching from AN3 to PIF7 enrichment on the same motifs of target 

promoters. These results indicate that several cell cycle genes repressed by EODFR 
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treatment are dual targets of PIF7 and AN3, and additionally imply that PIF7 has an 

antagonistic effect on the same binding sites targeted by AN3 through regulatory 

mechanism called the sequestering-substitution mechanism. 

Demonstrations of this phenomenon has been observed in HY5(a bZIP transcription 

factor) which functions antagonistically by binding to the same binding sites targeted 

by PIF1/3 and inhibits PIF1/3 binding activity to the DNA target gene promoters 

(Toledo-Ortiz et al., 2014). PIF7 has an activation and repression domain in the N-

terminal and C-terminal region and can function as a transcriptional 

activator/repressor directly targeting the G-box promoter regions of target genes 

(Galvao et al., 2019; Kidokoro et al., 2009). Recently, like other PIFs PIF7 also 

require other co-factors for its full function (Yang et al., 2021). Therefore, switching 

from a transcriptional promotion to repression mechanism could be achieved through 

a competitive interaction switch for AN3/PIF7 with its chromatin remodelling factors. 

For example, PIF7 may substitute AN3 from the chromatin remodelling complex and 

may interact with GRF9 (a negative regulator of cell cycle genes) or other chromatin 

remodellers proteins (PICKLE, a member of the ATPases SWI/SNF chromatin 

remodellers and a negative regulator of photomorphogenesis) and form a 

transcriptional repressor complex and negatively regulate target genes (Jing et al., 

2013; Omidbakhshfard et al., 2018). Notably, AN3 has been shown to competitively 

interact with JANUS to inhibit its Pol II recruitment on PLT1 promoter and 

antagonistically regulate PLT1 transcription in root meristem (Xiong et al., 2020).  

The earliest demonstration of this phenomenon has been reported in Drosophila, in 

which Hes and Hey (two bHLH proteins) can form complexes with other transcription 

factors and chromatin remodellers, which turns these into transcriptional repressors, 
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and these then sequester the activator complexes away from DNA and directly binds 

to the promoters of target genes (Fischer and Gessler. 2007). 

As shown in Figure 5.3, ChIP qPCR assays validated AN3 protein enrichment on 

target promoters in the pif7-1 mutant, indicating that these genes contribute to the 

EODFR mediated suppression of leaf blade development, and that PIF7 is required 

to fully suppress the AN3 activity. As AN3 and PIF7 have opposing action on target 

gene expression, this EODFR-induced substitution mechanism facilitates the on to 

off modulation of gene expression.  

Furthermore, AN3ox leaf phenotype in background of pif7-1 mutant was 

unresponsive to EODFR. These observations suggests that AN3 is biologically 

active and validates the ChIP qPCR results which show the restoration of AN3 

protein on the target gene promoters under EODFR conditions (Figure 5.4). Taken 

together, the biochemical and genetic analysis of AN3ox;pif7-1 transgenic line 

indicates that AN3 activity is dependent on PIF7 in EODFR conditions in promoting 

leaf expansion. 

Although it has been shown that photoactive phyB causes PIF7 retention in the 

cytoplasm (Li et al., 2012), our ChIP qPCR of PIF7-Flash shows PIF7 protein binding 

enrichment in white light, and that the enrichment was further enhanced by EODFR 

conditions, suggesting that PIF7-Flash can supress AN3ox-mediated leaf blade 

phenotype in both conditions. Indeed, I observed that, compared with the parental 

control plants PIF7ox and AN3ox, the double overexpression line PIF7oxAN3ox has 

masks the AN3ox leaf expansion phenotype and produces a leaf blade phenotype 

that is relatively comparable to PIF7ox in both white light and EODFR conditions. 

This further supports the genetic interaction between AN3 and PIF7. In addition, 
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compared with the leaf blades of their single mutant counterparts, the PIF7oxAN3ox 

double overexpression leaf blades were further reduced in response to EODFR, 

which supports the hypothesis that EODFR enhances PIF7 activity and is consistent 

with previously published results (Leivar et al., 2020). These analyses were also 

consistent with the ChIP assays and the PIF7 dependent EODFR-repression of AN3 

target genes (Figure 4.3 & 4.5), validating the PIF7 functioning as a suppressor of 

AN3. 

The data provide the evidence that under SAS conditions, PIF7 curtails AN3 protein 

activity and represses the expression of the wide-ranging AN3 target genes by 

directly binding their promoters and triggers a switch from transcriptional promotion 

to repression through a sequestering substitution mechanism. Taken together, these 

analyses support that PIF7 and AN3 interaction is responsible for the regulation of 

leaf expansion in response to EODFR. 
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Chapter 6 - Discussion  
 

Photoreceptors provide plants with a system that integrates the perception of light, 

notifies the threat of shading from neighbours and coordinates key aspects of their 

growth, metabolism and defence (de Wit et al., 2016; Fernández-Milmanda et al., 

2020). Plants are highly malleable organisms that utilise growth and developmental 

plasticity as their primary strategy to respond to external challenges threatening their 

survival (Favero et al., 2020). Low ratios of red (R) to far red (FR) radiation (R:FR 

ratio) are the primary indicators of nearby vegetation or crowding, which pose a high 

risk of competition for light. These conditions inactivate the photoreceptor phyB and 

other light stable phys and initiate the shade avoidance syndrome (SAS), which 

constitutes a survival strategy that diverts their resources towards escaping the 

shade and reproducing successfully (Fernández-Milmanda et al., 2020). SAS-

activated plants generally show opposite growth responses in leaf blade and leaf 

petiole, such as reduced leaf size and extension of petioles, respectively (Carabelli 

et al., 2007; 2018; Patel et al., 2013; Romanowski et al., 2021).  

Although there is substantial evidence that phytochromes response is distinct in 

different organs, the emphasis of phytochrome research has been limited to study 

the seedling stage. There is substantial evidence of the genetic and molecular 

mechanisms by which phytochrome photoreceptors control petiole and hypocotyl 

growth in Arabidopsis (Kozuka et al., 2010; Michaud et al., 2017; Pantazopoulou et 

al., 2017). However, a distinguishing feature of SAS is the significant reduction in 

leaf size, little is known about the genetic and molecular mechanisms of leaf 

development controlled by phytochrome photoreceptors in plants.   
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This thesis takes leaf 3 (L3) as a representative model and uses SAS-induced end-

of-day far-red (EODFR) treatments to study how phyB controls leaf growth and to 

uncover the genetic and molecular mechanisms through which phyB operates.  

The data presented in Chapters 3-5, demonstrate a novel molecular mechanism in 

which EODFR favours an antagonistic substitution-suppression transcriptional 

module in which PIF7 can sequester and substitute AN3 by direct binding to same 

promoter cis-elements (G-box/PBE-box) of target genes. This represents a dynamic 

light modulated molecular switch from the promotion to the repression of gene 

expression. Leaf size is an important trait of agronomic crops that greatly determines 

the plant fitness and yield (Vercruysse et al., 2020). Following findings presented in 

Chapter 3-5, here I will discuss the key points raised by my data and propose an 

ecological significance of the SAS-induced molecular mechanism in leaf 

development, and that the manipulation of this mechanism may be useful to achieve 

desirable plant architecture and yield. 

6.1 phyB timely action is required for the promotion of leaf cell division  

 

In Chapter 3, I have shown that EODFR treatment delivered daily (light: dark (LD) 

12-h: 12-h photoperiod at 22 °C), from day 6, or phyB-9, are equally effective in 

reducing the cell number, but not the size of both epidermal and palisade cells 

(Figure 3.2). This observation indicates that the phyB null mutant restricts leaf 

expansion by reducing the number of cell divisions. However, our published research 

results show that while early EODFR treatments that inactivate phyB can limit leaf 

size by controlling cell division, later EODFR exposure limits the cell expansion 

phase of leaf growth (Romanowski et al., 2021). In nature, phyB deactivation can 

occur at any stage of the leaf development, therefore, shade exerts alternative 
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growth limitation strategies, depending on when during leaf development shading 

occurs. My results suggest that phyB may control specific time window of leaf cell 

division during leaf 3 development. 

My L3 time course experiment where EODFR was delivered at intervals through 

development showed EODFR exposure during 10-14 (coincides with the main 

proliferation phase) was the most effective leaf cell division-controlled window. As 

expected, I show that the phyB-9 allele, or EODFR delivered daily from day 10-14 

are equally effective in reducing leaf blade area (approximately 45% and 31%, 

respectively) and cell number, but not cell density of both epithelial and palisade 

cells compared with wild type (Figure 3.3 & 3.4). Leaf expansion is a robust process 

because the initiated leaf primordium can reach twice its size in a single day 

(Vanhaeren et al., 2015). As Arabidopsis leaves increase in size at different rates 

until they achieve leaf maturity, and the absolute size of leaves increases the most in 

the middle of their active growth period (Vanhaeren et al., 2015), this reduction in 

leaf blade area during the shorter EODFR exposure from 10-14 days indicates that 

plants grown in the standard LD 12:12 light-dark cycle show their most active cell 

proliferation during this stage, which is constitutively under the phyB action. 

In contrast, the early EODFR time window (from 6-10 days) did not significantly 

reduce leaf cell number, perhaps limits the leaf initiation rate as EODFR treated 

plants show less rosettes leaves as compared to white light control plants (Figure 

4.4). These results suggest that the earliest phytochrome signal strongly regulates 

the stem cell niche, thereby guiding whether the progenitor cells contribute to the 

main stem or differentiate into leaf primordia (Kalve et al., 2014). These observations 

suggest that the early phytochrome signal (day 6-10) regulates the molecular 
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network that control exit from stem cell fate and leaf initiation rate, while later 

EODFR (day 10-14) regulates cell number during leaf 3 development. 

This hypothesis is supported by the fact that phyB null mutant plants and early 

EODFR plants display elongated stems, low leaf initiation rate and produce fewer 

rosette leaves compared with the wild type (Halliday et al., 2003; Figure 6.1). 

Another explanation may be that the early EODFR (day 6-10) signal limits the size of 

the SAM, because the size of the SAM strongly affects the total number of leaves 

formed and has little effect on their final size (Mauseth, 2004). Hence, it would be 

interesting to perform more vigorous kinematic analysis of leaf growth to test the 

plastochronic properties of phyB null mutant and EODFR-treated wild type plants.  

 

6.2 Time-course mRNAseq of leaf 3 identified stage specific cell cycle regulators  

 

In nature, the plant’s phytochrome photoreceptor function during leaf development is 

largely influenced by everchanging surrounding light environment due to the 

proximity of competitors or canopy shade (Molina-Contreras et al., 2019; 

Romanowski et al., accepted). Shade simulation using EODFR leads to the 

upregulation of known SAS gene e.g., ATHB-2, PIL1, IAA19, YUC8 and 1-AMINO-

CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 8 (ACS8) (Kozuka et al., 2010; Li 

et al., 2012; Pantazopoulou et al., 2017) but in general has a broadly repressive 

effect on the leaf blade transcriptome (Romanowski et al., accepted). From our L3 

RNAseq data, I identified 18 key candidate genes with EODFR-altered expression 

during the critical 10-14-day period (chapter3; Figure 3.5.1 E) that can help me to 

describe the molecular link between phyB and leaf cell cycle control.  
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A recent article showed that there are six gene regulatory modules that can control 

leaf blade cell proliferation during leaf growth in Arabidopsis (Vercruysse et al., 

2020). Most components of these six gene regulatory modules were in or associated 

with the AN3 transcriptional complex (Vercruysse et al., 2020). In this complex AN3 

plays a central role in controlling leaf lamina expansion by recruiting SWI2/SNF2 

chromatin-remodeling complexes and GRFs proteins to the promoters of leaf cell 

cycle genes (Lee et al., 2009; Vercruyssen et al., 2014; Liebsch et al., 2020). 

Consistent with published data, AN3 and most GRFs expression levels were highest 

on day 13 (in the 10–14-day window), and EODFR treatment was most effective at 

reducing expression on day 13 (Andriankaja et al., 2012; Chapter3, Figure 3.5.1). 

These analyses suggest that the AN3-GRF transcriptional module may operate 

downstream of phytochrome signalling pathway. 

Further supporting evidence for this hypothesis comes from a previously published 

study, which showed that the loss-of-function mutant of AN3 had fewer cells in the 

leaf width direction than in the longitudinal direction (Horiguchi et al., 2011). This is 

because AN3 protein is active only during the developmental stages in which cell 

division planes are randomized to expand the leaf lamina. However, AN3 is not 

required during the early stages of leaf development when most cell division planes 

are regulated perpendicularly to the longitudinal axis (Horiguchi et al., 2011). 

Similarly, another study has shown that AN3 is not required in very early leaf 

development but instead plays a role in middle stage of leaf development because 

kinematic analysis leaf area of the an3 mutant was not smaller than that of the wild 

type until day 8; only later it becomes smaller and eventually reaches half the size of 

wild type leaves at maturity (Lee et al., 2009).  
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These results support my findings that AN3 deactivation by the EODFR on days 10-

14 could be responsible for the leaf blade reduction. This explains why the early 

EODFR on days 6-10 is not more effective than the EODFR on days 10-14.  

 

6.3 AN3-GRF transcriptional complex regulates leaf cell cycle genes in a phyB-

dependent manner 

 

To establish whether AN3-GRF complex was implicated in phyB control of cell cycle, 

I first analysed the EODFR response in the an3-4 mutant and multi-allele grf 

mutants. I found that EODFR was less effective in reducing blade area of these 

mutants compared to wild type, but it was still responsive (Chapter 3; Figure 3.6.1 A-

G). However, EODFR cell-level data indicate that the reduction in leaf blade area of 

these mutants is due to a reduction in cell size rather than a reduction in cell number 

(Chapter 3; Figure 3.6.1 & 3.6.2). These findings were consistent with published data 

that the GRFs redundantly regulate leaf size, and like an3, multi-allele the triple grf1-

3;grf3-1;grf5-2 and quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutants show small leaf 

blades with cell expansion phenotype but low epithelial and palisade cell number 

(Horiguchi et al., 2005; Kawade et al., 2013; Omidbakhshfard et al., 2015).  

AN3 appears to promote L3 growth in control conditions when phyB is active, but not 

after EODFR inactivates phyB. This data supports the hypothesis that AN3 has a 

potential central role in phyB promotion of L3 cell division. In addition, the data also 

showed that, the application of EODFR completely suppressed cell size defects 

caused by an3-4 and multiallelic grf mutations, indicating that AN3 and GRF act in 

the same molecular pathway and that the AN3-GRF complex operates under phyB 

control. As AN3 controls 70% leaf cell number, and the an3-4 mutation does not 
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reduce cell number in respond to EODFR (Figure 4.1), I hypothesised that if the 

phyB-controlled cellular response is mediated through AN3, then I would see the 

EODFR control of the core cell cycle genes should be abolished in the an3-4 mutant. 

Indeed, I have shown, that core cell cycle genes showed reduced expression in an3-

4 and are either unresponsive or less responsive to EODFR (Chapter 4; Figure 4.2). 

These data support the hypothesis that AN3 action is dependent on phyB and 

illustrate that AN3 regulates a broader suite of cell cycle genes than previously 

known. 

 

6.4. PIF7 represses leaf 3 growth by directly binding to the AN3 promoter 

 

PIF7 is a central EODFR growth regulator and has largely implicated in EODFR-

induced growth responses in Arabidopsis (Mizuno et al., 2015; Leivar et al., 2020), I 

hypothesized that PIF7 may be involved in suppression of leaf blade area by 

suppressing AN3 expression. First, I analysed the EODFR response of pif7-1 and 

found that this loss-of-function mutation to PIF7 completely abolished the EODFR 

reduction in leaf blade area and epithelial cell number (Chapter 4; Figure 4.3). These 

data suggest that PIF7 is necessary for the EODFR constraint of cell proliferation 

and leaf growth, which is consistent with the known functional properties of PIF7 

activated by EODFR (Leivar et al., 2020). As AN3 promotes cell division in the 

presence of photoactive phyB but PIF7 halt the cell division in EODFR, which 

deactivates phyB, I tested the genetic relationship between phyB-9, pif7-1 and an3-4 

alleles in control and EODFR conditions. Overall, I see an3-4 epistasis over the pif7-

1 and phyB-9 mutant, which indicates AN3 is required for the pif7-1 and phyB-9 

mutant phenotypes. As an3-4 is epistatic to pif7-1, particularly in EODFR, and 
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because AN3 expression is reduced in EODFR, this indicates that PIF7 may play a 

role in negative regulation of AN3.  

To establish whether PIF7 is operating through transcriptional repression of AN3 to 

regulate leaf blade cell proliferation, I quantified the transcript levels of AN3 and its 

target genes in pif7-1 by qRT-PCR. I found that in the pif7-1 mutant, AN3 had wild-

type expression both under control conditions and in response to EODFR treatment, 

which implies that PIF7 is a principal repressor of AN3 and its target gene 

expression levels (Chapter 4; Figure 4.5).  Finally, I exploited the G-box present on 

the AN3 promoter to test whether PIF7 directly bind and repress AN3 transcription. 

Indeed, consistent with previous knowledge that PIF7 bind at the G-box (CACGTG) 

cis-element (Kidokoro et al., 2009; Galvao et al., 2020), ChIP assay showed PIF7-

Flash enrichment at the G-box containing region of the AN3 promoter, which was 

further enhanced following EODFR treatment (Chapter 4; Figure 4.5). These 

observations, together with the gene’s expression data, support the hypothesis that 

PIF7 activated by EODFR directly binds to the AN3 promoter and inhibits AN3 

expression, thereby controlling cell division by directly regulating the transcription 

network downstream of AN3. 

6.5 PIF7 directly interacts with AN3 and controls leaf cell cycle through an AN3 

substitution-repression mechanism 

 

I next reasoned that if PIF7 acted solely through the transcriptional repression of 

AN3, then 35S::AN3-GSyellow should block, or at least reduce the effect of EODFR. 

We found 35S::AN3-GSyellow plants displayed a wild type EODFR response, 

rejecting this hypothesis and suggesting that PIF7 may also control AN3 through an 

alternative, post transcriptional mechanism that regulates cell division. Next, to 



CHAPTER 6 DISCUSSION 

127 
 

determine whether PIF7 blocks the action of AN3 in developing leaves through 

substitution, I exploited the property of AN3 to bind to its own promoter through its 

known binding motifs (GAGA in 5’ UTR, and CATGTT), to which PIF7 is not 

expected to bind (Vercruyssen et al., 2014; Meng et al., 2018).  

The sequestration mechanism is very common in bHLH TFs in which bHLH TF can 

bind to and block the activity of other TFs (Hornitschek et al., 2009; Hao et al., 2012; 

Zhu et al., 2016). Indeed, I observed that 35S::AN3-GSyellow protein was enriched 

at these promoter regions in control but not in EODFR (Chapter 4; Figure 4.8), while 

PIF7-Flash did not locate to AN3 known self-regulatory GAGA motif and 5-CATGTT-

3 promoter regions in control or in EODFR. Thus, data suggest that EODFR 

activated PIF7 may interfere with AN3 binding to its own promoter through a possible 

sequestration mechanism. In conclusion, these set of analyses indicated that 

EODFR deactivation of phyB leads to PIF7 suppression of AN3 at the transcriptional 

and post-transcriptional level. 

Interestingly, I found that there are one or more typical putative G-Box or PBE-box 

binding sites in all the AN3 target gene promoters. Binding of AN3, like PIFs, to a 

wide range of G-box and PBE-box containing genes also has been reported 

(Vercruyssen et al., 2014; Galvao et al., 2019) This analysis supports the possibility 

that PIF7 may sequester and displace AN3 and directly binds at the same common 

motifs of the AN3 target promoters. Indeed, I showed that PIF7 was able to 

associate to the common promoter’s motifs of the AN3 target genes and the 

enrichment was further enhanced after EODFR (Chapter 5; Figure 5.2). To verify if 

this is true that AN3 binding is contingent on PIF7 presence, then I should see AN3 

binding on its own promoter and target promoters in the absence of PIF7.  Indeed, 

the loss-of-function mutation of pif7-1 restores the enrichment of AN3 protein on 
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target gene promoters (Chapter 5; Figure 5.3). These results indicate that several 

cell cycle genes repressed by EODFR are dual targets of PIF7 and AN3 that 

suggests a direct physical interaction between PIF7 and AN3 proteins may be 

responsible for a sequestration-substitution mechanism.  

Indeed, a co-immunoprecipitation assay confirmed that AN3 precipitated with PIF7 

and EODFR further enhanced the interaction (Chapter 5; Figure 5.6), supporting a 

role for PIF7 acting as a negative regulator of AN3 through a sequestration 

substitution mechanism. These results are also supported by the leaf blade analysis 

of 35S:PIF7-Flash; 35S::AN3-GSyellow double overexpressor plants in which 

35S:PIF7-Flash has masked the 35S::AN3-GSyellow leaf expansion phenotype, thus 

validating the effectiveness of the dominant action of PIF7 over AN3 (Chapter 5; 

Figure 5.5). Taken together, the data provide the evidence that under SAS 

conditions, PIF7 antagonistically regulates AN3 target genes expression by directly 

binding on their promoters through both sequestration and substitution mechanism.  

Consistent with the characteristics of the sequestration mechanism, which usually 

requires strong protein-protein interactions in the DNA binding domain (Dong et al., 

2019), my Co-IP showed PIF7 and AN3 interact, and western blot analyses showed 

AN3 more abundant in EODFR conditions. This indicates that binding competition 

occurs on the DNA level and that PIF7 binding may induce conformational changes 

in chromatin that make the AN3 binding sites less accessible to AN3. Therefore, 

EODFR promotes PIF7 activity which prevents AN3 degradation and prevents AN3 

complexing with target promoters. AN3 is a non-DNA binding protein and requires 

interaction with GRFs to exert its DNA binding activity, we cannot rule out the 

possibility that PIF7 may block the AN3 SNH domain responsible for interaction with 
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GRF, or that PIF7 may directly interact with GRFs to halt AN3 action (Kim and 

Kende, 2004; Fonini et al., 2020).  

These observations suggest that PIF7 binding activity is required to inhibit the 

binding of AN3 to it’s target promoters, and supports the hypothesis that the DNA-

bound PIF7 protein complexes interfere with or repel AN3-GRF complexes. Several 

studies have shown that bHLH TFs are able to bind and block the activity of PIFs 

through sequestration and subsequent degradation or alternatively modulating the 

PIF protein level (Hornitschek et al., 2009; Hao et al., 2012; Zhu et al., 2016; Jiang et 

al., 2019). However, there are few examples that have been reported in which PIFs 

inhibit the binding of other transcription factors to their target promoters. For 

example, Toledo-Ortiz et al., 2014 reported that HY5 and PIF1/4 functions 

antagonistically by binding to the same binding sites to control PSY gene expression. 

Another study also showed a similar mechanism in which PIF1 and PIF3 physically 

interact with HY5/HYH and act antagonistically to control light-dependent reactive 

oxygen species (ROS) gene expression through a common G-box cis element (Chen 

et al., 2013).  

My findings are also consistent with recent work that shows that darkness promotes 

the accumulation of PIF3 in cotyledons and triggers the antagonistic substitution-

suppression transcriptional module, where PIF3 can evict and substitute TCP4 by 

directly binding to the same promoter cis-elements of SAUR target genes. This 

therefore induces a dynamic molecular switch from the promotion to the repression 

of gene expression (Dong et al., 2019). As for the PIF7-AN3 module, conditional 

switching between PIF1/3 and HY5/HYH or PIF3 and TCP4 promoter occupancy 

provides a mechanism through which external signals can direct changes in gene 

expression.    



CHAPTER 6 DISCUSSION 

130 
 

The earliest demonstrations of this phenomenon have been reported in Drosophila in 

which two bHLH proteins, Hes and Hey, can form complexes with other transcription 

factors and chromatin remodellers, turning them into transcriptional repressors that 

can then sequester activator complexes away from DNA and direct binds to 

promoters of target genes (Fischer and Gessler, 2007).  

Perhaps, a single cis element activation-inactivation module is achieved through a 

light dependent competitive interaction between PIF and other transcriptional 

regulators and is a common signalling mechanism through which external signals 

can change or fine-tune downstream transcriptional responses. The mechanism I 

discovered here may be of great significance in the natural environment, because 

AN3 is a key developmental gene that is conserved throughout the plant kingdom 

(Omidbakhshfard et al., 2015). In addition, phylogenetic analysis has shown that 

PIF7 occupies a dominant position in the entire legume family (Oh et al., 2020). It will 

be interesting to establish whether the PIF7-mediated AN3 promoter eviction and 

transcriptional suppression represent an analogous process that is conserved across 

species. 

Our genetic and molecular mechanism model provide a better understanding of how 

plants adjust their developmental program in responses to SAS (Figure 6.1). This 

model can help to achieve desirable plant architecture and yield. This molecular 

manipulation can be transformed to maize and soybean, in analogy other cereals, to 

help develop strategies to improve plant growth and productivity in densely 

populated field crop environments and, may have a major impact on food security. 
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Figure 6.1. Model of PIF7 control of leaf cell proliferation via an AN3 substitution-

repression mechanism. EODFR (low R:FR ratios) inactivates phyB and increases a rapid activity 

of PIF7 protein. PIF7 then blocks the action of AN3 by directly binding to the promoters of multiple 

AN3 target genes and inhibits their expression, thereby negatively regulating leaf expansion. 
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Abstract
Plants are plastic organisms that optimize growth in response to a changing environment. This adaptive capability is regu-
lated by external cues, including light, which provides vital information about the habitat. Phytochrome photoreceptors de-
tect far-red light, indicative of nearby vegetation, and elicit the adaptive shade-avoidance syndrome (SAS), which is critical
for plant survival. Plants exhibiting SAS are typically more elongated, with distinctive, small, narrow leaf blades. By applying
SAS-inducing end-of-day far-red (EoD FR) treatments at different times during Arabidopsis (Arabidopsis thaliana) leaf 3 de-
velopment, we have shown that SAS restricts leaf blade size through two distinct cellular strategies. Early SAS induction
limits cell division, while later exposure limits cell expansion. This flexible strategy enables phytochromes to maintain con-
trol of leaf size through the proliferative and expansion phases of leaf growth. mRNAseq time course data, accessible
through a community resource, coupled to a bioinformatics pipeline, identified pathways that underlie these dramatic
changes in leaf growth. Phytochrome regulates a suite of major development pathways that control cell division, expansion,
and cell fate. Further, phytochromes control cell proliferation through synchronous regulation of the cell cycle, DNA repli-
cation, DNA repair, and cytokinesis, and play an important role in sustaining ribosome biogenesis and translation through-
out leaf development.

Introduction
Plants are highly malleable organisms that are able to adjust
their growth strategy to a changing environment. The leaf is
an excellent example of a highly plastic organ, where shape

and size are not predetermined, but influenced by external
signals, such as light. These adaptative qualities are impor-
tant for survival because leaves perform critical roles in tem-
perature regulation, gas exchange, and sunlight capture for
photosynthesis (Tsukaya, 2005; Fritz et al., 2018). Leaves
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initiate at the shoot apical meristem, in a process involving
different axes of symmetry (proximo-distal, adaxial–abaxial,
medio-lateral). The leaf lamina, or blade, grows to its final
size through a series of partially overlapping phases including
cell division, transition, meristemoid division, and cell expan-
sion (Gonzalez et al., 2012). The final leaf size and shape are
ultimately determined by the relative contribution of these
developmental components (Gonzalez et al., 2012; Kalve
et al., 2014; Fritz et al., 2018).

The plant’s surrounding light environment can be moni-
tored by a set of light-sensing systems, which play important
roles in driving adaptive growth (Krahmer et al., 2018; Legris
et al., 2019). The family of red (R)/far-red (FR)-absorbing phy-
tochromes (phyA-E) possess unique photochemical properties
that enable the detection of vegetation habitats that have
high levels of FR compared with R light wavelengths.
Phytochromes exist in a dynamic equilibrium of two photo-
convertible forms: an inactive R-absorbing form (Pr) and a bio-
logically active FR-absorbing form (Pfr; Holmes and Smith,
1975; Smith, 1982). Red light wavelengths present in natural
light photoconvert Pr to the active Pfr form, while FR switches
phytochrome back to the inactive Pr state. The FR-rich condi-
tions of vegetation shade shift the dynamic phy equilibrium
toward the inactive Pr form, which initiates an adaptive re-
sponse known as the shade-avoidance syndrome (SAS). It is
principally the deactivation of phyB, and to a lesser extent,
other, the so-called, light stable phys C-E, that drives the SAS
(Carabelli et al., 1996; Franklin, 2008; Franklin and Quail, 2010).
Though, in continuous FR, phyA, which is normally light labile,
is activated, accumulates in the nucleus, and operates to sup-
press the SAS (Hiltbrunner et al., 2005; Strasser et al., 2010;
Rausenberger et al., 2011). In Arabidopsis (Arabidopsis thali-
ana), the SAS is characterized by reduced biomass, elongated
petioles, exaggerated leaf hyponasty, and smaller leaf blades
(Reed et al., 1993; Franklin and Whitelam, 2005; Tsukaya, 2005;
de Wit et al., 2015; Galvao and Fankhauser, 2015; Goyal et al.,
2016; Yang et al., 2016). However, it is noteworthy that in dif-
ferent conditions, for example, cooler temperatures, the SAS
can lead to an increase rather than a reduction in leaf area, so
the physical features of this response are conditional (Robson
et al., 1993; Devlin et al., 1999; Franklin et al., 2003; Patel et al.,
2013). Interestingly, earlier work established that the SAS is
mainly elicited in the evening due to circadian gating by the
clock (Salter et al., 2003; Mizuno et al., 2015). This means that
daily end-of-day FR (EoD FR) treatments that coincide with a
permissive gating window are relatively effective in eliciting the
SAS (Salter et al., 2003; Mizuno et al., 2015). Further, the appli-
cation of a short pulse rather than a prolonged FR treatment
avoids the activation of phyA, which can antagonize SAS
(Strasser et al., 2010). Thus, while there are some limitations,
EoD FR has been deployed as useful tool to interrogate the
SAS (Nagatani et al., 1991; Devlin et al., 1999; Salter et al.,
2003; Franklin, 2008).

There is a growing body of information on how the SAS
alters the leaf petiole. Application of phy-deactivating FR
light triggers rapid leaf hyponasty and promotes petiole

elongation (Ballare and Scopel, 1997; Sasidharan et al., 2010;
Casal, 2013; Dornbusch et al., 2014; Michaud et al., 2017).
Transcriptome analyses have been particularly instructive in
defining the key operational pathways in the SAS and have,
for instance, uncovered a central role for auxin and identi-
fied auxin pathway components that control elongation and
hyponasty (Kozuka et al., 2010; Pantazopoulou et al., 2017).
Petiole cell elongation is mediated by local FR-induced auxin
response. Meanwhile, hyponasty, which results from differen-
tial abaxial–adaxial cell growth at the base of the petiole, is
perceived at the leaf tip and executed by local auxin synthe-
sis followed by transport to the petiole (Michaud et al.,
2017; Pantazopoulou et al., 2017).

Alongside petiole elongation and hyponasty, the SAS can
drastically limit leaf blade growth. Less is known about how
this response is regulated, though an earlier study which mea-
sured CYCLINB1;1-GUS (CYCB1;1-GUS) activity indicated that
shade exposure curtails the duration of the leaf cell division
phase (Carabelli et al., 2007). Further support for this notion
comes from a more recent report showing a low R:FR light ra-
tio induces earlier mesophyll cell differentiation, which is asso-
ciated with ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2
(ATHB-2) control of cell cycling cessation (Carabelli et al.,
2018). Contrasting with these reports, another study showed
that leaf growth modulation by low R:FR light is primarily me-
diated by changes in cell expansion (Patel et al., 2013). We cur-
rently lack a definitive understanding that reconciles these two
observations and only have limited information on how low
R:FR shade influences the major leaf development pathways.

In this study, we used leaf 3 (L3) as a representative
model, and since vegetation shading can occur at any point
during the plants’ life cycle, we used EoD FR as a tool to de-
activate phy at different times during leaf development. We
have found EoD FR can restrict blade growth by limiting cell
division or cell expansion, depending on the timing of the
EoD FR signal. This effect is mainly dependent on phyB,
with a smaller contribution from other light stable phys.
Further, we performed the first SAS mRNAseq time series
analysis for the leaf blade, which coupled to a stringent in-
depth bioinformatics analysis pipeline allowed us to move
beyond the current understanding, which is largely hormone
focused, to identify previously unknown roles for phy in the
temporal coordination of major leaf development pathways
and basic cellular processes that are critical for cell division
and protein translation. To ensure findability, accessibility,
and reusability of our data, we created an interactive web
application where the expression of genes of interest can be
visualized (https://aromanowski.shinyapps.io/leafdev-app/).

Results

The phyB null mutant has reduced leaf blade cell
number
To establish the cellular basis for phyB control of leaf blade
area, we measured leaf dimensions, abaxial epithelial cell
number, cell size, and cell density parameters in fully ex-
panded third leaves in the phyB-9 mutant (see Figure 1A for
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growth regime schematic and Supplemental Figure 1, A–D
for examples of leaf imprints). Leaf three (L3), which exhibits
a qualitatively similar response to other leaves, was selected
to aid comparison with other studies (Andriankaja et al.,
2012; Woo et al., 2016). Consistent with the published data
(Tsukaya et al., 2002), we observed a marked reduction
(35.7%) in phyB-9 leaf blade area compared with WT
(Figure 1, B and C). We also found total cell number is re-
duced in phyB-9, while cell size and density are comparable
with WT (Figure 1, D–F). To capture potential variation
across the leaf, we compared cell size in the base, middle,
and distal portions of the leaf blade. At each location, we
established that cell number but not size was diminished in

phyB-9 (see Supplemental Figure 1, E and F), implicating
phyB in the promotion of cell division within the leaf.

Phytochrome control of L3 cellular response is
developmental time dependent
In nature, phyB deactivation by vegetation shading can oc-
cur at any point during leaf development. We, therefore,
wanted to establish the developmental window in which
phyB inactivation was most effective in limiting leaf growth.
Here, we grew plants in standard 12:12 photoperiods with
or without an EoD FR treatment which photoconverts phyB
Pfr to its inactive Pr form (Supplemental Figure S2A).
Previous studies have shown that EoD FR to a large extent
is able to mimic the phyB null mutant phenotype (Johnson
et al., 1994; Roig-Villanova and Martinez-Garcia, 2016).
Concurring with these observations, plants exposed to daily
EoD FR from Day 6 (prior to L3 emergence) until sampling
on Day 34 exhibit a qualitatively similar response to phyB-9,
with reductions in L3 blade area, and have lower cell num-
ber than controls (Supplemental Figure S2, B–E). However, it
is worth noting that phyB-9 plants treated with EoD FR still
exhibit a small but significant decrease in cell number com-
pared with those in standard conditions (Supplemental
Figure S2D). This indicates that the reduced leaf blade area
and cellular response are mainly dependent on phyB action
and other light stable phytochromes contribute, but to a
lesser extent. Next, we applied the same daily EoD FR regime
but started the treatment at different times through L3 de-
velopment (Days 6, 14, 18, or 26; Figure 2A). As expected,
application of EoD FR early-on in leaf development through
the cell division intense phase suppressed leaf blade expan-
sion (Figure 2B). We also found that treatments from Day
18 were effective in repressing blade growth, albeit to a
lesser extent (Figure 2B). Leaf blade size in the late EoD FR-
treated population (from Day 26) overlapped significantly
with white light (WL) but was more variable (Figure 2B).
Treatments that commenced on Day 6 or 14 resulted in
reductions in cell number, while EoD FR from Day 18, and
to a lesser extent from Day 26 treatment, gave rise to reduc-
tions in cell size and corresponding increases in cell density
(Figure 2, C–E). Col-0 plants carrying the CYCB1;1 promoter
fused to the CYCB1;1 D-box-GUS/GFP construct further
confirmed that early treatments affected cell division
(Supplemental Figure S2F). These data indicate that phyB
deactivation can reduce leaf blade expansion early in leaf de-
velopment by imposing limits on cell division, or later by
constraining cell expansion (Figure 2F).

Gene expression profiling through leaf 3
developments
As our data point to phytochrome control of both leaf cell
proliferation and expansion phases, our next aim was to de-
termine the underlying transcriptome regulation. Here, we
exposed plants to either daily EoD FR from Day 6 (EoD-
FR06), and harvested L3 primordia or blade tissue at ZT22
on Days 13, 16, and 20, or EoD FR from Day 18 (EoD-FR18),

Figure 1 Photoreceptor knockout mutants exhibit a diminished
leaf blade area. A, Schematic representation of the experimental con-
ditions. The light blue arrow indicates the amount of time that the
seeds have been stratified for in the trays. White rectangles indicate
the 12 h of day period. Black rectangles indicate the 12 h of dark pe-
riod. Doubled dashed lines indicate several days have passed in the
same conditions. The plant drawn on top of Day 8 indicates L3 emer-
gence. The leaf drawn on top of Day 26 indicates that L3 is fully ex-
panded. The leaf on top of Day 34 indicates the time at which L3 has
been collected. B, Pictures of rosettes of representative 34 D.A.S.
Arabidopsis thaliana Col-0 wild type (top) and phyB-9 mutant (bot-
tom). C–F, Box plots of (C) blade area comparison (n = 12; Student’s
t test; ***P5 0.001; GraphPad Prism); (D) abaxial epithelial cell size
comparison (n = 360; Student’s t test; ns; GraphPad Prism); (E) abaxial
epithelial cell number (n = 360; Student’s t test; **P5 0.01; GraphPad
Prism); and (F) abaxial epithelial cell density (n = 12; Student’s t test;
NS; GraphPad Prism). In all box plots: center line, median; box lim-
its, 25–75th percentiles; whiskers, min to max; points, outliers.
L3 = Leaf 3.
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Figure 2 The effect of deactivating phytochromes is developmental timing regulated. A, Schematic representation of the experimental conditions.
White rectangles indicate the 12 h of day period. Black rectangles indicate the 12 h of dark period. The green arrow indicates the period of L3 de-
velopment, which is enclosed between two black-dashed lines. The plant drawn on top of Day 8 indicates L3 emergence. The leaf drawn on top of
Day 26 indicates that L3 is fully expanded. The red-dashed lines indicate the day at which a specific treatment was started and coincides with a
specific colored arrow (WL in white and EoD FR 06, 14, 18, and 26 treatments in decreasing tones of red, respectively). The red-dashed line at the
end of Day 34 marks the end of each treatment. The black-dashed line on Day 34 indicates tissue collection. B, Box plot of L3 blade areas after
each treatment (n = 12 leaves per condition; one-way ANOVA followed by Dunnett’s test; ***P5 0.001 versus WL; GraphPad Prism; means that
do not share a letter are significantly different; Minitab). In the box plot: center line, median; box limits, 25–75th percentiles; whiskers, min to
max; points, outliers. C, Violin and dot plots showing the distribution of cell sizes after each treatment (n = 2880 cells per condition; one-way
ANOVA followed by Tukey’s multiple comparison test; means that do not share a letter are significantly different; Minitab). In the violin plot: cen-
ter black dot, mean; error bars, Standard Error of the Mean (SEM); violin limits, min to max. D, Box plot of total number of cells (n = 12 leaves per
condition; one-way ANOVA followed by Dunnett’s test; ***P5 0.001 versus WL; GraphPad Prism). In the box plot: center line, median; box limits,
25–75th percentiles; whiskers, min to max; points, outliers. E, Box plot of epidermal cell density (n = 12 leaves per condition; one-way ANOVA fol-
lowed by Dunnett’s test; *P5 0.05 and ***P5 0.001 versus WL; GraphPad Prism). In the box plot: center line, median; box limits, 25–75th percen-
tiles; whiskers, min to max; points, outliers. F, Model depicting the strategy used by phytochrome deactivation in early or late treatment to reduce
leaf blade area. L3 = Leaf 3; FR = far-red; EoD FR06 = EoD FR since Day 6; EoD FR14 = EoD FR since Day 14; EoD FR18 = EoD FR since Day 18; EoD
FR26 = EoD FR since Day 26.
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sampling at Day 20. Gene expression profiles were deter-
mined using Illumina mRNA sequencing (mRNAseq)
(Figure 3A; Supplemental Table S1). Briefly, gene counts were
extracted with the ASpli R package (Mancini et al., 2021).
Raw counts were then filtered to remove weakly expressed
genes, normalized to library size and expression was com-
puted using EdgeR (Robinson et al., 2010), and the AtRTD2
annotation (Zhang et al., 2017). This resulted in 18,934
genes (55% of the 34,212 annotated AtRTD2 genes) to be
considered for further downstream analysis. We then
sought to assess the validity of our approach by examining
the expression patterns of the known shade-induced genes,
ATHB-2, PHYTOCHROME INTERACTING FACTOR 3-LIKE 1
(PIL1), INDOLEACETIC ACID INDUCED 19 (IAA19), CYTOKININ
OXIDASE 5 (CKX5), YUCCA 8 (YUC8), 1-AMINO-CYCLOPROPANE-
1-CARBOXYLATE SYNTHASE 8 (ACS8), and the shade-repressed
gene TRP AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1;
Kozuka et al., 2010; Li et al., 2012; Pantazopoulou et al.,
2017; Figure 3, E–G and Supplemental Figure S3). As deter-
mined by mRNAseq data, and qPCR we observed robust
EoD FR responses for each of the FR shade-responsive
genes (Figure 3, E–G; Supplemental Figure S3).
Interestingly, all these genes responded robustly to EoD FR
irrespective of when the treatment was applied during leaf
development, revealing why these frequently studied
marker genes are reliable reporters of SAS activation.

EoD FR treatment favors downregulation rather
than upregulation of biological processes
To gain further insights into the regulation of gene expres-
sion through L3 development, we developed custom R
scripts to first perform a time point by time point differen-
tial gene expression (DGE) analysis using EdgeR, followed by
gene ontology (GO) enrichment analysis and Kyoto
Encyclopaedia of Genes and Genome (KEGG) pathway
analysis. This approach, in contrast to previous studies that
used a single developmental time point and were mainly fo-
cused on hormone responses (Kozuka et al., 2010;
Pantazopoulou et al., 2017), allowed us to more broadly ana-
lyze gene expression changes throughout L3 development.
Expression levels of individual genes (logCPM) and DGE pro-
files (log2FC) during the time course can be viewed at
https://aromanowski.shinyapps.io/leafdev-app/. The mRNAseq
data show that 28.5% (5,393/18,934; logFC 4 0.58, P5 0.05
and q5 0.1) of all expressed genes were affected by EoD FR06

treatment at some point throughout L3 development, with
3,046, 2,069, and 2,529 genes mis-regulated at d13, d16, and
20, respectively (Figure 3B; Supplemental Figure S4 and
Supplemental Table S2). A total of 3,011 mis-regulated genes
was recorded at the EoD FR18 d20 time point, which was
slightly higher than at EoD FR06 d20 (Figure 3B; Supplemental
Figure S4 and Supplemental Table S2). A higher proportion of
the EoD FR06 category was downregulated, though this effect
reduces with leaf age and is not seen in EoD FR18 d20
(Figure 3C). GO enrichment analysis established that pro-
cesses from each of the three main GO categories – biological

processes (BPs), molecular function (MF), and cellular compo-
nent (CC) – were strongly overrepresented in the downregu-
lated category (Figure 3D, full list of GO terms in
Supplemental Table S3 and REVIGO summarization in
Supplemental Table S4). A more stringent DGE analysis
(logFC 40.58, P5 0.05 and q5 0.05) resulted in a lower
number of mis-regulated genes but did not qualitatively al-
ter these observations (Supplemental Figure S5).

The smaller number of upregulated processes included BP
categories that have been previously studied, such as shade
avoidance, autophagy, response to hormone signaling path-
ways, or flowering (Nozue et al., 2015; Pantazopoulou et al.,
2017; Kim et al., 2018). Shade avoidance and auxin and eth-
ylene signaling are upregulated at all time points, while
autophagy is more upregulated in earlier time points, and
flowering later-on (see bubble plot on Figure 3H, where the
size of the circle represents the representation factor (RF)
and the color indicates the P-value score, and Supplemental
Table S3). Likewise, as expected, photosynthesis and caroten-
oid biosynthesis are downregulated by EoD FR, but only on
d13. However, the most significantly downregulated category
groups include mitotic cell cycle and other associated pro-
cesses such as cell proliferation, cell division, and DNA repli-
cation, DNA repair, and DSB repair (Figure 3I; Supplemental
Table S3). For all these processes, the repressive effect of
EoD FR was most severe on d16. This analysis also illustrates
that ribosome biogenesis and translation are strongly sup-
pressed by EoD FR, but only later-on in leaf development.
These data implicate phyB as a key regulator of multiple
processes involved in cell proliferation in the leaf. Further,
they identify processes not previously known to be phyB-
regulated, such as DNA repair and ribosome biogenesis.

EoD FR-activated transcription factors and hormone
signaling pathways
Among the transcription factors (TFs) most highly regulated
by EoD FR are classical shade response genes, such as PIL1,
PIL2, HFR1, PAR1, PAR2, ATHB-2, and HAT2 (Figure 4A;
Supplemental Table S5). Several B-BOX genes (BBX6, 17, 21,
23, 27, 28, and 29) are upregulated, as are 8 NUCLEAR
FACTOR-Y (NF-Y) genes, previously shown to complex with
some BBX’s (Myers et al., 2016; Gnesutta et al., 2017;
Supplemental Figure 6A; Supplemental Table S5). Also upre-
gulated are the CRY2/CIB5 interacting partner CIB1 (Liu
et al., 2008; Liu et al., 2013); and SPT, involved in flowering,
temperature, and shade-dependent growth promotion
(Sidaway-Lee et al., 2010; Nozue et al., 2015; Wu et al., 2018;
Figure 4A; Supplemental Table S5). Notably, the majority of
these shade response TFs are upregulated by EoD FR at all
time points.

A general outline for the main plant hormone signaling
pathways, as determined by KEGG pathway analysis, can be
seen in Figure 4B. The data show that EoD FR mainly leads
to the upregulation of hormone signaling (Supplemental
Table S2). This finding was confirmed by hormonometer
analysis (Volodarsky et al., 2009), which found strong
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Figure 3 Early EoD FR treatment affects global gene expression mainly by downregulation. A, Schematic representation of the experimental conditions and
sampling of Col-0 plants for the mRNAseq. White rectangles indicate the 12 h of day period. Black rectangles indicate the 12 h of dark period. The green arrow
indicates the period of L3 development, which is enclosed between two black-dashed lines. The plant drawn on top of Day 8 indicates L3 emergence. The leaf
drawn on top of Day 26 indicates that L3 is fully expanded. The red-dashed lines indicate the day at which a specific treatment was started and coincides with
a specific colored arrow (WL in white and EoD FR 06 and 18 treatments in dark red and pink, respectively). The blue-dashed lines, blue arrows, and primordia
(3 D.A.S.) and L3 (16 and 20 D.A.S.) drawings indicate the days at which tissue was collected. The black-dashed line at the end of day 34 marks the end of each
treatment. B, Number of mis-regulated genes (differentially expressed genes) per time point (dark bars indicate up regulated genes, gray bars indicate downregu-
lated genes, and dashed line indicates total number of mis-regulated genes). C, Time point analysis of the percentage of downregulated genes as compared
with the total number of mis-regulated genes. The dotted line indicates 50%. D, Comparison of Gene Ontology (GO) Terms by time point, affected by downre-
gulation or upregulation (P5 0.05 and q5 0.1; Hypergeometric Test with Benjamini-Hochberg correction; CC = CC). E–G, Normalized counts (left) and
qPCR validation (right) of ATHB-2 (E), PIL1 (F), and IAA19 (G) (n = 2 biological replicates with three technical replicates per time point per condition). Error
bars represent S.E.M.; EoD FR06 = EoD FR since Day 6; EoD FR18 = EoD FR since Day 18. H, I, Bubble plot representation of a subset of processes up (H) or
down (I) regulated by EoD FR treatment. Color represents P value score (1 = P 5 0.05; 2 = P 40.01; 3 = P 40.001; 4 = P 40.0001; ns terms appear in gray
color; Hypergeometric Test with Benjamini–Hochberg correction), and size of the bubble represents the representation factor (RF). L3 = Leaf 3; FR = far-red;
d13 = day 13 under EoD FR since Day 6 treatment; d16 = Day 16 under EoD FR since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6 treatment;
d2018 = Day 20 under EoD FR since Day 18 treatment.
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transcriptome signatures for auxin, ethylene, and abscisic
acid (ABA) at all time points, and for gibberellin (GA), bras-
sinosteroid (BR), and cytokinin early on (Supplemental
Figure S6B). For auxin pathway genes, there is a tendency
for expression of ARFs to increase with successive EoD FR
treatments, while for most IAA, the earlier EoD FR treat-
ments were the most effective (Figure 4, C and D). Of these
genes, IAA29 and IAA34 are among the most highly
expressed. The response of SMALL AUXIN UP-REGULATED
RNA (SAUR) genes fell into two main subsets: one that grad-
ually increased their expression and another with the oppo-
site regulation (Figure 4E; Supplemental Figure S6C). BR
genes BZR, BEE1, BEE3, BIM1-3, BES1, and BEH1-2 and ethyl-
ene synthesis (ACS8) and signaling genes EIL1 and EBFs are
upregulated by EoD FR. The GA-responsive, growth-supress-
ing DELLA genes RGL3 and RGA1 are upregulated by EoD
FR, while RGL2 expression is repressed (Figure 4F;

Supplemental Table S2). In the case of cytokinin signaling,
EoD FR promotes the expression of AHP5, and particularly
AHP1 on d13. Most type of B-ARRs is upregulated by early
EoD FR exposure, while the type A-ARRs ARR4 and ARR16
exhibit gradual suppression by sequential EoD FR
(Supplemental Figure S6D). Finally, with a few exceptions,
different classes of ABA signaling genes are upregulated by
EoD FR, including PP2C (ABI1 and HAI1), ABF genes (ABI5,
EEL, and ABF3 and ABF4), SnRK2 genes (SNRK2.2, SNRK2.3,
SNRK2.5, and SNRK2-8), and PYR/PIL genes (RCAR1, RCAR3,
and PYL7; Supplemental Figure S6E).

EoD FR treatment suppresses basic cellular
processes required for leaf cell division
The leaf blade cellular response data show that cell division
is the major process that affects SAS leaf development when
EoD FR is applied early in development (Figure 2;

Figure 4 Shade responsive transcription factors and hormone pathways affected by EoD FR treatment. A, Gene plots of TFs affected by EoD FR
under WL (gray), EoD FR06 treatment (dark red), and EoD FR18 treatment (pink) across all time points (error bars indicate SEM). B, Schematic repre-
sentation of different hormone signaling pathways and their components affected by EoD FR (red-lightning bolt). Simplified diagrams for auxin,
ABA, ethylene, BR, GA, and cytokinin signaling with average component expressions across each time point shown (adapted from the KEGG met-
abolic pathway analysis). Orange arrows indicate upregulation, blue arrows indicate downregulation, and ‘-’ indicate no significant changes from
WL conditions. Symbols are arranged from left to right representing d13, d16, d2006, and d2018, respectively. ‘–/+ p’ and ‘+ u’ indicate de/phos-
phorylation and ubiquitination, respectively. C–E, Line plots of log2FC DGE values of auxin signaling components ARFs (C), IAAs (D), and Clade II
SAUR (E) genes affected by EoD FR, compared with WL conditions. IAA29 (blue line) and IAA34 (red line) are the highest upregulated IAAs (D)
SAUR19 (blue line) and SAUR22 (red line) are the highest upregulated SAURs (E). The dashed lines indicate the jlog2FCj = 0.58 threshold. F, Bar
plots of log2FC DGE values of BR, ethylene, and GA (from left to right) downstream signaling genes affected by EoD FR, compared with WL condi-
tions. The dashed lines indicate the jlog2FCj = 0.58 threshold; FR = far-red; d13 = Day 13 under EoD FR since Day 6 treatment; d16 = Day 16 un-
der EoD FR since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6 treatment; d2018 = Day 20 under EoD FR since Day 18 treatment.
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Figure 5 Basic cellular processes and leaf development modules affected by EoD FR treatment. A, Mean expression of differentially expressed cell cy-
cle, cytokinesis, DNA repair, and DNA replication genes under WL (gray), EoD FR06 treatment (dark red), and EoD FR18 treatment (pink) across all
time points (error bars indicate SEM). The heatmap below each line graph indicates the average log2FC values of genes involved in each process.
d13 = Day 13 under EoD FR since Day 6 treatment; d16 = Day 16 under EoD FR since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6
treatment; d2018 = Day 20 under EoD FR since Day 18 treatment. B, Mean log2FC differential expression values of families of cell cycle regulators.
(Top) APC, CDC, CDKB, CYCA, CYCB, CYCD, CYCP, DP-E2F, ICK, and KNOLLE genes. (Bottom) F-Box, SIM/SMR, and SKIP genes. Values correspond
to samples under EoD FR since day 6 treatment, compared with WL conditions. C, D, Bar plots of DNA replication (C) and mismatch repair (D) genes
affected by EoD FR. The dashed lines indicate the jlog2FCj = 0.58 threshold. A modified schematic of the Mismatch Repair KEGG metabolic pathway
from A. thaliana (ath03430) can be seen below the bar plot in (D). Original KEGG Graph data were (Kanehisa and Goto, 2000) rendered with the
Pathview R package (Luo and Brouwer, 2013). E, Heatmap of log2FC values of genes involved in cytokinesis. d13 = Day 13 under EoD FR since Day 6
treatment; d16 = Day 16 under EoD FR since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6 treatment; d2018 = Day 20 under EoD FR
since Day 18 treatment. F, Schematic representation of the different leaf developmental modules and their components affected by EoD FR.
Simplified diagrams and their connections to the leaf cell cycle are shown, as described before (Vercruysse et al., 2020). Orange arrows indicate upre-
gulation, blue arrows indicate downregulation, and ‘–’ indicate no significant changes from WL conditions. Symbols are arranged from left to right
representing d13, d16, d2006, and d2018, respectively. FR = far-red; d13 = Day 13 under EoD FR since Day 6 treatment; d16 = Day 16 under EoD FR
since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6 treatment; d2018 = Day 20 under EoD FR since Day 18 treatment.
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Supplemental Figure S2). A previous study showed that sim-
ulated shade leads to the early termination of leaf expressed
CYCLIN B1;1-GUS (CYCB1;1-GUS; Carabelli et al., 2007, 2018).
Our data concur with this observation but show that phyB
has a much broader role in controlling cell division
(Supplemental Figure S2F). Deactivation of phyB simulta-
neously represses genes that control cell cycle, DNA replica-
tion, DNA repair processes, and cytokinesis—all vital
components of cell division (Figure 5A; Supplemental Tables
S4 and S6). The expression of genes in each of these catego-
ries is high during the proliferative phase of leaf develop-
ment (d13), falling gradually as the leaf matures. For cell
cycle and cytokinesis genes, EoD FR treatment reduces ex-
pression on d13 and d16, which suppresses and potentially
limits the duration of these processes. In contrast, DNA rep-
lication and repair are repressed by EoD FR throughout leaf
development. Data in each of these categories are summa-
rized below:

(1). Cell cycle: In plants, progression through the cell cycle is
controlled by the CYCLINS (CYCs) complexed with CYCLIN-
DEPENDENT KINASES (CDKs), the E2F/DIMERISATION
PROTEIN (DP) transcriptional regulatory proteins, KIP-
RELATED PROTEIN/INTERACTOR OF CDKs (KRP/ICK), and
SIAMESE/SIAMESE-RELATED (SIM/SMR) proteins. EoD FR
treatment suppresses the expression of genes in each of these
categories, particularly on d16 (Figure 5B). Additional affected
cell cycle regulators include DP-E2F-like protein 3 (DEL3) and
ETG1, an E2Fa-DPa target (Figure 5B and Supplemental
Table S2). CDK–CYC complexes are also regulated by prote-
olysis, which is mediated by the anaphase-promoting com-
plex/cyclosome (APC/C) and the SKP1/CULLIN1/F-BOX
PROTEIN complexes. Interestingly, F-box SKP1 interacting
partner 1 (SKIP1), SKP2A, and SKP2B are upregulated by EoD
FR at all time points (Figure 5B; Supplemental Table S2).

(2). DNA replication and repair: Multiple genes controlling
DNA replication are downregulated by EoD FR, including
DNA polymerase a-primase, d, and e complexes; RPA; clamp
(PCNA) and clamp loader (RFCs); the flap endonuclease (5’–
3’ exonuclease, AT5G26680); and DNA ligase. The minichro-
mosome maintenance protein complex (MCM) DNA heli-
case is essential for genomic DNA replication. It is therefore
notable that EoD FR suppresses the expression of all MCM
genes (Figure 5C; Supplemental Table S2). DNA repair mech-
anisms are also strongly suppressed by EoD FR throughout
L3 development. KEGG pathway visualization and DGE
analysis revealed repression of genes encoding key enzymes
in non-homologous end-joining, homologous recombination
(HR)/homology-directed repair, nucleotide excision repair
(NER), and base excision repair (BER; Supplemental Figure
S7 and Supplemental Table S2). Remarkably, all the enzy-
matic steps in mismatch repair (MMR) are suppressed
(Figure 5D; Supplemental Table S2).

(3). Cytokinesis: EoD FR downregulates cytokinesis genes
specifically in early- and mid-leaf development. These genes in-
clude serine/threonine kinases AURORA1 (AUR1) and AUR2;
PHRAGMOPLASTIN-INTERACTING PROTEIN 1 (PHIP1);

microtubule end-binding proteins EB1A, EB1B, and EB1C; kine-
sins HINKEL (HIK) and TETRASPORE (TES); ARM domain con-
taining protein kinases FUSED (FU) and RUNKEL (RUK/
AT5G18700); Arabidopsis homolog of maize TANGLED1 (ATN);
and several microtubule-associated proteins, including kine-
sins such as ATK5 and KINESIN 12 (KIN12) family members
PHRAGMOPLAST-ASSOCIATED KINESIN-RELATED PROTEIN 1
(PAKRP1), KIN12B, PHRAGMOPLAST ORIENTING KINESIN 1
(POK1) and POK2; and spindle checkpoint proteins BUB3.1
and BUB3.2. The developmental phase-specific regulation of
these genes by EoD FR strongly corresponds with that for
cell cycle genes (Figure 5E; Supplemental Table S2).

These data show phyB appears to have a broad opera-
tional role in regulating multiple processes involved in cell
proliferation. Exposure to EoD FR from early leaf develop-
ment suppresses DNA replication and repair, and appears to
dampen and shorten the phase of cell cycle and cytokinesis
gene expression.

EoD FR controls the expression of key
developmental pathways that control leaf cell
proliferation
Our data provide evidence that EoD FR controls several key
leaf development modules with connections to the leaf cell
cycle, as follows (Figure 5F):

AN3/GRF-SWI/SNF module: EoD FR represses the expres-
sion of core members of the AN3/GRF-SWI/SNF module
genes that are known to promote CYCB1;1 expression and
leaf cell proliferation (Vercruyssen et al., 2014; Vercruysse
et al., 2020). EoD FR-suppressed genes include the central
modulator, ANGUSTIFOLIA 3/GRF INTERACTING FACTOR 1
(AN3/GIF1), as well as GROWTH REGULATING FACTOR 2
(GRF2), GRF4, GRF6, BRAHMA (BRM), AINTEGUMENTA
(ANT), and WOX1/STF (Figure 5F; Supplemental Table S2).

DA1-EOD1 module: DA1 is a ubiquitin receptor that is pro-
posed to operate with the E3 ligase ENCANDER OF DA1-1/
BIG BROTHER (EOD1/BB) to restrict the duration of leaf cell
proliferation and modulate the transition to endoreduplica-
tion by indirectly affecting the expression of the cell cycle
genes RETINOBLASTOMA RELATED (RBR) and CYCA3;2
(Peng et al., 2015; Vanhaeren et al., 2017). Further,
SUPPRESSOR OF DA1-1 (SOD7, AT3G11580) has also been
shown to negatively regulate seed and leaf size (Zhang et al.,
2015). Our data show the DA1 homolog DA1-RELATED
PROTEIN 5 (DAR5) is upregulated at all time points, while
DAR7 is upregulated at d20 by EoD FR (Figure 5F;
Supplemental Table S2). Further, EoD FR substantially upre-
gulates the expression of SOD7 later in the development
(Supplemental Table S2). The HD-Zip II gene ATHB-2 has
been implicated in shade-induced early exit from cell prolif-
eration in Arabidopsis leaves one and two (Carabelli et al.,
2018). We note ATHB-2 and its homologue HAT2 are upre-
gulated in EoD FR-treated L3 (Supplemental Table S2). EoD
FR therefore may restrict the duration of leaf cell prolifera-
tion, partly by modulating DA1-EOD1 module and HD-Zip II
components. We also noted EoD FR upregulation of HD-Zip
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class Ib genes ATHB52 (all time points), ATHB1 (d16 and
d20), ATHB6 (d16), and ATHB16 (d16). Of these, ATHB16
has previously been shown to negatively regulate leaf cell ex-
pansion (Wang et al., 2003; Henriksson et al., 2005;
Supplemental Table S2). Further, BIG BROTHER (BB), whose

overexpression leads to reduced cell size (Disch et al., 2006),
is only upregulated on d20 of EOD FR18 (Supplemental
Table S2).

PEAPOD module and asymmetric division of meristemoids:
Almost half of the pavement cells in Arabidopsis leaves are

Figure 6 EoD FR affects known processes involved in translation. A, Modified schematic of the aminoacyl-tRNA biosynthesis KEGG metabolic
pathway from A. thaliana (ath00970). Original KEGG Graph data (Kanehisa and Goto, 2000) were rendered with the Pathview R package (Luo and
Brouwer, 2013). Dashed lines indicate an indirect link or unknown reaction, and solid lines indicate a molecular interaction or relation. Each rect-
angle is divided into four color regions reflecting the scaled logFC value of each time point. The regions are arranged from left to right representing
d13, d16, d2006, and d2018, respectively. B, C, Heatmap of log2FC DGE data of elongation factor- (B) and miRNA biogenesis- and miRNA-(C) coding
genes affected by EoD FR treatments. D, Modified schematics of the ribosome KEGG metabolic pathway from A. thaliana (ath03010; left) and
heatmap of log2FC DGE data of ribosome component genes (right). Original KEGG Graph data (Kanehisa and Goto, 2000) were rendered with the
Pathview R package (Luo and Brouwer, 2013). Each rectangle is divided into four color regions reflecting the scaled logFC value of each time point.
The regions are arranged from left to right representing d13, d16, d2006, and d2018, respectively. The color bands above the heatmap indicate sam-
ples under EoD FR06 (dark red) or EoD FR18 (pink) treatment. In the heatmaps, d13 = Day 13 under EoD FR since Day 6 treatment; d16 = Day 16
under EoD FR since Day 6 treatment; d2006 = Day 20 under EoD FR since Day 6 treatment; d2018 = Day 20 under EoD FR since Day 18 treatment.
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the result of asymmetric divisions of meristemoids. PEAPOD
2 (PPD2), a negative regulator of meristemoid asymmetric
division which has been shown to directly bind to the
CYCD3;2 and CYCD3;3 promoters to repress their transcrip-
tion (Gonzalez et al., 2015), is slightly upregulated on d13
and d20 of EoD FR06 (Figure 5F; Supplemental Table S2).
EoD FR downregulates genes involved in the sequential
steps in guard cell formation. These include SPEECHLESS
(SPCH; down on d13 and d16), which promotes asymmetric
meristemoid division; FOUR LIPS (FLP/MYB124; down on
d16 and d20), which controls symmetric division of mother
guard cells; and FAMA (FMA; down on d20), which regulates
guard cell formation (Lai et al., 2005; Ohashi-Ito and
Bergmann, 2006; Lau et al., 2014). On the other hand, we
found that STOMAGEN (STOM), a mesophyll-expressed reg-
ulator of stomatal development, is upregulated at all time
points (Sugano et al., 2010; Figure 5F; Supplemental Table
S2).

Adaxial-abaxial patterning: Our data show downregulation
of the adaxial fate development genes PHABULOSA (PHB),
ASYMMETRIC LEAVES 1 (AS1), AS2, and the abaxial fate
gene KANADI 2 (KAN2), a homolog of KAN1 that has been
linked to strong suppression of shade-avoidance responses
(Xie et al., 2015), and AINTEGUMENTA (ANT; Supplemental
Figure S8 and Supplemental Table S2). BLADE ON PETIOLE 1
(BOP1) and BOP2, implicated in the control of adaxial–abax-
ial polarity genes and lateral organ fate, are also repressed by
EoD FR (Ha et al., 2007; Supplemental Table S2).

Overall, our data point to a central role for phy in control-
ling developmental pathways that regulate leaf cell fate, cell
proliferation/expansion, meristemoid cell division, which act
in concert to determine overall leaf blade shape and size.

EoD FR regulates ribosome biogenesis and
translation later in leaf development
Alongside the suppression of leaf growth regulators, we also
detected a strong EoD FR repression of translational pro-
cesses (Supplemental Tables S3, S4, and S6). EoD FR applica-
tion downregulates aminoacyl-tRNA synthetases throughout
leaf development. The strongest repressive effects can be
seen on genes involved in the Valine, Leucine, Isoleucine,
Lysine, Cysteine, Methionine, Glycine, Proline, and Alanine
aminoacyl-tRNA biosynthetic pathways (Figure 6A;
Supplemental Table S2). We established that a high propor-
tion of elongation factors directly involved in translation are
suppressed by EoD FR, but only later in L3 development
(Figure 6B). This late-phase timing coincides with upregula-
tion of several miRNA biogenesis genes, such as DICER-LIKE
2 (DCL2), DAWDLE (DDL), and TOUGH (TGH), which are in-
volved in the cleavage of pri- and pre-miRNAs (Moturu
et al., 2020); and miRNA-coding genes (MIR170, MIR830A,
MIR841A, MIR834A, MIR414, MIR822A, and MIR162A;
Figure 6C). Interestingly, MIR398B targets the chaperone
(CCS1), which is essential for protein maturation (Bouche,
2010). Perhaps, a most striking observation is the severe and
coordinated repression of genes involved in ribosome

biogenesis and genes coding for subunits of both the large
and small ribosome complexes, again, later in L3 develop-
ment (Figure 6D; Supplemental Figure S9 and Supplemental
Table S2). Taken together, these data reveal that phyB deac-
tivation by EoD FR has a profound repressive effect on ribo-
somes and basic translational processes, particularly in late
leaf development.

Discussion

The SAS leaf response exhibits cellular response
plasticity
Although genetic factors determine the blueprint of a leaf,
environmental cues can have a pronounced effect on its fi-
nal size. At high vegetation densities, shade-intolerant plants
switch to a SAS survival growth strategy that reconfigures
overall leaf architecture and is typified by a dramatic reduc-
tion in leaf blade area and elongated and hyponastic petioles
(Legris et al., 2019). While the cellular responses and associ-
ated changes in the transcriptome have been elucidated for
SAS petioles (Sasidharan et al., 2010; Michaud et al., 2017;
Pantazopoulou et al., 2017; Legris et al., 2019), less is known
of how the SAS influences leaf blade development.
Published studies suggest the SAS limits blade growth by
shortening the phase of leaf cell proliferation (Carabelli
et al., 2007; Carabelli et al., 2018), while another study impli-
cates cell expansion as a controlling factor (Patel et al.,
2013). By introducing daily phy deactivating EoD FR at dif-
ferent times during leaf development, we were able to dem-
onstrate that phys, mainly through phyB (Supplemental
Figure S2), can control blade size by regulating cell division
or expansion, depending on the developmental phase of the
leaf (Figure 2). Early exposure to EoD FR limits cell division,
while later exposure limits cell expansion. The ability to con-
trol both cell division and expansion phases enables phys to
exert control on leaf growth throughout leaf development
via alternative cellular processes.

Deactivating phy with EoD FR leads to the
widespread suppression of BP
Transcriptome studies have been instrumental in providing
a system level understanding of how the SAS operates in
the seedling and petiole (Sessa et al., 2005; Tao et al., 2008;
Kozuka et al., 2010; Hornitschek et al., 2012; Li et al., 2012;
Ciolfi et al., 2013; Pantazopoulou et al., 2017; Kim et al.,
2018). These studies have identified important SAS markers
and signaling pathways and have provided a critical under-
standing of the central role of hormones such as auxin.
Furthermore, two of these studies analyzed leaf blade tran-
scriptomes at a single discrete time point, mainly focusing
on hormone responses (Kozuka et al., 2010; Pantazopoulou
et al., 2017). Our study aimed to extend these insights by
conducting an mRNAseq of L3 development (accessible on-
line at https://aromanowski.shinyapps.io/leafdev-app/) cou-
pled to an in-depth bioinformatics analysis pipeline. We
showed that EoD FR led to the mis-regulation of 33.6%
(6,357/18,934) of all detected expressed genes, when
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considering all sampled time points (Figure 3, B and C;
Supplemental Figure S4, A and B, and Supplemental Table
S2). Classic shade-responsive genes, such as ATHB-2, PIL1,
PIL2, PAR1, PAR2, HFR1. and HAT2, were found to be reliably
upregulated at all time points (Figures 3, E, F and 4, A;
Supplemental Table S2). Our data indicated, however, that
more genes were downregulated by EoD FR, particularly at
the earlier sampling times (Figure 3, B and C; Supplemental
Figure S4). Further, GO term analysis revealed that through-
out leaf development, a very sizeable majority of processes
were repressed by EoD FR (Figure 3D). These results are in-
teresting in light of the overwhelming focus to date, on
genes that are upregulated in SAS (Ballare and Pierik, 2017;
Iglesias et al., 2018; Sessa et al., 2018). Indeed, the implication
is that deactivation of phyB has a broadly repressive effect
on BPs with wide-ranging roles in leaf growth and
development.

Phys-reprogrammed hormone signaling in the leaf
Consistent with previous studies, we observed EoD FR-
induced changes in hormone signaling, particularly auxin,
BR, ethylene, cytokinin, and ABA (Figure 4B). These were
further confirmed by hormonometer analysis (Supplemental
Figure S6B; Volodarsky et al., 2009), which found strong hor-
mone transcriptome signatures for auxin, ethylene, and ABA
throughout L3 development, and BR, GA, and cytokinin at
earlier time points. Interestingly, these results closely
matched the hormonometer analysis of an earlier study
where plants were grown under short-day conditions and
subjected to low R:FR ratio (R:FR = 0.05, fifth youngest
leaves of 28-d-old plants; Pantazopoulou et al., 2017). The
‘leaf tip – whole FR’ dataset results of that study, which is
the closest to our conditions, were highly similar to our d16
EoD FR-treated hormone signatures. Furthermore, similar
transcriptome responses were found in another study where
plants were grown for 19 d in continuous light and then
subjected to a FR pulse followed by 2-h darkness (Kozuka
et al., 2010). It is interesting to note that the action of sev-
eral phytohormones, such as cytokinin, GA, auxin, and BR, is
known to be involved with the leaf expansion process (Du
et al., 2018; Ali et al., 2020). Under shade-like conditions,
auxin, GA, BR, and ethylene have been associated with hy-
pocotyl and petiole growth (Yang and Li, 2017). However, a
study performed with leaf primordia exposed to canopy
shade found a role for auxin-induced cytokinin oxidase in
the repression of cell proliferation (Carabelli et al., 2007). In
agreement with this, our data show EoD FR induction of
CKX5 at the primordia stage, but also throughout L3 devel-
opment (Supplemental Table S2). Further studies will be re-
quired to gain a more comprehensive understanding of
these pathways in SAS repression of leaf blade cell
proliferation.

Previous transcriptomics studies have largely focused on a
single discrete time point, while our time series approach
allowed us to observe how the hormone responses changed
throughout L3 development. For example, we observed op-
posing temporal regulation of several ARFs and IAAs by EoD

FR. A large group of SMALL AUXIN UP-REGULATED RNA
(SAUR) genes exhibited progressive upregulation by EoD FR
throughout time, while a subset was sequentially downregu-
lated. Among the latter, EoD FR specifically enhanced the
expression of clade II (SAUR13, SAUR19-24) and clade IV
SAUR genes (SAUR63-67; Kodaira et al., 2011; Stortenbeker
and Bemer, 2019) at earlier time points in L3 development.
Overall, our data suggest that early hormone signaling com-
ponents are enhanced by EoD FR and that hormonal
responses are quite nuanced with changes throughout L3
development.

Phys are master regulators of cell proliferation
Earlier studies showed for the first two rosette leaves, persis-
tent canopy shade restricts the period of CYCB1;1 expres-
sion (Carabelli et al., 2007, 2018). Our L3 mRNAseq data
concur with this finding but show phys have a wider role,
controlling multiple processes involved in cell division, in-
cluding cell cycle, DNA replication, DNA repair, and cytoki-
nesis. A previous report showed that genes involved in DNA
synthesis, DNA repair, and cell cycle were among a cluster
of 3,817 genes that were normally switched on early in L3
development and then progressively switched off during the
transition from proliferative to cell expansion phase
(Andriankaja et al., 2012). This trend is clearly seen in our L3
mRNAseq data (Figure 5A), but so is the impact of EoD FR
on dampening these processes (Figure 5A–E and
Supplemental Figure S7).

The progression of the cell cycle is tightly regulated by
core cell cycle protein CYCs complexed with CDKs, the E2F-
DP heterodimer (which transcriptionally regulate cell cycle
machinery genes), and the cell cycle inhibitor proteins KRP/
ICK and SIM/SMR. Specific CDKs bind with different CYC
types (CYCA, CYCB, CYCD, CYCP) to control different tran-
sition points through the cell cycle (Vercruysse et al., 2020).
Deactivation of phyB-E with EoD FR represses the expression
of CDKB, CYCA, CYCB, CYCD, and CDC genes, implicating
these phys in controlling multiple steps in the cell cycle.
EoD FR suppresses the expression of the DP factor DEL3, the
E2Fa-DPa target ETG1, and the CDK inhibitors ICK5 and
ICK6. Simultaneously, EoD FR leads to upregulation of SKIP1,
SKP2A, and SKP2B, which are involved in the proteolysis of
CDC/CYC complexes. Overall, our data indicate that phy
exerts a strong influence on cell cycle progression during the
early phase of L3 development.

DNA replication and repair are downregulated by EoD FR
throughout L3 development. Here, we observe the repres-
sion of essential DNA replication components, including the
DNA polymerase a-primase, d, and e complexes; the MCM
complex; RPA; clamp (PCNA) and clamp loader (RFCs); the
flap endonuclease (5’–3’ exonuclease, AT5G26680); and
DNA ligase (Figure 5C). To ensure that DNA replication is
error-free, plants utilize several DNA repair mechanisms,
which are coupled to cell division and the cell cycle (Branzei
and Foiani, 2008; Manova and Gruszka, 2015). Daily deacti-
vation of phyB leads to suppression of the HR, NER, BER,
and MMR DNA repair pathways, with the strongest effect
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observed for MMR type DNA repair (Figure 5D;
Supplemental Figure S7). In yeasts, MMR factors work in
concert with the replication machinery to repair errors that
occur in the daughter strand shortly after replication, hence
increasing its fidelity (Jiricny, 2013).

Our analysis has also revealed phy regulates genes control-
ling cytokinesis, the final step of cell division that creates
two daughter cells (Inzé, 2007; Buschmann and Muller,
2019). EoD FR represses the expression of genes that regu-
late the phragmoplast, a plant-specific structure composed
mainly of microtubules, which directs new cell wall synthesis
(Figure 5E). These include PHRAGMOPLASTIN-INTERACTING
PROTEIN 1 (PHIP1); ARM domain containing protein kinase
FUSED (FU), involved in male meiosis cytokinesis (Oh et al.,
2005); and AURORA 1 (AUR1) and AUR2, serine/threonine
kinases indispensable for eukaryotic cell division that associ-
ate during mitosis with plant-specific cytoskeletal structures
(preprophase band, phragmoplast, nascent cell plate) and
are necessary for cytokinesis (Van Damme et al., 2004;
Weimer et al., 2016). We also find effective suppression of
several kinesin 12 (KIN12) members (PAKRP1/KIN12A,
KIN12B, POK1/KIN12C, and POK2/KIN12D), which are impor-
tant for phragmoplast formation and function. For instance,
loss of KIN12 reduces phragmoplast stability and expansion,
while kin12a;kin12b double mutants lack a functional phrag-
moplast (Lee et al., 2007).

Repression is also observed for several genes encoding
microtubule-associated proteins involved in cytokinesis
(Supplemental Table S2), including kinesins such as ATK5,
involved in microtubule spindle morphogenesis (Ambrose
and Cyr, 2007); and BUB3.1 and BUB3.2, which associate
with MAP65 in the midzone, potentially regulating MAP65
affinity to the microtubules (Buschmann and Muller, 2019).
Also affected are microtubule end-binding proteins EB1A,
EB1B, and EB1C. These proteins form foci at regions where
the minus ends of microtubules are gathered during early
cytokinesis (Van Damme et al., 2004; Komaki et al., 2010).
ATN, an Arabidopsis protein with high-sequence similarity
to the maize microtubule-binding protein TANGLED1, in-
volved in the identification of the division plane during mi-
tosis and cytokinesis (Muller et al., 2006), is downregulated
at early- and mid-development.

Our study reveals phy regulates basic cellular processes
such as DNA replication, DNA repair, and cytokinesis. It also
illustrates that phy exerts strong control on leaf growth
through simultaneous regulation of processes that act in
concert to execute cell proliferation.

Phytochrome controls the expression of key leaf
development modules
Consistent with the cellular data, we found evidence that
EoD FR controlled several leaf developmental modules
known to regulate cell division and/or expansion (Figure 5F).
AN3 and other members of the AN3/GRF-SWI/SNF module,
including GRF2, GRF4, GRF6, BRM, ANT, and WOX1/STF, are
consistently downregulated by EoD FR treatment

(Vercruyssen et al., 2014; Jun et al., 2019; Zhang et al., 2019).
AN3/GRF-SWI/SNF has been shown to control the expres-
sion of CYCB1;1 and leaf epidermal and mesophyll cell prolif-
eration and expansion (Kawade et al., 2010; Kawade et al.,
2013). Interestingly, an3-4 mutants exhibit a small, narrow-
leaf phenotype that resembles the phyB mutant (Horiguchi
et al., 2011).

Balancing this, EoD FR enhances the expression of DA1-
EOD1 module genes that restrict cell proliferation including
SOD7, and the DA1 homologs, DAR5 and DAR7 (Li et al.,
2008; Zhang et al., 2015). Likewise, HD-Zip II gene ATHB-2,
previously implicated in shade-induced early exit from cell
proliferation, and its homolog HAT2, are both upregulated
by EoD FR (Carabelli et al., 2018). Thus, phy appears to exert
opposing control on positive (AN3/GRF-SWI/SNF), and neg-
ative (DA1-EOD1, HD-ZIP II) regulators of cell division,
which may explain why phyB is such a potent regulator of
leaf growth. Further, increased expression of HD-Zip class I
ATHB16 may play a role in limiting cell expansion.
Interestingly, transgenic plants expressing its homolog
ATHB6 are phenotypically similar, so may also be playing a
role in cell expansion (Wang et al., 2003; Henriksson et al.,
2005). Of note, BB was only upregulated on d2018.
Overexpression of this factor leads to reduced blade areas
and smaller cell size (Disch et al., 2006).

Almost half (48%) of the pavement cells in Arabidopsis
leaves are the result of asymmetric divisions of meristemoids
(Geisler et al., 2000). It is therefore notable that PPD2, a re-
pressor of meristemoid asymmetric division, is upregulated
by EoD FR, while SPCH, a promoter of meristemoid asym-
metric division, plus FLP and FAMA, which regulate consecu-
tive steps in guard cell development, are downregulated by
EoD FR (Figure 5F). Recently, AN3 has also been shown to
promote stomatal asymmetric cell division via the transcrip-
tional regulation of COP1 (Meng et al., 2018). PhyB binding
to SPA1 is known to disrupt COP1-SPA1 binding and
COP1-SPA1 E3 ligase activity (Podolec and Ulm, 2018). As
AN3 expression is regulated by EoD FR, this presents a po-
tential alternative pathway via which phyB may alter COP1
signaling and asymmetric stomatal cell division.

Finally, phy also controls the expression of adaxial–abaxial
fate and genes including PHB, AS1, AS2, KAN2, ANT, BOP1,
and BOP2 (Emery et al., 2003; Xu et al., 2003; Nole-Wilson
and Krizek, 2006; Ha et al., 2007). In seedlings, BOP1 and
BOP2 have been reported to have a role in light signaling
and have been shown to modulate PIF4 abundance by tar-
geting it for ubiquitin-mediated degradation (Zhang et al.,
2017). It might be possible that BOP1 and BOP2 retain a
similar regulatory function in the leaf.

Thus, light stable phy appears to control leaf growth and
development by regulating the expression of principal leaf
development modules genes that serve as master regulators
of cell fate, cell proliferation/expansion, meristemoid cell di-
vision, and cell polarity.
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Phy action is required to sustain ribosome
biogenesis and translation through leaf
development
An earlier study demonstrated that phyB is able to regulate
translation in the cytosol (Paik et al., 2012). The active (Pfr)
form of phyB was shown to interact with PENTA1 (PNT1),
which in turn binds to the 50 untranslated region (50-UTR)
of protochlorophyllide (PORA) mRNA to block its transla-
tion. Our bioinformatics analysis expands this concept and
reveals phy controls large numbers of genes involved in
translation and also the basic cellular translational machin-
ery. For instance, we observe strong repression of aminoacyl-
tRNA biosynthesis, elongation factors and almost all of the
large and small ribosome subunit genes later in leaf develop-
ment (Figure 6; Supplemental Figure S9 and Supplemental
Table S2). One possible explanation for this striking effect
might be that as EoD FR-treated leaves exhibit an early halt
to cell division and/or cell expansion, which may reduce the
demand for new proteins. Indeed, ribosome abundance and
protein synthesis are known to be higher in younger grow-
ing leaves, reducing as leaves mature (Ishihara et al., 2015).
As ribosomes account for a substantial proportion of cellular
protein, the switching down of ribosome gene expression
may be an important energy conservation adjustment in
EoD FR-exposed leaves that have a shortened growth phase
(Ishihara et al., 2017). An alternative and potentially comple-
mentary reason for the repression of ribosome formation
and translation is EoD FR induction of premature senes-
cence. Recent studies have shown phyB inhibits dark-
induced leaf senescence by constraining the levels and activ-
ity of PIF4 and PIF5 (Sakuraba et al., 2014; Kim et al., 2020).
Consistent with this notion, we observe increased expression
of autophagy genes and components of the ethylene (ERS2
and EIL) and ABA (ABI5 and EEL) pathways that have previ-
ously been implicated in PIF4/5 senescence induction.
Collectively, the data clearly show phy status has a sizeable
impact on regulation of the leaf translational apparatus later
on in L3 development.

Conclusions
In summary, our work demonstrates that Arabidopsis leaves
exhibit exquisite cellular response plasticity to vegetation
shading by employing alternative growth limitation strate-
gies (Figure 7). Phy deactivation by FR-rich vegetation
restricts leaf blade growth, either by restraining cell division
or cell expansion (depending on when during leaf develop-
ment shading occurs), mainly through phyB action. Previous
blade transcriptomic studies of plants with SAS focused
mainly on the role of hormone pathways. Our L3 mRNAseq
time series coupled to a stringent bioinformatics analysis
pipeline has confirmed those results and further enabled the
identification of previously unknown phy signaling paths.
This analysis has shown that while expected, well-
characterized, light-response genes are upregulated by EoD
FR, an overwhelming number of BPs are repressed.
Moreover, our study illustrates that phys coordinately

regulate cell cycle, DNA replication, DNA repair, and cytoki-
nesis, which are all essential components of cell division. It
identified several principal leaf development pathways that
are phy regulated and showed phy action has a profound
impact on translational machinery. Within the leaf, phys
operates as master regulators of development, and of ribo-
some subunit genes, which may be an energy-conserving
measure. A summary schematic can be seen in Figure 7. To
facilitate access to and analysis of our mRNAseq data, we
have created and online application which can be found at
https://aromanowski.shinyapps.io/leafdev-app/.

Materials and methods

Plant material and growth conditions
The wild-type Arabidopsis (A. thaliana) accession Columbia-
0 (Col-0) and the mutant allele phyB-9 (Reed et al., 1993)
used in this work were obtained from The Nottingham
Arabidopsis Stock Centre (NASC). Transgenic A. thaliana
(Col-0) carrying the pCYCB1;1::D-Box:GUS-GFP reporter
(Eloy et al., 2011) construct was kindly provided by Prof
Dirk Inzé (PSB, VIB-UGent, The Netherlands).

For all experiments, seeds were stratified in a 0.1% w/v
Agar solution, in darkness for 5 d at 4�C. Reagents were pur-
chased from Merck KGaA (Darmstadt, Germany). Seeds
were then sown on F2 + S Levington Advance Seed and
Modular Compost plus Sand soil mix (ICL Specialty
Fertilizers, Suffolk, UK) and grown inside a Percival SE-41L cabi-
net (CLF Plant Climatics, Wertingen, Germany) under a light:
dark (LD) 12-h: 12-h photoperiod, at 100 mmolm–2 s–1 flu-
ence rate and 21�C of constant temperature. On the 6th d,
plants were thinned to a density of 1–2 plants per pot, and
then further thinned to 1 plant per pot on the 10th d.
Unless otherwise specified, 12 biological replicates/geno-
types/conditions were used. Polylux XLR FT8/18W/835 fluo-
rescent tubes (GE) were used as a white light (WL) light
source. For EoD FR treatments, we used 7 24V OSLON 150
ILS-OW06-FRED-SD111 FR led strips (Intelligent Led
Solutions, Berkshire, UK), to deliver 40 mmol m–2 s–1 of FR
light (730 nm) for 10 min. The spectrum of both light sour-
ces can be found in Supplemental Figure S10. Further
growth conditions details are provided in the respective fig-
ure legends.

Generation of leaf blade imprints and transparent
leaf blades for imaging
To generate leaf blade imprints, leaves (34 d after sowing
(D.A.S)) were stuck to a tape with the adaxial epithelial cell
layer facing the tape. A single layer of transparent nail var-
nish (60 Seconds Super Shine 740 Clear, Rimmel, France)
was applied over the abaxial epithelial cell layer and left to
dry for 30 min. A transparent Sellotape Super Clear Tape
(#293616, Sellotape, UK) was stuck to the leaf and slowly
peeled off to obtain the full leaf imprint, which was taped
to a 76 � 26 mm microscope slide (Menzel-Gläzer,
Braunschweig, Germany).
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To generate cleared leaf blades, a protocol adapted from
(Katagiri et al., 2016) was employed. Briefly, fixation was per-
formed in an eppendorf tube with 1 mL of a mixture of eth-
anol and acetic acid (6:1) for 4 h. The samples were then
washed with 1 mL 70% ethanol for 5 min and then incu-
bated overnight in 400 mL of chloral hydrate solution (8 g:
1 mL: 2 mL chloral hydrate: glycerol: water; Weigel and
Glazebrook, 2002) for further clearing. Using chloral hydrate
solution as the mounting media, cleared leaf blades were
mounted on microscope slides with the adaxial layer facing
down.

Blade area determination
Whole leaf pictures (34 D.A.S) for blade area measurements,
including scale bar, were taken using a Nikon G20 camera
with automatic focus settings. Blade area was determined
using ImageJ (National Institutes of Health).

Epithelial cell parameter determination
For abaxial epithelial cell parameter determination, leaf
imprints and/or cleared blades (34 D.A.S) were mounted

and visualized using Eclipse E600 (Nikon) DIC microscope
using either a 10X or a 20X objective. Individual abaxial epi-
thelial cell sizes were obtained with ImageJ (NIH). Average
leaf cell sizes were obtained by deriving the mean values of
10 adjacent cells from the base, middle, and tip sections of
each leaf, or these sections combined. Average total number
of cells was obtained by dividing the blade area by the total
cell size of each blade, and then averaging the mean total
number of cells of each blade. Average cell density was
obtained by dividing the total number of cells by the blade
area and then averaging the mean cell density of each blade.
An S8 stage mic 1 mm/0.01 mm DIV graticule (#02A00404,
Pyser-SGI Ltd., Kent, UK) was used for scaling.

GUS staining
Whole Arabidopsis plants were GUS stained using a proto-
col adapted from (Weigel and Glazebrook, 2002). Briefly,
plants were harvested and incubated in 90% acetone over-
night, and, subsequently, washed in wash buffer (50 mM
phosphate buffer (pH 7.4), 2 mM K3[Fe(CN)6], 2 mM
K4[Fe(CN)6], 0.2% v/v Triton X-100) and then incubated in

Figure 7 Summary schematic of PhyB mediated control of leaf blade architecture. The SAS blade cellular response is entirely contingent on the
timing of FR (red lightning bolt). Early EoD FR exposure limits cell division, while later EoD FR limits cell expansion. Further, phyB action is not
confined to hormone signaling, but regulates fundamental aspects of leaf development and physiology: phyB is a master regulator of cell prolifera-
tion, exerting simultaneous control on cell cycle, DNA replication, DNA repair, and cytokinesis. Moreover, phyB is a potent regulator of ribosome
biogenesis and translation, particularly in late-stage leaf development. L3 = Leaf 3; dev = development.
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5-bromo-4-chloro-3-indolyl-b-glucuronide (X-Gluc) buffer
(wash buffer supplemented with 2 mM X-Gluc in N,N-
dimethylformamide) at room temperature for 48 h. Samples
were washed and cleared for 30-min intervals in an increas-
ing ethanol series (i.e., 35%, 50%, 70% ethanol) and further
cleared overnight in chloral hydrate solution. Samples were
then photographed under a Leica MZ 16 F dissecting
microscope.

qPCR gene expression analysis
For RT-qPCR experiments, whole 13 D.A.S. Col-0 seedlings
(150 per replicate) or 16 and 20 D.A.S Col-0 third leaves (90
and 40 per replicates, respectively) were first collected at
ZT22 and submerged in RNA Later, then using a Leica MZ
16 F dissecting microscope, L3 primordia or blades were dis-
sected out with a scalpel (Supplemental Figure S11) and
placed again in RNA Later solution. Total RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen) with on-
column DNase digestion. All samples were processed on the
same day. cDNA synthesis was performed using the qScript
cDNA SuperMix (Quanta Biosciences) as described by the
manufacturer. The RT-qPCR was set up as a 10 lL reaction
using Lightcycler 480 SYBR Green Master Mix (Roche) in a
384-well plate, performed with a Lightcycler 480 system
(Roche). Results were analyzed using the Light Cycler 480
software. The primers used in this study are listed in
Supplemental Table S7.

cDNA library preparation and high-throughput
sequencing
Total RNA was extracted from Col-0 plants as described
above. Samples were then sent to Edinburgh Genomics for
QC check and sequencing. Sample quality was checked us-
ing Qubit with the broad range RNA kit (Thermo Fisher
Scientific) and Tapestation 4200 with the RNA Screentape
for eukaryotic RNA analysis (Agilent). Libraries were pre-
pared using the TruSeq Stranded mRNA kit (Illumina) and
then validated. Samples were pooled to create 14 multi-
plexed DNA libraries, which were paired-end (PE) sequenced
on an Illumina HiSeq 4000 platform (Machine name
K00166, Run number 346, flowcell AHT2HKBBXX, lanes 5
and 6). On average, 23.9 million 150 nt PE reads were
obtained for each sample (Supplemental Table S8).

Processing of RNA sequencing reads
Raw sequence reads were trimmed with cutadapt 1.9.1
(Martin, 2011) with default parameters and—a set to
‘AGATCGGAAGAGC’, to eliminate adapter contamination
from the PE reads. Trimmed reads were aligned against the
A. thaliana genome (TAIR10) with TopHat v2.1.1 (Kim et al.,
2013) with default parameters, except in the case of the
maximum intron length parameter, which was set at 5,000
(Supplemental Table S8). Count tables for the different fea-
ture levels were obtained from bam files using custom R
scripts and considering the AtRTD2 transcriptome (Zhang
et al., 2017). Briefly, for this purpose, we used the
‘ASpli::readCounts()’ function of ASpli package version 1.8.1

(Mancini et al., 2021), which uses the GenomicFeatures
Bioconductor package (Lawrence et al., 2013). Count tables
at the gene level presented a good correlation overall be-
tween replicates and samples (Supplemental Figure S12).
Raw sequences (fastq files) used in this paper have been de-
posited in the ArrayExpress (Kolesnikov et al., 2015) data-
base at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession number E-MTAB-9445.

DGE analysis
DGE analysis was conducted using custom R scripts for
18,934 genes whose expression was above a minimum
threshold level (read density 40.05 and at least 10 counts-
per-million) in at least one experimental condition. Read
density was computed as the number of reads in each gene
divided by its effective width. The term ‘effective width’ cor-
responds to the sum of the length of all the exons of a
given gene. DGE was estimated using the edgeR package
version 3.22.3 (Robinson et al., 2010; Lun et al., 2016), and
resulting P values were adjusted using a false discovery rate
(FDR) criterion. Genes with FDR values lower than 0.1 or
0.05 and an absolute log2 fold change 40.58 were consid-
ered differentially expressed. Heatmaps were generated using
R or GraphPad Prism 7 (GraphPad Software).

GO and KEGG metabolic pathway analysis
Gene set enrichment analysis was performed using a combi-
nation of custom written R scripts and the GOstats
Bioconductor package version 3.9 (Falcon and Gentleman,
2007). GO enrichment analysis was performed using the
18,934 expressed genes as the universe gene set. GO terms
with P5 0.05 and FDR 5 0.1 were summarized to remove
redundant GO terms using REVIGO (Supek et al., 2011)
with default values, small allowed similarity (0.5) and the
‘Arabidopsis thaliana’ database for GO term sizes. Bubble
plots were generated using R. KEGG pathway enrichment
was analyzed using R and the clusterProfiler package (Yu
et al., 2012) version 3.16.1 of Bioconductor. All the pathways
of A. thaliana were derived from the KEGG Pathway
Database (http://www.kegg.jp; Kanehisa and Goto, 2000;
Kanehisa et al., 2012). KEGG enrichment analysis was per-
formed using the 18,934 expressed genes as the gene uni-
verse set and those with P5 0.05 and FDR 50.1 were
furthered considered. Individual KEGG pathways were visual-
ized utilizing the Pathview package (Luo and Brouwer, 2013)
version 1.28 of Bioconductor.

Statistical analysis
Statistical difference of two populations was tested by two-
tailed, unpaired Student’s t test. To compare three or more
populations, one-way analysis of variance (ANOVA) followed
by Dunnett’s test (comparison against a control) or Tukey’s
test (comparison among all groups) was performed. When
Tukey’s test was employed, letters were used to indicate
which treatment groups were significantly different. All anal-
yses were done using GraphPad Prism 7 (GraphPad
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Software) or Minitab 18 (Minitab Ltd.), unless otherwise
indicated.

Accession numbers and data availability
Raw sequences (fastq files) used in this paper have been de-
posited in the ArrayExpress (Kolesnikov et al., 2015) data-
base at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession number E-MTAB-9445.

All custom R scripts are available in https://github.com/
aromanowski/leaf3_dev and https://github.com/aromanow
ski/LeafDev-app. Alternatively, they are available upon re-
quest to the corresponding author.
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 11 

Abstract. 12 

Plants are agile, plastic organisms, able to adapt to ever-changing circumstances. 13 

Responding to far-red (FR) wavelengths from nearby vegetation, shade-intolerant species 14 

elicit the adaptive Shade Avoidance Syndrome (SAS), characterised by elongated petioles, 15 

leaf hyponasty and smaller leaves. We utilised end-of-day FR (EODFR) treatments to 16 

interrogate molecular processes that underlie the SAS leaf response. Genetic analysis 17 

establishes PHYTOCHROME INTERACTING FACTOR 7 (PIF7) is required for EODFR-18 

mediated constraint of leaf blade cell division, while EODFR mRNAseq data identified 19 

ANGUSTIFOLIA3 (AN3) as a potential PIF7 target. We show PIF7 can suppress AN3 20 

transcription through a sequestering mechanism that prevents AN3 activation of its own 21 

expression. We also establish PIF7 and AN3 impose antagonistic control of gene expression 22 

via common cis-acting promoter motifs in several cell cycle regulator genes. EODFR triggers 23 

the molecular substitution of AN3 to PIF7 at G-box/PBE-box promoter regions, and a switch 24 

from promotion to repression of gene expression.  25 

 26 

Introduction 27 

Growth plasticity is a fundamental property of plants, enabling adjustment to changes in the 28 

environment. The Shade Avoidance Syndrome (SAS) is a well-known adaptive response to 29 

the presence of nearby vegetation, that is characterised by gross changes in plant 30 

architecture and biomass (Sessa et al., 2018; Yang et al., 2016; Krahmer et al., 2021). A 31 

common feature of SAS is the reduction in leaf blade growth which can be dramatic in heavy 32 
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vegetation shade. Our recent research, and that of others, has shown that phytochrome, an 33 

important modulator of the SAS leaf response, operates by controlling cell proliferation and 34 

expansion phases of development (Patel et al., 2013; Carabelli et al., 2018; Romanowski et 35 

al.; 2021). The molecular mechanisms through which phytochrome controls leaf growth are, 36 

however, unknown.  37 

In Arabidopsis, phytochromes comprise a small gene family (PHYA-E) of photochromic 38 

biliproteins that are tuned to detect far-red (FR) light-rich conditions which occur in 39 

vegetation dense habitats (Franklin and Quail, 2010; Klose et al., 2020). The photo-isomeric 40 

properties of phytochrome dictate that red (R) light wavelengths drive the photoconversion 41 

from the inactive Pr to the active Pfr isomeric form. Exposure to FR wavelengths reverses 42 

this process, switching phytochrome to its inactive Pr state. Several studies have shown that 43 

FR inactivation of phyB-E, set in motion a series of molecular signalling events that activate 44 

SAS (Franklin and Quail. 2010). Although SAS is principally regulated by phyB, phyC has a 45 

contributory role, while phyD and phyE operate redundantly with phyB in this response 46 

(Franklin et al., 2004; Franklin and Quail. 2010). In contrast, phyA signalling, which is 47 

enhanced by periods of FR, acts to limit the extent of SAS, which can be detrimental if left 48 

unchecked (Yanovsky et al., 1995). 49 

PhyB is known to operate by negatively regulating the PHYTOCHROME INTERACTING 50 

FACTOR (PIF) class of bHLH transcription factors.  Studies indicate phyB can inhibit PIF1 51 

and PIF3 action through sequestration, and can also initiate phosphorylation-mediated 52 

proteasomal degradation of PIF1, PIF3, PIF4 and PIF5 (Park et al., 2012, 2018; Pham et al., 53 

2018). Consequently, deactivation of phyB by FR light leads to PIF de-repression and 54 

activation of transcriptional events. Of these PIFs, PIF4 and PIF5 have prominent roles in 55 

SAS, alongside another family member, PIF7, which has somewhat distinct regulatory 56 

characteristics. For instance, the phosphorylated form of PIF7 is not degraded, rather it is 57 

retained in the cytosol through interaction with 14-3-3 proteins (Huang et al., 2018). FR-rich 58 

shade light induces PIF7 de-phosphorylation and nuclear accumulation.  59 

An important SAS feature, is the physiological response to FR is gated by the circadian 60 

clock, with a peak in FR responsiveness at dusk (Salter et al., 2003; Mizuno et al., 2015). 61 

This property means that end-of-day FR (EODFR) treatments can be relatively effective in 62 

eliciting SAS (Franklin, 2008; Romanowski et al., 2021).  Further, delivery of short EODFR 63 

treatments avoids activating the SAS suppressor, phyA, assisting the delivery of a robust 64 

SAS response (Franklin and Quail 2010; Strasser et al., 2010). Recent reports have shown 65 

that PIF7 has a prominent role in mediating SAS responses induced by EODFR and that its 66 

action is clock gated (Salter et al., 2003; Mizuno et al., 2015; Leivar et al., 2020). FR shade 67 



light leads to the rapid activation of PIF7 through dephosphorylation and nuclear 68 

accumulation (Li et al., 2012; Huang et al. 2018; Leivar et al., 2020). These distinct 69 

molecular properties mean PIF7-mediated SAS signalling can be swiftly deployed following 70 

phyB deactivation at dusk, particularly in short days when PIF7 is reported to be most 71 

effective (Leivar et al., 2020). After an EODFR treatment, PIF7 is primarily active post-dusk, 72 

as rising levels of the night-phased clock component ELF3 gradually suppress PIF7 action, 73 

through direct interaction and prevention of PIF7 DNA-binding (Jiang et al., 2019).   74 

Earlier studies demonstrated that simulated canopy shade can constrain the phase of leaf 75 

cell proliferation in a process involving HD-Zip II transcription factors ATHB2 and ATHB4 76 

(Carabelli et al., 2007; Carabelli et al., 2018). Our recent mRNAseq analysis identified key 77 

leaf development genes as EODFR regulated, opening a potentially novel phytochrome 78 

signalling route (Romanowski et al., 2021). Amongst these genes, ANGUSTIFOLIA 3/GRF-79 

INTERACTING FACTOR 1 (AN3/GIF1) GROWTH REGULATING FACTORs GRF2, GRF4 80 

and GFR6, and BRAHMA (BRM) are known to regulate leaf blade cell proliferation, while, 81 

the small, narrow leaf phenotype of the an3-4 mutant is reminiscent of the phyB leaf blade 82 

phenotype (Tsukaya et al., 2002; Kim and Kende, 2004, Horiguchi et al., 2005, Vercruyssen 83 

et al., 2014). AN3 is proposed to operate centrally in a complex with DNA-binding GRFs and 84 

with SWITCH/SUCROSE NONFERMENTING (SWI/SNF) chromatin remodelling proteins, 85 

like BRM and BAF60, to regulate transcription (Vercruyssen et al., 2014).  Interestingly the 86 

AN3-GRF-SWI/SNF complex is highly conserved in eudicots and monocots and therefore 87 

represents a widespread leaf development mechanism (Nelissen et al., 2015; Besbrugge et 88 

al., 2018; Shimano et al., 2018). 89 

This study elucidates a novel molecular mechanism through which EODFR suppresses leaf 90 

growth. We demonstrate that PIF7 is a potent inhibitor of leaf cell proliferation following SAS-91 

inducing EODFR treatments. Genetic analysis indicates this is accomplished through the 92 

repression of AN3. We show PIF7 suppresses AN3 expression through a sequestration 93 

mechanism that prevents AN3 self-activation. Our data also point to PIF7 and AN3 signalling 94 

convergence at common promoter cis-elements in cell cycle genes. EODFR induces PIF7 95 

substitution for AN3 at target promoters and a concomitant shift from promotion to the 96 

repression of gene expression. 97 

 98 

 99 

 100 

 101 



Results 102 

EODFR represses cell division during two phases during leaf blade development 103 

Previously we used phytochrome-deactivating EODFR treatments to mimic and test the 104 

impact of vegetative shading at different phases of rosette leaf 3 (L3) development 105 

(Romanowski et al., 2021). We established that daily EODFR was effective in limiting L3 106 

expansion by suppressing epidermal cell division or expansion, contingent on whether 107 

EODFR coincided with the proliferation or expansion phase of development. Extending 108 

these findings we found that EODFR treatment delivered daily (light: dark (LD) 12-h: 12-h 109 

photoperiod at 22 °C), from day 6, or phyB-9, are equally effective in reducing the cell 110 

number, but not the size of both epidermal and palisade cells (Supplementary Fig. 1a-i). We 111 

observed similar EODFR effects on leaf blade expansion for all rosette leaves 112 

(Supplementary Fig. 2) but focus on L3 as a model to allow direct comparison with our 113 

published data and that of other studies (Kozuka et al., 2005; Andriankaja et al., 2012; 114 

Beltramino et al., 2018; Romanowski et al., 2021). 115 

To pinpoint more precisely the time-window during which phytochrome controls blade cell 116 

division we exposed plants grown in light: dark (LD) 12-h: 12-h photoperiod at 22 °C, to 5 117 

days of EODFR in the following intervals: day 6-10, 10-14 or 14-18, negative controls did not 118 

receive EODFR, and positive controls received EODFR for day 6-18, or 6-34 (Fig.1a). As 119 

expected, EODFR delivered for the longest period, 6-34 days, was the most effective in 120 

reducing blade area and limiting cell division, followed by the 6-18 interval (Fig.1b-h). 121 

EODFR provided in the 6-10 or 14-18 time-slots did not induce significant changes in leaf 122 

size or cell division, in contrast to the 10-14 day window, which was as effective as the 123 

longer 6-18 period. The data identify two windows during which phyB controls cell division: 124 

day 10-14, which coincides with the main proliferative phase, and day 6-34 which probably 125 

also includes the meristemoid cell division phase (Gonazalez et al., 2012).  126 



 127 

Fig. 1: EODFR controls leaf expansion by restricting two phases of cell division. a 128 
Schematic representation of the environmental treatment regime. White and black rectangles indicate 129 
the 12 h of day or night period, respectively. The green arrow indicates the period of L3 (leaf 3) 130 
development, which is enclosed between the two innermost black dashed lines. The plant drawn on 131 
top of day 8 indicates L3 emergence. The leaf drawn on top of day 26 indicates that L3 is fully 132 
expanded. The red dashed lines indicate the day at which a specific treatment was started and 133 
coincides with a specific coloured arrow (WL in white and EODFR in dark red). The red dashed line at 134 
the end of day 10, 14, 18 and 34 marks the end of each treatment. The black dashed line on day 34 135 
indicates leaf 3 collection for each treatment. b Comparison of leaf blade area (ANOVA, Tukey’s post 136 
hoc test, p < 0.0001, n > 20 blades). c, f epidermal and palisade cell number (ANOVA, Tukey’s post 137 
hoc test, p < 0.0001 in (c, f), n > 20 blades), d, g epidermal and palisade cell size (ANOVA, Tukey’s 138 
post hoc test, p = 0.4234 in (d) and p = 0.375327 in (g); 27 cells per blade, n > 20 blades), e, h 139 
epidermal and palisade cell density (ANOVA, Tukey’s post hoc test, p = 0.8082 in (e) and p = 0.7436 140 
in (h), n > 20 blades). b, c, d, e, f, g, h Error bars represent the SEM. The center of the error bars 141 
represents the mean values. Different letters denote statistically significant differences in leaf blade 142 
area, cell number, cell size and cell density between different treatments (ANOVA followed by Tukey’s 143 
post hoc test). This experiment was repeated at least two times with similar results. 144 
 145 
 146 
 147 
 148 



mRNAseq identifies EODFR regulated genes implicated in cell cycle control 149 

As the molecular connections between phyB and cell cycle control are largely unknown 150 

wesought to identify candidate cell cycle regulator genes from our L3 mRNAseq data 151 

(Romanowski et al., 2021). This longitudinal study captured EODFR-induced changes in 152 

transcription through leaf development. From this dataset, we identified 317 genes, classified 153 

as transcription factors, or co-transcriptional regulators (Supplementary Table 1), with 154 

EODFR-altered expression early-on in L3 development. In this gene set, 14 genes (AN3, 155 

GRF2, GRF4, GRF6, DP-E2FA like1 (DEL1), AINTEGUMENTA, (ANT), DP-E2F like3 156 

(DEL3), FAMA, (FMA), SCARECROW (SCR), AT4G02110, HOMEOBOX GENE 8 (HB-8), 157 

AUXIN RESPONSE FACTOR 10 (ARF10), ASYMMETRIC LEAVES 1 (AS1) and MYB 158 

DOMAIN PROTEIN 3R-4 (MYB3R) are known to have roles associated with the cell cycle 159 

(Kim and Kende, 2004; Lee et al., 2009; Van Leene et al., 2010). In nearly all cases, 160 

expression levels were higher on day 13, which falls in the 10-14 day window that coincides 161 

with cell proliferation in our experimental regime (Supplementary Fig. 3a-c) (Romanowski et 162 

al., 2021; https://aromanowski.shinyapps.io/leafdev-app/).  163 

Recent articles have identified AN3 as a transcription regulator with a central role in the 164 

promotion of leaf expansion (Horiguchi et al., 2005; Kawade et al., 2013; Liebsch et al., 165 

2020). AN3 lacks DNA-binding capacity, and so functions as a transcriptional co-activator by 166 

interacting with GRFs that can bind DNA directly (Kim et al., 2012; Vercruyssen et al., 2014; 167 

Nelissen et al., 2015; Besbrugge et al., 2018; Omidbakhshfard et al., 2018). The AN3-GRF 168 

unit appears to regulate transcription by recruiting chromatin modelling components, 169 

including BRM, which operates as a central SWI2/SNF2 ATPase (Vercruyssen et al., 2014). 170 

Our finding opens the possibility that the AN3 transcriptional module operates downstream 171 

of phytochrome to control leaf cell division and growth. 172 

EODFR regulation of cell division is abolished in the an3-4 mutant  173 

To establish whether AN3 is implicated in phytochrome control of the cell cycle, we first 174 

analysed the EODFR leaf response in the an3-4 mutant. In line with earlier reports 175 

(Horiguchi et al., 2005; Kawade et al., 2013), in our conditions, an3-4 L3 blades were smaller 176 

than wild type (WT) with fewer cells (Fig. 2a, b and Supplementary Fig. 4b).  We found 177 

EODFR was less effective in reducing the blade area of an3-4 compared to WT, but an3-4 178 

was still EODFR responsive (Fig. 2a). In contrast, while EODFR markedly reduced WT 179 

epidermal and palisade cell number, an3-4 was completely insensitive to the treatment (Fig. 180 

2b and Supplementary Fig. 4b). We also established that, similar to earlier studies 181 

(Horiguchi et al., 2005; Kawade et al., 2013), in our control conditions an3-4 epidermal and 182 

palisade cell size were slightly larger than WT (Supplementary Fig. 4a, c, d, e). However, 183 
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EODFR application completely suppresses the cell size defect caused by the an3-4 mutation 184 

(Supplementary Fig. 4. a, c) This finding most likely accounts for the retention of an an3-4 185 

blade area EODFR response. In summary, our data show an3-4 has a constitutively low cell 186 

number, which is insensitive to EODFR, which implies AN3 may operate downstream of 187 

phytochrome to promote leaf blade cell division. In addition, our data indicate that 188 

phytochrome inactivation by EODFR prevents cell expansion caused by the an3-4 mutation.   189 

Since AN3 complexes with GRFs, which are reported to have redundant roles in regulating 190 

leaf size, we analysed the EODFR responsiveness of multi-allele grf mutants (Kim and 191 

Kende, 2004). We found that the triple grf1-3;grf3-1;grf5-2 and quadruple grf1-3;grf3-1;grf4-192 

1;grf5-2 mutants are phenotypically similar to an3-4, with small leaf blades, low epidermal 193 

and palisade cell numbers, and reduced sensitivity to EODFR  (Fig. 2a,b and Supplementary 194 

Fig. 4a-e). These data, therefore, strengthen the hypothesis, that phytochrome control of leaf 195 

cell proliferation is mediated, at least in part, through the AN3-GRF transcriptional complex. 196 

AN3 is required for phyB-controlled expression of leaf cell cycle regulators 197 

Several of the leaf developmental genes identified as EODFR repressed in our mRNAseq 198 

dataset are known AN3 targets  (Lee et al., 2009; Vercruyssen et al., 2014; Besbrugge et al., 199 

2018; Romanowski et al., 2021).  For instance, Chromatin Immunoprecipitation (ChIP) qPCR 200 

has shown AN3 can directly associate with the GRF6 promoter, while GRF2, GRF4, 201 

OLIGOCELLULA 2 (OLI2), SALT TOLERANCE ZINC FINGER (STZ), and BRM genes were 202 

shown to be bound by AN3 in tandem chromatin affinity purification sequencing (TChAP-seq) 203 

and chromatin affinity purification sequencing (ChIP-seq) (Vercruyssen et al., 2014; 204 

Besbrugge et al., 2018). Further, overexpression of AN3 resulted in increased expression of 205 

CYCB1;1, identifying this cell cycle gene as AN3 regulated (Lee et al., 2009; Vercruyssen et 206 

al., 2014). We reasoned that if the phytochrome-controlled cellular response is mediated 207 

through AN3 then EODFR control of these AN3 targets would be curtailed in the an3-4 208 

mutant. Indeed, compared to WT, our quantitative reverse transcriptase PCR (qRT-PCR) 209 

assay showed that this gene-set has reduced expression in an3-4 with a diminished or lack 210 

of response to EODFR (Fig. 2c). This was also the case for the AN3 targets GRF1, GRF3 211 

and GRF5, and key cell cycle genes CDC45, CDC6, and DEL1, identified as EODFR-212 

repressed in our mRNAseq data (Supplementary Fig. 3d) (Romanowski et al., 2021), but not 213 

known to be AN3 regulated (Supplementary Fig. 4f) (Vercruyssen et al., 2014). These data 214 

identify CDC45, CDC6, and DEL1 as AN3 regulated, and support the hypothesis that AN3 215 

action is dependent on phytochrome. Our results suggest AN3 promotes the expression of 216 

genes that modulate the leaf cell cycle in control conditions, but not in EODFR which 217 

deactivates phyB and other SAS controlling phytochromes. 218 



 219 

Fig. 2: The an3-4 mutant is completely insensitive to EODFR regulation of leaf cell 220 
division. a Comparison of leaf blade area (ANOVA, Tukey’s post hoc test, p < 0.0001, n = 15 221 
blades). b Epidermal cell number (ANOVA, Tukey’s post hoc test, p < 0.0001, n = 15 blades). a, b 222 
Error bars represent the SEM. The center of the error bars represents the mean values. Different 223 
letters denote statistically significant differences in leaf blade area and cell number between 224 
genotypes and different treatments (ANOVA followed by Tukey’s post hoc test). This experiment was 225 
repeated at least two times with similar results. c GRF2, GRF4, GRF6, CYCB1;1, OLI2, STZ 226 
and BRM messenger RNA (mRNA) level using quantitative reverse transcription (RT-qPCR) after the 227 
shift from white light to EODFR in Col-0 and an3-4. Seedlings were grown for 13 days under a light : 228 
dark (LD) 12 h : 12 h photoperiod, at 22 °C. On day 13, seedlings were either shifted to EODFR 229 
treatment or kept in the white light control condition. L3 blades were harvested 13 days after sowing 230 
at zeitgeber (ZT) 24. The transcript levels were calculated relative to those of PP2A. Error bars 231 
represent the s.d. of three biological replicates. The center of the error bars represents the mean 232 
values.  (*p < 0.05, **p < 0.01 and ***p < 0.001 , Student’s t-test). 233 



AN3 operates downstream of PIF7 to control leaf cell division 234 

PIF7 is known to have an important function in EODFR-induced seedling and adult plant 235 

responses, while the contribution from other PIFs is smaller (Mizuno et al., 2015; Xie et al., 236 

2017; Leivar et al., 2020). Consistent with this notion, we show pifq, which lacks PIF1, PIF3, 237 

PIF4 and PIF5, has a smaller leaf blade area with fewer epidermal cells in control conditions 238 

but still responds to EODFR, although the response is reduced (Supplementary Fig. 5a-d). In 239 

contrast, pif7-1 has a WT leaf blade size and is completely unresponsive to EODFR (Fig. 240 

3a). Likewise, the pif7-1 mutant has a similar epidermal cell number and cell size to WT 241 

white light control and lacks the EODFR reduction in cell number (Fig. 3b-d). These data 242 

reflect the known functional properties of PIF7 which is activated by EODFR and additionally 243 

illustrate that PIF7 is necessary for the EODFR suppression of phytochrome‐mediated leaf 244 

cell proliferation (Leivar et al., 2020). 245 

As we have shown that AN3 promotion of cell proliferation is prevented by EODFR, our data 246 

implicate PIF7 as a negative regulator of AN3. To begin to test this hypothesis we generated 247 

the an3-4;phyB-9, an3-4;pif7-1 and an3-4;phyB-9;pif7-1 multi-allele mutants. Fig.3a,b shows, 248 

that, as expected, phyB-9 L3 blades are smaller and narrower than those of WT with 249 

reduced epidermal cell number in control conditions, while pif7-1 lacks WT response to 250 

EODFR. Comparison of cell number in an3-4;phyB-9, an3-4;pif7-1, an3-4;phyB-9;pif7-1 and 251 

the single mutant parental lines revealed an3-4 epistasis over phyB-9, which was most 252 

evident in control conditions, and an3-4 epistasis over pif7-1, particularly under EODFR. 253 

Thus, AN3 appears to be required for phyB-PIF7 module control of leaf cell division.   254 

With regards to L3 epidermal cell size, phyB-9 and pif7-1 are indistinguishable from the WT, 255 

and as shown earlier, an3-4 cells are larger in control but not in EODFR conditions (Fig.3c- 256 

d). In contrast to cell number, for cell size phyB-9 is epistatic to an3-4 in control conditions, 257 

and pif7-1 is epistatic to an3-4 in EODFR, indicating, an3-4 cell expansion is dependent on 258 

whether phyB is active. Further, an3-4;phyB-9;pif7-1 is indistinguishable from an3-4:pif7-1 259 

(Fig.3a), which is consistent with PIF7 operating downstream of phyB. Collectively, our data 260 

indicate that AN3 is required for phyB promotion of cell division in control conditions. EODFR 261 

induced PIF7 activation, restricts cell division, possibly by repressing AN3 levels and/or 262 

activity, and secondarily, PIF7 appears to limit the compensatory cell expansion that arises 263 

from AN3 deactivation.  264 



 265 

Fig. 3: Both phyB-9  and pif7-1 are epistatic to an3-4. a Comparison of leaf blade area 266 
(ANOVA, Tukey’s post hoc test, p < 0.0001, n > 20 blades). b epidermal cell number (ANOVA, 267 
Tukey’s post hoc test, p < 0.0001, n > 20 blades), c epidermal cell size (ANOVA, Tukey’s post hoc 268 
test, p < 0.0001 in (d); 27 cells per blade, n > 20 blades), d epidermal cell density (ANOVA, Tukey’s 269 
post hoc test, p < 0.0001, n > 20 blades). Plants were grown under a light : dark (LD) 12 h : 12 h 270 
photoperiod, at 22 °C. On the 6th day, the plants were exposed to EODFR treatment, until the 34th 271 
day. All leaf 3 blades were harvested and measured on the 34th day. a, b, c, d Error bars represent 272 
the SEM. The center of the error bars represents the mean values. Different letters denote statistically 273 
significant differences in leaf blade area, cell number, cell size and cell density between genotypes 274 
and different treatments (ANOVA followed by Tukey’s post hoc test). This experiment was repeated at 275 
least two times with similar results. 276 
 277 

 278 

 279 

 280 

 281 



PIF7 suppresses AN3 expression through direct binding to the AN3 promoter 282 

Our mRNAseq data showed AN3 transcript abundance is lowered by EODFR, and our 283 

genetic data identified PIF7 as a potential AN3 regulator (Romanowski et al., 2021). To test 284 

this, we quantified AN3 transcript levels in pif7-1 by qRT-PCR assay. Figure 4a shows AN3 285 

transcript levels are unaltered by EODFR in pif7-1, which implicates PIF7 as a repressor of 286 

AN3 transcription. A recent study reported that as for other PIFs, PIF7 preferentially binds to 287 

G-boxes (CACGTG) and PBE-boxes (CA[TG/CA]TG) in the promoters of target genes 288 

(Galvao et al., 2019). Interestingly, in Arabidopsis, a G-box motif has been identified as an 289 

important transcriptional cis-regulatory element in the AN3 promoter, thus we surmised PIF7 290 

may directly regulate AN3 transcription (Liu et al., 2020). To test this we, performed ChIP-291 

qPCR assays using 13-day-old leaf tissues of WT and PIF7-Flash (35S::PIF7-Flash; 9xMyc-292 

6xHis-3xFlag) plants (Fig. 4c; Li et al., 2012). This assay showed PIF7-Flash enrichment at 293 

the G-box containing region of the AN3 promoter (P1), which was further enhanced after 294 

EODFR (Fig. 4b). We also recorded PIF7-Flash enrichment at the G-box containing 295 

promoter region of the known PIF7 target, IAA19, but not in either of the negative controls, a 296 

fragment of AN3 CDS region (P4) and no-antibody ChIP tissues (Fig. 4b,d) (Peng et al., 297 

2018). These observations together with the AN3 expression data, (Fig. 4a) indicate that 298 

PIF7 directly represses AN3 expression through association with the G-box region (P1) of 299 

the AN3 promoter.  300 

 301 

EODFR prevents AN3 binding to its own promoter 302 

We reasoned that if PIF7 was operating through AN3 to regulate leaf blade cell proliferation, 303 

then PIF7 would also be required for EODFR suppression of AN3 target genes. This is 304 

indeed what we observed, as for each of the AN3 regulated genes (GRF1, GRF2, GRF3, 305 

GRF4, GRF5, GRF6, CYCB1;1, OLI2, STZ, BRM, CDC45, CDC6, and DEL1) pif7-1 306 

completely abolished the EODFR repression response (Supplementary Fig. 6). Next, we 307 

tested whether PIF7 functions solely by regulating AN3 expression by analysing a 35S::AN3-308 

GSyellow line (subsequently referred to as AN3-GSyellow, (Besbrugge et al., 2018). Consistent 309 

with published data we found that the AN3-GSyellow line had elevated AN3 expression and a 310 

moderately increased leaf blade area in control conditions (Supplementary Fig. 7a,b) 311 

(Besbrugge et al., 2018). However, this line exhibited a WT response to EODFR,  312 

suggesting PIF7 may not regulate AN3 solely by modulating its transcription, rather it might 313 

also regulate AN3 activity.  314 

Published studies indicate AN3 can bind to its own promoter to promote expression through 315 

self-regulatory motifs (the GAGA-motif present in the region encoding the 5’ untranslated 316 



region (UTR) and a CATGTT box) in the AN3 promoter (Vercruyssen et al., 2014; Meng et 317 

al., 2018) (Fig.4g). As PIF7 has not been shown to bind to these motifs, we used ChIP-318 

qPCR to test whether PIF7 activation by EODFR disrupts AN3 association with self-319 

regulatory motifs. As expected, we observed statistically significant enrichment of AN3-320 

GSyellow (p-values < 0.001) at the GAGA (P2) and CATGTT containing regions (P3), but not 321 

the AN3 coding sequence control (P4) (Fig.4e,f). Notably, we did not observe AN3-GSyellow 322 

association with P2 or P3 following EODFR. We next tested if PIF7 could bind to these 323 

regions using PIF7-Flash expressing plants and found that, while we detected PIF7 324 

enrichment at the promoter of a known target, IAA19 (p-value < 0.001), PIF7 did not 325 

associate with regions containing the GAGA or CATGTT motifs in control or EODFR 326 

conditions (Fig. 4d-f). Thus, our data indicate that EODFR prevents AN3 association with 327 

self-regulatory elements, possibly through a PIF7-dependent mechanism.  328 

To test this more rigorously we performed co-immunoprecipitation in lines co-expressing 329 

PIF7-Flash and AN3-GSyellow (Fig. 4b). We found that AN3-GSyellow co-immunoprecipitated 330 

with PIF7-Flash in both control and EODFR conditions (Fig. 4h). The interaction in control 331 

conditions is consistent with the increased levels and activity of PIF7, evidenced by the small 332 

L3 blade of the 35S::PIF7-Flash line, which was comparable to EODFR treated WT plants 333 

(Supplementary Fig. 7b). Interestingly, we also observed higher levels of AN3 protein in 334 

EODFR, which implies that either AN3 protein synthesis or degradation is altered by EODFR 335 

(Fig. 4h).  Taken together, our results suggest EODFR conditions promote PIF7 action and 336 

sequestration of the AN3 complex from target leaf cell cycle gene promoters. This 337 

proposition is also consistent with the leaf blade phenotype of double overexpressing 338 

35S::PIF7-Flash;35S::AN3-GSyellow plants, in which PIF7 exhibits dominant action over AN3 339 

(Supplementary Fig. 7b).  340 



 341 

Fig. 4: PIF7 directly suppress AN3 expression to restrict leaf cell division. a 342 
AN3 messenger RNA (mRNA) level using quantitative reverse transcription (RT-qPCR) in Col-0 343 
and pif7-1 seedlings grown for 13 days under a light : dark (LD) 12 h : 12 h photoperiod, at 22 °C. On 344 
day 13, seedlings were either shifted to EODFR treatment or kept in the white light control condition. 345 
L3 blades were harvested 13 days after sowing at zeitgeber (ZT) 24. The transcript levels were 346 
calculated relative to those of PP2A. Error bars represent the s.d. of three biological replicates. The 347 
center of the error bars represent the mean values. (*p < 0.05, **p < 0.01 and ***p < 0.001, Student’s t-348 

test). b, d, e, f ChIP assay showing enrichment of 35S::PIF7-Flash and 35S::AN3-GS
yellow

 on AN3 349 
fragments (P1-P4) and IAA19 promoter. Seedlings were grown as described in (a) samples were 350 
taken at ZT14. The wild type (Col-0) plants acted as a control. Error bars represents the s.d. of three 351 
biological replicates. The center of the error bars represent the mean values.  (*p < 0.05, **p < 0.01 352 

and ***p < 0.001, Student’s t-test). c Representative 13-day-old Col-0, 35S::AN3-GS
yellow

, 35S::PIF7-353 

Flash  and 35S::PIF7-Flash;35S::AN3-GS
yellow

 seedlings grown as described in (a). Bar = 5 mm
2
. g 354 

The schematic diagram of AN3 promoter and gene body showing P1-4 fragments. h co-355 
immunoprecipitation experiment showing the interaction between AN3 and PIF7 in vivo. Seedlings 356 

were grown as described in (a), samples were taken at ZT14. The 35S::AN3-GS
yellow 

and 35S::PIF7-357 

Flash;35S::AN3-GS
yellow

 were precipitated with an anti-Myc antibody. 35S::AN3-GS
yellow 

and 358 
35S::PIF7-Flash input and precipitated fractions were detected by immunoblots using anti-GFP and 359 
anti-Myc antibodies, respectively. 1 and 2 Immunoblots showing the co-immunoprecipitation results 360 

from Input of 35S::PIF7-Flash;35S::AN3-GS
yellow

 from white light and EODFR samples, respectively. 3 361 
and 4 Immunoblots showing the co-immunoprecipitation results from IP (immunoprecipitation) of 362 

35S::AN3-GS
yellow

 from white light and EODFR samples, respectively. 5 and 6 Immunoblots showing 363 

the co-immunoprecipitation results from IP of 35S::PIF7-Flash;35S::AN3-GS
yellow

 from white light and 364 
EODFR samples, respectively. 365 



EODFR induces a switch from AN3 to PIF7 at common target promoters  366 

Close inspection of previously published AN3-HBH TChAPseq data revealed a high-367 

confidence AN3 protein binding peak in gene promoter regions containing GAGA, PBE-box 368 

and G-box motifs and ChIP-qPCR assay confirmed AN3 binding on PBE-boxes of GRF5 and 369 

GRF6 promoters (Vercruyssen et al., 2014). Indeed, cis-acting regulatory DNA element 370 

analysis showed that all the AN3 regulated genes in this study possessed G-box (CACGTG) 371 

and/or PBE-box (CA[TG/CA]TG) promoter motifs (Supplementary Figure. 9). This finding 372 

provided the possibility that AN3 and PIF7 signalling may converge at these cis-elements in 373 

a common set of genes, and that PIF7 may interfere with AN3 association and/or activity at 374 

the target promoters. To explore this notion, we performed ChIP-qPCR assays using the 375 

AN3-GSyellow and PIF7-Flash lines. As shown in Fig. 5a and Supplementary Fig. 8a, AN3-376 

GSyellow showed enrichment at G-box and or PBE-box promoter regions for GRF2, GRF4, 377 

GRF6, CYCB1;1, OLI2, STZ, GRF1, GRF3, GRF5, CDC45, CDC6, and DEL1, in control but 378 

not in EODFR conditions. In contrast, we recorded higher PIF7 enrichment in EODFR (p-379 

values < 0.0001) at the same G-box or PBE-box containing promoter regions (Fig. 5b and 380 

Supplementary Fig. 8b). Again, control behaviour was as expected, with PIF7-Flash 381 

enrichment at the G-box promoter region of IAA19, but not the no antibody control. (Fig. 382 

5e) (Peng et al., 2018). Similarly, we also observed AN3-GSyellow enrichment at the GAGA-383 

motif positive control and not at the AN3 CDS region where AN3 is not expected to associate 384 

(Fig. 5d). These data show that PIF7 and AN3 can associate with the G-box and PBE-box 385 

regions of common genes and that PIF7 promoter occupancy in EODFR may prevent AN3-386 

binding. Our data are further corroborated by the pif7-1;AN3-GSyellow ChIP-qPCR data which 387 

shows, in the absence of functional PIF7, AN3 remains enriched at G-box or PBE-box 388 

promoter regions (p-values < 0.0001) under EODFR as well as control conditions (Fig. 5c 389 

and Supplementary Fig. 8c). Collectively our analysis indicates that AN3 and PIF7 390 

antagonistically regulate a common set of genes that control leaf cell proliferation. EODFR 391 

leads to the activation of PIF7 which dislodges and substitutes for AN3 at G-box or PBE-box 392 

containing regions of target promoters.    393 



 394 

Fig. 5: AN3 association to target gene promoters is PIF7 dependent in EODFR 395 

conditions. a, b, c, d, e, f ChIP assay showing enrichment of 35S::AN3-GS
yellow

, 35S::PIF7-Flash 396 

and pif7-1;35S::AN3-GS
yellow 

 on GRF2, GRF4, GRF6, CYCB1;1, OLI2, and IAA19 promoter 397 
fragments containing the G-box or PBE motif. Seedlings were grown under a light : dark (LD) 12 h : 398 
12 h photoperiod, at 22 °C. On day 13, seedlings were treated with EODFR or kept in white light 399 
control condition. Samples were taken at ZT14 two hours after the EODFR treatment. The 35S::AN3-400 

GS
yellow

, pif7-1;35S::AN3-GS
yellow

 and 35S::PIF7-Flash were incubated with an anti-GFP and anti-Myc 401 
antibodies and precipitated by Dynabeads protein A. The enrichment of fragments was determined by 402 
qPCR. The wild type (Col-0) plants acted as a control. Error bars represents the s.d. of three 403 
biological replicates. The center of the error bars represents the mean values. (*p < 0.05, **p < 0.01 404 
and ***p < 0.001, Student’s t-test). 405 



Discussion  406 

SAS is an important survival strategy that enables plants to adapt to and thrive in often light 407 

depleted and FR-rich vegetation environments. A prominent feature of SAS is the marked 408 

reduction in leaf size, which is brought about by restricting cell proliferation and/or expansion 409 

(Carabelli et al., 2007; 2018; Patel et al., 2013; Romanowski et al., 2021). PhyB is known to 410 

play a pivotal role in orchestrating these changes in leaf development, yet current knowledge 411 

of how this is elicited is scant. This study brings a molecular level, mechanistic 412 

understanding of how phytochrome signalling is coupled to leaf blade cell division. We 413 

demonstrate that when phyB is active, cell proliferation is promoted by AN3, but following 414 

phyB deactivation by EODFR, PIF7 directly blocks AN3 action by preventing AN3 415 

complexing at target promoters (Fig.6).  416 

 417 

Fig. 6: Schematic model of PIF7 control of leaf cell proliferation via an AN3 418 
substitution-repression mechanism. EODFR (low R:FR ratios) inactivates phyB and increases 419 
a rapid activity of PIF7 protein. PIF7 then blocks the action of AN3 by directly binding to the promoters 420 
of multiple AN3 target genes and inhibits their expression, thereby negatively regulating leaf 421 
expansion. 422 
 423 

Through our study we used EODFR as a tool to deactivate phytochrome, having first shown 424 

this daily treatment or the phyB-9 allele are equally effective in repressing L3 epidermal and 425 

palisade cell proliferation (Supplementary Fig. 1a-i). By applying EODFR at different 426 

intervals through L3 development we identified two periods during leaf development (10-14- 427 

and 6-34-days post-germination) during which phyB controls cell division (Fig. 1a-h). These 428 

two proliferative phases correspond to early leaf growth, initiated at the flanks of the shoot 429 

apical meristem and the meristemoid phase of cell proliferation (Bergmann and Sack, 2007; 430 

Vercruysse et al., 2020). Supporting this interpretation, our mRNAseq data identified 431 



EODFR-controlled regulators of these two cell proliferation pathways (Supplementary Fig. 432 

3a-c and Supplementary Fig. 10).  Amongst the former group, we noted AN3, GRF2, GRF4, 433 

GRF6 and BRM genes that were strongly suppressed by EODFR light. As AN3 is known to 434 

operate in a complex with GRF proteins, and SWI/SNF chromatin remodelling components 435 

such as BRM, this marked the AN3 complex as a candidate for phyB regulation 436 

(Vercruyssen et al., 2014; Shimano et al., 2018; Jeong Hoe Kim. 2019).  437 

Confirmatory evidence came from genetic analysis showing phenotypic similarities between 438 

an3-4, the multiple grf1-3;grf3-1;grf5-2, grf1-3;grf3-1; grf4-1;grf5-2 mutants and phyB-9, all of 439 

which have small L3 blades with reduced cell number and complete insensitivity to EODFR 440 

(Fig. 2a-b and Fig. 3a-b). As GRFs are known to have functional redundancy, this data 441 

points to a potentially central role for AN3 in phyB mediated control of L3 cell division. Our 442 

data indicate AN3 promotes L3 growth in control conditions when phyB is active, but not 443 

following phyB inactivating EODFR (Fig. 2a,b and Supplementary Fig. 4b).  444 

It is well established that FR-deactivation of phyB leads to the activation and/or accumulation 445 

of PIF transcription factors, and that PIF7 is the principal EODFR responder (Mizuno et al., 446 

2015; Leivar et al., 2020). We, therefore, reasoned that PIF7 is required to repress cell 447 

division under EODFR. Indeed, we found that pif7-1, but not the pifq mutant, completely 448 

lacked the EODFR reduction in leaf size and epidermal cell number observed in WT plants 449 

(Fig 3a-b and Supplementary Fig. 5). This data illustrates that PIF7 suppresses cell 450 

proliferation and leaf growth following the deactivation of phytochrome with EODFR.  451 

Further, pif7-1;an3-4 double mutant analysis showed complete an3-4 epistasis over pif7-1 452 

under EODFR, indicating that PIF7 likely operates by repressing AN3 action.  453 

It is worth noting that concurring with previously published reports (Horiguchi et al., 2005; 454 

Kawade et al., 2013), we also observed an increase in cell size in an3-4 plants but showed 455 

that this response is suppressed by EODFR when PIF7 is present (Fig. 3c). This appears to 456 

be a PIF7 dependent compensatory mechanism to prevent leaf growth through cell 457 

expansion that would otherwise occur when AN3 is deactivated.     458 

As EODFR led to a substantial reduction in AN3 transcript levels, this suggested PIF7 may 459 

suppress AN3 gene expression. This proposition was substantiated by genetic data, while  460 

ChIP-qPCR assays, showed PIF7 can directly bind to a G-box containing region of the AN3 461 

promoter (Fig. 4b). Collectively our data suggest that when activated by EODFR, PIF7 462 

suppresses AN3 transcription through direct association with the AN3 promoter.  463 

We next reasoned that if PIF7 acted solely through the transcriptional repression of AN3, 464 

then AN3 overexpression should block, or at least reduce, the impact of EODFR. However, 465 

35S::AN3-GSyellow plants displayed a WT EODFR response (Supplementary Fig. 7b), 466 



rejecting this hypothesis and suggesting that PIF7 may also control AN3 through an 467 

alternative, post-transcriptional mechanism.  To pursue this, we tested whether EODFR 468 

altered the ability of AN3 to bind to the UTR-located GAGA-motif and the CATGTT-motif its 469 

own promoter (Vercruyssen et al., 2014; Meng et al., 2018). Our ChIP-qPCR assays showed 470 

AN3-GSyellow enrichment at these locations in control but not in EODFR (Fig. 4e-f). Further, 471 

while we observed PIF7-Flash enrichment at the G-Box region of the known target gene 472 

IAA19 (Fig. 4d), as expected, PIF7-Flash did not bind to AN3 GAGA and CATGTT regulatory 473 

regions in control or EODFR conditions (Fig. 4e-f). These results indicated that PIF7 may 474 

operate by removing AN3 from self-regulatory motifs in its own promoter. Concurring with 475 

this interpretation, our in vivo co-IP assays illustrate PIF7-Flash can directly bind AN3-476 

GSyellow indicating that PIF7 may indeed repress AN3 action through a sequestration-type 477 

mechanism (Fig. 4h).  478 

This functional property of PIF7 is reminiscent of mechanisms reported for HFR1, PAR1/2, 479 

HEC1/2 and DELLAs, (Li et al., 2016; Hornitschek et al., 2009; Hao et al., 2012; Zhu et al., 480 

2016). HFR1, PAR1/2, and HEC1/2 are HLH proteins that, unlike PIF7, do not bind to DNA 481 

directly but have been shown to sequester DNA-binding PIFs through heterodimerization 482 

(Hornitschek et al., 2009; Hao et al., 2012; Shi et al., 2013; Zhu et al., 2016). Interestingly, 483 

we recorded increased AN3 protein levels following EODFR (Fig. 4h). While we do not know 484 

if this results from the PIF7-AN3 interaction, sequestration has been shown to alter target 485 

protein stability. For example, DELLAs inhibit PIF binding to target genes by directly 486 

sequestering their DNA-recognition domains and by inducing PIF degradation through the 487 

ubiquitin-proteasome system (Li et al., 2016). Similarly, HFR1 can sequester and promote 488 

the degradation of PIF1 and PIF5 in the dark in a heterodimerization-dependent manner (Xu 489 

et al., 2017). PIF7 sequestration of AN3 potentially leads to the build-up of inactive 490 

heterodimers.   491 

Our genetic data provide evidence that several key cell proliferation genes (GRF1, GRF2, 492 

GRF3, GRF4, GRF5, GRF6, CYCB1;1, OLI2, STZ, CDC45, CDC6, and DEL1) are 493 

antagonistically regulated by AN3 and PIF7. As the known PIF7 and AN3 binding G-494 

box/PBE-boxes, were common motifs found in the promoters of all of these genes, this 495 

suggested PIF7 and AN3 signal convergence at common motifs (Vercruyssen et al., 2014; 496 

Galvao et al., 2019). ChIP-qPCR assays showed that this was indeed the case and that 497 

EODFR induced switching from AN3 to PIF7 enrichment. The loss of AN3-eviction in the 498 

pif7-1 mutant confirmed that AN3 binding is dependent on the absence of active PIF7 (Fig. 499 

5c and Supplementary Fig. 8c). The opposing action of AN3 and PIF7 on target gene 500 

expression means that the EODFR-induced substitution mechanism facilitates the on to off 501 

modulation of gene expression. 502 



Interestingly, analogous behaviour has previously been reported for AN3, which can 503 

competitively interact with JANUS to inhibit its Pol II recruitment on PLT1 promoter and 504 

antagonistically regulate PLT1 transcription in the root meristem (Xiong et al., 2020). Further, 505 

opposing action has been observed for PIF1/3 and the bZIP transcription factors, HY5 and 506 

HYH which can physically interact and can bind to G-box containing regions in a common 507 

set of target promoters (Chen et al., 2013; Toledo-Ortiz et al., 2014). Our findings also have 508 

similarities to the recently reported PIF3-TCP4 substitution-suppression module (Dong et al., 509 

2019). In this instance, darkness induced accumulation of PIF3 in seedling cotyledons 510 

triggers the substitution of TCP4 for PIF3 at shared cis-elements in SAUR gene promoters 511 

(Dong et al., 2019). As for the PIF7-AN3 module, conditional switching between PIF1/3 and 512 

HY5/HYH or PIF3 and TCP4 promoter occupancy provides a mechanism through which 513 

external signals can direct changes in gene expression.    514 

Previously PIF7 has been shown to participate in transcriptional activation of key SAS genes 515 

including YUC8, YUC9, IAA19, IAA29, ATHB2 and PRE1 (de Wit et al., 2015; Mizuno et al., 516 

2015; Peng et al., 2018). Further, PIF7 can directly interact with MORF RELATED GENE 2 517 

(MRG2), to promote histone acetylation and the expression of YUC8, IAA19 and PRE1. In 518 

this study, we have shown PIF7 acts as a transcriptional repressor, as it does in the 519 

regulation of the DRE-Binding1 C-repeat binding factor (DREB1C) (Kidokoro et al., 2009). 520 

Interestingly, PIF3 and PIF1 have both been reported to interact with HISTONE 521 

DEACETYLASE 15 (HDA15) to repress gene expression (Liu et al., 2013; Gu et al., 2017). 522 

The mode of action through which PIF7 deactivates AN3 and suppresses target gene 523 

expression also has similarities to the well-studied mammalian hairy and enhancer of split-1/ 524 

Hairy/enhancer-of-split related with YRPW motif protein (hes/hey) system. Hes and Hes are 525 

bHLH notch signalling proteins, closely related to the Drosophila hairy/enhancer of split 526 

family of genes (Weber et al., 2014). Like PIFs, Hes and Hey proteins preferentially bind 527 

DNA at E-Box (CANNTG) variants including the G-Box. Studies indicate that Hes and Hey 528 

mainly act as co-repressors by interacting with and suppressing the activity of transcription 529 

factors, and through the recruitment of deacetylases (Iso et al., 2001; Takata & Ishikawa, 530 

2003; Gould et al., 2009, Weber et al., 2014). It will be interesting to establish whether the 531 

PIF7-mediated AN3 promoter eviction and transcriptional suppression represent an 532 

analogous process that is conserved across species. 533 

 534 

In conclusion, this study shows PIF7 inhibits leaf cell proliferation by inactivating the central 535 

leaf developmental regulator AN3. EODFR-activated PIF7 represses AN3 expression by 536 

directly interacting with and sequestering AN3 from cis-elements in its own promoter. We 537 

show PIF7 and AN3 signalling converges at G-box/PBE-box promoter elements in a major 538 



set of genes that control cell division. EODFR treatment induces the substitution of AN3 for 539 

PIF7 at target promoters and vitally, a switch from promotion to repression of cell cycle gene 540 

expression.  541 

 542 

Methods 543 

Plant material and growth conditions 544 

All Arabidopsis thaliana mutants and transgenic plants that were used in this study were 545 

from the Columbia (Col-0) ecotype. Some of the mutant and overexpressing lines used in 546 

this study were described elsewhere including PIF7-Flash (35S::PIF7-Flash; 9xMyc-6xHis-547 

3xFlag) (Li et al. 2012), 35S::AN3-GSyellow (Besbrugge et al., 2018). The triple mutant grf1-548 

3;grf3-1;grf5-2, and quintuple mutant grf1-3;grf3-1;grf4-1;grf5-2 have been previously 549 

described elsewhere (Lee et al., 2018). The phyB-9 (Reed et al. 1993), pif7-1 (Leivar et al. 550 

2008a), pif1-2, pif3-3, pif4-2, pif5-2 (pifq) (Leivar et al. 2008b) have been previously 551 

characterized. an3-4 is an AN3 null mutant derived from an X-ray-irradiated population of the 552 

Col-0 accession (Horiguchi et al., 2005). New mutant combinations included an3-4;phyB-9, 553 

which were obtained by crossing an3-4 with phyB-9 plants, and an3-4;pif7-1 were obtained 554 

by crossing an3-4 with pif7-1 plants and the triple an3-4;phyB-9;pif7-1 mutant were obtained 555 

by crossing an3-4;phyB-9 with an3-4;pif7-1 plants. 35S::PIF7-Flash; 35S::AN3-GSyellow 556 

plants were obtained by crossing 35S::PIF7-Flash with 35S::AN3-GSyellow plants and double 557 

homozygous transgenic plants were screened out with 30 μg ml-1 hygromycin and 50 μg ml-1 558 

kanamycin. pif7-1;35S::AN3-GSyellow plants were obtained by crossing 35S::AN3-GSyellow with 559 

pif7-1 plants. an3-4 and pif7-1 mutations were identified by PCR. The phyB-9 mutation was 560 

confirmed by sanger sequencing. The absence of the secondary VENOSA4 mutation 561 

(Yoshida et al., 2018), was confirmed by sequencing. All primers used in this work are listed 562 

in Supplementary Table 2. 563 

Seeds were sown on F2 + S Levington Advance Seed and Modular Compost plus Sand soil 564 

mix (ICL Specialty Fertilizers, Suffolk, U.K.) and stratified for four days in darkness at 4 ºC. 565 

Seeds were grown inside a Percival SE-41L cabinet (CLF Plant Climatics, Wertingen, 566 

Germany) under a light: dark (LD) 12 h : 12 h photoperiod, at 100 μmol m-2 s-1 fluence rate 567 

and 22 °C of constant temperature. Half of the plants exposed to daily EODFR (40 μmol m-2 568 

s-1) from Day 6 (before L3 emergence) until sampling on Day 34. For EODFR treatments, we 569 

used seven 24V OSLON 150 ILS-OW06-FRED-SD111 FR led strips (Intelligent Led 570 

Solutions, Berkshire, UK), to deliver 40 µmol m−2 s−1 of FR light (730 nm) for 10 min. The 571 

spectrum of both light sources can be found in Supplementary Fig. 11. All reagents used in 572 



this work were purchased from Merck KGaA (Darmstadt, Germany) unless otherwise 573 

specified. Further growth conditions details are provided in the respective figure legends. 574 

 575 

Blade area measurement 576 

Whole leaf pictures for blade area measurements were taken from a camera stand using a 577 

Nikon G20 camera with automatic focus settings (Romanowski et al., 2021). A ruler was 578 

included in each photograph for scaling purposes. Blade area was measured using NIH 579 

ImageJ software (http://rsb.info.nih.gov/nih-image/). Bar charts and box plots were 580 

generated using Prism 8 (GraphPad Software, San Diego, CA). 581 

Generation of transparent leaf blades for microscopy imaging  582 

Leaf blades were excised from 34 D.A.S plants with a razor blade and cleared as described 583 

in (Romanowski et al., 2021). Blades were then mounted onto microscope slides with the 584 

adaxial layer facing down.  585 

Cell size and number measurement 586 

For epidermal and palisade cell parameter determination cleared blades (34 D.A.S) were 587 

mounted and visualized using an Eclipse E600 (Nikon) DIC microscope using either a 10X 588 

or a 20X objective. Individual abaxial epidermal and adaxial subepidermal palisade cell sizes 589 

were measured using NIH ImageJ software (http://rsb.info.nih.gov/nih-image/). Average leaf 590 

cell sizes were obtained by deriving the mean values of 9 adjacent cells from the base, 591 

middle, and tip sections of each leaf, or these sections combined. The average total number 592 

of cells was obtained by dividing the blade area by the total cell size of each blade, and then 593 

averaging the mean total number of cells of each blade. Average cell density was obtained 594 

by dividing the total number of cells by the blade area and then averaging the mean cell 595 

density of each blade (Romanowski et al., 2021). An S8 stage mic 1 mm/0.01 mm DIV 596 

graticule (#02A00404, Pyser-SGI Ltd., Kent, UK) was used for scaling. Bar charts and box 597 

plots were generated using Prism 8 (GraphPad Software, San Diego, CA). 598 

RNA extraction and RT-qPCR For gene expression analysis, plants were grown for 13 599 

days under a light : dark (LD) 12 h : 12 h photoperiod, at 100 µmoles m-2 s-1 fluence rate and 600 

22 °C of constant temperature. On day 13, plants were either shifted to EODFR of 40 601 

µmoles m-2 s-1 FR light or kept in 100 µmoles m-2 s-1 white light condition. Briefly, 13 days old 602 

whole seedlings were harvested at zeitgeber 22 (ZT) in RNA later solution (Thermofisher) 603 

and leaf 3 blades were dissected with a razor, in a Petri dish filled with RNA later solution, 604 

under a Leica MZ 16 F dissecting microscope. Total RNA was extracted using the RNeasy 605 

http://rsb.info.nih.gov/nih-image/
http://rsb.info.nih.gov/nih-image/


Plant Mini Kit (Qiagen) with on-column DNase digestion. All samples were processed on the 606 

same day. cDNA synthesis was performed using the qScript cDNA SuperMix (Quanta 607 

Biosciences) as described by the manufacturer. The RT-qPCR was set up as a 10 μL 608 

reaction using Lightcycler 480 SYBR Green Master Mix (Roche) in a 384-well plate, 609 

performed with a Lightcycler 480 system (Roche). Results were analyzed using the Light 610 

Cycler 480 software. Gene-specific primers are listed in Supplementary Table 2. Bar charts 611 

were generated using Prism 8 (GraphPad Software, San Diego, CA). 612 

ChIP-qPCR assay 613 

For ChIP-qPCR assay, plants were grown for 13 days under a light : dark (LD) 12 h : 12 h 614 

photoperiod, at 100 µmoles m-2 s-1 fluence rate and 22 °C of constant temperature. On day 615 

13, plants were either shifted to EODFR of 40 µmoles m-2 s-1 FR light or kept in 100 µmoles 616 

m-2 s-1 white light condition. In all genotypes and treatments, 13 day old whole seedling 617 

shoots were harvested at ZT14, 2 h after the EODFR pulse. Chromatin immunoprecipitation 618 

analyses protocol was adapted from (Gendrel et al., 2002). Briefly, whole above ground 619 

seedlings were fixed under vacuum for 15 min repeated twice at 25 PSI in 1X PBS 620 

containing 1% formaldehyde. The reaction was quenched by adding 2 M glycine to a final 621 

concentration of 125 mM and incubated for 5 min. Samples were washed three times in 622 

sterile MilliQ H2O and ground to a fine powder with liquid nitrogen. Nuclei were isolated in 623 

three steps with the series of extraction buffers EB1-3. The lysate was centrifugated at 4,000 624 

rpm at 4 °C  for 20 min in EB1 (0.4 M sucrose, 10 mM Tris-HCl (pH8), 10 mM MgCl2, 5 mM 625 

2-mercaptoethanol (BME), 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 2 Phosphatase 626 

Inhibitor Mini Tablets, 1 mM EDTA), and then at 12,000 rpm for 10 min in EB2 (0.25 M 627 

sucrose, 10 mM Tris-HCl (pH 8), 10 mM MgCl2, 5 mM BME, 0.2 mM PMSF, 1 complete mini 628 

tablet, 1 mM EDTA) and then at 15,000 rpm for 1h  in EB3 (1.7 M sucrose, 10 mM Tris-HCL 629 

(pH 8), 2 mM MgCl2, 5 mM BME, 0.2 mM PMSF, 0.15% (v/v) Triton X-100, 1 complete mini 630 

tablet, 1 mM EDTA). Chromatin was extracted with cold nuclei lysis buffer (50 mM Tris-HCl 631 

(pH 8), 10 mM EDTA, 0.4 mM PMSF, 1 complete mini tablet,1% w/v SDS) after 632 

centrifugation at 4000 rpm for 5 min. The chromatin solution was sonicated for 7 x 10s, 5 x 633 

10s and 3 x 10s at power setting 9. The chromatin solution was diluted to dilute the 1% SDS 634 

to 0.1% SDS with ChIP buffer (16.7 mM Tris-HCL (pH 8), 167 mM NaCl, 0.2 mM PMSF, 635 

1.1% (v/v) Triton X-100, 2.5 complete mini tablet, 1.2 mM EDTA). The chromatin complexes 636 

were immunoprecipitated with anti-GFP antibody (ab290) and an anti-myc mouse antibody 637 

(mAb 9E10, Calbiochem) with a concentration of 2 µg / sample and incubated in ChIP 638 

dilution buffer with 20 μL of Dynabeads Protein A (Thermofisher) overnight at 4°C. An equal 639 

amount of chromatin solution was not treated with antibody and, thus, served as the mock 640 

antibody control. The beads were washed for 5 min each time at 4 °C with 1 ml of each of the 641 



following buffers: 2 times with low salt wash buffer (150 mM NaCl, 20 mM Tris-HCl (pH 8), 642 

0.1% w/v SDS, 1% v/v Triton X-100, and 2 mM EDTA), two times with high salt wash buffer 643 

(500 mM NaCl, 20 mM Tris-HCl (pH 8), 0.1% w/v SDS, 1% v/v Triton X-100, and 2 mM 644 

EDTA), two times with LiCl wash buffer (0.25 M LiCl, 1% w/v sodium deoxycholate, 10 mM 645 

Tris-HCl (pH 8), 1% v/v NP-40, and 1 mM EDTA), and two times with TE buffer (1 mM EDTA 646 

and 10 mM Tris-HCl pH 8). DNA was extracted from the beads with elution buffer containing 647 

1% w/v SDS and 0.1 M NaHCO3 at 65 °C for 15 min and reversely cross-linked with 192 mM 648 

NaCl at 65 °C overnight. Proteins were removed with an equal volume of 649 

phenol:chloroform:isoamyl-alcohol (25:24:1). An additional step was performed by incubating 650 

the chromatin solution for 1h at 45°C in a buffer solution containing 0.5 M EDTA, 1M Tris-651 

HCl (pH6.5) and 10 mg/mL proteinase K to elute and remove any of the remaining proteins. 652 

DNA was precipitated with 2.5 volume of 100% ethanol, 1 µl glycogen, 1/10 volume of 1.5 M 653 

potassium acetate (pH 5.2) and spun at 15,000 rpm for 30 min. The supernatant was 654 

removed, and the DNA pellet was dried with 70% ethanol. A small aliquot of the untreated 655 

sonicated chromatin was reverse cross-linked for use as the total input DNA control. ChIP 656 

assays were quantified by qPCR after normalising with the input DNA.  Gene-specific 657 

primers covering the G-box and PBE-box are listed in Supplementary Table 2. Bar charts 658 

were generated using Prism 8 (GraphPad Software, San Diego, CA). 659 

Co-IP assays 660 

For co-immunoprecipitation assays, plants were grown for 13 days under a light : dark (LD) 661 

12 h : 12 h photoperiod, at 100 µmoles m-2 s-1 fluence rate and 22 °C of constant 662 

temperature. On day 13, plants were either shifted to EODFR of 40 µmoles m-2 s-1 FR light 663 

or kept in 100 µmoles m-2 s-1 white light condition. The whole seedling shoots of 35S::PIF7-664 

Flash;35S::AN3-GSyellow double overexpressor and  35S::AN3-GSyellow single overexpressor 665 

were harvested in liquid nitrogen at ZT14. The Co-IP was performed following the method of 666 

Zhu et al., 2018. Briefly, samples were ground to a fine powder in liquid nitrogen and 667 

homogenized in two volumes (mg/µL) of Co-IP buffer containing (100 mM phosphate buffer, 668 

pH 7.8, 150 mM NaCl, 0.1% NP40, 1X protease inhibitor cocktail, 1 mM PMSF, 10 mM 669 

iodoacetamide, 40  μM bortezomib, 25 mM β-glycerophosphate, 10 mM sodium fluoride 670 

(NaF), and 2 mM sodium orthovanadate (Na3VO4)). After centrifugation at 15,000 rpm for 671 

15 min at 4 °C in the dark, total protein levels were quantified with the Bradford Protein 672 

Assay (Bio-Rad, USA) and the lysate was incubated with anti-Myc antibody pre coupled 673 

Dynabeads Protein A (Thermofisher) for 4 h at 4 °C. The samples were precipitated with 674 

anti-Myc antibody and ran on a 4-12% NuPAGE Bis-Tris gel (ThermoFisher) and blotted 675 

using the MiniBlot Module (Life Technologies) at 20V for 1 hour. Western blot detection for 676 

PIF7-Flash was performed using anti-Myc 9B11 (Cell Signalling) 1:1000,  and anti-Mouse 677 



IgG (whole molecule)-Peroxidase antibody (A4416 Sigma) 1:10000. Western blot detection 678 

for AN3-GSyellow was performed using an anti-GFP antibody (ab290).1:1000, and Goat Anti-679 

Rabbit IgG H&L (HRP) (ab6721) 1:10000. 680 

Promoter analysis 681 

A 2-kb upstream promoter region of each target gene was obtained using PlantPAN 3.0 682 

(http://plantpan.itps.ncku.edu.tw/). Regions were manually searched for G-box (CACGTG) 683 

and PBE-box (CA[TG/CA]TG target binding sites. 684 

Statistical information 685 

Statistical difference of two populations was tested by two-tailed, unpaired Student’s t-test. 686 

To compare three or more populations, a one-way analysis of variance (ANOVA) followed by 687 

Tukey’s test (comparison among all groups) was performed. When Tukey’s test was 688 

employed, letters were used to indicate which treatment groups were significantly different. 689 

All analyses were done using GraphPad Prism 8.0.2 (GraphPad Software) or Minitab 19 690 

(Minitab Ltd.) unless otherwise indicated. 691 

 692 

Data availability 693 

The raw numerical data that support the findings of this study are available from the 694 

corresponding author upon reasonable request. All other data supporting the findings of this 695 

study are available within the paper and its supplementary information files. 696 
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