
Sculpting a plant

Sam W. van Es

TCP transcription factors as key regulators 
of plant growth and development



Thesis committee

Promotors
Prof. Dr Gerco C. Angenent
Personal chair at the Laboratory of Molecular Biology
Wageningen University & Research

Prof. Dr Richard G.H. Immink
Special Professor Physiology of Flower Bulbs
Wageningen University & Research

Other members
Prof. Dr Mark G.M. Aarts, Wageningen University & Research
Prof. Dr Paula R. Elomaa, University of Helsinki, Finland
Prof. Dr Ronald E. Koes, University of Amsterdam
Dr Ivo Rieu, Radboud University, Nijmegen

This research was conducted under the auspices of the Graduate School 
Experimental Plant Sciences



Sculpting a plant

Thesis
submitted in fulfilment of the requirements for the degree of doctor 

at Wageningen University
by the authority of the Rector Magnificus,

Prof. Dr A.P.J. Mol,
in the presence of the 

Thesis Committee appointed by the Academic Board
to be defended in public

on Tuesday 18 September 2018
at 1:30 p.m. in the Aula.

TCP transcription factors as key regulators 
of plant growth and development

Sam W. van Es



Sam W. van Es

Sculpting a plant, TCP transcription factors as key regulators of plant growth 
and development,

174 pages.

PhD thesis, Wageningen University, Wageningen, the Netherlands (2018)

With references, with summaries in English and Dutch

ISBN 978-94-6343-489-8

DOI https://doi.org/10.18174/457117



Chapter 1................................................................................................................ 7

General Introduction

Chapter 2............................................................................................................. 21

A spatio-temporal analysis of plant growth and development coupled to yield 
characteristics in several Arabidopsis thaliana TCP mutant backgrounds

Chapter 3............................................................................................................. 55

Novel functions of the Arabidopsis transcription factor TCP5 in petal development 
and ethylene biosynthesis

Chapter 4............................................................................................................. 83

The regulatory role of BRC1 in bud dormancy through various downstream 
signalling pathways

Chapter 5............................................................................................................  105

Interactions between the organ identity specifying MADS domain proteins and 
growth regulatory TCP proteins in Arabidopsis flowers

Chapter 6........................................................................................................... 125

General Discussion and Future Persepectives 

References ........................................................................................................ 140

Summary ........................................................................................................... 157

Samenvatting ................................................................................................... 161

Acknowledgements ........................................................................................ 165

About the author............................................................................................. 171

EPS Education statement.............................................................................. 172

Contents





Chapter 1:

General Introduction

“It is better to know some of the questions 
than all of the answers.”

James Thurber
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A huge variation in appearance exists within the plant kingdom, even between plants of the 

same species. More extreme, simultaneously growing two plants with identical genotypes 

under identical conditions will yield two different plants, much more different in appearance than 

identical twins, even if the only variable is that they stand next to each other and therefore not on 

the exact same spot. An underlying reason of this polymorphism is that plants are sessile organisms 

and need a huge degree of plasticity in order to survive less favourable conditions. Plants therefore 

respond to subtle differences in environment. 

In contrast to this flexibility, the developmental program that directs the formation to a full-grown 

adult appears to be extremely tightly controlled. There are countless genetic, hormonal and structural 

factors determining the final appearance of a plant. Take for example genes that determine the fate 

of a group of cells, whether they become a sepal or a petal; or the hormone auxin, that is able to 

regulate gene expression, initiates meristems, and stimulates growth. At cellular level, specific gene 

sets are responsible for the maintenance of meristematic potential and others for the differentiation 

of cells into specific types, for example leaf mesophyll cells. The genes and their protein products 

that regulate all these processes are part of extensive and complex genetic networks in which genes 

communicate with each other in a specific order.  

The regulation of these genetic networks is performed by a group of proteins called transcription 

factors. Transcription factors (TFs) generally bind cis-regulatory elements in the promoter of a gene 

and by doing so, they can steer the expression of those genes by allowing transcription, recruitment 

of co-factors or blocking transcription. 

TFs are able to bind many genes and regulate expression of each gene differently at a spatial and 

temporal level. Furthermore, some master TFs can regulate genes from different networks and 

hence are pleiotropic and involved in multiple pathways.

A main aspect of plant development is cell division and growth. TFs can regulate genes that are 

directly involved in cell division and proliferation, such as cell cycle genes, or can control genes that 

are more indirectly involved in growth. An example of the latter class of target genes are genes 

coding for proteins involved in hormone biosynthesis or signalling.

One family of TFs involved in the regulation of growth is the TCP family. TCP TFs are plant specific 

and named after their founding members, Tb1 in maize, CYC  in Snapdragon and PCF1 and -2  

in rice (Cubas et al., 1999). THEOSINTE BRANCHED1 (TB1) in maize (Zea mays) has been key 

for the domestication of this crop from its ancestor teosinte by inhibiting the outgrowth of axillary 

meristems and as such controlling plant architecture and branching (Doebley et al., 1995; Doebley et 

al., 1997). CYCLOIDEA (CYC) is involved in the control of floral bilateral symmetry in Snapdragon 

(Antirrhinum majus) (Luo et al., 1995) and lastly, PCF1 and PCF2 are known to bind the promoter 
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of PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA) in rice (Oryza sativa), controlling cell 

cycle in meristems as well as DNA synthesis and repair (Kosugi and Ohashi, 1997). The diversity 

in function of these three founding members, regulating branching, floral symmetry and cell cycle 

progression, beautifully illustrates the functional diversity of this class of genes. 

The model species Arabidopsis thaliana has 24 members belonging to the TCP transcription factor 

family (Kosugi and Ohashi, 2002), which based on sequence characteristics, can be divided into two 

classes (Cubas et al., 1999) (Figure 1). Originally thought to act antagonistically, either by promoting 

cell growth and proliferation (Class I) or through repressing these processes (Class II), more recent 

views point to far more intricate and extensive regulatory functions for the various class I and II 

TCPs (Martín-Trillo and Cubas, 2010; Nicolas and Cubas, 2016). TCPs have been extensively studied 
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Figure 1. Phylogenetic tree showing all Arabidopsis TCP transcription factors 

The phylogenetic tree was based on protein alignment of all 24 Arabidopsis TCP TFs in (A), using phylogeny.

fr (Dereeper et al., 2008). Asterisks indicate when an association of a TCP with a certain hormone has been 

reported (B). Aux: Auxin, ABA: Abscisic Acid, JA: Jasmonic Acid, GA: Gibberilic Acid, BR: Brassinosteroids, Eth: 

Ethylene, SA: Salicilic Acid, Cyt: Cytokinins. Adapted from S. Danisman (2016).Several examples of the more 

severe phenotypes are shown in (C). Pictures in (C) taken from: van Es et al., 2018 (TCP5-likes); Palatnik et al., 

2003 (jaw-D); Aguilar-Martínez et al., 2007 (brc1 and brc2); Danisman et al., 2012 (tcp20); Davière et al., 2014 

(tcp14, tcp15, tcp8 and tcp22); Kieffer et al., 2011 (tcp14tcp15) and Aguilar-Martínez et al., 2013 (tcp8, tcp15, tcp21, 

tcp22, and tcp23).
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for their role in plant development and over the years, several excellent reviews have been published 

on the functions of TCPs (Martín-Trillo and Cubas, 2010; Uberti Manassero et al., 2013; Nicolas and 

Cubas, 2015; Nicolas and Cubas, 2016; Danisman, 2016).

Their supposed functions in directly regulating the transcription of cell cycle regulators and as 

interactors of proteins involved in the control of cell proliferation was reviewed by Uberti Manassero 

et al. (2013) and Nicolas and Cubas (2015). Next to this, members of the TCP family appear to be 

closely linked to plant hormone signalling (reviewed by Nicolas and Cubas, 2016) (Figure 1B). 

The role of TCPs during plant development

The high level of redundancy among members of the TCP family makes TCPs challenging genes 

for biological studies (Danisman et al., 2013). Mutations in a single TCP gene rarely yield visible 

mutant phenotypes and hence, reduced expression or knock-out of multiple closely related TCPs is 

required to elucidate their function and mode of action. This becomes evident when investigating 

the function of TCPs during plant development, where a phenotype in a single TCP mutant is highly 

uncommon (but present in for example brc1/tcp18) or only evident after very thorough phenotyping 

at microscopic level (e.g. bigger conical cells in petals of the tcp5 mutant). This does not mean that 

TCPs are highly redundant and therefore not important, the opposite might be the case. Even though 

the lack of selective pressure makes full genetic redundancy unstable (Thomas, 1993; Hughes, 1994), 

redundancy might be nature’s way of ensuring robustness of vital processes; if one gene fails, another 

can take its place (Kafri et al., 2006). The expansion of the TCP TF family is partly attributed to 

genome duplications (Navaud et al., 2007). This allows subfunctionalisation of one of the paralogs 

while the original gene function is retained by the other paralog (Nowak et al., 1997). In such a case 

partial redundancy exists between the two genes.  

One reason for believing genes to act redundantly due to their lack of a discernible phenotype, is that 

we’re simply not looking at the right place for a phenotype; a biologist studying flower development 

might completely miss a root phenotype and vice versa. The nature of the phenotypic analysis is 

determining our view on redundancy to a great extent. A detailed molecular characterization of 

single mutants has proven to be effective in revealing the function of that gene at the molecular level, 

paving the way for uncovering visible phenotypes (Simon et al., 2013). Furthermore, other or more 

stressful conditions could reveal different functions for ‘redundant’ genes. 

Nevertheless, double and higher order TCP mutants do exhibit mutant phenotypes. These phenotypes 

give a hint to the function and underlying mechanisms in which individual TCP genes are involved. 

I will address this issue in Chapter 2, in which I performed a large-scale phenotyping experiment 

aiming, in part, to identify developmental effects of several single, double and higher order mutants.
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TCP Class II

The family of TCP transcription factors can, as mentioned earlier, be divided into two classes based 

on differences in their TCP domain (Cubas et al., 1999). The second class of TCPs (Class II) can be 

sub-divided into CYC/TB1 and CIN genes and all members have been assigned functions based on 

their mutant phenotypes. In contrast, Class I lacks an obvious subdivision and mutant phenotypes 

seem more sporadic and less well defined. Figure 1C provides a brief overview of the two classes and 

their phenotypes.

The CYC/TB1 subclass of Class II TCPs contains TCP1, BRC1 (TCP12) and BRC2 (TCP18) in 

Arabidopsis and the CIN subclass houses TCP2, -3, -4, -5, -10, -13, -17, and -24. The function of 

BRC1 and -2 in Arabidopsis is highly similar to that of the maize TB1 gene, namely to inhibit the 

outgrowth of axillary meristems (Aguilar-Martínez et al., 2007; Finlayson, 2007). TCP1, although 

closely related to BRC1 and BRC2, and expressed at later stages of axillary meristem development 

(Cubas et al., 2001), seems to have no effect on branching in Arabidopsis. 

The CIN-type TCPs are represented in Arabidopsis by the Jagged and Wavy (JAW ) TCPs (TCP2, 

-3, -4, -10 and -24 ) and the TCP5-like genes (TCP5, -13 and -17 ). All five JAW-TCPs are targeted 

by the same microRNA, miR319, which simultaneously downregulates the action of TCP2, -3, -4, 

-10 and -24 upon overexpression of the microRNA in the jaw-D mutant (Palatnik et al., 2003). This 

multiple TCP knock-down gives rise to the crinkled leaf phenotype, characteristic of jaw-D, by 

postponing the arrest of cell proliferation in the leaf margin, resulting in an overproduction of cells 

at these places (Palatnik et al., 2003; Nath et al., 2003). In petals of the Arabidopsis jaw-D mutant, 

the overproduction of cells is most apparent at the distal end of the petal (Efroni et al., 2008). It 

has been suggested that the other CIN-genes, TCP5, TCP13 and TCP17, although not targeted by 

miR319, are responsible for similar processes in a redundant manner (Efroni et al., 2008). However, 

mutants in the TCP5-like genes show some phenotypic differences, a characteristic I’ll elaborate on 

in Chapter 3 of this thesis. 

TCP Class I

Sequence-based sub-division of Class I TCPs is less profound and slightly different parameters 

in phylogeny studies yield rather different phylogenetic trees (Martín-Trillo and Cubas, 2010; 

Danisman et al., 2013; Aguilar-Martinez and Sinha, 2013; Danisman, 2016). Therefore, it is 

difficult to predict potential functional redundancy among Class I TCPs solely based on sequence 

information. Today, several Arabidopsis class I TCPs have given us a glimpse of their function; for 

example TCP14 and TCP15, two closely related TCPs that influence plant stature by promoting cell 

division in young internodes (Kieffer et al., 2011). Approaches in which a VP16 activation domain or 

an SRDX repression domain were used, have suggested that TCP20 is involved in the regulation of 
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cell division, growth and expansion (Hervé et al., 2009). This finding was confirmed by Danisman et 

al., (2012), who performed mutant analysis and found that TCP20 inhibits cell elongation in leaves, 

in a redundant manner with TCP19. A similar SRDX approach led to the conclusion that TCP7 and 

TCP23 control cell proliferation in leaves. Furthermore, a single knock-out mutant of TCP23 was 

the only one out of five single Class I TCP mutant lines that exhibited a different leaf phenotype. 

Nevertheless, when stacking these mutations in the quintuple tcp8 tcp15 tcp21 tcp22 tcp23 mutant, 

a severe phenotype was apparent, with broader leaf blades in comparison to the leaves of wild type 

(Aguilar-Martinez and Sinha, 2013). Remarkably, a slightly different quadruple mutant composition, 

tcp8 tcp14 tcp15 tcp22, exhibits severe dwarfism and has a reduced responsiveness to gibberellic acid 

(GA) (Davière et al., 2014). This observation suggests complex interactions between these particular 

class I TCP genes and a partial overlap in their functions.

Most phenotypes mentioned above are snapshots and detailed analyses of very specific functions, 

i.e. a comprehensive and detailed phenotyping of the various tcp gene mutants is lacking. Adding 

a temporal component to the analysis is essential to understand the role and importance of each 

individual TCP gene during plant development. Next to this, when looking for phenotypic alterations 

in leaf growth for example, changes in other developmental parameters will inevitably be overlooked. 

I will address this issue with the large-scale phenotyping experiment in Chapter 2, aiming at the 

identification of correlations between growth, development and yield parameters and characteristics.

TCPs are involved in more than just growth

Having only 24 members, the family of TCP transcription factors is relatively small, especially 

compared to for instance the MADS-box TF family (107 members (Parenicova et al., 2003)), bHLH 

and MYB TF-families (162 and 339, respectively (Feller et al., 2011)). TCPs, as well as for instance 

NAC, WRKY, AP2/ERF and ARF transcription factors, are plant specific. In contrast, MADS and 

bHLH transcription factors can be found in various taxa (Riechmann, Heard, Martin, Reuber, C.,-Z., 

Jiang, et al., 2000). It has long been thought that all TCPs share a function in the direct control 

of cell proliferation and growth controlling genes (Cubas et al., 1999), which, when looking at the 

observed mutant phenotypes, seems legitimate. However, a closer look reveals that TCPs often do 

not directly control growth genes (Efroni et al., 2008; Danisman et al., 2012) and additionally, affect 

other processes, such as plant defence (Kim et al., 2014b; Wang et al., 2015b) and flowering time. 

TCP23 seems to be a negative regulator of flowering time (Balsemão-Pires et al., 2013) and the 

interaction of BRC1 with FLOWERING LOCUS T (FT) and TWIN SISTER OF FT might explain 

the early flowering phenotype in brc1 mutants (Niwa et al., 2013). An interesting feature of TCP20, 

one of the Class I TCPs, is its role in nutrient foraging of Arabidopsis roots (Guan et al., 2014). The 

tcp20 knockout mutant lacks the ability to produce lateral roots in medium with a high nitrate 
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concentration. Furthermore, two TCPs have been implicated in the regulation of pollen development, 

TCP16 and TCP11 (Takeda et al., 2006; Viola et al., 2011). Finally, TCP21 was found to be a key 

player in the regulation of the circadian clock (Pruneda-Paz et al., 2009) and in plants mutated for 

TCP11 or TCP15, the expression of core clock components is also altered (Giraud et al., 2010). 

Linking TCPs with hormones

Over the years, several studies, describing a link between TCPs and hormones, have been published 

(reviewed by Nicolas and Cubas, 2016). The majority of plant hormones is represented: auxin 

(TCP15, Uberti-Manassero et al., 2012; TCP17, Zhou et al., 2017), jasmonic acid (TCP4, Schommer 

et al., 2008; TCP4 and TCP20, Danisman et al., 2012), gibberellic acid (CIN, Das Gupta et al., 2014, 

TCP14 and TCP15, Davière et al., 2014), brassinosteroids (TCP1, Guo et al., 2010), abscisic acid 

(TCP14, Tatematsu et al., 2008; TCP15, Uberti-Manassero et al., 2012; BRC1, González-Grandío 

et al., 2017), cytokinin (TCP4, Efroni et al., 2013), salicylic acid (TCP8, Wang et al., 2015), and 

in Pea, strigolactones (PsBRC1, Dun et al., 2012). The latest addition to this list, and at the same 

time adding the last missing plant hormone, is ethylene, which appears to be under control of TCP5 

(Chapter 3). Figure 1 presents a phylogenetic tree of all Arabidopsis TCPs and the hormones they 

have been connected to (Figure 1A and 1B respectively). The involvement of TCPs in biosynthesis 

and signalling of particular hormones provides an alternative and indirect molecular mode-of-action 

how these TFs regulate cell cycle genes as opposed to the original hypothesis that TCPs were directly 

regulating these genes (Kosugi and Ohashi, 1997; Li et al., 2005). 

An interesting finding is that Class I and Class II TCPs can regulate hormone production 

antagonistically. In leaves, Jasmonic acid (JA) biosynthesis is e.g. inhibited by TCP20, a Class I 

protein that binds and thereby downregulates the JA biosynthesis gene LIPOXYGENASE2 (LOX2). 

TCP4, a Class II TCP, on the other hand, promotes JA biosynthesis by inducing LOX2 expression 

(Danisman et al., 2012). Interestingly, LOX2 is suppressed by TCP4 in floral tissue (Rubio-Somoza 

and Weigel, 2013), showing a completely opposite and context dependent regulatory mechanism. 

Molecular mode of action

The members of the TCP gene family all share a 60 amino acid long conserved sequence, the TCP 

domain (Cubas et al., 1999 and Figure 2A). This TCP domain shares little sequence similarity with 

any of the previously known transcription factor families. Secondary structure prediction revealed 

that the TCP domain forms a basic region followed by two helices separated by a loop (Kosugi and 

Ohashi, 1997; Cubas, et al., 1999), even though their primary amino acid sequences are unrelated 

to that of all other members of the bHLH family (Heim et al., 2003). Characteristics of this TCP 

domain have led to the identification of the two classes (Class I and Class II). Comparing amino 
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acid similarities between members of Class I and Class II clearly shows their difference (Figure 2B). 

Class II genes contain a 4-amino-acid insertion in the TCP domain and have an R-domain, which is 

predicted to form a coiled coil that may mediates protein-protein interactions (Lupas et al., 1991). 

Furthermore the residue composition in the loop and hydrophilic faces of helices I and II and the 

length of helix II differ between Class I and II TCPs (Kosugi and Ohashi, 1997; Cubas et al., 1999). 

It is the TCP domain that mediates binding of the TCP proteins to GC-rich DNA sequence motifs in 

vitro (Kosugi and Ohashi, 2002). Based on research with TCP4, it is thought that TCPs form homo 

and heterodimers in both the presence and absence of DNA (Aggarwal, Gupta, et al., 2010). 

The consensus-binding site of class I TCPs can be defined by the sequence GTGGGNCC, whereas 

class II proteins show a preference for the sequence GTGGNCCC based on in vitro experiments 

(Kosugi and Ohashi, 2002; Schommer et al., 2008; Viola et al., 2011). The reason for this difference 

in preference is attributed to the residue present at position 11 of the basic region (Gly) of the class I 

TCP domain or the equivalent residue 15 (Asp) of the class II domain (Viola et al., 2012). Intriguingly, 

Class I TCPs can bind Class II binding sites and vice versa, and some degree of flexibility for TCP4 

(a class II TCP) to bind a Class I motif in vitro was reported (Schommer et al., 2008). 

However, since studies on target site binding specificities of TCPs have been carried out for only 

a handful of members of the TCP family and were mainly done by in vitro experiments, it is not 

known whether these rules and sub-division for class I and II apply to all members and under native 

conditions. The Class II TCP4 TF is perhaps most extensively studied with respect to DNA binding 

features (Schommer et al., 2008; Aggarwal, Das Gupta, et al., 2010; Viola et al., 2012). Of the Class I 

clade, TCP16 and TCP20 (Viola et al., 2012), and TCP11 (Viola et al., 2011) received most attention. 

It is important to note that the differences in binding specificity were found by yeast-one-hybrid 

(Aggarwal, Das Gupta, et al., 2010) or SELEX studies (Viola et al., 2012). Most likely, these methods 

will identify the high-affinity binding sites, but will probably overlook the low-affinity binding sites. 

They also do not take into account the role and possible effect of co-factors and of specific interaction 

partners, which might change the binding specificity of the TCP under scrutiny. To shed light on the 

native binding capacity of TCP TFs, I have performed a genome-wide and comprehensive analysis 

on BRC1 targets by ChIP-seq and aimed to identify the preferred binding sequences and regulatory 

mechanisms (Chapter 4 of this thesis).

TCPs, they’re everywhere!

TCPs are a widespread family of transcription factors, found in basal land plants and multicellular 

algae (first described by Navaud et al., 2007), monocots and dicots (reviewed by (Danisman, 2016)). 

Genome duplication and diversification has had a major role in the evolution of the TCP TF family: 

mosses, ferns and lycophytes possess five to six members (Navaud et al., 2007), whereas Arabidopsis 
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Figure 2. Amino Acid Alignment 

Phylogenetic tree based on the amino acid alignment as constructed in Figure 1. The alignment of all TCPs 

combined with the annotated Basic, Helix Loop Helix regions (A). Separately aligning the bHLH regions of both 

Class I and II shows the higher amino acid conservation in Class I compared to Class II in the same region (B). 

Alignments were made using the COBALT tool at https://www.ncbi.nlm.nih.gov/tools/cobalt/. 

houses 24 members (Riechmann, Heard, Martin, Reuber, C., Z., Jiang, et al., 2000). Even so, the 

function of several subfamilies seems to have been conserved through evolution, for example, the 

control of axillary meristem activity by TEOSINTE BRANCHED 1 homologues, which is already 

present in the bryophyte Physcomitrella patens (Ortiz-Ramírez et al., 2016) and was shown in 
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numerous other species such as maize (Doebley et al., 1995), rice (Takeda et al., 2003) and Arabidopsis 

(Aguilar-Martínez et al., 2007). The same holds for the regulation of the JAW-TCPs by miR319; 

overexpression of this microRNA leads to a striking crinkled leaf phenotype due to an overproduction 

of cells in these organs (Palatnik et al., 2003; Nath et al., 2003; Efroni et al., 2008). In tomato miR319 

is required for normal leaf development by regulating the TCP homologue LANCEOLATE (Ori et 

al., 2007). In monocots too, the function of miR319 seems to be conserved as the overproliferation 

phenotype was seen in miR319 overexpression plants in Creeping Bentgrass (Agrostis stolonifera) 

that produced wider and thicker leaves (Zhou et al., 2013). Furthermore, the CIN clade contains five 

members in Arabidopsis (see JAW-D above), whereas Antirrhinum possesses only one member and 

its loss of function causes similar phenotypes (Nath et al., 2003).

Linking identity and growth through MADS-TCP interactions

Flowers have been extensively studied throughout history and substantial knowledge has been 

acquired on the identity specification and development of the different flower organs. In this respect, 

well-known is the ABC model of flower development (Coen and Meyerowitz, 1991), which explains 

how different genes and gene combinations specify floral organ identity. Except for the Arabidopsis 

A-class gene APETALA2 (AP2), all these genes encode members of the MADS domain family of 

TFs and their specific and unique interactions determine the identities of the four types of floral 

organs: carpels, stamens, petals and sepals (Immink et al., 2010; Coen and Meyerowitz, 1991). 

The determination of floral organ identity occurs early after the formation of the flower meristem 

(Alvarez-Buylla et al., 2010), however, the same MADS TFs continue to be expressed regionally 

in particular floral tissues during the growth and differentiation stages of the floral organs. This 

has led to hypothesis that organ identity specification and growth regulation might be linked by 

interactions between MADS domain and TCP TFs (Dornelas et al., 2011). Even more enticing is the 

fact that the duplication of the CYCLOIDEA-like TCPs almost corresponded with duplication events 

of floral identity MADS domain proteins: AGAMOUS, SEPALLATA and APETALA3 (Howarth and 

Donoghue, 2006), in itself no proof for a shared function, but it does strengthen the hypothesis that 

MADSes and TCPs are linked. A specific set of TCPs are targeted by APETALA1 and SEPALLATA3 

(Wellmer et al., 2006; Kaufmann et al., 2009; Kaufmann et al., 2010b) and ABC-MADS proteins are 

identified as complex partners of several TCPs in immunoprecipitation assays (I will elaborate on 

this in Chapter 5 of this thesis). In rice, proof for a functional MADS-TCP interaction was found in 

the form of an interaction between MADS-domain protein OsMADS57 and TCP protein OsTB1, a 

complex which is supposed to modulate tillering in this species (Guo et al., 2013).

Recent observations provide evidence that specific TCPs can also act as organ identity genes. A 

cucumber plant, mutated for a TCP was shown to develop shoots instead of tendrils (Wang et al., 
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2015a). A similar phenotype was found in melons where a single-nucleotide mutation in CmTCP1 

led to the Chiba tendril-less mutation. Also here, the tendrils were converted to shoot and leaf-like 

structures (Mizuno et al., 2015). Interestingly, in both cases the TCP in question was of a Cucurbita 

specific TCP family, containing a highly conserved seven-amino-acid motif unique in Cucurbitaceae, 

adding another layer to the diversity of the TCP TF family. The causal mutations mentioned above 

are single amino acid residue changes, suggesting that a very specific interaction is disturbed. 

This hypothesised perturbation of interaction capacity might have caused the change in identity, a 

molecular explanation that I believe to be more common and that I elaborate upon in Chapter 5 of 

this thesis.

This thesis

As shown in the paragraphs above, TCP transcription factors play hugely important roles during 

plant development and other processes required for normal plant growth. Phenotypes of several 

members of the family have been characterised and molecular modes of action unravelled. This 

notwithstanding, our knowledge about this family is still very fragmented. The aim of my research 

was to contribute to our understanding of the TCP transcription factor family. To achieve this I used 

several approaches, from sophisticated quantitative phenotyping, TCP function analysis to genome-

wide DNA binding sites analysis. In Chapter 2 of this thesis I aimed to explore quantitative effects 

of TCP mutants on growth and other developmental traits and to unveil novel associations between 

various phenotypes. Do architectural characteristics such as an increase in branching have a positive 

effect on other traits such as total seed yield? By using a high-throughput phenotyping robot, plant 

development was monitored throughout time. I aimed to answer questions on redundancy by growing 

single mutants next to plants mutated for several related TCPs. 

A group of TCPs previously mentioned as possibly redundant to the JAW-TCPs  are the TCP5-likes. 

I will show in Chapter 3 that their phenotypes are rather different and that they can be explained by 

an alteration in ethylene biosynthesis. I discovered that TCP5 directly binds the promoter of ACS2, 

an ethylene biosynthesis gene, and that application of ethylene inhibitors can revert the mutant 

phenotypes to wild type.

One of the TCPs frequently standing out in the phenotypic analysis mentioned above and previously 

described with striking phenotypes is BRC1, the TB1 orthologue from Arabidopsis. With a multitude 

of axillary branches, it is one of the few TCPs that shows a strong phenotype as a single mutant. 

Despite having been characterised a decade ago in Arabidopsis (Aguilar-Martínez et al., 2007) its 

exact molecular function remains elusive. Previous research showed its ability to enhance abscisic 

acid (ABA) accumulation through the regulation of three related Homeodomain leucine zipper protein 

(HD-ZIP)-encoding genes: HB21, HB40 and HB53. The increase of ABA biosynthesis is causal for the 
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suppression of bud development (González-Grandío et al., 2017). Using a combined transcriptomics 

and ChIP-seq analysis I will show in Chapter 4 that BRC1 binds to and possibly regulates several 

ABA biosynthesis genes directly. Next to this, this study presents the first in vivo genome-wide TCP 

binding site analysis.

In Chapter 5 I investigate the function of the interaction between MADS and TCP proteins, which 

may support the hypothesis that organ identity specification and growth regulation is linked by 

interactions between members of these two protein families (Dornelas et al., 2011). I will show by 

Yeast-2-Hybrid assays and immunoprecipitation that TCPs and MADSes interact. 

This thesis ends with a general discussion on the obtained results, expands on their implication for 

the field, and highlights possible directions for further research in Chapter 6. 
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A spatio-temporal analysis of plant 
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characteristics in several Arabidopsis thaliana 
tcp mutant backgrounds.
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“When we try to pick out anything by itself, 
we find it hitched to everything else in the 
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Abstract

Several members of the Arabidopsis thaliana TCP transcription factor (TF) family affect plant growth 

and development at different moments during the plant life cycle. In this study, we investigated 

possible associations between single or multiple TCP functions and phenotypic characteristics, such 

as vegetative growth parameters and several yield aspects, including total seed yield, seed number 

and seed weight. We showed that mutations in particular members of the TCP  TF family resulted 

in an altered branching phenotype and that this coincides with a reduction in seed yield under 

the applied environmental conditions. Previously, it has been proposed that class I and class II 

TCP TFs fulfil opposite functions in plant growth and development, but here we reveal that this 

hypothesis needs revision, as mutation in members from both classes showed similar developmental 

effects. Additionally, the supposed functional redundancy within particular sub-clades of the TCP TF 

family was analysed, revealing that stacking of mutations in several TCPs led in some cases to less 

severe phenotypes in comparison with single mutant phenotypes instead of the expected increased 

phenotypic effects. Furthermore, for some genes supposed to act redundantly, such as BRANCHED1 

(BRC1) and BRC2, contrasting phenotypes were found for particular traits in the single mutants. 

Altogether our analyses showed the importance of comprehensive and comparative phenotyping of 

mutants and of detailed quantitative analyses in order to get a full understanding of the contribution 

of individual members of the TCP TF family to particular biological functions.  
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Introduction

The major challenge of modern agriculture is to produce increasing amounts of high quality 

biomass for food, feed, and bio-based products, with a minimal ecological footprint. Final yield 

in the form of seeds, fruits, or leaves (e.g. leafy vegetables) depends strongly on plant architecture, 

organ size, and tissue longevity (Cai et al., 2016; Busov et al., 2008) and these traits have therefore 

been the subject of breeding since the dawn of agriculture. 

Our research aims at identifying genes involved in the control of plant development and architecture, 

and finding possible correlations between their functioning and yield characteristics. We focus on key 

regulatory factors belonging to the TCP transcription factor (TF) family in the plant model species 

Arabidopsis thaliana. Genes of this family orchestrate numerous processes during Arabidopsis 

development; examples include the involvement of BRANCHED1 (BRC1) and BRC2 in the outgrowth 

of axillary branches (Aguilar-Martínez et al., 2007), determination of leaf shape and curvature by 

JAW-TCPs (Nath et al., 2003; Palatnik et al., 2003), effects on leaf size by TCP5-like genes (Efroni 

et al., 2008), and leaf senescence orchestrated by the antagonistic action of JAW-D and TCP20 

(Schommer et al., 2008; Danisman et al., 2012). 

TCP gene functions appear to be broadly conserved and a mutation in the maize TEOSINTE 

BRANCHED1 (TB1), the orthologue of the Arabidopsis BRANCHED-likes, resulted in a high level 

of branching and tiller outgrowth, which has been instrumental in the domestication of maize 

from its ancestor teosinte (Doebley et al., 1995, 1997). Similar branching phenotypes have been 

observed in rice plants with a mutation in the TB1-like gene (Takeda et al., 2003). The JAW-TCPs 

(TCP2, -3, -4, -10 and -24) are simultaneously targeted by a microRNA (miR319) in Arabidopsis. 

Overexpression of miR319 leads to the jaw-D mutant, which has a striking crinkled leaf phenotype 

due to an overproduction of cells in the leaf margins (Palatnik et al., 2003; Nath et al., 2003; Efroni 

et al., 2008). Similarly, tomato miR319 is required for normal leaf development by regulating the 

tomato JAW-TCP homologue LANCEOLATE (Ori et al., 2007). 

The above-mentioned examples indicate the importance of the TCP TF family for the regulation 

of growth and plant architecture in the model species Arabidopsis and various crops. The more 

detailed our knowledge on the specific function of these TCPs and their potential combined effects on 

plant development is, the more we will be able to precisely direct breeding for yield optimization by 

altering leaf growth, senescence, and branching patterns (tillering). 

Even though many reports about members of the TCP family of TFs are available (Danisman, 2016), 

a comprehensive and detailed phenotyping of the various single and combined tcp gene mutants is 

lacking. This analysis is essential to understanding the role and importance of each individual TCP 

gene, the genetic interactions between the different TCP genes, and how effects on one trait influence 
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other traits and/or final yield parameters. Most phenotypes observed so far consist of snapshots at 

a given time point or specific stage or on specific tissues or organs. This inevitably complicates the 

documentation of phenotypes that occur and are dynamic through time. Furthermore, it does not 

allow to investigate how phenotypes, such as leaf size and final seed yield, might be linked. 

One of the difficulties of studying genes affecting growth and growth speed is that phenotypes are 

often only noticeable when careful measurements are performed.  For example, a leaf with a five 

percent increase in surface area is very difficult to identify with the naked eye, while it will give rise 

to an enormous increase in biomass production. Furthermore, it is evident that mutations resulting 

in altered developmental progression, such as tcp mutants affecting senescence or leaf growth rate, 

can be recorded only if a temporal component is included in the analysis (Boyes et al., 2001). Plants 

mutated for TCP20 for instance, show an increase in leaf pavement cell size in young developing 

leaves, whereas no difference in final leaf size could be detected (Danisman et al., 2012).

Senescence is a developmental process and an important trait in plants. It has been estimated that 

50% of discarded fresh food is largely attributed to their decay (Blanke, 2015). This concerns both 

breeders and consumers alike. Several TCP genes appear to control senescence, such as TCP4 and 

TCP20 (Schommer et al., 2008; Danisman et al., 2012). Other TCP genes have been implicated in the 

regulation of hormonal pathways known to affect senescence (reviewed by Khan et al., (2013)), such 

as ethylene (TCP5, (van Es et al., 2018)), cytokinins (TCP4, Efroni et al., (2013)), salicylic acid (TCP8, 

Wang et al., (2015)), and jasmonic acid (TCP20, Danisman et al., 2012), which makes senescence an 

interesting trait to investigate in relation to TCP functioning. 

We analysed a well-defined set of single and multiple tcp mutants for several growth and yield 

parameters, as well as their effect on leaf senescence. Functional redundancy has been shown for 

various members of the TCP family (Danisman et al., 2013; Cubas et al., 1999). For example, a 

single knockout of a gene of the Arabidopsis CIN-TCP clade produces only mild phenotypes, whereas 

knocking out the whole clade shows dramatic changes in leaf development (Schommer et al., 2008; 

Palatnik et al., 2003). Using a combination of mutants (e.g. single, double and triple) enables 

further analyses of the proposed functional redundancy within the TCP family and to decipher the 

contribution of individual TCPs to specific growth and development related functions. 

In this study, the thorough and comprehensive temporal analyses were done using the ‘Phenovator’ 

phenotyping platform (Flood et al., 2016). Using this Phenovator platform, all the above-mentioned 

traits and characteristics were monitored in various tcp mutant lines and compared to wild type 

plants. The plants were imaged during the vegetative developmental stage at several moments of 

the day. This allows the measurement of rosette size, growth rate, and photosynthetic efficiency. 

Phenotyping of the branching traits, and yield and seed characteristics was done on the matured 

and full-grown plants. Since the main driver of senescence is aging as intrinsic part of development 
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(reviewed by Khan et al., 2013), we measured the senescence response upon triggering of this process 

by darkness in relatively young plants. Because the progress of senescence in whole plants differs 

from that in detached tissue (Weaver and Amasino, 2001), which reflects shelf-life, senescence was 

monitored as well in rosette leaves of plants detached from their roots immediately prior to dark 

induction.

Combining all the phenotypic data on growth, development, aging and yield has provided us 

with novel insights into the function of several members of the TCP TF family, as well as on the 

presumed redundancy of several TCPs. Furthermore, we show that, under our growing conditions, 

an alteration in branching pattern (regardless of an increase or decrease in number of branches), 

leads to a decrease in final yield.

Results

Mutant selection

A well-defined set of tcp mutants was selected to be analysed for a number of developmental, 

architectural and yield parameters. They were chosen based on their described strong developmental 

phenotypes, which made validation of the approach and critical evaluation of the followed 

methodology possible. An example is the jaw-D mutant, which is known to exhibit slowly developing 

leaves that eventually grow larger than in wild type plants (Efroni et al., 2008). Obvious candidates 

to study the relation between branching and yield are the mutants in the BRANCHED-like TCPs 

(Aguilar-Martínez et al., 2007). Additionally, we focussed on the analysis of redundancy within the 

TCP TF family, and included among others the double mutants tcp14tcp15 and tcp8tcp15, as well 

as the single tcp8 and tcp15 mutants. A full list of selected mutants which have been grown on the 

Phenovator platform can be found in Table 1.

Experimental set-up and technical constrains of the ‘Phenovator’ platform

The Phenovator platform (Flood et al., 2016) allows to grow 1440 plants simultaneously in a grid of 

24 by 60 plants (Supplemental Figure 1A). The grid was divided into 28 plots in which all 24 selected 

genotypes (Table 1) were randomly positioned to prevent a possible positional bias. All plants were 

assigned a coordinate based on their position in this grid. Two different parameters were measured 

by the camera system: PSII operating efficiency (ΦPSII) by Pulse Amplitude Modulated fluorescence 

measurement (PAM) and near infrared (NIR) reflection at 790nm. The branching phenotypes and 

seed yield parameters were manually determined on mature, fully-grown plants.

The NIR reflection was used to estimate the projected leaf area (PLA) as it provides a good estimate 

of above ground biomass (Leister et al., 1999) and can therefore be used to determine plant growth. 
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The particular wavelength (790 nm) was chosen so that plants could be measured both day and night 

without disturbing their circadian rhythm. A full description of the measurement scheme can be found 

in Table 2. To check for a possible effect of the plant’s position in the climate chamber, a regression 

analysis was performed. The average size of all plants over time, as well as the maximum size was 

plotted on the X- and Y-coordinate corresponding to their position in the climate cell (Supplemental 

Figure 1A). We found a correlation between the X-coordinate and both maximum and average 

growth for our plants (Supplemental Figure 1B). No significant correlation between Y-coordinate and 

PLA was detected (Supplemental Figure 1C). The R-package SpATS (Rodríguez-Álvarez et al., 2016; 

Velazco et al., 2017) was used to correct for the observed spatial effect in the X-position. Although 

the climate cell is expected to have near identical conditions regardless of position within the cell, 

the observed positional effect in the X-direction might be due to small differences in e.g. air flow, 

humidity or nutrient availability. Another possibility is that the bias is introduced due to the inflow 

of water with nutrients from one side of the climate cell (X ≈ 0; Supplemental Figure 1A).

Creation of a formula to describe the progress of growth for all plants

An essential part in analysing plant size in the time series is to convert the data into an equation 

representing growth over time. Creating a growth-curve equation fitting the observed data enables to 

turn different sizes and growth speeds into easily distinguishable parameters. This provides insight 

into growth dynamics of all mutant lines over time and enables making a step beyond investigating 

average final plant sizes only. 

We choose to use the singular spectrum analysis (SSA) tool, implemented in the R package Rssa 

(Golyandina et al., 2013) to study the PLA data obtained from the time series. We performed the 

analysis on time series of individual plants. An SSA analysis decomposes a time series into a given 

number of elementary components [ECs], based on the covariance between different measurements 

at different time values. For the SSA, a window size must be chosen, which is equal to the number 

of ECs into which the time series is decomposed. There are 110 measurements for every individual 

plant per time series and here a window size of ten was chosen to prevent overcomplication of the 

analysis. The eigenvalues and their relative contribution to the data shows that there is one EC 

contributing for more than 99% of the observed variation (red square in Supplemental Figure 2A). 

This implies that it contains almost all of the variability of the time series and therefore would be 

an excellent component to use in forecasting the progress of plant growth. Furthermore, the first 

component closely resembles part of an S-curve (Supplemental Figure 2B), which implies that this 

part of the time series represents actual growth of the plant (Weraduwage et al., 2015). Next to 

this, we should take into account the circadian rhythm of a plant, expressing itself as changes in 

the PLA because of leaf movements (Engelmann et al., 1992). There are two ECs, that show slowly 
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oscillating behaviour with a period of one day, which corresponds to the leaf movement of the plants 

(blue square in Supplemental Figure 2A). These two ECs are always found to be a combination of the 

second to fifth EC, and both enable to model the circadian rhythm as shown in Supplemental Figure 

2C and are therefore included.

Concluding, the data obtained from the PLA can be considered to contain two parts, an S-curve and 

the oscillatory function. This can be written as:

		  (1)

In this function g(t) is the real growth and h(t) the day-night rhythm. As the difference in measured 

Loci affected Mutant T-DNA identifier Created/First described by Number

AT5G60970 tcp5 SM_3_29639 Efroni et al.,  2008 22

AT5G60970 pATML1:TCP5 Overexpression of TCP5 in epidermis Van Es et al.,  2018 13

AT3G02150 pATML1:TCP13 Overexpression of TCP13 in epidermis In house 12

AT5G60970 - AT3G02150 - 
AT5G08070 tcp5 tcp13 tcp17 SM_3_29639 - SM_3_23151 - 

SALK_147288 Efroni et al.,  2008 11

AT5G60970 - AT3G02150 - 
AT5G08070

miR-3TCP:        
tcp5,-13,-17 Artificial miRNA overexpression Efroni et al.,  2008 5

AT2G31070  tcp10 SALK_137205 Alonso et al.,  2003 23

AT4G18390 - AT1G53230 - 
AT3G15030  AT2G31070 - 

AT1G30210

jaw-D :              
tcp2,-3,-4,-10,-24 Overexpression of miR319 Palatnik et al.,  2003 14

AT3G18550 brc1/tcp18 SALK_091920 Aguilar-Martínez et al.,  2007 21

AT1G68800 brc2/tcp12 SALK_023116 Aguilar-Martínez et al.,  2007 7

AT1G68800 - AT3G18550 brc1brc2 SALK_091920 - SALK_023116 Aguilar-Martínez et al.,  2007 4

AT1G69690 tcp15 SALK_011491 Alonso et al.,  2003 20

AT3G47620 - AT1G69690 tcp14 tcp15 SALK_011491 Kieffer et al.,  2011 19

AT1G58100 - AT1G69690 tcp8 tcp15 SAIL_656_F11 - SALK_011491 In house 6

AT1G58100 tcp8 SAIL-656-F11 Aguilar-Martínez et al.,  2013 10

AT3G27010 - AT1G58100 tcp20 tcp8 SALK_041906 - SAIL_656_F11 Danisman et al.,  2013 3

AT2G45680 tcp9 SALK_035853 Danisman et al.,  2012 2

AT2G45680 - AT3G27010 tcp9 tcp20 SALK_035853 - SALK_041906 Danisman et al.,  2012 1

AT3G27010 tcp20 SALK_041906 Danisman et al., 2013 24

AT5G51910 - AT3G27010 tcp19 tcp20 SALK_024434 - SALK_041906 Danisman et al.,  2013 17

AT3G27010 - AT1G72010 tcp20 tcp22 SALK_041906 - SALK_045755 In house 18

AT5G51910 - AT1G72010 tcp19 tcp22 SALK_024434 - SALK_045755 In house 16

AT5G51910 - AT3G27010 - 
AT1G72010 tcp19 tcp20 tcp22 SALK_024434 - SALK_041906 - 

SALK_045755 In house 15

Col0 "WUR" Wild type background for O.E. mutants 8

Col0 "NASC" Wild type background for T-DNA mutants 9

Table 1. Mutant lines and wild type controls used in this study. Shown are the affected loci, mutant name, 

the T-DNA identifier and reference to the paper in which they were first described. The number in the most right 

column corresponds to the number used in the graphs.
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leaf surface, due to the day-night rhythm, depends linearly on the actual size of the plant at that time 
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describe the magnitude of the derivative (β2), and the point at which the derivative of the function 

reaches its maximum (β3), all β’s are ≥ 0. Taking this into account the S-curve part of the function is 

obtained as such:

					        (2)

Next, the function to describe the day-night rhythm is an oscillatory function with certain amplitude 

(β4) and phase transition (β5) (Figure 1A; right panel). The natural period of this function is one day, 

and the range of the function should be between -1 and 0, as the measured leaf area can only get 

smaller by the movement of the plant, but also because the whole function f(t) should be positive:

A)

B)

C)

β2
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f(t) for β1 = 5, β2 = 1, β3 = 5, β4 = 0.05, β5 = 0

Example of g(t) for β1 = 5, β2 = 2, β3 = 5 Example of h(t) for β4 = 0.1, β5 = 0PLA over time at coordinate [58,1]

β5

Figure 1. Designing a growth function based on rosette size measurements over time. (A) A fitted 

curve, showing resemblance to an S-curve (left panel). This was divided into an actual S-curve (middle panel) 

and an oscillating function to cover for the day/night rhythm (right panel). The equation following the S-curve 

and oscillation pattern, summed up in the growth function over time, is shown in (B). The combined S-curve and 

oscillatory function for a set of β values and the final fitted values for this particular example are shown in (C).
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				    (3)

All this combined allows us to determine the actual growth function. The explicit form is obtained by 

substituting equations 2 and 3 into equation 1 (see also Figure 1B), resulting in:

			   (4)

The parameters of function 4 were then estimated by non-linear regression, using the nls function in 

R, for each individual coordinate (i.e. plant). The specific algorithm used was originally introduced as 

the NL2Sol algorithm (Dennis et al., 1977) and requires lower and upper bounds of the parameters 

which are implemented in the port function. The introduction of bounds can prevent a type of 

zig-zagging behaviour, and thus increases the chance that the algorithm will converge within a 

reasonable amount of iterations.

To devise a method to determine a set of starting values for each of the time series, some basic 

properties of the real-growth function are useful:

				           (5a)

				             (5b)

				           (5c)

Thus, if decent estimates can be found for limt→∞ g(t), g(0) and g’(0), they can then be used to 

determine starting values of the β’s. A very good approximation of the growth function g(t) can be 

obtained through the SSA, recalling that the use of the first elementary component contributes to the 

function for 99%. This component can be computed for each of the time series and is thus the ideal 

tool for finding the required estimates. For each of the time series this component is a vector of length 

110. This vector is denoted as EC = {EC1,EC2,…,EC110}, and the vector with the corresponding time 

values is denoted as t = {t1,t2,…,t110}.The required approximations can be written as:

					     (6)
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A biological interpretation of the different β-parameters allows us to look at the growth function 

in more detail and the use of reasonable bounds for the above-mentioned approximations will be 

assessed using the available biological information, such as growth stages of Arabidopsis (Boyes et 

al., 2001). For this, β1 could represent the maximum possible growth; β2 a measure for the rate of 

growth in the exponential phase and β3 a measure for the time until the rosette of a plant starts its 

rapid growth phase. β4 is the change in measured rosette area relative to the real rosette area at that 

moment and β5 is the starting point of oscillation related to the circadian rhythm. 

The plants were measured until 25 days after sowing, which approaches the time a wild type 

Arabidopsis plant needs to reach maximum rosette size (Boyes et al., 2001). Therefore, a reasonable 

guess is that the final size of the plants would be no more than twice the size that it reached during 

the measurements, which corresponds to 2  *  max{EC }. To ensure that the upper bound for β1 is not 

chosen too strictly, it will be set to β1,upper = 3 * max{EC }. As β1 represents the maximum possible 

growth the natural lower bound is β1,lower = 0. We interpreted β3 as the time it takes for the plant 

to reach maximum rosette growth, after the start of the measurements. The measurements started 

eight days after sowing, so it is unlikely that a plant has already reached the point of most rapid 

growth at β3,lower = 0. The duration of the measurement is 17 days, making β3,upper = 30 a safe 

upper bound, assuming a plant has reached its maximum growth almost 40 days after sowing. The 

parameter β2 is closely related to β3 and can be inferred by:

					       (9)

Here ttang,0 is the time coordinate where the this tangent intersects the t-axis. For ttang,0 as well, 

bounds should be derived. As g(t) is a convex function for ttang,0, every tangent in that part of the 

function lies below the function. As we expect that g(0) is very small, this means that ttang,0 ≥ 0 is 

a reasonable assumption. Most of the growth of the plant happens between β3 – ttang,0 and β3 + (β3 – 

ttang,0), that is within a time span of 2(β3 – ttang,0). It is highly unlikely that most of the growth of the 

plants happens within 4 days, so 2(β3 – ttang,0) ≥ 4 is a reasonable assumption. This is equivalent to (β3 

– ttang,0) ≥ 2. Combining these bounds with equation (9) yields  ≤ β2 ≤ 1 which allows us to formulate 

the following estimations:
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(10b)

					              (10c)

The second part of the growth function is given by an oscillatory function, see equation (3). Leaf 

movement is represented by β4 and should be interpreted as a percentage with a reasonable starting 

value of β4,start = 0.05. As it is unlikely that the day and night movement of the rosette leaves will 

result in more than 50% change in area, a reasonable upper bound is therefore β4,upper = 0.5. The 

moment the circadian rhythm starts is represented by β5, i.e. the phase-shift of the oscillation. The 

choice of β5,start is not that important, as its range is naturally bound between 0 ≤ β5 ≤ 2*π. The 

average value of β5,start = π will be chosen. 

With the prescribed combination of starting values and bounds for the parameters, the algorithm 

converges for all the time series. Figure 1C (right panel) shows the first of the time series examples, 

revealing that the growth function nicely fits through the data points and accounts for the oscillatory 

behaviour. To check whether the bounds are chosen correctly the distribution of the different β’s was 

checked. As is shown in Supplemental Figure 3, the distribution of β2-5 lay nicely within the bounds, 

whereas for β1 a lot of values cluster close to the upper bound. The underlying reason can be that 

the time series which have a β1 close to the upper bound are the ones that have not reached their 

point of maximum growth. This notwithstanding, the bounds and starting points allow for all series 

to converge the algorithm. The β-values were corrected for the observed spatial bias (Supplemental 

Figure 1) and values prior to and after correction are visualised in Supplemental Figure 4.

Growth parameter analyses

The nature of the measurements enables measuring of the rosette surface area, but not distinguishing 

individual leaves and their shape and size. Still, a careful interpretation is appropriate in order 

to disassemble the dynamic growth at plant level, although the β-values in the growth equation 

described above cannot be directly linked to a particular growth parameter. As we did for the 

estimation of the bounds above, we theorized that β1 could represent the maximum possible growth; 

β2 might be a measure for the rate of growth and β3 can represent a measure for the time until the 

rosette of a plant starts its rapid growth phase. The parameters accounting for the oscillatory motion 

can represent the change in measured rosette area relative to the real rosette area at that moment 

due to circadian leaf movements (β4). 

Average β-values per plant line were plotted and the parameters β2 and β3 were scaled to the lowest 

value to enhance readability of the graph (Supplemental Figure 5A). Statistical tests show differences 
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in β-values comparing the mutant lines with wild type control plants. Subsequently, a PCA analysis 

was done to visualise potential differences for the various tcp mutants (Figure 2). A clear example 

of altered development is the jaw-D mutant, shown to have a significantly lower β2 but higher β3. 

This represents the plants’ slow developmental progress through slow growth (β2) and longer time to 

reach the rapid growth phase (β3). Together with the tcp5tcp13tcp17 triple mutant, jaw-D is the only 

mutant that has a lower β2 compared to the wild type, as clearly visualized by the PCA plots in Figure 

2. In contrast, tcp10  has a higher β2 than wild type, i.e. a rapid growth rate. 

Another type of developmental progression of plant growth is presented by the brc1brc2 double 

mutant. Plants of this mutant reach their maximum growth faster (β3) and have a significantly 

smaller final size (β1) than the wild type control plants. Interestingly, the single mutants brc1 and 

brc2 show opposite behaviour concerning β1 and deviate from the double in that brc1 has a higher β3 

value, whereas brc2 appears to have a higher growth speed (β2) (Figure 2). Another way to visualise 

this is by plotting the PLA over time for the raw data versus the model (Figure 3A), showing their 

resemblance. This was followed by plotting the raw data for the brc-mutants and Col-0 control in 

Figure 3B, revealing the lower β1 for the brc1brc2 mutant for example. The single mutants brc1 

and brc2 show opposite behaviour concerning β1 (both have a significantly bigger β1 than Col-0) and 

deviate from the double brc1brc2 mutant in that brc1 has a higher β3 value, whereas brc2 appears to 

have a higher growth speed (β2). Figure 3B shows that this might have led to the overall bigger brc2 

whereas brc1 only ‘catches up’ later.

Photosynthetic capacity of plants 

Next to size measurements based on PLA, the ‘Phenovator’ camera is monitoring photosynthetic 

efficiency of the plants under study. For this purpose, the system uses Pulse Amplitude Modulated 

(PAM) chlorophyll fluorescence imaging to measure the light-use efficiency of PSII electron transport 

(ΦPSII) (Genty et al., 1989; Baker, 2008; Flood et al., 2016). Based on the average output of the 

ΦPSII measurement for all individual wild type and tcp mutant lines, no significant differences were 

found (Supplemental Figure 6A), revealing that none of the analysed TCP  transcription factors are 

having a direct effect on photosynthetic efficiency during plant development.

Characterizing seed yield characteristics

Several aspects of yield were determined, focussing on seeds. Total yield was determined by weighing 

the total amount of seeds for eight plants per genotype. A closer look at the seed characteristics was 

done by measuring seed size and seed number per silique on four siliques of five plants per genotype. 

We found that average seed size was not significantly affected in any of the analysed mutants (Figure 

4A), whereas several lines showed a reduction in the average amount of seeds per silique and total 
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seed weight (Figure 4B and 4C). Only the seeds of the double mutant tcp8tcp15 had a significantly 

lower weight compared to wild type seeds (Figure 4D). Correlation analyses of the different seed 

characteristics revealed that the number of seeds is negatively correlated to both seed area and seed 

weight and that seed weight is positively correlated to seed area (Supplemental Figure 7A to 7C). 

Several lines showed a decrease in total seed weight (i.e. total yield) such as brc1brc2 double mutant 

and jaw-d, but also two tcp15-related double mutants: tcp8tcp15 and tcp14tcp15.
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Figure 2. PCA analyses for average β-values of all lines in this study. 

Results of a principal component analysis (PCA) for all the β’s to examine a possible difference in mutants versus 

wild type. The arrows numbered 1, 2, 3 and 4 correspond to β1, β2, β3 and β4 respectively. Principal component 1 

and 2 combined explain 90% of the variance (PC1 explains 65% of the variation, PC2 25%). The plots are made up 

of groups of related TCPs (e.g. ‘Branched-likes’) and/or based on sequence homology (e.g. ‘Class I assorted’).
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Figure 3. Visualisation of model versus raw data of BRANCHED TCPs

(A) shows the fitted model (yellow line) and the raw data (blue data points) for four individual plant lines during 

the 17 days of measurement. A comparison of the three branched mutants and a wild type control (B) showing 

the different growth curves. An example of a fitted S-curve for three β-values shown in (C). Shown in (A) and (B) 

is the average PLA per plant for each line, with measurements from one time point during the day, omitting the 

circadian rhythm for clarity of graph.

TCPs affecting branching parameters; old acquaintances and new friends

When comparing the branching phenotypes (i.e. number and type of branches; Figure 5A) of all lines 

used in this study, we found that as expected (Aguilar-Martínez et al., 2007), brc1 and brc1brc2 

double mutants show an increase in secondary branches. Interestingly, the single brc1 mutant shows 

a significant effect in number of branches, but the single brc2 mutant did not, revealing that there is 
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Figure 4. Genotypes showing differences in yield characteristics. 

Quantification of yield characteristics such as average seed area (A), average seed number per silique (B), total 

seed weight per plant and average weight of the individual seed in (C) and (D) respectively. Only genotypes are 

shown for which statistically significant differences were found compared to wild type control. Average seed number 

and seed area were determined on four siliques on five plants per genotype. Statistically significant differences (P 

< 0.05) are indicated by an asterisk.

no full redundancy between these genes (Figure 5B). Several other lines showed a reduction in some 

aspects of branching (Figure 5C), most notably the jaw-D (class II TCPs) and tcp14tcp15  (class I 

TCPs) mutant lines, that gave a significant reduction in the number of secondary branches. It seems 

that both an increase as well as a decrease in the number of branches has a negative effect on the 

amount of seeds harvested from a plant grown under our conditions (brc1brc2, jaw-D and tcp14tcp15 

in Figure 5D). Alternatively, these genes are independently from the branching function involved in 

seed characteristics. Interestingly, the number of secondary branches is not correlated to the number 

of lateral branches (Supplemental Figure 7D) whereas the more secondary branches growing on a 

plant, the more branched these become.
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Growth and photosynthesis during a Dark Induced Senescence assay

Several TCPs have been implicated in the process of senescence, for instance through the regulation 

of jasmonic acid biosynthesis (Danisman et al., 2012) and therefore, this process was investigated 

in this study as well. We decided to grow the plants for approximately two weeks under short day 

conditions (12/12-hour day/night rhythm) before senescence-related measurements started. The 

experiment can be divided into three phases. The first phase is where plants grew under a 12/12-

hour day/night rhythm. The second phase starts on the day when this rhythm changed to a 0/24-

hour day/night rhythm, so that the plants did not receive any more light. The third and last phase 

starts when the rhythm is switched back to a 12/12-hour day/night rhythm. Photosynthetic efficiency 

(ΦPSII) was determined during the whole experiment and, in combination with measurements on 

the PLA, used as measure of senescence. A full overview of the experimental setup and the timing 

of measurements can be found in Table 2B. Furthermore, the timeline is highly important in this 

experiment as senescence is a time driven process, therefore, a description of the time series is shown 

in Table 3. 

Unfortunately, final and average ΦPSII measurements failed to reveal any significant differences 

comparing the different genotypes (Supplemental Figure 6B), probably because the plants were still 

too young and in a developmental stage far prior to the initiation of senescence.

Therefore, we continued by looking at the combined information obtained from both the PLA and the 

ΦPSII data resulting from this experiment. These data contain valuable information regarding the 

growth phase and senescence of the plants and should be analysed in close relation to one another. 

An example of two ‘typical’ ΦPSII and PLA measurement series is shown in Supplemental Figure 

8, which clearly exemplifies the three phases of the experiment, described above. In the first phase 

the PLA indicates steady growth, then as the second phase starts the PLA suddenly drops off. This 

is because the leaves point upwards due the initiated dark period, which causes the reduction of the 

measured leaf surface area, as it is measured from above. As the second phase progresses the PLA 

recovers to approximately their size at the end of phase one. In phase three the PLA increases again 

for plants that are still alive. For the ΦPSII time series the first phase is more or less constant, then 

in the second phase they drop off. In the third phase they recover again for the plants that survived 

(Supplemental Figure 8A) and stay down, or reach NA values, for plants that died (Supplemental 

Figure 8B). 

Another way of looking at the data is the rate of reduction of photosynthetic efficiency measured by 

the ΦPSII measurements. Where t = 7.18 is the time when the last ΦPSII measurement in phase 1 

took place. A few days later, entering into phase 2, t = 16.03 was chosen to determine the decline of 

ΦPSII-values:
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		           (11)

The resulting θdecay shows a significant difference only for the tcp20tcp8 double mutant (Supplemental 

Figure 6D). In addition to these measurements on photosynthetic efficiency, we checked whether 

plants survived the dark induced senescence or that their photosynthetic efficiency drops below a 

certain limit preventing recovery of the plant. We used this vitality-parameter as indirect measure 

for senescence. This resulted in several genotypes that show a difference in their ability to recover 

from the dark induced senescence trigger (Supplemental Figure 6C). 

At the end of the first phase, several plants from each genotype were cut off from their roots and placed 
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Figure 5. Branching phenotypes 

Differences in branching parameters compared to wild type control. Visualization of parameters for secondary 

branch (S), lateral branch (L), branches on secondary branches (SL) and branches on lateral branches (LL) are 

shown in (A). (B) shows a principal component analysis (PCA) on mutants that produce more branches, whereas 

(C) shows the same analysis on mutants that produce fewer branches than wild type. PC1 explains 41% of the 

variation, PC2 23%. A table with the outcome of t-tests (p < 0.05) for the mutants shown in (B) and (C) is shown 

in (D).
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in a petri dish to prevent immediate wilting. This experiment was carried out to study senescence 

of harvested material (i.e. shelf life). No differences between mutant lines and wild type plants were 

observed. Interestingly, when analysing all data points regardless of genotype, the θdecay for detached 

plants was lower than that of normal plants (p = 1.9 * 10-20), indicating that the detached plants 

maintained their ΦPSII for a longer period of time before it eventually declines.

Significantly more individuals of the normal plants, as we’ve seen above, manage to recover after the 

dark induced senescence period. An explanation could be that resources are swiftly allocated towards 

the roots when the plants start senescing, allowing for a comeback (Killingbeck, 1996 and reviewed by 

Brant and Chen, 2015). Lacking roots, the detached plants maintain their photosynthetic apparatus 

for as long as possible until they run out of resources. 

Discussion

The aim of this research was to provide a comprehensive overview of differences in developmental 

and seed yield characteristics in a carefully chosen set of tcp mutant backgrounds in comparison to 

wild type plants. We have created an algorithm that describes the growth curve during the vegetative 

stage of development, using four different biologically meaningful parameters. Variation in these 

0:00 NIR 12:00 NIR 0:00 NIR 12:00 PAM 0:00 NIR 12:00 NIR 0:00 12:00
0:30 12:30 PAM 0:30 12:30 0:30 12:30 PAM 0:30 12:30
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2:30 14:30 2:30 14:30 2:30 14:30 2:30 14:30
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3:30 15:30 PAM 3:30 15:30 3:30 15:30 PAM 3:30 15:30
4:00 16:00 4:00 16:00 4:00 16:00 4:00 16:00
4:30 16:30 NIR 4:30 16:30 NIR 4:30 16:30 NIR 4:30 PAM 16:30 NIR
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1:00 13:00 1:00 13:00 1:00 13:00 1:00 13:00 NIR
1:30 NIR 13:30 1:30 NIR 13:30 NIR 1:30 NIR 13:30 1:30 NIR 13:30
2:00 14:00 2:00 14:00 2:00 14:00 2:00 14:00
2:30 14:30 2:30 14:30 2:30 14:30 2:30 14:30
3:00 15:00 3:00 15:00 3:00 15:00 3:00 15:00 PAM
3:30 15:30 PAM 3:30 15:30 3:30 15:30 PAM 3:30 15:30
4:00 16:00 4:00 16:00 4:00 16:00 4:00 16:00
4:30 16:30 NIR 4:30 16:30 NIR 4:30 16:30 NIR 4:30 PAM 16:30 NIR
5:00 17:00 5:00 17:00 5:00 17:00 5:00 17:00 PAM
5:30 NIR 17:30 5:30 NIR 17:30 5:30 NIR 17:30 5:30 17:30
6:00 18:00 PAM 6:00 18:00 6:00 18:00 PAM 6:00 18:00
6:30 18:30 6:30 18:30 6:30 18:30 6:30 18:30
7:00 19:00 7:00 19:00 7:00 19:00 7:00 19:00
7:30 19:30 NIR 7:30 19:30 NIR 7:30 19:30 NIR 7:30 19:30
8:00 20:00 8:00 20:00 8:00 20:00 8:00 PAM 20:00
8:30 NIR 20:30 8:30 NIR 20:30 8:30 NIR 20:30 8:30 20:30
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9:30 PAM 21:30 9:30 21:30 9:30 PAM 21:30 9:30 21:30

10:00 22:00 10:00 22:00 10:00 22:00 10:00 22:00
10:30 22:30 NIR 10:30 22:30 NIR 10:30 22:30 NIR 10:30 22:30
11:00 23:00 11:00 NIR 23:00 11:00 23:00 11:00 PAM 23:00 NIR
11:30 23:30 11:30 23:30 11:30 23:30 11:30 23:30

GrowthDark induced senescence

→   
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'Dark' 
regime  

→

→   
Switch to 
'Normal' 
regime  

→

22 days 15 days 5 days

Table 2. Light and measurement scheme. 

(A) shows the scheme of day (yellow), night (grey) and all measurements during the ‘growth’ experiment. (B) 

shows the schemes during the senescence experiment, from ‘normal’ to ‘dark’ and back. Measurements include near 

infrared (NIR) reflectance, pulse-amplitude-modulation (PAM) as measure for ΦPSII.
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parameters among different tcp mutant lines could be clearly represented by a principal component 

analysis (PCA; Figure 2).  For many of the genotypes studied, a difference in at least one of the 

growth equation parameters was observed, which is not surprising as TCPs are involved in different 

aspects of plant development (reviewed by Martín-Trillo and Cubas (2010), Uberti Manassero et 

al., (2013), Nicolas and Cubas (2015 and 2016), and Danisman (2016)). Next to this, investigation 

of branching parameters and seed yield characteristics revealed several tcp mutant lines to behave 

differently compared to wild type in number and weight of seeds (Figure 4) in relation to the number 

of branches (Figure 5).

The role of TCP transcription factors in growth regulation during the vegetative stage of 

plant development

Even though our study does not venture into the cellular level of development, we can speculate on 

the underlying mechanism causal for the observed differences in the individual growth equation 

parameters (β-values). β3 for example, is supposed to represent the moment a plant enters the 

rapid growth phase. This moment is typically marked, at the cellular level, by a switch from cell 

proliferation into cell elongation (Andriankaja et al., 2012). Several class II tcp mutants are thought 

to stay longer in the cell proliferation phase, producing more but often smaller cells, for example 

jaw-D and related cin mutants (Nath et al., 2003; Crawford et al., 2004). This is represented in a 

higher β3 compared to wild type as it simply takes these mutants longer to reach the phase of rapid 

and exponential rosette growth. Indeed, jaw-D has a significantly higher β3 value. Several genotypes 

such as tcp19tcp20tcp22, tcp9 and tcp20 exhibit a lower β3 compared to wild type. Interestingly, some 

of the investigated double mutants, mutated also in tcp9 or tcp20 (e.g. tcp9tcp20 and tcp19tcp20) do 

not show differences in this parameter. Furthermore and surprisingly, several class I mutants show 

a similar effect on β3 as the class II jaw-D mutant, for example the double mutants tcp14tcp15 and 

tcp8tcp20. 

In addition to an altered β3, the jaw-D mutant has a lower β2 than wild type, a characteristic it shares 

with a line mutated for the closely related TCP genes TCP5, TCP13 and TCP17 (tcp5tcp13tcp17 ; 

(Efroni et al., 2008)). On a cellular level, β2 might be explained as the speed of cell elongation, fitting 

with the observed growth phenotypes of the jaw-D and the tcp5tcp13tcp17 triple mutant. 

Focussing on β1, which represents the maximum of growth, only brc1brc2 and tcp8tcp15 have a lower 

β1 than wild type. Several other mutants show a higher β1, such as the single branched mutants as 

well as tcp15 and the tcp14tcp15 double mutant. Molecularly, β1 is hard to interpret by our data as 

the final size is influenced by numerous factors other than altered growth speed and moment of rapid 

growth. The duration of growth cannot be assumed using our four β’s; however, a plant ending up 

bigger than wild type (i.e. a higher β1), but with a lower β3, can be classified as a slow grower that 
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takes longer to reach its maximum (e.g. tcp10 ). Vice versa, plants with a lower β1 and a lower β3 are 

fast growers that stay smaller than wild type under our experimental conditions (e.g. brc1brc2 ).

Next to these growth parameters, we studied mutants affected in their branching pattern. Best 

studied are the branched mutants that grow more branches than wild type, most notably the brc1brc2 

double and the brc1 single mutants (Aguilar-Martínez et al., 2007). Next to these, we found that the 

jaw-D (class II) and tcp14tcp15 (class I) mutant lines showed a significant reduction in the number 

of secondary branches (Figure 5D), whereas tcp20tcp22 produced slightly more secondary branches. 

This suggests that more TCPs are involved in the control of axillary bud outgrowth, either directly 

by acting in the meristem, or indirectly through changes in sink-source relationships, hormone levels 

or availability of carbon resources.

Two classes of TCPs, showing antagonistic behaviour?

Historically, the TCP family of TFs has been divided into two classes based on sequence characteristics 

(Cubas et al., 1999). Members of these two classes are believed to act antagonistically, either by 

promoting cell growth and proliferation (class I) or through the repression of these processes (class 

II) (Martín-Trillo and Cubas, 2010). Our results question this strict division into two antagonistically 

functioning classes. Mutants from particular members of class I and class II TCP genes show similar 

changes in specific β-parameters. Important to note is that we have carefully deduced the phenotypic 

parameters described by the different β’s, therefore phenotypes with the same outcome might behave 

differently at the cellular/molecular level. An increase in leaf area can be accomplished by an increase 

in both cell proliferation rate and cell size. More comparative research will be necessary to elude the 

(lack of) antagonistic behaviour. On the other hand, the results from the branching pattern analyses 

also lack a strict opposite behaviour for members of the two classes. The increase in branching of 

brc1brc2 double mutants would imply that a class I mutant should exhibit fewer branches. This is 

the case for tcp14tcp15, but also the class II mutants jaw-D and tcp5tcp13tcp17 show a decrease in 

some aspects of branching. This similarity in phenotypes could indicate overlapping functions, or at 

least final phenotypic effects, for proteins of both classes. 

Time [days] Event

0 First NIR measurement

0.17 First PAM measurement

7.18 Last PAM measurement in phase 1

7.46 Last NIR measurement in phase 1

22.75 First NIR measurement in phase 3

23.05 First PAM measurement in phase 3

24.75 Last NIR measurement for ‘detached’ plants

24.76 Last PAM measurement for ‘detached’ plants

26.87 Last NIR measurement for ‘normal’ plants

26.93 Last PAM measurement for ‘normal’ plants

Table 3. Schematic overview of the timeline of the dark 

induced senescence experiment. Time starts at day 0 (zero) 

when the first measurement is taken.
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TCPs do not show expected redundant behaviour for phenotypes tested

A group of TCPs that is believed to behave redundantly and that shows striking results regarding 

their growth phenotypes, is the BRANCHED group of TCPs. Looking at the distribution of their β’s 

in a PCA plot (Figure 2, bottom-right panel), the brc1 and brc2 single as well as the brc1brc2 double 

mutant are positioned on the same horizontal plane, below Col-0 wild type. The brc1 single mutant 

lies straight below wild type, indicating a higher β1 and β3, the double mutant is shifted further to 

the left, having a much lower β1 than either Col-0 or brc1. Surprisingly, the brc2 single and  brc1brc2 

mutants are oppositely oriented with respect to β2. Furthermore, both single mutants have a higher 

β1 than the wild type whereas the brc1brc2 double mutant has a β1 lower than wild type. Visualising 

their rosette growth pattern reveals that both the brc1 and brc2 single mutants eventually outgrow 

Col-0 control plants, although brc1 grows slower in the first few days of measuring. The brc1brc2 

double mutant on the other hand grows slower and remains smaller throughout the duration of the 

measurements (Figure 3B). This suggests that the BRC genes control each other, possibly through 

a negative feed-back regulation. This could be investigated by analysing expression levels of BRC1 

and BRC2 in the brc2 and brc1 mutant backgrounds, respectively, which could also give a clue on 

how both single mutations can account for the phenotype observed in the brc1brc2 double mutant.

A closer look into the ‘TCP15-likes’ (top-left panel in Figure 2) shows another interesting pattern of 

single and double mutants. The double mutant tcp8tcp15 seems almost identical to Col-0 wild type 

whereas both tcp8 and tcp15 look vastly different. In contrast, the double mutant tcp14tcp15 seems 

to benefit from an additive effect of a tcp14 mutation in comparison to the single tcp15 mutant, as 

it is positioned furthest away from wild type. In conclusion, this indicates that the combination of 

tcp8 and tcp15 attenuates their individual effects, whereas tcp14 and tcp15 enhance each other. 

Both tcp8 and tcp15 single mutants show a higher β1, β2 and β3 compared to wild type. The double 

mutant tcp8tcp15 has even a slightly lower β1 than wild type, whereas the tcp14tcp15 double mutant 

is rather different with a much higher β1 and β3. 

Overall, full redundancy would imply that single mutants show behaviour identical to wild type and 

only double or higher order mutants would exhibit mutant phenotypes. Therefore, the single mutant 

behaviour we have observed would imply only partial redundancy among the investigated members 

of the TCP  family of TFs mentioned above. Based on our data however, there are no examples 

showing true redundancy among the different groups of related TCPs and their growth phenotypes. 

One example of known partial redundancy is the miR319 regulation of the JAW-D TCPs. A single 

knockout of a gene in this clade produces only mild phenotypes, whereas knocking out the whole 

clade shows dramatic changes in leaf development (Schommer et al., 2008). This effect can be seen 

in the higher β1 for the tcp10 single mutant, this corresponds to an increase in leaf area, something 

that has been observed previously (Schommer et al., 2008). If the JAW-D TCPs would have been 
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fully redundant, then a tcp10 single knockout would be undistinguishable from Col-0 wild type in 

the PCA plots.

Previous research ranked pairs of a number of TCP TFs on their likeliness to be functionally 

redundant, based on protein sequence, gene expression and Y2H analysis (Danisman et al., 2013). 

Interestingly, this list showed that the closely related TCP19 and TCP20 ranked high in potential 

functional overlap, which was confirmed by a detached leaf senescence experiment. Although TCP8 

is as closely related to TCP20 as is TCP19, no shared function of TCP8 with TCP20 was found 

(Danisman et al., 2013). Contrastingly, our data shows that during rosette development, TCP19 

and TCP20 do not seem to share a function (both tcp20 and tcp19tcp20 are similarly different from 

wild type, independent of the presence or absence of a functional TCP19  gene), whereas the double 

mutant tcp8tcp20 seems to enhance the tcp20 single mutant phenotype (Figure 2). Further research 

into the exact molecular function of all individual TCP proteins is necessary to be conclusive on the 

potential functional redundancy. 

The link between plant development and final yield

We have collected data on the architecture of the plants, their developmental progress as well as 

yield characteristics in terms of total seed production. We have confirmed the link between several 

seed characteristics by correlation analyses (Supplemental Figure 7A to 7C) and showed that an 

increase in number of seeds is negatively correlated to both seed area and seed weight. This negative 

correlation has been found before (Gnan et al., 2014) and is in line with an earlier proposed model 

describing a fixed amount of resources allocated to reproduction (Paul-Victor and Turnbull, 2009).

Strikingly, plants that appear to have several significantly different β’s compared to wild type, such 

as jaw-D, tcp14tcp15 and brc1brc2, also show up in the analysis on altered branching patterns as 

well as differences in total seed weight. However, a different progression of growth and rosette 

development (the β parameters) does not necessarily result in differences in yield or branching 

patterns. Telling examples are the tcp8 and tcp15 single mutants, both show a higher β1, β2 and 

β3 compared to wild type, but no differences in seed yield characteristics have been observed. It 

has previously been reported that inflorescence architecture is of great influence on final seed yield 

characteristics. Pruning in Arabidopsis led to the development of longer and larger siliques that 

contained fewer, but bigger seeds (Bennett et al., 2012). This was attributed again to a reallocation 

of resources which could also be applicable in the brc1 and brc1brc2 mutants. The production of more 

branches in these mutants reduces the amount of resources left for seed production, resulting in a 

reduction in seed yield.

Our study has provided an excellent body of data that takes a closer look at the effect of unique 

plant developmental alterations on plant yield under our conditions. Note however, that different 
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conditions, such as higher planting density, altered light intensity or different temperatures, can 

have profound effects on plant growth and yield and therefore, can provide a complete other view 

of the functioning and contribution of the individual TCP TFs to final yield characteristics. Hence, 

growing our selection of mutants under different conditions would be of great interest. This might 

also shed another light on the possible redundancy of TCP proteins, as different functions may 

become apparent under defined environmental conditions only. For example,  BRC1 expression is 

known to be influenced by the red to far-red ratio (R:FR, González-Grandío et al., 2013), something 

greatly influenced by planting density (Casal et al., 1986). Light intensity is of great effect on plant 

growth, as recognized since long (Shirley, 1929). Furthermore, with an emerging climate-change, 

the effect of temperature on plant growth should not be dismissed (Hatfield and Prueger, 2015). In 

conclusion, different environmental conditions may trigger different responses in our mutants and 

could provide us with insights into the role of TCPs in adaptation of plant development to changing 

environmental conditions. 

Materials and methods

Plant materials

All lines and genotypes used in this study are shown in table 1. As control line for the T-DNA 

insertion mutants, we used a newly ordered (NASC) Col-0 wild type. The Col-0 wild type line that 

was used as background for the ATML1pro:TCP5/13-GFP  transformations served as control for those 

particular lines (Col-0 “WUR” in table 1). Both the ATML1pro:TCP5-GFP and ATML1pro:TCP13-GFP 

mutant lines were constructed as previously published (van Es et al., 2018).

System setup

The Phenovator allows for 1440 plants to grow simultaneously in a grid of 24 by 60 plants, placed 

upon an ebb and flood hydroponic system (Flood et al., 2016). The analyses software is unable to 

distinguish between overlapping plants. To prevent this from happening, we used half the available 

positions in the growth experiment. The above-mentioned grid was divided into 28 plots in which 

all 24 genotypes were randomly positioned. This ensures a semi-random orientation of the plants 

over the grid, preventing possible positional bias. Plants were assigned a coordinate based on their 

position in the grid. The senescence experiment had different growth conditions (shorter day length, 

and lack of light after 22 days) which resulted in smaller plants that do not overlap. We therefore 

used all available positions during this experiment with a similar plant positioning method.
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Plant growing conditions

Prior to the experiment all lines mentioned in table 1 were grown under long-day conditions (16/8 

light/dark cycle at 21 °C) on Rockwool and received 1 g/l Hyponex plant food solution twice per 

week. Seeds were harvested simultaneously for use in the large scale phenotyping experiments. 

Before placement in the climate chamber, the seeds were sown on wet filter paper and stratified for 

2 days at 4 °C to ensure uniformed germination. After stratification, the seeds were sown directly 

on wet Rockwool (www.grodan.com), which had been pre-soaked in a nutrient solution designed for 

Arabidopsis (van Rooijen et al., 2015; Flood et al., 2016). The same nutrient solution was used to 

irrigate the plants twice per week. One seed was sown per Rockwool block, which was placed in the 

phenotyping system at day zero. 

Two independent experiments were performed, one focussing on growth and development, from 

now on referred to as the ‘Growth’ experiment. The second experiment was designed to investigate 

the behaviour of our mutants during dark induced senescence, from now on called ‘Senescence’ 

experiment. 

During the growth experiment the plants were imaged from day 8 until day 25, until overlapping leaves 

of neighbouring plants made distinguishing between individual plants impossible. Subsequently, the 

plants were kept until harvesting of dry seeds was possible, i.e. when the plants were fully developed 

and mature. At this stage the plants were phenotyped on their level of branching, total seed set as 

well as several yield characteristics such as number of seeds per silique, size of seeds and the seed 

weight. The plants were grown under constant conditions: a day/night rhythm of 16/8 hour at a 

constant temperature of 20ºC and a relative humidity of 70%. The plants were grown at a constant 

irradiance of 200µM m-2s-1. 

The dark induced senescence experiment deviates on several points described ahead from the above 

described ‘Growth’ experiment. The seeds were placed in the phenotyping system at day zero after 

which imaging of the plants took place from day 13 to day 41. The first 22 days contained constant 

growing conditions: a day/night rhythm of 12/12 hour at 20ºC, relative humidity of 70% and an 

irradiance of 200µM m-2s-1. Starting on the morning of day 23 the room was kept dark to induce 

senescence, all other setting remained the same. From then on, for 15 days the plants received light 

only once per every other day for 20 minutes so that the plant gains steady-state photosynthetic 

capacity, followed by one hour of light to perform the PAM measurement. After the dark period of 15 

days, the lights were set at their normal (12/12) schedule for a period of 5 days, in order to check for 

possible recovery of the photosynthetic activity of the plants. For a detailed overview of the light and 

measurement regime during both experiments described above, see Table 2.
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Measurement schematics

The Phenovator system (Flood et al., 2016) was used to measure two different parameters: PSII 

operating efficiency (ΦPSII) and near infrared (NIR) reflection at 790nm. Since day length differed 

between the growth and the dark induced senescence experiment the moments and amount of these 

measurements differed. ΦPSII was measured daily during the growth experiment, 1, 5, 8, 11 and 

13 h into the photoperiod. In the senescence experiment ΦPSII was measured 1, 4, 7 and 10 h into 

the photoperiod every day during normal light regime. During the period of dark induced senescence 

ΦPSII was measured every other day, 20 minutes into the photoperiod. Both these setups were 

considered sufficient to document any variations in the phenotype regarding ΦPSII and allowed time 

for other measurements such as NIR. A detailed overview of the timing and frequency of the different 

measurements during both the ‘growth’ and ‘dark induced senescence’ experiment can be found in 

table 2A and 2B respectively.

Phenotyping of branching was done by manually counting the number of lateral shoots and branches 

on the main inflorescence. Total yield was determined by weighing the total amount of seeds for eight 

plants per genotype, on dried siliques and seeds. Seeds size and -number per silique was measured 

for four siliques on five plants per genotype. The seeds were pictured using a setup specially designed 

for imaging seeds and their germination: the ‘germinator’ (Joosen et al., 2010). We used this software 

for seed imaging alone after which the pictures were analysed by the ‘Analyse particles’ function in 

ImageJ, obtaining surface area.

Data handling and analysis of growth experiment

Raw data generated by the Phenovator is converted into .csv files with data on the physiological 

parameters (e.g. ΦPSII or PLA through the NIR images) enabling analysis using data analysis 

software such as RStudio and Excel. In order to identify non-germinated seeds, we checked for a lack 

of signal in the PAM dataset of both the growth and senescence experiment on either the 25th or 

21st day of the experiment, respectively. Coordinates in which no signal was observed were removed 

from both NIR and PAM datasets.

Firstly positional effect were assessed by regression analysis in R, version x64 3.4.1, after which the 

SpATS package (Rodríguez-Álvarez et al., 2016) was used to correct for the observed spatial bias 

in the PLA dataset. Next the PLA time series was analysed first by performing a singular spectral 

analysis (SSA) using the R package Rssa (Golyandina et al., 2013). The elementary components (ECs) 

were retrieved by the command ‘residuals()’. The ECs, their eigenvalues and its relative contribution 

to the variance allowed for the determination of the growth function (4) which consists of two parts. 

One accounting for the actual growth of the plants and one accounting for the circadian rhythm, in 

total containing five parameters β1-β5. Next, an optimal fit of the function given by expression (4) is 
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computed for all of the time series individually. This is done by the least-squared error criterion in 

nonlinear regression. In this case the nls() function is used with the “port” algorithm in R. Starting 

values are required, as nonlinear regression algorithms are iterative ones. Note that this has to be 

done in the order β1,start, β2,start and last β3,start, as the starting value of β1 is required to compute 

that of β2 and the starting value of β2 is required to compute that of β3. First a nonlinear regression 

estimation is performed for the function describing solely the β1 up to β3 optimal parameter values. 

These will be used as the starting values for the nonlinear regression to fit the entire function to 

describe the data, again using the “port” algorithm of the nls() function. Identification of differences 

between average β-values was done by principal component analysis (PCA) using prcomp() in R. 

Data handling yield characteristics

Yield characteristics were described as mentioned above and several PCA were performed on all 

measured variables. Again the prcomp() command was used to perform this analysis. A single 

parameter is introduced to capture most of the variance of the four branching parameters, defined as 

the linear combination given by the first principal component, resulting from the PCA between the 

four aforementioned branching parameters. Regression analysis using the lm() command was done 

to test whether correlations between the variables number, area and weight exist.

Data handling and analysis of Dark Induced Senescence

The dark-induced-senescence experiment consisted of three phases for which the measurements are 

shown in Table 3. Analysis started by determining the dead plants. We set a size threshold to exclude 

coordinates where seeds failed to germinate and to account for plants of extremely small size. The 

time point t = 7.33 was chosen to allow the plant substantial time to establish themselves and develop 

normally. At this time there were 98 coordinates with zero PLA. That is most probably because these 

plants did not germinate at all. The average size of the other plants at t = 7.33 is 713 mm2. Therefore, 

the threshold will be set to 100 mm2, which is approximately ten percent of the average size at that 

time. There are 43 plants with nonzero PLA at t = 7.33, which fall below this threshold.

To check for plants that did not survive the dark-induced-senescence we had to choose slightly 

different characteristics. The ΦPSII and PLA measurements were combined and examined at given 

moments and two conditions were set. The first condition states that an ‘NA’ has to be observed in 

the ΦPSII data after the first phase. The first phase is not taken into account, because the plants 

still receive a normal dose of light in that period and because the plants that failed to germinate or 

plants of insignificant size are already filtered out. The second condition ensures that the PLA of a 

plant is lower at the end of the measurements than at the end of phase one. The PLA of a dead plant 

decreases because the plant withers after its death, leading to shrivelling of the leaves. At the start 
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of the dark induced senescence experiment 118 plants (±4 replicates per genotype) of the total 1440 

Arabidopsis plants were detached from their roots and placed on petridishes. Black filter paper was 

placed in the petridish and moisturized regularly to prevent wilting of the plants.
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Supplemental Figure 1. Regression analysis of positional effects in the experimental setup. An overview 

of the system is shown in (A) by a picture, taken from the door, as well as a schematic representation of the grid 

with the direction of nutrient inflow and position of the door. The two figures in (B) show the regression analysis on 

the correlation between x-coordinate and average PLA (plant size), and x-coordinate and maximum PLA. In (C) the 

y-coordinate and average PLA, and y-coordinate and maximum PLA is shown. Correlation analysis was performed 

with a threshold of p < 0.05. 
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Supplemental Figure 2. ECs and eigenvalues for plant growth curves for two exemplary coordinates. 

The eigenvalues corresponding to the 10 ECs and their relative contribution to the two given coordinates are shown 

in (A). The first EC resembling an S-curved function is shown in (B) for two coordinates, plotting PLA over time. 

The oscillatory rhythm, resulting from the circadian movement of the leaves is shown in (C). The S-curve EC is 

indicated by a red square in (A), the oscillatory ECs are marked in blue.
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Supplemental Figure 3. Distribution and occurrence of optimal β-values. Shown for β1 to β5 are the 

frequencies at which certain β-values occur between the set upper and lower bounds after the conversion of the 

algorithm. Visualization by histogram.
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A)

B)

C)

D)

Supplemental Figure 4. Graphical overview of spatial distribution of β-values. Spatial distribution of 

β-values for β1 to β4 are shown in (A) to (D) respectively. The ‘Raw data’ shows the distribution of the input values 

of either one of the β’s. The ‘Fitted data’ show the values corrected for the spatial trend, using the R package SpATS. 

The ‘Residuals’ are the data residuals which relate to the raw and fitted data as such: Raw data - Fitted data = 

Residuals. The ‘Fitted Spatial Trend’ visualizes the distribution of the respective β-values.
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Supplemental Figure 5. Average values for all four Bèta parameters. Overview of the average values of β1 

to β4 for all lines studied are shown in (A). Both β2 and β3 are scaled to the lowest value to enhance readability. 

Statistical differences are indicated by an asterisk (p < 0.05). Dark grey bars show the respective β’s for Col-0. An 

overview of the statistical difference for all β’s per genotype is shown in (B) with Col-0 “WUR” as background (i.e. 

control) for the overexpression lines, Col-0 “NASC” serves as control for all other mutants. Red indicates below Col-

0 average, green above Col-0 average for that particular genotype.
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Supplemental Figure 6. Comparison of photosynthetic efficiency and (dark-induced) senescence for 

the various tcp mutants. The average ΦPSII relative to the lowest value (number 5) in the ‘Growth’ experiment 

is shown in (A). The ΦPSII per line on the last moment of measuring in the ‘Senescence’ experiment (B), the lack 

of asterisks indicate the absence of statistically significant difference. The percentage of plants dying as a result of 

the Dark Induced Senescence Assay is shown in (C). The average relative reduction of photosynthetic efficiency for 

all lines is shown in (D). Genotypes corresponding to the numbers are shown on the right.
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Supplemental Figure 7. Correlation analysis of the phenotyped seed and branching parameters. 

Correlation analysis on the number of seeds versus the seed area in (A), seed weight versus number of seeds in (B) 

and seed weight versus seed area in (C). In (D) and (E) a correlation analysis is shown on the number of secondary 

versus lateral branches and the number of branches on the secondary branch. All individual plants were taken into 

account, regardless of their background and hence, the colour-coding can be ignored. As threshold a significance 

level of p < 0.05 was used.
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Supplemental Figure 8. Two typical growth and photosynthesis curves during Dark Induced 

Senescence. The growth curve (resulting from the NIR measurement) and the ‘steady state photosynthetic 

capacity’ (resulting from the PAM measurement) for a typical example of a plant surviving the Dark Induced 

Senescence Assay in (A) versus one that does not (B).
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Chapter 3:

Novel functions of the Arabidopsis 
transcription factor TCP5 in petal 

development and ethylene biosynthesis

“People from a planet without flowers would think 
we must be mad with joy the whole time to have 

such things about us.”

Iris Murdoch
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Abstract

Flowers of most dicotyledons have petals that, together with the sepals, initially protect the 

reproductive organs. Later during development petals are required to open the flower and to attract 

pollinators. These diverse set of functions demand a tight temporal and spatial regulation of petal 

development. 

We studied the functioning of the Arabidopsis thaliana TCP5-like transcription factors (TFs) in 

petals. Overexpression of TCP5 in petal epidermal cells results in smaller petals, whereas tcp5 

tcp13 tcp17 triple knockout lines have wider petals with an increased surface area. Comprehensive 

expression studies revealed effects of TCP5-like TFs on the expression of genes related to cell 

cycle, growth regulation, and organ growth. Additionally, the ethylene biosynthesis genes 1-amino-

cyclopropane-1-carboxylate (ACC) synthase 2 (ACS2) and ACC oxidase 2 (ACO2) and several 

ETHYLENE RESPONSE FACTORS (ERFs) are found to be differentially expressed in TCP5 mutant 

and overexpression lines. Chromatin immunoprecipitation–quantitative PCR showed direct binding 

of TCP5 to the ACS2 locus in vivo. Ethylene is known to influence cell elongation and the petal 

phenotype of the tcp5 tcp13 tcp17 mutant could be complemented by treatment of the plants with an 

ethylene pathway inhibitor. Altogether, this reveals a novel role for TCP5-like TFs in the regulation 

of ethylene-mediated petal development and growth.
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Introduction

Flowers have been extensively studied throughout history as they are the most eye-catching and, 

through fruit and seed production, an economically important part of the plant. Substantial 

knowledge has been acquired on the identity specification and development of the different flower 

organs. In this respect, well-known is the ABC model of flower development (Coen and Meyerowitz, 

1991) which explains how different genes and gene combinations specify floral organ identity. Except 

for the Arabidopsis A-class gene APETALA2 (AP2), all these genes encode members of the MADS 

box family of transcription factors (TFs) and their specific and unique interactions determine the 

identities of the four types of floral organs: carpels, stamens, petals and sepals (Immink et al., 2010; 

Coen and Meyerowitz, 1991). 

Until recently, little was known about flower organ growth control and the determination of their 

final size and shape. Nevertheless, over recent years this topic got more attention and insight was 

gained into the cellular characteristics and underlying genetic factors controlling these traits. In the 

Arabidopsis flower, the final shape and size of sepals is largely determined by endoreduplication and 

the formation of giant cells (Roeder et al., 2012). Petals, on the other hand, have a morphology that 

requires differential regulation of cell proliferation and expansion in the basal and distal parts. The 

final shape and size of petals is mainly determined by cell elongation in the basal part, whereas the 

rate and direction of cell division determine the shape and size of the distal region (the blade) of the 

petal, which contains small and round conical cells (Irish, 2008; Hase et al., 2005).

Several key regulatory genes that ensure control of petal growth and development in Arabidopsis 

have been identified. JAGGED (JAG) for instance, is suggested to suppress premature cell-cycle 

arrest in the distal part of an Arabidopsis petal (Dinneny et al., 2004; Schiessl et al., 2014). RABBIT 

EARS (RBE) is expressed in petal primordia, where it ensures cell proliferation in petal precursor 

cells (Takeda et al., 2004). AINTEGUMENTA (ANT) maintains cell proliferation in developing petals 

(Krizek et al., 2000; Mizukami and Fischer, 2000) and BIG PETAL (BPE) affects cell size by interfering 

with post-mitotic cell expansion (Szecsi et al., 2006). A number of downstream genes have been 

identified, including members of the TEOSYNTE BRANCHED/CYCLOIDEA/PROLIFERATING 

CELL FACTOR (TCP) TF family, which are thought to act downstream of JAG (Schiessl et al., 2014) 

and RBE (Huang and Irish, 2015).

The TCP TF family (Martín-Trillo and Cubas, 2010) in Arabidopsis has 24 members, which can be 

divided into two classes based on a difference in the DNA-binding TCP domain (Cubas et al., 1999). 

The class II TCPs are generally thought to act as repressors of cell division and inducers of cell 

differentiation (Efroni et al., 2008), and can be further subdivided into CINCINNATA (CIN)-type and 

CYC/TB1-type TCPs (Cubas et al., 1999). The roles of several of these class II TCPs in floral organ 
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development have been studied. In Antirrhinum for example, CYC is responsible for the asymmetric 

development of petals (Luo et al., 1995), whereas CIN promotes growth and cell division in these 

organs (Crawford et al., 2004). 

The CIN-type TCPs are represented in Arabidopsis by the Jagged and Wavy (JAW) TCPs (TCP2, 

-3, -4, -10 and -24) and the TCP5-like genes (TCP5, -13 and -17). All five JAW-TCPs are targeted 

by the same micro RNA, miR319, which, upon overexpression in the jaw-D mutant, simultaneously 

downregulates the expression of TCP2, -3, -4, -10 and -24 (Palatnik et al., 2003). This downregulation 

gives rise to a delay in the arrest of cell proliferation in the margin and distal end of organs, such as 

leaves and petals, resulting in overproduction of cells in these regions (Palatnik et al., 2003; Nath et 

al., 2003). 

It has been suggested that the other CIN-genes, TCP5, TCP13 and TCP17, although not targeted 

by miR319, are responsible for similar processes in a redundant manner (Efroni et al., 2008). 

However, mutants in the TCP5-like genes show some phenotypic differences when compared with 

the JAW-TCP mutants and have larger leaves for example, but lack the jaw-D characteristic crinkled 

phenotype. The constitutive overexpression of TCP5 results in a smaller petal area (Huang and Irish, 

2015), whereas downregulating all three TCP5-like genes by ectopically expressing an artificial 

micro-RNA (also known as miR:3TCP) and a triple tcp5 tcp13 tcp17 knockout results in larger petals 

and leaves (Huang and Irish, 2015; Efroni et al., 2008). The single tcp13 and tcp17 mutants show no 

phenotypic alterations during petal development, whereas the single tcp5 mutant grows a slightly 

wider petal claw (Huang and Irish, 2015). This suggests that of these three genes, TCP5 is the 

major player in petal development. Further analyses revealed that the reduced petal size in TCP5 

overexpressing lines versus the increased size in miR:3TCP is attributed to the duration of growth 

and cell differentiation (Huang and Irish, 2015). 

In this study, we aim to shed light on the molecular mode of action underlying the functioning of 

TCP5 in flowers, with a special focus on its function in petals. We show that TCP5 is expressed in 

petals of stage 9 flowers and onwards and hypothesize that it is involved in controlling cell expansion, 

which is initiated at this stage of petal development (Irish 2008).

Furthermore, we analysed gene expression by RNA-sequencing analysis in whole inflorescences and 

petals of tcp5 tcp13 tcp17 knockout mutants and in constitutive- and inducible TCP5 overexpression 

lines. This revealed a possible role for TCP5 in ethylene biosynthesis and signalling. Ethylene is 

known to play a role in the growth and elongation of (petal) cells (Chen et al., 2013; Ma et al., 2008; 

reviewed by Pierik et al., 2006). The involvement of TCP5 in ethylene biosynthesis was confirmed by 

an altered rate of ethylene accumulation in the analysed mutants, and complementation experiments 

with an ethylene pathway inhibitor were able to recover the tcp5 tcp13 tcp17 phenotype to wild type. 

Together with showing direct binding of TCP5 at the ACS2 promoter, these findings provide strong 



The role of TCP5 during petal development

59

C
ha

pt
er

 3

evidence for a central role of TCP5 in ethylene-mediated control of petal growth. 

Results

TCP5 is expressed during cell elongation stages of petal development, regulating the final 

shape and size of Arabidopsis petals

To visualize the spatial expression pattern of TCP5 in petals, a transgenic gTCP5-GFP line was 

generated. Expression of TCP5 seems to be uniformly distributed in the petal and occurs from 

stage 9 onwards (Figure 1), which is slightly earlier than previously reported (Huang and Irish, 

2015). However, expression in these early stages is very low in comparison with later developmental 

stages. Analysis of TCP5 expression during later developmental stages was done by quantitative 

(q)RT-PCR and showed constant TCP5 expression until stage 15/16, when petal senescence occurs 

(Figure 1D; stages according to Smyth et al. 1990). Furthermore, the qRT-PCR analyses revealed 

that the expression of TCP13 increased during later petal development whereas hardly any TCP17 

expression was detected in any of the analysed stages. 

To further understand the function of TCP5, we decided to study the effect of TCP5 overexpression 

in the epidermal layer of petals, because growth appears to be controlled and regulated to a large 

part from this cell layer (Urbanus et al., 2010; Savaldi-Goldstein et al., 2007; Anastasiou et al., 2007). 

For this purpose, the promoter of the Arabidopsis L1-specific gene MERISTEMLAYER1 (AtML1) 

was used; this drives expression in the epidermis of all above ground organs (Lu et al., 1996). In this 

experiment, TCP5 was tagged with GFP, enabling the protein inside tissues to be visualized and 

tracked (Figure 2A). Confocal analysis showed that the expression of TCP5-GFP in ATML1pro:TCP5-

GFP plants is limited to the epidermis, as expected, and that no migration to underlying layers occurs 

(most likely due to the nuclear entrapment of the TCP5-GFP fusion protein Figure 2B). Quantitative 

RT-PCR analysis showed upregulation of TCP5 expression of approximately 3.5 times relative to 

Col-0 (Figure 2C). Phenotypical analysis of ATML1pro:TCP5-GFP plants during the vegetative stage 

of development showed the development of long elongated leaves, from which the blade was curled 

downward at the periphery and had a smaller surface area (Figure 2D and 2E). This phenotype is 

completely opposite to the leaf phenotype of the triple tcp5 tcp13 tcp17 knock-out mutant (Efroni 

et al., 2008; Huang and Irish, 2015). In addition, we observed significantly smaller petals of 

ATML1pro:TCP5-GFP flowers compared to wild type petals (Figure 3), which is opposite to the petal 

phenotype of the triple knockout line. Notably, the petal phenotype observed in the ATML1pro:TCP5-

GFP plants is similar to the 35Spro:TCP5 phenotype previously observed by Huang and Irish (2015), 

revealing that specific ectopic expression of TCP5 in the epidermal layer is sufficient to trigger this 

developmental response. 
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Figure 1. Expression pattern of TCP5 in Arabidopsis petals during early and later stages of flower 

development. 

(A-C) Confocal microscopy of GFP-tagged TCP5 in the distal part of the petal. The GFP fluorescence can be seen 

as a green signal in (A), while the autofluorescence of chromo and/or chloroplasts is shown in red (B). The overlay 

is shown in (C), highlighting the nuclear localization of the GFP signal. (D) shows qRT-PCR analysis of cDNA of 

wild type petals from stage 12 (flowers close to anthesis), stage 14 (fully opened flowers) and stage 16 (senescing 

flower). The y-axis shows the relative expression with TIP41 used as housekeeping gene for normalisation. The 

expression of TCP13 and TCP17 is scaled to the relative expression of TCP5. Asterisks indicate significantly 

different expression compared to expression at stage 12 using three biological replicates (Student’s t-test, P < 0.05). 

The stages and graphic representation thereof are according to Smyth et al. (1990). Scale bars in (A-C) are 7.5 µm.



The role of TCP5 during petal development

61

C
ha

pt
er

 3

Next, we phenotyped a single tcp5 mutant line and a tcp5 tcp13 tcp17 triple mutant. Detailed 

phenotyping showed that petals of the tcp5 tcp13 tcp17 mutant grow significantly longer and 

wider, (Figure 3), which is in line with previously published data (Huang and Irish, 2015). The 

single knockout of tcp5 showed no differences from the wild type for these specific macroscopic 

characteristics (Figure 3). 

TCP5 and the TCP5-likes alter conical cell morphology

To unravel the cellular causes of the observed petal phenotypes we took a closer look using Scanning 

Electron Microscopy (SEM). We focussed initially on the adaxial side of the distal part of the petal, 

where conical cells are located. In all three analysed lines (tcp5, tcp5 tcp13 tcp17 and ATML1pro:TCP5-

GFP) the cells in the petal blade are bigger and more irregularly shaped than the round conical cells 

in wild type petals (Figure 4A and 4D). The shape of the conical cells was quantified by calculating 

the ratio of cell length to cell width, resulting in a measure of the cells roundness. Conical cells at the 

distal end of the petal are expected to be (close to) perfectly round (Szécsi et al., 2014), which could be 
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Figure 2. Construction, expression and leaf phenotype of ATML1pro:TCP5-GFP. 

(A) Confocal images showing the spatial expression pattern of ATML1pro:TCP5-GFP in young buds and (B) the 

epidermal specificity due to nuclear entrapment in the abaxial leaf epidermis. (C) shows the relative overexpression 

of TCP5 in ATML1pro:TCP5-GFP compared to wild type using three biological replicates. (D) quantification of 

leaf area (N=25), (E) overview of the leaf phenotype (bar = 1cm). An asterisk in figures (C) and (D) indicates a 

significant difference compared to wild type (Student’s t-test, P < 0.05)
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confirmed for Col-0 (Figure 4E). In contrast, the ATML1pro:TCP5-GFP overexpressor plants and the 

T-DNA knockout lines showed a decrease of conical cell roundness. 

Subsequently, we combined the cell shape and size measurements to infer the directionality of cell 

elongation in petal conical cells. We noted that in the wild type the vector (direction) of elongation of 

the conical cells is quite random, which is expected for the more or less round petal blade cells (Figure 

4H and Supplemental Figure 1B and 1C). However, in ATML1pro:TCP5-GFP the direction appeared 

to be more proximodistally (PD) oriented, which explains the narrower petals. In the case of the tcp5 

tcp13 tcp17 T-DNA knockout line this directionality seemed to be more medial-lateral (ML). This 

observation is in line with the observed wider petals in this mutant background (Figure 3A and 3C). 

The observation that the petal area is smaller in the ATML1pro:TCP5-GFP mutant compared with 

the wild type, although the cells are larger, can be explained by the reduction in total cell number in 

this mutant (Figure 4F). 
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Figure 3. Floral phenotypes in TCP5 overexpression and mutant lines.  

(A) Overview of flower and petal phenotypes of Col-0, ATML1pro:TCP5-GFP, tcp5 and tcp5 tcp13 tcp17 mutant 

plants. Scale bar is 1 mm. Detailed analysis of petal area (B), width (C) and length (D) represented by boxplots. 

The marker represents the average, an asterisk indicates a significant difference (Student’s t-test, P < 0.05) 

compared to wild type Col-0 (N=36).
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Figure 4. Overview of cellular phenotypes in petals of Col-0, ATML1pro:TCP5-GFP, tcp5 and tcp5 tcp13 

tcp17 mutant plants. 

Scanning electron micrographs of the distal (A), central (B) and proximal (C) parts of the petal. Boxplots show 

the cell sizes of conical cells at the distal part of the petal in (D). (E) The roundness of the conical cells and (F) the 

total number of conical cells. (G) the size of basal cells. (H) The direction of cell-elongation, medial-lateral (blue) or 

proximo-distal (red). (I) The proportional area of conical cells in the petal. Scale bars (A) 10µm; (B), (C) 20µm. Box 

plots (D, E and G) show mean (dot on horizontal line), median (middle horizontal line), second to third quartiles 

(box), and minimum and maximum ranges (vertical lines). The bars (F, H and I) indicate means and SDs. In both 

cases an asterisk indicates that the mean is significantly different from wild type (P < 0.05, Student’s t-test). At 

least 50 cells from 12 petals were analysed.



Chapter 3

64

Conical cells at the distal end of a petal possess a dome-shaped structure with cuticular ridges that 

run from the edges of the cell (where the cell touches its neighbouring cells) to the top of the conical 

cell (Panikashvili et al., 2011) (Figure 4A). In the case of the single tcp5 knockout, these ridges are 

oriented similarly to wild type cells towards the tip of the cone, despite the differences in cell size 

and shape; however, in the case of ATML1pro:TCP5-GFP and the triple mutant, the ridges seem to be 

running more randomly and parallel to each other. 

Finally, we investigated potential effects of TCP5 alterations on cell elongation at the base of the 

adaxial side of the petal and found that these cells are significantly larger in the tcp5 tcp13 tcp17 

mutant (Figure 4C and 4G). Nonetheless, no significant differences were observed in either the 

single tcp5 mutant or the ATML1pro:TCP5-GFP overexpression line. 

Molecular analysis of tcp5, tcp5 tcp13 tcp17 and ATML1pro:TCP5-GFP

To obtain insight into the potential molecular causes of the observed phenotypes, an RNA-seq 

analysis was performed on dissected petals of stage 12 flowers of Col-0 wild type, tcp5, tcp5 tcp13 

tcp17, and ATML1pro:TCP5-GFP lines. We found a total of 2682 genes differentially expressed in 

ATML1pro:TCP5-GFP petals compared with the wild type, 1581 in tcp5, and 1519 in the tcp5 tcp13 

tcp17 triple knock-out. Of these, 345 differentially expressed genes (DEGs) were found in all three 

mutant backgrounds (Supplemental Figure 2C; Supplemental Table 1).

Subsequently, a Gene-Ontology (GO) enrichment analysis was done to identify the biological and 

molecular processes affected by TCP5. To produce a first overview, the GO Slim method was chosen, 

which gives broad insight into ontology. A summary of GO-terms found to be overrepresented in 

multiple samples is shown in Supplemental Figure 3 (full list in Supplemental Table 2). Previously, 

CIN-TCPs have been described as being involved in cell growth and differentiation (Efroni et al., 

2008), and the petal phenotypes of the TCP5 overexpressor and tcp5 tcp13 tcp17 mutants are in 

agreement with a function of TCP5-like genes in these cellular processes (present work; Huang 

and Irish, 2015). Enrichment was found for GO-terms such as cell wall (GO:0005618), anatomical 

structure morphogenesis (GO:0009653), membrane (GO:0016020) and the regulation of cell size 

(GO:0008361), cell differentiation (GO:0030154), cell growth (GO:0016049) and growth (GO:0040007). 

Nevertheless, steady-state differential expression in stable mutant backgrounds does not provide 

information about the direct targets of the TCP5 TF. We therefore generated an inducible transgenic 

35Spro:TCP5-GR Arabidopsis line, which allowed us to use the glucocorticoid receptor to activate 

TCP5 at specific moments during development by the application of dexamethasone (DEX) (Aoyama 

and Chua, 1997). Continuous DEX treatment resulted in phenotypes in line with those of the stable 

ATML1pro:TCP5-GFP line (Supplemental Figure 4). To shed light on the molecular mode of action of 

TCP5 in flower development, inflorescences were harvested after 2 and 8 hours of DEX treatment. 
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This two-step analysis allows us to distinguish between the direct and indirect effects of TCP5 

induction. We found 1057 genes differentially regulated after 2 hours of treatment, which after 8 

hours had increased to 1350 genes. In these lists of significantly differential regulated genes upon 

induction of TCP5, we found more downregulated than upregulated genes (Supplemental Figure 2B; 

Supplemental Table 1). 
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Figure 5. Overrepresentation of ethylene signalling genes among the differentially expressed genes.

(A), (B) Hormone related Gene Ontology (GO) terms for (A) differentially expressed genes after 2 hours induction 

(T0-2) and (B) after 8 hours induction (T2-8). The colour bar in (A) and (B) indicates significance levels for the 

GO categories (FDR<0.05), The circle size represents the number of genes present for a particular GO-term. In the 

case of, for example, response to ethylene biosynthesis, the size corresponds to 12 and 17 genes respectively. (C) 

Differentially expressed genes in the ethylene biosynthesis and signalling pathway in either the first time point 

(T0-2) or the second (T2-8); lines indicate that, for example, ACS2 is a 1-amino-cyclopropane-1-carboxylate (ACC) 

synthase and link the different gene classes to individual genes in that class showing differential expression. SAM, 

S’-adenosyl-L-methionine; MET, methionine.
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For a detailed analysis of the differentially expressed genes, we performed a full GO-term analysis 

for genes differentially expressed at 2 hours after induction (T0-2) and genes differentially expressed 

between 2 and 8 hours after induction (T2-8). Analysis of both time points revealed a profile strikingly 

rich in terms related to plant defence and hormonal responses (Figure 5A and 5B; Supplemental 

Table 3). 

Two hormones known to be growth regulators are found in our GO-term overrepresentation analysis. 

Response to auxin stimulus (GO:0009733) is found in all samples, and a striking finding in both the 

35Spro:TCP5-GR induction as well as the stable ATML1pro:TCP5-GFP was the presence of the GO-

term response to ethylene stimulus (GO:0009723) (Figure 5 and Supplemental Table 3). Ethylene is 

known to influence cell expansion in petals (Pei et al., 2013) and therefore we focussed our further 

experiments on this hormone. Mutual targets of both ethylene and auxin are the ARGOS and ARGOS-

like (ARL) genes, which all appear to be upregulated immediately after TCP5 induction (Figure 6). 

Additionally, in the list of differentially expressed genes we found the ethylene biosynthesis genes 

1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE 2 (ACS2), which catalyses the 

rate-limiting step in ethylene biosynthesis (Graaff et al., 2006), and ACC-oxidase 2 (ACO2), which 

converts ACC into ethylene. Both ACS2 and ACO2 are upregulated in the tcp5 and tcp5 tcp13 tcp17 

mutants and downregulated in the transgenic lines in which TCP5 is overexpressed. Similarly, many 

ETHYLENE RESPONSE FACTORS (ERFs), which are downregulated in our overexpressing lines, 

are upregulated in the knockout lines (Figure 6). 

TCP5 inhibits ethylene biosynthesis 

The differential gene expression analysis led to the hypothesis that TCP5 primarily inhibits 

ethylene biosynthesis and secondly ethylene response. We indeed observed a significant increase in 

accumulated ethylene in the inflorescences of the tcp5 and tcp5 tcp13 tcp17 knockout mutants versus 
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Figure 6. Differentially expressed genes.  

Heatmap of differentially expressed genes categorised by function and/or process involved. The colour scale 

indicates the log2(fold-change), based on fragments per kilobase of transcript per million reads (FPKM) values, 

for upregulated genes (green) through genes that show no difference (white) towards downregulated genes in red.
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Figure 7. TCP5 inhibits ethylene biosynthesis. 

(A), (B) Quantification of ethylene production of inflorescences (per hour per gram fresh weight) (A) and petal 

area and petal cell size analysis in control (left) and silver thiosulphate (STS) (right) treatment (B). Curly brackets 

with asterisks above indicate a significantly different area versus Col-0 wild type. Curly brackets below show the 

percentage of decline in petal area and cell size in STS treated samples compared with the control treatment. 

Treatment with STS had a significant effect for all plants tested. Bars in (A) show the mean of at least five biological 

replicates. The boxplot in (B) show mean (dot on horizontal line), median (middle horizontal line), second to third 

quartiles (box), minimum and maximum ranges (vertical lines). Twelve petals were analysed for petal area and at 

least 50 cells from these petals were analysed for size. In both cases an asterisk indicates a significantly different 

mean from the wild type (P < 0.05, Student’s t-test). (C) Binding of TCP5-GFP to the ACS2 locus confirmed by 

chromatin immunoprecipitation (ChIP)-qPCR. Binding of TCP5 is tested for the regions (1-4), of which regions 

2, 3 and 4 cover a putative binding site, indicated in (D). PS41 is the negative control. The data were normalized 

against ACT2. Means ± SEM of three biological replicates are shown. The asterisks above the columns indicate 

significant difference between TCP5:GFP and input (P < 0.05, t-test). (D) Schematic diagram of the ACS2 locus. 

Grey boxes indicate the exons, blue triangles indicate the positions of putative TCP-binding motifs (B.S.) and black 

lines show the amplified fragments in ChIP-qPCR.
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a significant decrease in the ATML1pro:TCP5-GFP overexpressor (Figure 7A).

If the disruption in ethylene biosynthesis/signalling is (at least partly) accountable for the observed 

phenotypes, exogenous alteration of the ethylene pathway should be able to restore mutant 

phenotypes. For that purpose, we conducted an experiment in which we added silver thiosulphate 

(STS), an inhibitor of the ethylene pathway (Beyer, 1979). After application of STS, which should 

block the enhanced ethylene response in the tcp5 tcp13 tcp17 mutant, petal and cell sizes returned 

to wild type dimensions (Figure 7B). 

Ethylene has a well-studied regulatory role in Arabidopsis leaf senescence (Kim et al., 2015; Weaver 

et al., 1998; Koyama, 2014), but a lot less is known about its role in petal senescence in Arabidopsis 

(Wagstaff et al., 2009; Rogers, 2013). The RNA-seq data revealed a number of differentially expressed 

NAC TFs (Figure 6) known to act downstream of the ethylene signalling pathway and to be involved in 

senescence-related processes: NAC019, NAP, SHG, NAC3, ORS1 and ORE1 (Kim et al., 2014). Their 

direction of differential regulation perfectly fits the increase or decrease in ethylene biosynthesis and 

signalling genes in our mutants, prompting us to take a closer look at petal senescence in our lines. 

However, Arabidopsis petals have been questioned as suitable organs for studying senescence since 

a clear progress of senescence is lacking (Jones 2009). Pollination triggers senescence in these organs 

after which they abscise without substantial wilting in a very short time, making differences hard 

to detect. Indeed, we could not observe any differences related to senescence in petals of the various 

mutant lines in comparison with the Col-0 wild type. 

Finally, we tested the binding of TCP5 to putative TCP-binding motifs in the promoter and genic 

regions of ACS2 (Figure 7D). We compared the immunoprecipitated DNA of inflorescences of gTCP5-

GFP with input DNA by qPCR and found a significant enrichment for the putative TCP-binding site 

in the promoter (Figure 7C), showing direct binding of ACS2 by TCP5 in vivo.

Discussion

In this study, the roles of TCP5-like genes in Arabidopsis petal development were studied with a 

special focus on the underlying molecular mechanisms. During organ development, cell differentiation 

is preceded by a period of rapid cell division. This holds true for most developing organs and tissues, 

but has been most extensively studied in leaves (Andriankaja et al., 2012). Petal cell differentiation 

seems to be a more gradual process along the proximodistal (base to tip) axis (Sauret-Güeto et 

al., 2013), in contrast to the prompt transition from proliferation to cell differentiation in leaves 

(Andriankaja et al., 2012). This makes petals interesting organs in which to study growth and 

development. Petals grow from petal primordia that emerge from stage 5 flower buds (Smyth et al., 

1990). Initially, the petal primordia remain small, but the cells start to divide faster from stage 7 and 
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8 of flower development onwards and cell division rate reaches a plateau around stages 9-11, after 

which it rapidly declines. During petal development, stage 9 marks the onset of cell expansion (Irish, 

2008), which is exactly the moment when TCP5 expression becomes apparent. 

A role for TCP5 in later petal developmental stages

Based on our results from the detailed phenotyping of petal development and previously published 

data (Huang and Irish, 2015), TCP5 seems to be involved in petal development from the onset of cell 

elongation (stage 9) and into the maturation phase until the later stages of flower development (stage 

14-15). These observations led to the hypothesis that TCP5 is mainly involved in cell elongation, 

which was confirmed by whole transcriptome analysis using RNA-seq and subsequent Gene 

Ontology analysis, in which we identified overrepresentation of the GO terms regulation of cell size 

(GO:0008361) and cell growth (GO:0016049). Hence, in line with the observed morphological changes 

in the mutants, the RNA-seq results also point to cell elongation-related processes, suggesting a 

major role for TCP5 in the regulation of petal growth. Furthermore, these results show which 

growth-related genes are responsible for the observed altered phenotypes. 

Previous research has shown that TCP5 is repressed by RBE during the early stages of petal 

development, limiting the function of TCP5 towards later stages of petal development (Huang and 

Irish, 2015). Interestingly, TCP4, a JAW-TCP, is also repressed by RBE during the early stages 

of petal development (Li et al., 2016) and there is considerable overlap in the petal phenotypes of 

the different TCP5-like and JAW-TCP gene mutants. For example, a mutation in the CIN gene of 

Antirrhinum, which is orthologous to the CIN-TCPs in Arabidopsis (TCP2, -3, -4, -5, -10, -13, -17 and 

-24 Uberti Manassero et al., 2013), results in flattening of the conical cells, as well as an increase in 

cell size in certain petal regions (Crawford et al., 2004), which is in perfect agreement with our data 

on the tcp5 tcp13 tcp17 knockout. Furthermore, in the loss-of-function mutant miR319a129, where 

the JAW-TCPs are overexpressed, petals are significantly smaller and narrower (Nag et al., 2009), 

which is a phenocopy of the TCP5 overexpression phenotype. 

It might be expected that the conical cell phenotype of jaw-D plants resembles that of tcp5 tcp13 

tcp17, which would further strengthen the hypothesis that the JAW-TCPs and the TCP5-like TCPs 

share regulatory functions during petal development (Efroni et al., 2008; Koyama et al., 2007). 

Additionally, the similarity in phenotypes might be explained by the fact that TCP5-like proteins 

preferentially interact with jaw-like TCP proteins to form heterodimers (Danisman et al., 2013).

Another phenotype shared by the cin mutant in Antirrhinum and our tcp5 mutant and overexpression 

lines is the clear difference in cuticle ridges on conical cells compared with that on conical cells of 

wild type petals. The precise mechanism that controls the patterning of the petal cuticle is still 

unknown but is thought to be linked to cell shape, because mutants defective in cutin biosynthesis 
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show impaired cell expansion (Noda et al., 1994; Glover et al., 2016; Cominelli et al., 2008). This 

seems to be confirmed in our experiments, because we also observed effects on both cuticle ridge 

formation and conical cell sizes. Since the effect of altered TCP5 expression is primarily on genes 

involved in cell elongation, this implies that the cuticle patterning defect is a consequence, not the 

cause, of the altered petal cell size in the different tcp5 mutants.

Does the L1 layer have an important role in petal development related to TCP5 action?

The petal phenotypes observed in the ATML1pro:TCP5-GFP lines are similar to the 35Spro:TCP5 

phenotypes published previously (Huang and Irish, 2015). Although TCP5 is expressed normally 

throughout the different cell layers of the petal, the fact that it can act non-cell autonomously from 

the epidermal layer is in agreement with the hypothesis that control of organ growth is mediated 

to a large extent by the epidermal L1 cell layer (Savaldi-Goldstein et al., 2007). Of note is the 

differential expression of several genes involved in epidermal specification in the ATML1pro:TCP5-

GFP overexpression line, as well as in the tcp5 and tcp5 tcp13 tcp17 mutants, including genes such as 

CAPRICE-LIKE MYB3 (CPL3) (Grebe, 2012), DEFECTIVE KERNEL1 (DEK1) and its downstream-

acting HD-ZIP IV-encoding genes HDG11 and HDG12 (Galletti et al., 2015) (Figure 6). Although the 

overexpression of TCP5 in the epidermal L1 layer is ectopic and petals are derived solely from L1 

and L2 layers of the floral meristem (Jenik and Irish, 2000), the fact that this differential expression 

is also seen in the loss-of-function mutants suggests a specific growth regulatory function for TCP5 

in, and coordinated from, the epidermis.

TCP5 controls petal growth and development via ethylene biosynthesis and signalling

Analysis of the genes differentially expressed after TCP5 induction showed enrichment for processes 

related to stress, defence responses and hormone responses. This might not be surprisingly since 

TCPs have been described to act directly on hormonal pathways, that regulate both defence 

responses and plant growth (reviewed by Nicolas and Cubas, 2016; Li, 2015; and Danisman, 2016). 

Furthermore, it is well known that there is a trade-off between growth and defence (Todesco et 

al., 2010). We therefore hypothesise that TCP5 primarily targets and regulates certain hormonal 

pathways which ultimately lead to the growth phenotypes observed here.

Further analysis of the RNA-seq results pointed our attention towards ethylene signalling 

(GO:0009723), as it was overrepresented in the GO-term analysis upon DEX induction of the 

35Spro:TCP5-GR plants. All samples showed a deregulation of ethylene biosynthesis genes, as well 

as numerous downstream signalling elements. Analysis of ethylene production in the headspace of 

inflorescences confirmed the differential gene expression. We found a reduction of ethylene levels 

in the ATML1pro:TCP5-GFP overexpressor and an increase of ethylene in the headspace of both the 
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tcp5 and tcp5 tcp13 tcp17 knockout mutants, suggesting a role for TCP5 as an inhibitor of ethylene 

biosynthesis. Alternatively, these alterations can be caused by effects on the expression of ethylene 

biosynthesis and signalling genes, because the ethylene signalling pathway is known to have 

feedback regulatory loops (Rai et al., 2015; Prescott et al., 2016) and hence effects downstream of 

ethylene can ultimately result in differences in ethylene production. 

Next to ethylene, the response to auxin (GO:0009733) was also overrepresented in our differential 

gene lists. Both auxin (Varaud et al., 2011) and ethylene (Pei et al., 2013; Ma et al., 2008; Chen et 

al., 2013) have been shown to function in cell proliferation and elongation during petal development. 

Analysis of the two time points upon TCP5 activation revealed differential expression in ethylene 

biosynthesis in the first time point (T02), whereas only the second time point (T2-8) shows differential 

expression in downstream ethylene signalling genes (Figure 2C). This suggests that TCP5 has a 

direct effect on the biosynthesis of ethylene, which is further confirmed by our finding that TCP5 

binds the promoter of ACS2 in vivo (Figure 7C).

Previous research has shown that reduced ethylene signalling leads to an increase in petal size due 

to an increase in conical cell size (e.g. in the loss-of-function mutant ein2) (Pei et al., 2013). This effect 

on petal development was confirmed by us by an analysis of petal size in ein2 and two other mutant 

lines defective in the ethylene signalling and transcription cascade, ein3 and etr1 (Supplemental 

Figure 5). However, there is evidence to suggest that ethylene can both induce cell elongation 

(reviewed by Van de Poel et al., 2015; Feng et al., 2017) and repress cell growth, depending on the 

exact concentration and cellular context (Pierik et al., 2006; Dugardeyn and Van Der Straeten, 2008). 

As a consequence, a low ethylene concentration can have the same effect on cell elongation as a high 

concentration (Abts et al., 2014; Lv et al., 2018). 

The latter results seem to corroborate the data from our mutants that all show an increase in cell 

size, regardless of an increase or decrease in ethylene biosynthesis. We suggest that there is a 

tight balance between the ethylene concentration and its effect on cell size, as opposed to a linear 

relationship, linked to an ‘on’ or ‘off’ status for cell elongation. A deviation from ‘normal’ physiological 

ethylene concentrations then results in an enhanced cell elongation phenotype, as previously seen in 

root cells (Abts et al., 2014; Lv et al., 2018). This is further strengthened by the fact that we revert 

the phenotype of the tcp5 tcp13 tcp17 line (which produces more ethylene but grows bigger petals 

with bigger cells) to a wild type phenotype by blocking the ethylene signalling pathway with STS, 

demonstrating that a large part of the mutant phenotype is caused by altered ethylene signalling. 

Moreover, blocking the ethylene pathway by STS also reduced petal growth in our Col-0 control 

plants, albeit to a much lesser extent than that of the tcp5 tcp13 tcp17 mutant. 

The perturbation in the ethylene balance might also lead to the observed differential direction of 

cell elongation, which is known to be influenced by the effect that ethylene has on microtubule 
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orientation (Le et al., 2004; Plett et al., 2009). In addition, genes involved in directional cell growth, 

such as MICROTUBULE ASSOCIATED PROTEIN 18 (MAP18) (Wang et al., 2007) were found to 

be deregulated. This could in part also explain the defect in cuticle patterning, as the composition of 

cuticular ridges has been linked to differences in cell morphology (Shi et al., 2011), and microtubule 

orientation was recently shown to control conical cell shape (Ren et al., 2017). 

Downstream of ethylene biosynthesis are numerous genes involved in cell elongation processes, which 

might account in part for the phenotypes observed in our mutants. For example, auxin is known to 

induce the production of ethylene (Pierik et al., 2006; Tsuchisaka and Theologis, 2004). Interestingly, 

the ARGOS gene family is involved in a negative feedback loop in ethylene signalling, downstream of 

ethylene biosynthesis (Rai et al., 2015). Upregulated by both ethylene and auxin, it inhibits a proper 

downstream ethylene signalling response. In our induction experiment, ARGOS and ARGOS LIKE 

1, -2, and -3 (ARL1, -2 and -3) were upregulated after the first time point. In the second time point 

however, these genes were downregulated. This might point towards initial upregulation by TCP5 

after which the ethylene biosynthesis is downregulated, possibly both through the activity of ARGOS 

and the ARLs and directly by TCP5. Consequently, downregulation of ethylene biosynthesis would 

then downregulate ARGOS and the ARLs. 

In conclusion, we have demonstrated that TCP5 is an important regulator of growth and development 

of the Arabidopsis petal. However, in contrast to directly regulating growth regulatory genes, we 

show here that one of the functions of TCP5 is to act as a regulator of ethylene biosynthesis, after 

which the downstream targets of ethylene signalling are responsible for various of the observed 

developmental phenotypes. Several TCP TFs have been described to regulate hormone synthesis, 

transport and signal transduction for a number of key plant hormones (reviewed by Nicolas and 

Cubas (2016)). However, no TCP protein has yet been linked to ethylene yet and we provide proof in 

this study for a tight association between TCP5 and ethylene biosynthesis and signalling. 

Experimental Procedures

Plant materials and growth conditions

The triple T-DNA insertion mutant tcp5 tcp13 tcp17 contains the mutant alleles tcp5-1 (SM_3_29639), 

tcp13 (SM_3_23151) and tcp17 (SALK_147288) all three of which have insertions in the coding 

regions. The tcp5-1 single mutant was kindly provided by Dr. Koyama and the triple tcp5 tcp13 tcp17 

was a gift from Professor Eshed. All three lines defective in the ethylene signalling and transcription 

cascade (etr1-1, ein2-5 and ein3-2) were obtained through the Nottingham Arabidopsis Stock Centre 

(NASC; http://arabidopsis.info/). Plants were grown under long-day conditions (16 h/8 h light/dark 

cycle) at 21°C on Rockwool and received 1 g l-1 Hyponex plant food solution twice a week. 
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Constructs and transformation

The coding sequence (without a STOP-codon) of TCP5 was amplified by PCR and recombined into 

the modified pK7FWG2 destination vector, containing the AtML1 (AT4G21750) promoter in place 

of CaM35S (Urbanus et al., 2010), resulting in ATML1pro:TCP5-GFP. Simultaneously, the coding 

sequence was recombined in pARC146 (Danisman et al., 2012), resulting in the destination vector 

35Spro:TCP5-GR. Next, a 3 kb promoter region was cloned together with the TCP5 coding sequence 

and recombined into pMDC204 (Curtis and Grossniklaus, 2003) resulting in the destination 

vector TCP5pro:TCP5-GFP. All primer sequences can be found in supplemental table 4. All three 

constructs where transformed into Agrobacterium tumefaciens strain C58C1-PMP90. Arabidopsis 

transformation was conducted by the floral dip method (Clough and Bent, 1998). The T1 seeds 

were selected on germination medium containing 30µg ml-1 kanamycin for 2 weeks, after which 

rooting green T1 seedlings were transferred to Rockwool and grown until seed set. The following 

T2 generation was checked for expression of the transgene by reverse-transcription PCR. Col-0 was 

used as the wild type and reference in all experiments.

Petal and cell measurements and analyses

Petals were collected from fully grown flowers at stage 14-15 (Smyth et al., 1990) and subjected to 

further analysis either by epidermal imprinting for cellular phenotype analysis or by overall shape 

and size phenotyping. We used three plants of which 12 petals were analysed from four or five 

flowers; 50 cells from each petal were subject to analysis. 

Petals destined for SEM were fixed in paraformaldehyde (4% in 9 phosphate buffer) and dehydrated 

in absolute ethanol, critical 10 point dried (Balzers CPD 030), mounted onto metallic stubs and 

gold-sputtered (with 40-nm colloidal gold, Balzers SCD 004). Observation and documentation were 

performed in a LEO 435 VP 11 scanning electron microscope. Digital images were obtained with 

LEOUIF software. Samples destined for optical microscopy were mounted in a drop of glycerol on a 

microscopy side, covered with a cover slip, observed and documented under a Zeiss Axioskope optical 

microscope (https://www.zeiss.com/) equipped with a digital camera.

The microscopic drawings of the abaxial petal epidermis were scanned for digitisation. Conical 

cells from the most distal third of the petal were digitised, but the epidermal cells at the petal 

margin were not considered. At least 19 petals were imaged for each genotype. Data on cell area 

and cell roundness were collected from digital images, essentially following the protocol described 

by Andriankaja et al. (2012). Colour gradients according to cell area as well as vectors of maximum 

and minimum cell diameters were assessed from each cell image using the ImageJ macro language 

(http://rsbweb.nih.gov/ij/). At least 10 000 cells from each genotype were analysed. A two-sample 

t-test was used to distinguish between mutant and wild type.
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Epidermal imprinting

An addition-reaction silicone elastomer Polyvinyl Siloxane (dental resin kit) was used to obtain 

imprints of petals epidermis. Equal amounts of the two types of paste from the kit were mixed 

together to make the working dental resin. The resin was placed onto a glass slide with the help of a 

toothpick, forming a layer of 1-2 mm thick. Using tweezers, petals were placed on the resin layer with 

the adaxial surface facing the resin for at least 5 minutes or until the resin solidified. After gently 

removing the petals from the resin the impression was left to fully set for 5 minutes. Then clear nail 

polish was applied to the surface of the resin impression and left to completely dry for approximately 

20 minutes. The nail polish layer was carefully peeled off from the resin and placed onto a new glass 

slide with the imprinted surface face up. The imprints were observed and imaged using a differential 

interference contrast microscope for further image analysis by ImageJ. 

Tissue sampling and RNA isolation for qRT-PCR and RNA-sequencing

Petals of stage 12 flowers (Smyth et al., 1990) were harvested from 50 flowers per biological replicate. 

For induction of 35Spro:TCP5-GR, inflorescences were treated with a DEX-induction solution (2 μM 

dexamethasone, 0.01% (v/v) ethanol, and 0.01% Silwet L-77), or with an identical mock solution that 

lacked DEX. Whole inflorescences were harvested 0, 2 and 8 hours after induction and RNA was 

isolated using the InviTrap® Spin Plant RNA Mini Kit (Stratec Molecular, https://www.molecular.

stratec.com/) according to the manufacturer’s protocol. TURBO™ DNase (ThermoFisher Scientific, 

https://www.thermofisher.com/) was used to clean the RNA samples from DNA.  

iScript reverse transcriptase was used for cDNA synthesis. The complementary DNA made this 

way was used for qRT-PCR using the SYBR Green mix from Bio-Rad (http://www.bio-rad.com/). 

The reference genes used for all expression analyses were a SAND family gene, At2G28390, and the 

TIP41-like gene At4G34270, both ‘superior reference genes’ (Czechowski et al., 2005). 

Library preparation for whole-genome RNA sequencing was done using the Illumina Truseq Library 

Preparation Kit. Library quality was evaluated using a Bioanalyzer and an RNA Nano 6000 kit 

(Agilent, http://www.agilent.com/). RNA concentrations were determined using the Xpose ‘DSCVRY’ 

(Trinean). The libraries were then sequenced with the Illumina system Hi-Seq 2500.

Gene expression and gene set enrichment analysis

Libraries of three biological replicates were sequenced and analysed using the Bowtie–Tophat–

Cuffdiff (BTC) pipeline (Trapnell et al., 2012). Differential gene expression was based on FPKM 

(fragments per kilobase per million mapped reads) values and determined for all samples using Col-0 

as the control. The cut-off was set at a false-discovery rate (FDR) <0.05 in all analyses performed. 

The RNA-seq data are made available via NCBI and can be accessed through GEO accession number 
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GSE103762.

The BINGO 3.03 plug-in (Maere et al., 2005), implemented in CYTO-SCAPE 2.81 (Shannon et al., 2003), 

was used to determine and visualize the GO enrichment according to both GO Slim (Supplemental 

Table 2) and GO enrichment (Supplemental Table 3) categorization. A hypergeometric distribution 

statistical testing method was applied to determine the enriched genes and the Benjamini Hochberg 

correction was performed in order to limit the number of false positives (FDR<0.05). 

Ethylene treatment and quantification

Flowering plants with an inflorescence of approximately 4 cm were treated every other day for 1 

week with a 50µM STS solution by floral dipping. Petals were harvested from stage 14-15 flowers 

and subjected to further analysis, either by epidermal imprinting for cellular phenotype analysis or 

by overall shape and size phenotyping. We used three plants of which 12 petals were analysed from 

four to five flowers. 

Ethylene production (EP) was measured by putting the top 1.5 cm of an Arabidopsis inflorescence 

in a 5ml headspace vial (one inflorescence per vial). To prevent wilting of the inflorescence, 1ml of 

MS10 (Murashige and Skoog, 1962) was poured into the vial into which the inflorescence was placed. 

Before being sealed, the headspace vials were kept open for 1 hour to allow the wound-induced 

ethylene burst to subside. After closure the vials were kept for 7 h at 21°C to accumulate sufficient 

endogenous ethylene. Then, to determine the ethylene content, 0.5ml of headspace gas was injected 

into a Thermo Focus Gas Chromatograph (Thermo Electron S.p.A, Rodano, Italy) fitted with a Valco 

sample valve and analysed using a Restek RT QPLOT column, (0.53mm ID x 15m Interscience B.V., 

Breda, NL) at a column temperature of 50°C and flame ionisation detection. Quantitative data were 

obtained by using a certified calibration gas, namely 1.01 p.p.m. ethylene in synthetic air (Linde Gas 

Benelux, Schiedam, NL). 

Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed as described (Mourik et al., 2015) on 

gTCP5-GFP inflorescences, using µMACS Anti-GFP (Miltenyi). Primers used for qPCR can be 

found in Supplemental Table 4. Regions of ACTIN 2 (ACT2, At3g18780), a peptidase S41 family 

protein (At4g17740) and ACS2 (At1g01480) without a TCP5-binding site were used as negative 

controls. ACT2 was used as a normalizer for DNA quantity and PS41 as a background control for 

immunoprecipitated DNA. The same results were obtained when PS41 was used as a normaliser and 

ACT2 as a background control. Three biological replicates were used and a t-test (P < 0.05) was done 

to calculate significant enrichment in the ChIP-qPCR. Four primer combinations were designed in 

the promoter and genic regions of ACS2 (Figure 4D). Primer combination 1 was used as a negative 
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control since no consensus TCP-binding site was present. Primer combinations 2 and 3 cover a single 

putative TCP-binding site in the promoter of ACS2, and primer combination 4 covers a putative TCP-

binding region in the fourth exon of ACS2. We used the PlantPAN 2.0 website for promoter analysis 

to search for putative binding sites (Chow et al., 2016).
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Col-0 ATML1pro:TCP5-GFP tcp5 tcp5 tcp13 tcp17

A)

B)

C)

Supplemental Figure 1. Graphic representation accompanying the cell morphology phenotyping. 

Cell area (A), roundness (B) and the direction of cell elongation by vector in (C).
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Supplemental Figure 2. Summary of RNA-seq results. 

Percentage of DEGs that are either downregulated (in red) or upregulated (in blue) in the RNA-seq samples of the 

mutants (T-DNA and ATML1-promoter driven) in (A) versus the dexamethasone induction experiment (B). (C-F)

Venn diagrams showing the overlap in DEGs.
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Supplemental Figure 3. GO term analysis. 

Classification of DEGs by Gene Ontology (GO) slim term enrichment analysis for DEGs in the TCP5 overexpressing 

line ATML1pro:TCP5-GFP (A) triple mutant tcp5 tcp13 tcp17 (B) and the single mutant tcp5 in (C). The colour bar 

indicates significance levels for the GO categories (FDR < 0.05).

Supplemental Figure 4. Phenotypes of the 35Spro:TCP5-GR mutant after dexamethasone treatment. 

Petal area, length and width are shown in (A), (B) and (C) respectively. Cell area is shown in (D). An asterisk 

indicates a significant difference compared to Col-0 wild type.
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The regulatory role of BRC1 in bud dormancy 
through various downstream signalling 

pathways
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Abstract

The Arabidopsis transcription factor BRC1 plays an important role in the inhibition of axillary bud 

outgrowth and as such determines plant architecture. We used chromatin immunoprecipitation 

coupled to next generation sequencing (ChIP-seq) to determine direct genome-wide targets of BRC1 

and to elucidate the molecular mode of action of BRC1 during axillary bud dormancy. The search for 

a putative consensus binding site that is centrally enriched in the BRC1 ChIP-seq peaks, resulted 

in the identification of the cis-element ‘GDCCCA’, which is close to previously observed consensus 

TCP binding sites. Additionally, we identified enrichment of the ‘G-box’ either up- or downstream 

of the centrally enriched consensus TCP binding site. Subsequently, we linked the identified BRC1 

binding peaks to the nearest gene, revealing a potential role for BRC1 in ABA biosynthesis. Several 

ABA biosynthesis genes, including NCED3, NCED9 and ABA2, were bound by BRC1 and showing 

differential expression upon induction of BRC1. Furthermore, we provide evidence for a regulatory 

role of BRC1 in repressing cytokinin (CK) levels in dormant buds by activating two CK oxidases and 

repressing several CK signalling genes. These direct effects on ABA and CK pathways, together 

with the binding of several other gene loci, including genes involved in cell wall composition and 

genes with a potential role in symplastic intercellular connectivity, provide a molecular and potential 

mechanistic basis for the functioning of BRC1 in the repression of axillary bud outgrowth. 
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Introduction

Plants are versatile in their appearance and are able to adapt their architecture in response to 

environmental changes. The main diversity in plant architecture can be attributed to branching 

patterns, which depend on the outgrowth of branch primordia in for example leaf axils. This process 

is highly flexible and depending on, among others, the amount and quality of light and availability 

of nutrients. Day-length has a profound effect on the initiation of axillary buds, which are initiated 

acropetally (from the base towards the apex) in the axils of leaves in short day conditions whereas 

long day results in basipetal initiation of axillary buds (Hempel and Feldman, 1994; Grbić and 

Bleecker, 2000; Long and Barton, 2000). Most axillary buds remain dormant until the appropriate 

environmental conditions or endogenous cues arise. The outgrowth of the main shoot and repression 

of axillary bud outgrowth imposed by a growing shoot apex is termed apical dominance (Cline, 1997) 

and has been instrumental in the domestication of a number of crop plants. In maize (Zea mays) for 

example, the inhibition of axillary bud outgrowth was pivotal to the domestication of this species 

from its highly branched ancestral species teosinte. The gene responsible for the repression of bud 

outgrowth, TEOSINTE BRANCHED1 (TB1), was first characterized in this species (Doebley et al., 

1995; Doebley et al., 1997). TB1 is a member of the plant-specific TCP transcription factor (TF) 

family. In Arabidopsis this family consists of 24 members, three of which are closely related to TB1 in 

maize. AtTCP18, also known as BRANCHED1 (BRC1), seems to be most important in the repression 

of axillary bud outgrowth (Aguilar-Martínez et al., 2007); BRC1 expression is limited to axillary 

buds and its downregulation is tightly correlated with the development of branches. Transcriptional 

changes related to axillary bud outgrowth, through for instance the disruption of apical dominance 

by decapitation (Tatematsu, 2005) and changes in R:FR ratio (González-Grandío et al., 2013; Reddy 

et al., 2013), provide valuable insight into the precise function of BRC1 during these processes. Genes 

of which the expression changed in low R:FR conditions in wild-type plants, but not in brc1 mutant 

plants, were thought to require BRC1 function for their regulation. As a result these genes were 

labelled BRC1-dependent genes (González-Grandío et al., 2013). Comparing these data with that 

of decapitated plants (Tatematsu, 2005), the authors conclude that many of the BRC1-dependent 

genes are closely associated with bud activity, regardless of treatment or stimulus. A subsequent 

analysis of all three datasets mentioned above (Tatematsu, 2005; González-Grandío et al., 2013; 

Reddy et al., 2013) has led to the identification of two groups of genes potentially related to axillary 

bud outgrowth. These two groups have been termed ‘bud activation’ and ‘bud dormancy’ genes, 

respectively, depending on whether they are higher expressed in active buds and lower expressed 

in dormant buds (bud activation genes), or vice versa (bud dormancy genes) (González-Grandío and 

Cubas, 2014). The bud activation genes can be divided in three groups related to (1) DNA replication, 
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S phase and mitosis, (2) flavonoid synthesis, and (3) cytokinin signalling. The bud dormancy genes 

on the other hand can be sub-divided into four groups related to (1) ABA signalling, (2) ethylene 

and auxin signalling, (3) genes involved in autophagy and protein degradation and (4) a set of genes 

known to be dark-induced and sugar-repressed (González-Grandío and Cubas, 2014). 

Strikingly, in all analysis performed in which active versus dormant buds were compared upon 

different stimuli, an ABA gene-regulatory network showed up. This drew the attention on a possible 

key regulatory role for ABA signalling directly downstream of BRC1. ABA has previously been 

implicated in the control of axillary bud outgrowth during exposure of plants to low R:FR conditions 

(Reddy et al., 2013) and is described as negative regulator of bud outgrowth (Yao and Finlayson, 

2015). Plants defective in ABA biosynthesis show an increased branching phenotype (Reddy et al., 

2013; Yao and Finlayson, 2015) and exogenous application of ABA inhibits branching (Chatfield et 

al., 2000; Holalu and Finlayson, 2017). One of the proposed roles of ABA is the direct repression 

of the cell cycle machinery and thereby inhibiting outgrowth of branches. In line with this, it was 

found that BRC1 directly activates three related homeobox genes, (HOMEOBOX PROTEIN 21, -40 

and -53). These three genes are sufficient to enhance the expression of 9-CIS-EPOXYCAROTENOID 

DIOXYGENASE 3 (NCED3), a key ABA biosynthesis gene (González-Grandío et al., 2017). BRC1 

expression was not affected by exogenous ABA treatment, which suggests lack of a feedback 

mechanism and a function for BRC1, solely upstream of the ABA response. 

Here we present a whole-genome transcriptomic analysis and a genome-wide target gene analysis 

of BRC1 in Arabidopsis. An integrated analysis of the ChIP-seq dataset with an RNA-seq 

dataset, obtained on the same BRC1-inducible plant material, enabled determining which of the 

aforementioned bud activation and bud dormancy genes are directly activated or repressed by BRC1. 

We show that BRC1 binds and regulates ABA biosynthesis genes, suggesting direct transcriptional 

regulation of the ABA response. Next to this, we show that BRC1 might directly repress cytokinin 

signalling and enhance cytokinin degradation. Furthermore, we show that BRC1 directly regulates 

several genes related to cell wall component biosynthesis and deposition, presenting an alternative 

mode of action for the BRC1 inhibition of axillary bud outgrowth.

As this paper presents the first genome-wide binding analysis of a TCP protein, it contains a wealth 

of information regarding binding sites and possible consensus binding motifs of TCP proteins. We 

show that BRC1 binds the TCP-like motif ‘GDCCCA’, which was preferentially found in the centre 

of the ChIP-seq peaks. This motif is often accompanied by a G-box motif, suggesting co-regulation of 

the identified targets by bZIP and/or bHLH TFs. 
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Results

BRC1 DNA binding analysis by ChIP-seq

To identify BRC1-bound loci in the Arabidopsis genome, we performed a Chromatin 

Immunoprecipitation assay for BRC1, followed by next-generation sequencing (ChIP-seq; Kaufmann 

et al., 2010a). BRC1 expression is limited to axillary buds (Aguilar-Martínez et al., 2007), which 

complicates the study of protein-DNA binding events, as the main technique currently at hand 

(Chromatin Immunoprecipitation) is challenging for proteins present in low abundance (Kidder et al., 

2011). We therefore used an estradiol inducible line (GFP:BRC1ind ) for the experiments. The moment 

of plant material fixation for ChIP-seq was chosen in the afternoon, since at this moment expression 

of the native BRC1 gene peaks (González-Grandío et al., 2013). Seven-day-old seedlings were used, as 

this stage has proven effective in previously performed targeted ChIP-qPCR experiments (González-

Grandío et al., 2017).

ChIP-seq was performed five hours after BRC1 induction for three independent biological replicates 

and the obtained results are summarized in Figure 1A. To assess the reproducibility of the datasets, 

a pair-wise correlation analysis was done, revealing Pearson correlation co-efficiencies ranging from 

0,77 to 0,83 (Fig. 1B) and hence, showing the reproducibility and quality of our experiments. Because 

of the lower number of peaks in sample 3 (Fig. 1A), we decided to perform most further analyses on 

the first two ChIP-seq datasets. We approached these datasets by creating a file representing their 

overlap, which was inferred by the distance between peaks in the individual samples. The average 

peak size was ±300bp, so if the centre of a peak in one sample is no more than 150bp apart from the 

centre of a peak in the other sample, the peaks are assumed to be in fact the same and were saved in 

a separate file for subsequent analyses. This criterion resulted in a file containing roughly 60-70% of 

the peaks of sample 1 and 2 (Figure 1A). Since this merging of peaks may result in a slight shift of the 

actual binding site, analyses looking specifically at the exact location of the binding site were done 

on the individual datasets. TFs may bind anywhere in a locus they control, including e.g. introns and 

3’-regions, although plant TFs studied by ChIP-seq and DHS-Seq show the tendency of binding more 

frequent in promoter regions of target genes (Yu et al., 2016). We confirmed this tendency for BRC1 

and showed that the location of the peaks relative to the nearest gene are most often in promoters 

(±60%; Fig. 1D). Furthermore, these peaks are located, in the majority of these cases, on average 

within 300bp of the transcription start site (TSS in Figure 1C). A more detailed look at the BRC1 

peak distribution showed that about 9% is positioned in introns, exons, or UTRs, and the remaining 

10 and 20% in the downstream and intergenic regions, respectively. This distribution is comparable 

to that found for ChIP-seq performed on the MADS-domain protein SEP3 ((Kaufmann et al., 2009), 

and Figure 1D) and for other TFs (e.g. REPLUMLESS (RPL), Bencivenga et al., 2016).
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Figure 1. Overview of ChIP-seq data acquisition and analysis

Overview of sequencing information is shown in (A). From left to right: total number of reads with the amount 

and percentage of failed reads (35N) and the number of reads mapping to the Arabidopsis genome, the number of 

peaks significantly enriched and the overlapping peaks between samples are shown. Percentage of overlap, as well 

as the number of overlapping peaks is shown between sample 1 and 2, and sample 1, 2 and 3. Briefly: 2761 peaks 

overlap between sample 1 and sample 2, which is 60% of total number of peaks in sample 1 and 70% of the peaks in 

sample 2. Pearson Correlation Coefficients between biological replicates are shown in (B). In (C), read distribution 

is shown 3kb up- to 500bp downstream of the transcription start site (TSS). Comparing read distributions between 

SEP3 ChIP-seq (Kaufmann et al., 2009) and the BRC1 ChIP-seq samples in (D).
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BRC1 consensus binding motif

The ChIP-seq dataset provided us with an unprecedented amount of data to determine binding 

specificity of BRC1 and to identify its consensus binding motif. There have been several in vitro 

studies on binding site preferences of TCPs, most of them focussed on class I TCPs; TCP16 and 

TCP20 (Viola et al., 2012) and TCP11 (Viola et al., 2011). The main class II TCP TF studied in this 

respect is TCP4 (Viola et al., 2012; Aggarwal et al., 2010). The consensus binding sites that arose 

from these studies are GTGGGNCC for class I TCPs, whereas class II proteins showed a preference 

for the sequence GTGGNCCC (Kosugi and Ohashi, 2002; Schommer et al., 2008; Viola et al., 2011). 

A protein-binding microarray on BRC1 uncovered GGSVCCMM to be its consensus binding site 

(González-Grandío et al., 2017). Though different, this resembles the earlier found (though not a 

clear class I or class II) putative TCP binding site. 

Motif enrichment analysis on our dataset by MEME identified a motif closely resembling a TCP 

binding site: GDCCCA, in which D can be an A, G or T (Figure 2A). Recently, a database was 

published based on DNA affinity purification sequencing (DAP-seq) as a high-throughput TF binding 

site discovery method (O’Malley et al., 2016). This database provides the opportunity to search 

among the binding sites of 529 Arabidopsis TFs, including 13 TCPs, both class I and class II. The site 

that was enriched in all samples in our study (GDCCCA) closely overlaps the binding sites for TCPs 

in that database. However, a detailed comparison shows that our motif is somewhat shorter than 

those found by DAP-seq and previously published studies, lacking the GTGG or GTG at the 3’ end of 

the motif (Kosugi and Ohashi, 2002; Schommer et al., 2008; Viola et al., 2011; O’Malley et al., 2016). 

Another observation is that the A identified at the end of the BRC1-binding site seems to be limited 

to class I TCPs for the motifs identified by O’Malley et al. (2016), whereas BRC1 is a class II TCP. 

Motif enrichment 

Next, we were interested whether other potential TF binding sites were overrepresented in the BRC1 

ChIP-seq peaks. The detailed analysis of peak distribution was used to determine random promoter 

sequences as the appropriate control for motif enrichment analysis by MEME (Bailey et al., 2009). 

The motif enrichment analysis was performed on a number of datasets, which were compiled of the 

extracted sequences under the peaks of sample 1, 2 and 3, respectively, the overlapping peaks in 

sample 1 and 2, and the restricted subset of overlapping peaks in samples 1, 2 and 3. The sequences 

under the peaks of the two samples with most peaks (1 and 2) show enrichment for several motifs, 

most notably BACGTGKC and GDCCCA (Figure 2B). We used the TOMTOM package (Gupta et 

al., 2007) to compare motifs against a database of known motifs, in our case the O’Malley database 

(2016). The BACGTGKC closely resembles a G-box (CACGTG) recognized by bHLH and bZIP TFs 

(Menkens et al., 1995). The latter (GDCCCA) is mainly recognized by TCP TFs, according to the 
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O’Malley database (2016). Interestingly, in all samples, the TCP motif was highly centrally enriched, 

whereas the G-boxes seem to be positioned approximately 30bp to the left or right of the TCP 

binding site (Figure 2C). The same results were found in a dataset comprising peaks that overlap 

between sample 1 and sample 2 (Supplemental Figure 1A and 1B). We found that, in both samples, 

approximately 60% of all peaks contained a TCP-like binding motif versus 50% that contained a 

G-box (see Supplemental Figure 1C). Although the figure gives the impression that in these cases 

the TCP binding site is flanked on both sides by a G-box, the majority of the TCP binding sites were 

accompanied by a single G-box only (1273 instances in sample 1), whereas only incidentally the TCP 

site was flanked on both sides by a G-box (32 out of the 1305 instances in sample 1). 

Sample 1

Motif Found E-value

4.1e-403

6.1e-212

2.0e-149

8.4e-122

2.7e-083

3.0e-058
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3.5e-337

1.0e-185

1.6e-130

2.1e-106
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8.9e-058

Centrally enriched motifs 
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Figure 2. MEME motif enrichment analysis of sequences under peaks of sample 1 and sample 2.

The consensus BRC1 TCP-like binding motif is shown in (A). The top six motifs and their corresponding E-value 

are shown in (B), ranking from highest significance (peak 1) to the least significant (peak 6). A visualization of 

peak location relative to the center is shown for the peaks that are found to be centrally enriched in sample 1 and 

sample 2 (C). In both samples the CACGTG (motif 1; G-box) and GDCCCA (motif 2; TCP-binding motif) were 

centrally enriched.
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BRC1 target gene analysis 

In order to identify those BRC1-bound loci that also show a direct transcriptional response, gene 

expression analysis by RNA-seq was done on the same type of material and under the same induction 

conditions as used for the ChIP-seq experiments. The plants received five hours of estradiol treatment 

and after sequencing and comparisons, 5529 genes were found to be differentially expressed, of 

which 1783 were upregulated and 3746 were downregulated. The cut-off for differential expression 

was determined using a false discovery rate (FDR) value of <0.05. In addition, we looked at the more 

strongly differentially expressed genes (strong DEGs) with a Log2(fold change) difference of >1. 

Using this criterion, we found 1478 downregulated genes and 518 upregulated genes. Gene Ontology 

(GO)-term analysis on the set of ‘strong’ downregulated DEGs showed overrepresentation of various 

growth-related terms, including ‘cell wall modification’ (GO:0042545) and ‘cell wall organization’ 

(GO:0071555). Both processes were not enriched among the upregulated genes. Several hormone 

stimuli were enriched in both up- and downregulated genes such as the ‘response to jasmonic acid’, 

‘auxin’ and ‘salicylic acid stimuli’ (GO:0009753, -0009733 and -0009751 respectively). Uniquely 

for the upregulated genes were the ‘responses to ABA’ and ‘gibberellin stimuli’ (GO:0009737 and 

-0009739). These two hormones had their ‘metabolic process’ (ABA, GO:0009687) and ‘signalling 

pathway’ (gibberellin, GO:0010476) enriched in the set of ‘strong’-upregulated genes. A full list of the 

observed GO-term enrichment can be found in Supplemental File 1. 

Subsequently, we compared genes significantly enriched in the ChIP-seq dataset and differentially 

expressed in the RNA-seq dataset. Analysis of the overlap between the ChIP-seq and RNA-seq 

showed approximately 35% of genes enriched in the ChIP-seq dataset to be differentially expressed 

in the RNA-seq experiment (Supplemental Figure 2C). Initially, we used all differentially expressed 

genes (log(fold)<1 and >1) for the analysis. Of the BRC1-bound loci in this set around 55-60% are 

upregulated, whereas 40-45% are downregulated. We labelled these upregulated genes ‘BRC1-

activated’ and the downregulated genes ‘BRC1-repressed genes’, respectively (Supplemental File 

2). Next, we examined the motif enrichment in the activated and repressed genes, respectively, and 

found a high overlap. Both the activated and the repressed genes are enriched for the TCP-motif, the 

G-box as well as the GAGA-repeat (Supplemental Figure 2A and 2B) and no significant activation or 

repression specific-consensus binding site(s) could be found. 

Previous research has shown several gene-regulatory networks to be affected during bud dormancy 

or, oppositely, bud activation (González-Grandío and Cubas, 2014). We compared these networks with 

our datasets and noticed that 18% of the bud activation genes were bound by BRC1. Surprisingly, 

46% of the bud dormancy genes were directly bound. This suggests a more direct role for BRC1 in the 

regulation of the bud dormancy genes, among which the aforementioned ABA signalling genes, than 

in the regulation of the bud activation genes.
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Figure 3. BRC1 regulated genes

ABA signalling and response related genes, some present in the ABA GRN (González-Grandío et al., 2014) and 

three ABA biosynthesis genes, NCED3, NCED9 and ABA2 are shown in (A). Genes involved in the degradation 

and signalling of Cytokinins are shown in (B). Genes differentially regulated upon BRC1 induction and having the 

Gene Annotation term ‘Cell Wall Organisation or Biogenesis’ (GO:071554) are shown in (C), subdivided in pectin 

related genes (1), Trichome Birefringe (TBL) genes (2), xyloglucan- (3) and cellulose-related genes (4). Group (5) 

hosts the genes in the enriched GO-terms, which cannot easily be associated to a particular pathway or process. 

The scale bars show the Log2(FoldChange) for significantly differentially expressed genes in the RNA-seq dataset 

and the Enrichment relative to the Input sample for significantly enriched peaks in ChIP Sample 1 and Sample 2 

(FDR in both cases <0.05).

A GO-term analysis showed that among the BRC1-activated genes, several classes related to abscisic 

acid (ABA) were enriched (ABA metabolism, cellular response, stimulus), whereas among the BRC1-

repressed genes only the term ‘response to ABA stimulus’ was enriched (see Supplemental File 

3). The enrichment for ABA-related terms herein is in line with the previously found set of ‘bud-
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dormancy genes’ in which an ABA gene-regulatory network (GRN) is present (González-Grandío 

and Cubas, 2014). Recently, BRC1 has been implicated as a regulator of ABA signalling through 

the regulation of three HD-ZIP-encoding genes (HB21, -40 and -53) which, together with BRC1, 

enhance NCED3 expression, leading to ABA accumulation (González-Grandío et al., 2017). These 

genes (genes in the ABA GRN, and the HBs) seem to be directly activated by BRC1 (Figure 3A). Next 

to this, several other ABA related genes were regulated, such as ABA INSENSITIVE 5 (ABI5), one of 

the master regulators in ABA signalling (Finkelstein, 2000) and G-BOX BINDING FACTOR 3 (GBF3 

). Also two ABA biosynthesis genes are bound by BRC1: ABA-DEFICIENT 2 (ABA2)  and 9-CIS-

EPOXYCAROTENOID DIOXYGENASE 9 (NCED9 ) (Figure 3A). The latter was also upregulated 

upon BRC1 induction, which, together with the direct binding and upregulation of NCED3, indicates 

a direct regulation of ABA biosynthesis by BRC1, besides the indirect regulation via the HD-ZIP TFs.

A closer look at the BRC1-repressed genes revealed several GO-terms related to cytokinin (‘cytokinin 

mediated signalling pathway’, ‘cellular response to cytokinin stimulus’ and ‘response to cytokinin 

stimulus’). This reduced cytokinin (CK) response is in line with the supposed growth-promoting role 

of this hormone in branching (Domagalska and Leyser, 2011), and several genes involved in CK 

signalling are found to be repressed upon BRC1 induction (Figure 3B).

Furthermore, the GO-term enrichment analysis revealed enrichment for Cell Wall Organisation 

and Biogenesis (GO:0071554) (Supplemental File 3). The data shows differential regulation of 

genes involved in the deposition and biosynthesis of secondary wall cellulose as well as cell wall 

modification enzymes and several cellulases and cellulose synthase genes (Figure 3C).

Discussion

BRC1 binds a class I-like consensus binding site, GDCCCA, in vivo

There have been a number of studies on TCPs and their preferred binding sites. These are all based 

on in vitro experiments and used either monomers or homodimers of TCP proteins. These studies 

revealed that the consensus-binding site of class I TCPs can be defined by the sequence GTGGGNCC, 

whereas class II proteins show a preference for the sequence GTGGNCCC (Kosugi and Ohashi, 2002; 

Schommer et al., 2008; Viola et al., 2011). This difference in binding preference was explained by the 

amino-acid residue present at position 11 of the basic region (Gly) of the class I TCP domain or the 

equivalent residue 15 (Asp) of the class II domain (Viola et al., 2012). Intriguingly, class I TCPs can 

bind class II binding sites and vice versa, and some degree of flexibility for TCP4 (a class II TCP) to 

bind a class I motif in vitro was reported (Schommer et al., 2008). The recently published database on 

DNA affinity purification sequencing (DAP-seq) provides information on 13 TCP consensus binding 

sites (O’Malley et al., 2016). Three of these are class II TCPs (TCP3, TCP13 and TCP24) that show a 
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consensus sequence of GTGGDCCC, while eight are class I TCPs and show more variation, however 

a consensus GGDCCCAC could be extracted. However, according to this database, TCP1, a class II 

TCP, seems to prefer a class I binding site, although previous EMSA experiments have shown that 

TCP1 binds a class II-like binding site GGNCCC (Gao et al., 2015). TCP16 is a class I TCP that 

has previously been shown to bind Class II motifs (Viola et al., 2012), which is supported by the 

aforementioned database. 

In our comprehensive in vivo ChIP-seq experiments we found a strong enrichment for the motif 

GDCCCA for the class II TCP protein BRC1; in which D can be an A, G or T (Figure 2A). This 

motif, although similar to the motifs shown above, is yet another TCP-like consensus binding site, 

and slightly different from the previously identified BRC1 binding motif GGSVCCMM (González-

Grandío et al., 2017). Surprisingly though, the GDCCCA motif is more alike the definition of 

the above indicated class I cis-element, whereas BRC1 is a class II TCP protein. This result, in 

combination with the knowledge that the class II protein TCP1 can bind a class I binding site and 

that the class I protein TCP16 has the ability to bind a consensus class II binding site reveals that 

we have to rethink the definition of specific class I and class II TCP consensus binding sites. It has 

to be noted that in all in vitro binding assays as described above single TCP proteins were used. It is 

known from e.g. MADS-domain proteins that the composition of heterodimeric TF complexes affects 

the specificity of DNA binding (Smaczniak et al., 2017). Also in the case of TCP TF complexes the 

presence of more TCP molecules, and other TFs, like bZIP or bHLH TFs, could influence the binding 

specificity by cooperativity or competition (reviewed in Bemer et al., 2017). Therefore and also based 

on the contradicting examples, it seems that no strict division in classes of TCP binding sites can be 

made. This observation backs up the hypothesis that TCP from both classes can regulate the same 

process antagonistically by competing for the same or closely related binding sites, as TCP4 and 

TCP20 in their regulation of JA biosynthesis (Danisman et al., 2012). Even more so, the antagonistic 

regulation might be irrespective of their classes, as TCPs from the same class can bind different 

binding sites. 

BRC1 as downstream target of sugar signalling during bud dormancy

Combining the data from transcriptomic and binding site analysis enabled us to thoroughly 

investigate the targets of BRC1 and its functioning in bud dormancy. A number of studies on the 

transcriptional response in dormant buds show patterns resembling the Low Energy Syndrome 

(LES) (reviewed by Martín-Fontecha et al., (2018)). The LES functions as retainer of carbon (C) to 

maintain essential processes by inhibiting growth (Tomé et al., 2014). A well-known integrator of 

the LES is the SUCROSE-NON-FERMENTING-1-RELATED PORTEIN KINASE (SnRK1) and it 

was shown to physically interact with TCP3, TCP13 (both class II TCPs) and HB21 (Nietzsche et al., 
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2016). This could indicate that that BRC1, possibly among other TCPs, can be regulated by SnRK1, 

although further research is required to investigate this. Next to this, sugar availability controls bud 

outgrowth in several species, such as pea (Pisum sativum; Mason et al., 2014), rose (Rosa hybrida; 

Barbier et al., 2015) and sorghum (Sorghum bicolor; Kebrom et al., 2010). However, the lack of 

enriched Gene Ontology terms concerning glucose, sucrose or fructose, let alone their differentially 

regulated biosynthesis and signalling genes, seems to indicate that sugar availability isn’t controlled 

directly by BRC1. This strengthens the hypothesis that sugars act upstream of BRC1 via SnRK1 and 

other regulatory molecules (Jossier et al., 2009). 

An interesting feedback mechanism could take place as ABA is thought to enhance SnRK1 activity 

through antagonistic action on PP2CA phosphatases that interact with the SnRK1 catalytic subunit 

causing its inactivation (Rodrigues et al., 2013). Next to this, the ABA signal transduction peptide 

ABI1 inhibits SnRK1 function (Rodrigues et al., 2013) and is bound by BRC1 in our experiment. As 

previously suggested, BRC1 enhances ABA biosynthesis (González-Grandío et al., 2017), closing the 

circle. 

Abscisic Acid

Abscisic Acid
Biosynthesis

Abscisic Acid
Signalling

Homeodomain 
leucine zipper
family proteins

BRC1

Cytokinin

Cytokinin
Signalling

Cytokinin
Degradation

Cell Wall 
Organisation

and Biogenesis

Figure 4. BRC1 regulatory processes, ensuring axillary bud dormancy

This model shows the direct regulation of genes by BRC1 (orange arrows). Regulatory processes as found in 

literature are shown by grey lines. Repression and activation are shown by bar and arrow, respectively. Amongst 

every process (e.g. Cytokinin Degradation) the individual genes are visualised, green arrows indicate activation, a 

yellow square means that on transcriptional level nothing happens, red arrows indicate a reduction in expression 

upon BRC1 induction.
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Co-regulation networks

A sequence motif recurring in all ChIP-seq enrichment analyses (Figure 2B) is a GAGA-repeat, 

which is the consensus binding site supposed to be bound by the plant specific TF family of BASIC 

PENTACYSTEINE proteins (Meister et al., 2004). This group of TFs is thought to be involved in 

plant development (Monfared et al., 2011), meristem control (Simonini et al., 2012a), and recently, 

a link with ABA signalling was found (Mu et al., 2017). Hence, this is a promising lead to decipher 

the regulatory mechanism of BRC1, in which this TCP protein acts in concert with BPC proteins. 

Interestingly, both sample 1 and 2 show binding of BRC1 in the promoter region of BPC2 which 

suggests a more intricate regulatory mechanism including a feedforward loop, though no differential 

expression was observed for BPC2 upon BRC1 induction under our conditions. 

The presence of CACGTG motifs accompanying the centrally enriched consensus TCP-like binding 

site suggests a form of co-regulation of these specific set of targets by BRC1 and bHLH or bZIP 

TFs. Both the bHLH and bZIP groups of TFs are rather large (162 and 111 members respectively, 

(Riechmann et al., 2000; Feller et al., 2011)) which complicates speculating on their regulatory role 

together with BRC1. 

No interactions between BPCs, bZIPs and bHLH proteins have been reported yet. BPCs have been 

shown to interact with MADS-domain proteins to regulate their target genes by mediating DNA 

binding (Simonini et al., 2012b). This could indicate more elaborate protein interaction complexes 

and would require a more detailed and comprehensive approach.

A function for BRC1 in cell cycle regulation?

Due to the profound effect of BRC1 mutations on plant architecture, one of the presumed functions 

of BRC1 is direct inhibition of the cell cycle machinery. In this research however, we find no strong 

evidence to support this hypothesis. There are only two CYCLIN-DEPENDENT KINASES (CDKs) 

identified to be bound by BRC1, CDKD1;1 and CDKB1;2, but they are both not differentially 

expressed upon BRC1 induction. This does not exclude the option that cell cycle is regulated via 

these few targets, but BRC1 seems to be at least not regulating this process ‘en masse’. However, we 

do find suggestions that BRC1 could directly regulate components of the cell wall. When looking at 

the Gene Ontology Enrichment analysis, Cell Wall Organisation and Biogenesis (GO:0071554) are 

enriched (Supplemental File 3). A closer look shows differential regulation of several members of the 

TRICHOME BIREFRINGE-LIKE (TBL) gene family, involved in the deposition and biosynthesis 

of secondary wall cellulose (Bischoff et al., 2010) and Pectin Methylesterase (PMEs), which are 

important cell wall modification enzymes (Micheli, 2001), as well as several cellulases and cellulose 

synthase genes (Figure 3C). When investigating the differential expression, it is evident that both 

activated and repressed genes are among the aforementioned groups. This implies an intricate 
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network of growth regulation by BRC1. 

Research in poplar has shown that axillary buds are separated from the rest of the plant by a 

physical ‘border’ that blocks cell-to-cell signalling (Rinne et al., 2001). During the development 

of an axillary meristem, followed by axillary bud formation, cell-to-cell signalling networks are 

positioned to support pattern formation; plasmodesmata are the elements that connect the cells 

in the axillary meristem and that act to transfer signalling molecules. At later stages of axillary 

bud development, these networks are shut down by the formation of 1,3-β-D-glucan containing 

sphincters on all plasmodesmata, creating a physical border (Rinne et al., 2016). As a result, cell-to-

cell communication is blocked and the axillary bud enters a stage of dormancy, similar to that of the 

shoot apical meristem of woody species during winter (Paul et al., 2014). 

This border formation might require structural changes rather than an increase of cells in order 

to organize necessary components and change positioning of cell walls. This intricate regulation 

would explain the observation that is shown in figure 3C; genes involved in cell wall organisation 

or biogenesis are both activated and repressed. It would be worth a thorough look into possible 

border formation in developing axillary buds in Arabidopsis. Vice versa, our findings offer a potential 

explanation for this phenomena in poplar, suggesting that through the action and function of BRC1 

orthologues in this species the plasmodesmata sphincters are formed.

The tight grip of BRC1 on hormonal biosynthesis and signalling

We confirmed a role for BRC1 in ABA signalling through binding the promoter of three Homeodomain 

leucine zipper protein (HD-ZIP)-encoding genes: HOMEOBOX PROTEIN 21 (HB21), HB40 and HB53, 

as described by González-Grandío et al. (2017). In addition, we have uncovered a more elaborate and 

direct regulatory role of BRC1, as it directly regulates ABA biosynthesis by binding loci of several 

ABA biosynthesis genes. Next to binding the promoter of NCED3, NCED9 and ABA2, these genes 

are also upregulated after BRC1 induction (Figure 3A), adding additional proof of direct regulation. 

ABA has long been implicated in the control of axillary bud outgrowth, during for example low R:FR 

conditions (Reddy et al., 2013) and application of ABA was shown to inhibit branching (Chatfield et 

al., 2000; Holalu and Finlayson, 2017). A proposed mode of action of ABA is the direct regulation of 

the cell cycle through for instance blocking the G1 to S transition in algae (Kobayashi et al., 2016) 

and repression of cell cycle genes in dormant buds in grapevine (Vinis vinefera, Vergara et al., 2017). 

Adding another layer of regulation to ensure bud dormancy, BRC1 seems to repress CK levels through 

the binding of two CYTOKININ OXIDASE (CK degrading) enzymes. No CK biosynthesis genes seem 

to be targeted, indicating a role for BRC1 more downstream in the CK pathway. This is confirmed 

by the downregulation of downstream CK signalling genes (Figure 3B) and is all in accordance with 

the role of CK as promoter of axillary bud outgrowth (Dun et al., 2012). More research is however 
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required to confirm this, for example to see whether BRC1 induction leads to a reduction in CK 

levels. 

The role for BRC1 in enhancing ABA levels, thereby ensuring bud dormancy, had been shown 

previously (González-Grandío et al., 2017). However, in this study we have shown a more direct 

method of regulation by activating ABA biosynthesis directly, as well as a potential role for BRC1 in 

repressing CK levels. Furthermore, we show a possible role for BRC1 in ensuring structural changes 

in the dormant bud, as opposed to the direct regulation of numerous cell-cycle genes. Combining 

these functions for BRC1 into a model for its molecular mode of action (see figure 4) inevitably 

leads to a main function of BRC1 In the inhibition of bud outgrowth (Aguilar-Martínez et al., 2007; 

Finlayson, 2007). 

Materials and methods

Plant materials and growth condition

Wild-type Arabidopsis thaliana plants were of the Columbia-0 (Col-0) ecotype. The brc1-2 mutant 

was described before (Aguilar-Martínez et al., 2007) and the GFP:BRC1ind lines have been generated 

previously (González-Grandío et al., 2017). All lines were grown on 1/2MS medium 1% (w/v) agar 

plates under long day conditions (16/8 light/dark cycle) at 21°C. 

RNA-seq and ChIP-seq material collection

For the RNA-seq experiment, plants of brc1-2 (control) and GFP:BRC1ind lines were grown on plate. 

Ten-day old seedlings were induced with 5mL of 10µM estradiol per plate. After an induction period 

of five hours, 1 g of tissue was harvested for each of the three biological replicates. Total RNA was 

isolated using the InviTrap® Spin Plant RNA Mini Kit according to the manufacturer’s protocol. 

TURBO™ DNase was used to clean the RNA samples from DNA. Library preparation for whole 

genome RNA sequencing was done using the Illumina Truseq Library Preparation Kit. Library 

quality was evaluated using a Bioanalyzer and an RNA Nano 6000 kit (Agilent). RNA concentrations 

were determined using the Xpose ‘DSCVRY’ (Trinean). The libraries were then sequenced on the 

Illumina Hi-Seq 2500.

For the ChIP-seq experiment, plants of GFP:BRC1ind lines were grown on plate. Ten-day old 

seedlings were induced with 5mL of 10µM estradiol per plate. After an induction period of five hours, 

1.5g of tissue was collected per sample. ChIP was performed as described (Mourik et al., 2015), 

using µMACS Anti-GFP beads (Miltenyi). Input DNA was used as control, which is isolated from the 

sonicated chromatin prior to immunoprecipitation. 
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Differential gene expression and gene ontology enrichment analyses

Libraries of three biological replicates were sequenced individually and analysed using the Bowtie–

Tophat–Cuffdiff (BTC) pipeline (Trapnell et al., 2012). Differential gene expression was determined 

for all estradiol induced GFP:BRC1ind  samples, using induced brc1-2 samples as control. The cut-

off was set at a false-discovery rate (FDR) <0.05 in all analyses performed. The RNA-seq data is 

made available via NCBI and can be accessed through GEO accession number GSE-XXXXX. The 

BINGO 3.03 plug-in (Maere et al., 2005), implemented in CYTO-SCAPE 2.81 (Shannon et al., 

2003), was used to determine and visualize the Gene Ontology (GO)-enrichment categorization. A 

hypergeometric distribution statistical testing method was applied to determine the enriched genes 

and the Benjamini and Hochberg correction was performed in order to limit the number of false 

positives (FDR<0.05).

ChIP-seq data analysis

Libraries of three biological replicates of both the ChIP and Input samples were sequenced after 

which Bowtie2 was used to map the reads to the Arabidopsis genome (Langmead and Salzberg, 

2012). MACS2 was used for peak calling (the statistical detection of protein binding sites in the 

DNA) (Zhang et al., 2008) using the Input samples as control. The function Distance2Genes, part of 

the R-package ‘CSAR’, was used to determine the nearest gene (Muiño et al., 2011). These nearest 

genes are then presented in a list of candidate target genes (Mourik et al., 2015) for further analysis.

Reproducibility between two replicates was determined by Pearson correlation coefficients (PCC). 

The three replicates show Pearson correlation between 0.774 and 0.829 in the pairwise comparisons, 

which is relatively high (Bardet et al., 2012). 

The comparison of read distribution of our ChIP-seq dataset and that of SEP3 (Kaufmann et al., 

2009) was done by the R-package ChIPpeakAnno: ‘assignChromosomeRegion’. As a cutoff 1kb of 

promoter region with an immediate cutoff of 0.5kb was used.

All three biological replicates were initially analysed separately. To confirm the high rate of 

reproducibility the overlap between the two highest enriched samples and the overlap of all three 

samples was analysed.

Motif enrichment analysis

Motif discovery was carried out using MEME-ChIP (Machanick and Bailey, 2011). This program 

consists of several sub-programs that each perform a specific analysis. In the present study MEME 

and CentriMO were used. MEME (Bailey and Elkan, 1994) looks for overrepresented motifs in a set 

of sequences compared to a background model of nucleotide frequencies. The background model was 

generated using fasta-get-markov for the MEME suite, using a second order Markov model, and 
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a set of 207 randomly selected sequences from Arabidopsis promoters as input. CentriMO (Bailey 

and MacHanick, 2012) is used to test if the motifs found are centrally enriched. In the present 

study, motifs were investigated if they were in the top six motifs as defined by MEME-ChIP. Default 

settings for MEME were used, with the following exceptions: the setting meme-mod-anr was used, 

which assumes zero, one or multiple motif occurrences per sequence. Minimum and maximum width 

for the motifs were set to 4- and 15bp, respectively. 

Motif comparison was done using TOMTOM (Gupta et al., 2007), comparing the motifs found by 

MEME against a database of known motifs (O’Malley et al., 2016). The calculated similarity is an 

indication that a particular motif is bound by a certain TF.
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Peaks overlapping Sample 1 and 2

Motif Found E-value

8.3e-314

2.4e-152

5.2e-131

9.4e-076

1.0e-045

1.4e-044

Centrally enriched motifs 
Sample 1 and 3

1

2

3

4

5

6

A) B)

C)
Sample 1 Sample 2 Overlap

Total # peaks 4567 3951 2761
TCP-like motif 2627 (58%) 2572 (65%) 1668 (60%)

G-box like motif 2206 (48%) 2055 (52%) 1595 (58%)
Both motifs 1305 (29%) 1365 (35%) 1152 (42%)
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Position in sequence

Supplemental Figure 1. MEME motif enrichment analysis of sequences under overlapping peaks in the 

two highest enriched samples, 1 and 2.

The top six motifs and their corresponding E-value are shown in (A), ranking from highest significance (motif 

1) to the least significant (motif 6). A visualization of motif location relative to the center is shown for the peaks 

that are found to be centrally enriched in (B). In the overlapping peaks, both the CACGTG (G-box) and GGCCC 

(TCP-binding motif) were centrally enriched. An overview of G-box and TCP-motifs in sample 1, sample 2 and the 

overlapping peaks between them is shown in (C) which shows a relatively high co-occurrence of both motifs. 
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Sample 1 Activated genes

1.8e-136

1.0e-120

2.3e-070

5.8e-056

2.6e-0.18

8.0e-0.15

Sample 1 Repressed genes

6.5e-097

1.4e-085

7.4e-071

9.6e-038

3.0e-0.15

2.2e-0.10

Sample 2 Activated genes

2.8e-132

9.3e-108

2.3e-045

8.8e-027

2.7e-0.25

3.0e-0.16

Sample 2 Repressed genes

6.1e-072

2.8e-071

1.1e-052

5.2e-034

7.4e-0.18

5.8e-012

A) B)
Sample 1 Sample 2

RNAseq 5529 5529
ChIP-seq 6119 5338

Overlap 2144 1901
UP 1201 1132

DOWN 943 769

%Overlap 35.04 35.61
%UP 56.02 59.55

%DOWN 43.98 40.45

C)

Supplemental Figure 2. MEME analysis on genes differentially expressed and enriched in ChIP-seq.

Enriched motifs in upregulated genes (A) versus downregulated genes (B) in both sample 1 and sample 2. An 

overview of the number of overlapping genes is shown in (C).
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Abstract

Floral organ identity specification and growth are two very distinct but intertwined processes. In 

this study we describe the physical interaction between the floral organ identity specifying MADS 

domain protein APETALA1 (AP1) and a member of the TCP transcription factor (TF) family, TCP5, 

previously described to be involved in petal growth. This interaction and other potentially interesting 

protein-interactions were identified by immunoprecipitation-based native protein complex isolation, 

using TCP5 as bait and followed by liquid chromatography-tandem MS (LC-MS/MS). Yeast two 

hybrid assays (Y2H) confirmed the identified AP1-TCP5 interaction. To determine the regions within 

the respective proteins and the exact amino acids vital for such an interaction, we created libraries of 

randomly mutagenized alleles for both AP1 and TCP5, by error prone PCR. Subsequently, the Y2H 

assay was performed to find ‘edgetic’ alleles in which only the interaction of AP1-TCP5 was disturbed, 

while the well-known heterodimeric interactions of AP1 with other MADS domain proteins were 

maintained. We show by screening six mutated AP1 alleles the potential of this approach. Finally, 

we describe the possibilities of this technique and we provide suggestions for several strategies to 

scale-up this assay and to continue it by further functional characterisation in planta.
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Introduction

One of the most quintessential characteristics of plants is their versatility in shape. Two 

genetically identical plants can show differences in leaf size and shape or can have different 

branching patterns, depending on growth conditions such as temperature (Hatfield and Prueger, 

2015), light intensity (Shirley, 1929) and planting density (Casal et al., 1986). Interestingly, it 

appears that flowers and their floral organs have instead a more predetermined shape and size, 

which are controlled by internal developmental cues, regardless of the environment (Weiss et al., 

2005). 

The final appearance of a flower is determined by several processes, of which the specification of 

floral organ identity and the following growth regulation and cell differentiation contribute most. 

The basic body plan of a flower consists of concentric whorls of sepals, petals, stamens and carpels, 

whose identity is determined by the combinatorial action of organ-identity genes, following the 

ABCE-model of flower development (Coen and Meyerowitz, 1991; Krizek and Fletcher, 2005). The 

distinct organ identities are specified by a unique combination of homeotic ‘A’, ‘B’, ‘C’ and ‘E’ gene 

activities within each whorl (Causier et al., 2010), where most ABCE genes encode members of the 

MADS domain class of transcription factors (TFs). 

The characteristics and biological processes determining the final organ size and shape differ for 

every type of floral organ. In the case of sepals, shape and size are inlfuenced by endoreduplication 

and the formation of giant cells scattered over this organ (Roeder et al., 2012). Petal morphology is 

regulated differently; their length is determined by cell elongation in the basal part, whereas the rate 

and direction of cell division determine the shape and size of the distal region (the blade) of the petal, 

which contains in Arabidopsis small and round conical cells (Hase et al., 2005; Irish, 2008).

Determining floral organ identity and the subsequent development and growth of the organ are two 

intertwined processes. It is known for instance that B-type floral organ identity mutants (e.g. the 

pistillata (pi) mutant, containing sepals instead of petals) have second whorl organs with the size 

and identity of a sepal (Bowman et al., 1989). Another well-known example is the agamous (ag) 

mutant, which produces petals instead of stamens. Again, these petals maintain a ‘normal’ petal size 

despite the fact that they develop in a different flower whorl (Bowman et al., 1989). These examples 

strengthen the hypothesis that floral organ size is tightly linked to organ identity. Furthermore, 

initial meristem size does not seem to affect the final organ size. An often used example in this 

case is the clavata (clv) mutant, which consists of a bigger floral meristem producing a higher 

carpel number, however the individual carpels maintain their ‘original’ size (Crone and Lord, 

1993). Another example of a possible link between floral organ identity genes and growth comes 

from complementation experiments with epidermal driven expression of several MADS box genes. 
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Expression of the B-type MADS box gene APETALA 3 (AP3) in ap3 mutants under the control of the 

epidermal layer-specific AtML1 promoter led to the complementation of organ size and shape, while 

organ identity was only partly reverted to wild type (Urbanus et al., 2010). Complementation of size 

and shape in this example may indicate a late function for MADS domain proteins in determining 

organ size and shape, besides their primary function as organ primordia identity specifying factors.

In this light, an interesting observation is the fact that some of the organ identity genes continue to be 

expressed throughout flower development, even though their function as identity specifying proteins 

takes place very early after the formation of the flower meristem (Alvarez-Buylla et al., 2010). For 

example,  expression of AP1 is first observed in emerging floral primordia where it specifies the 

floral meristem itself (Ferrándiz et al., 2000). Hereafter AP1 is involved in the specification of sepals 

and petals (Mandel et al., 1992). However, even at later stages of flower development, expression is 

maintained in the outer two whorls (Mandel et al., 1992; Gustafson-Brown et al., 1994). This has 

led to the hypothesis that the two processes, organ identity specification and growth regulation, is 

tightly linked by interactions between MADS domain proteins and proteins involved in flower organ 

growth and development (Dornelas et al., 2011). 

The link between the two processes of growth and identity can be established through several 

processes. For example by transcriptional regulation of growth regulatory genes by MADS domain 

proteins, or e.g. through the combinatorial activity of MADS domain proteins and growth regulatory 

proteins in a complex, regulating downstream targets.

Some of the key regulatory genes that control petal growth and development in Arabidopsis have 

previously been identified and are of interest in relation to the previously raised hypothesis. One 

such organ growth regulator is JAGGED (JAG), which has been shown to suppress premature cell-

cycle arrest in the distal part of an Arabidopsis petal (Dinneny et al., 2004; Schiessl et al., 2014). 

Furthermore, RABBIT EARS (RBE) is expressed in petal primordia, where it ensures cell proliferation 

in petal precursor cells (Takeda et al., 2004). Several other genes have been identified, including 

members of the TEOSYNTE BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) 

transcription factor family, of which specific members have been shown to act downstream of JAG  

(Schiessl et al., 2014) and RBE  (Huang and Irish, 2015). For one specific member of this family, 

TCP5, we have recently described a role of TCP5 in petal development (van Es et al., 2018). 

Previous research has shown a possible regulatory link between TCPs and ABC-class MADS domain 

proteins, and several TCP genes were identified as possible direct targets of AP1 (Wellmer et al., 2006) 

and SEP3 (Kaufmann et al., 2009). Furthermore, coexpression analyses revealed several TCP genes 

to be highly coexpressed with AP1 (Wellmer et al., 2006). Perhaps the most compelling argument for 

a combinatory role of MADS and TCP TFs in vivo was put forward by Kaufmann et al. (2009), who 

showed overrepresentation of a consensus TCP binding site next to the MADS-specific CArG-box in 



Characterizing a MADS-TCP interaction

109

C
ha

pt
er

 5

a genome-wide SEP3 target gene analysis. The latter results indicate a possible regulatory role for a 

MADS-TCP complex, although independent regulation by TCPs or MADS domain proteins binding 

in close vicinity to each other in the regulatory regions of their target genes is still an alternative. 

In this study, we describe the identification of a TCP5-AP1 protein interaction by immunoprecipitation-

based native protein complex isolation from inflorescence and young floral buds , followed by liquid 

chromatography-tandem MS (LC-MS/MS) and confirmed by reciprocal Y2H assays. We investigated 

the molecular determinants essential for this interaction, and studied a possible biological function 

of the observed MADS-TCP complex. 

Loss-of-function mutants of the floral organ identity genes result in identity changes at the beginning 

of organ development, masking a possible role of the identity genes at later developmental stages 

and therefore complicating functional analyses when TCP genes become active (Dornelas et al., 

2011). Consequently, genetic crosses of full knockout MADS and TCP mutants are ineffective in 

characterizing the possible biological function of such an interaction. We therefore intended to make 

use of so-called ‘edgetic’ alleles; alleles that lose interaction with a specific partner alone, rather than 

losing all or most of their interaction partners (Dreze et al., 2009). By characterising the edgetic 

alleles for AP1 and TCP5, the potential function of their specific interaction could be evaluated in 

vivo by complementation of a full knockout mutant with such an edgetic allele.

We used a method in which a library of random mutations was produced, in the open reading frame 

(ORF) of both AP1 and TCP5, by error-prone PCR (Gray et al., 2007). The encoded proteins were 

eventually tested for interaction capacities by Y2H. The use of a Y2H assay enabled identification of 

edgetic alleles. When the library of mutated ORFs is big enough, it also allows for the identification 

of mutations causing a loss of interaction, as well as obtaining information on the regions and 

specific protein domains that are essential for the interaction with particular proteins. Due to time 

constraints we didn’t manage to perform the large-scale screen, but preliminary screenings showed 

that several point mutations in AP1 caused a loss of interaction with TCP5 and/or with other known-

interactors.

Results

TCP5 in complex with floral organ identity MADS proteins

To test for interaction partners of TCP proteins in Arabidopsis inflorescences, we used plant lines 

expressing a TCP5 genomic construct including its native promoter linked to GFP as a C-terminal 

fusion (gTCP5-GFP) (van Es et al., 2018). We used the native promoter of TCP5, transcriptionally fused 

to GFP (pTCP5:GFP), as negative control. Protein complexes were isolated by immunoprecipitation 

(IP) using anti-GFP antibodies and characterized by LC-MS/MS, followed by label-free protein 
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quantification analysis (Smaczniak et al., 2012a,b). The use of pTCP5:GFP as negative control 

enabled us to detect and remove false positives from the IP done on gTCP5-GFP. Comparing relative 

protein abundance between the control and TCP5 sample allowed us to identify enriched proteins, 

which represent potential direct TCP5 interactors and protein complex partners (Figure 1). Striking 

was the finding of several MADS domain proteins as putative interaction partners of TCP5. The 

floral MADS domain proteins APETALA1 (AP1), APETALA3 (AP3) and SEPALLATA3 (SEP3) were 

identified. Next to this, TCP5 seems to interact with TCP10, a member of the JAW-clade of TCP 

TFs, and LEUNIG-HOMOLOG (LUH), KNOTTED-LIKE 3 (KNAT3) and PHYTOCHROME B were 

highly abundant as possible interaction partners of TCP5. 

Growth is thought to be regulated, at least partly, from the epidermal L1 layer (Savaldi-Goldstein et 

al., 2007). We used a previously published construct (van Es et al., 2018) where TCP5 was expressed 
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Figure 1. In planta TCP5 protein interaction profile in Arabidopsis inflorescences. 

Graph represents the normalized protein abundance ratio between gTCP5:GFP (TCP5pro:TCP5:GFP) and the 

TCP5pro:GFP control plotted against their significance. Significant protein abundance differences between sample 

and control at FDR < 0.01 (orange) or FDR < 0.05 (blue). Grey circles indicate non-significant hits. Several proteins 

are highlighted by label and a black dot. For a full list of potential TCP5 interaction partners, see Supplemental 

File 1.
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from the epidermis-specific AtML1 promoter and fused to a GFP-tag for the identification of epidermal 

specific interaction partners. Confocal microscopy analyses showed that in these transgenic plants 

TCP5-GFP signal was uniquely present in the epidermal layer. We found a large overlap between 

proteins found with this specific immunoprecipitation assay and the proteins identified in the 

previous IP for gTCP5-GFP (Supplemental Figure 1). Despite the fact that no precise quantification 

was done (i.e. comparing exact protein abundance between experiments), the number of peptides 

identified in both lists appeared to be rather high (104 of the 143 significantly enriched proteins were 

overlapping). Especially when focussing on the proteins highest enriched in both samples the overlap 

is striking (Supplemental Figure 1A and 1B). Note for example the presence of AP1, AP3 and SEP3, 

similar to the IP on gTCP5-GFP, as well as LUH, LYPOXIGENASE2 (LOX2) and PHYTOCHROME 

B (PHY-B).

Based on the outcomes of these native TCP5 protein complex isolations, we decided to use a targeted 

yeast-two-hybrid (Y2H) assay to test the interaction of TCP5 with all 109 MADS domain proteins 

(Figure 2). In this experiment the floral MADS domain proteins AP1 and SEP4 were identified 

as TCP5 partners, as well as several others, for example AGL12/XAL1, a MADS domain protein 

preferentially expressed in roots but also implicated in flowering (Tapia-Lopez et al., 2008). The 

interaction of AP1 with several TCP proteins, among which TCP5, was confirmed by a reciprocal 

Y2H experiment (Figure 2). Interesting to observe is the presence of all members of the JAW-D clade 

as interaction partners of AP1, which have previously also been found as specific interactors of TCP5 

in a Y2H assay (Danisman et al., 2013). TCP5 is known to be closely related to TCP13 and TCP17 

TCP18

TCP10

TCP19
TCP9

TCP23

TCP16

TCP11

TCP15

TCP1TCP3

TCP2 TCP7

TCP21

TCP4

TCP6

TCP24

TCP5

AGL16

SEP4

AGL61AGL65

AGL78

AGL66

AGL63
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AGL103
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Figure 2. Yeast-two-Hybrid results of the AP1 vs TCP screen and TCP5 vs MADS screen. 

Schematic overview of the interactions found in a targeted yeast-two-hybrid assay, in which 19 out of 24 Arabidopsis 

TCP proteins and 109 Arabidopsis MADS domain proteins were included. Interactions are indicated with grey 

lines, red indicates TCP proteins, green the MADS domain proteins. Note the presence of the full JAW-D clade 

of TCP TFs. Due to their high level of autoactivation, TCP8, -12, -14, -20, and -22 were not tested in this screen.
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(Efroni et al., 2008; Huang and Irish, 2015, van Es et al., 2018), but surprisingly, these are not found 

to interact with AP1 in the Y2H assays. 

The reason for not retrieving all the IP-identified potential TCP5-MADS domain protein partners 

by Y2H might be that some of these interactions are indirect and bridged by other MADS domain 

proteins. AP3 and SEP3 for instance are found in the IP, which could potentially be due to the fact 

that these MADS domain proteins form a higher order complex with AP1 and PI (Theissen and 

Saedler, 2001). 

Mutant allele library creation for AP1 and TCP5 full length alleles

We focussed on the AP1-TCP5 interaction and aimed to identify regions of specific importance 

for this interaction in both the AP1 and TCP5 coding regions. We would like to understand the 

role of this AP1-TCP5 interaction during floral organ development and particularly during petal 

development where both genes are highly expressed. As mentioned earlier, full knockout alleles 

of AP1 have a rather strong phenotype (Mandel et al., 1992), that has lost the petals in which the 

AP1-TCP5 interaction may occur and is functional in the wild type situation. Therefore, constructing 

a double ap1tcp5 mutant to see its effect on flower organ growth will not be effective. Instead we 

started with an in vitro  approach by which single nucleotide polymorphisms (SNPs) are introduced 

into the AP1 and TCP5 coding region by error-prone PCR. This method has proven useful in the 

identification of edgetic alleles (Dreze et al., 2009). We aimed to identify alleles of AP1 that lost 

specifically their interaction with TCP5, while maintaining their interaction ability with the other 

floral organ identity specifying MADS domain proteins (Figure 3). As the mutant library of AP1, 

created by error-prone PCR, will firstly be screened for non-interaction with TCP5 (and vice versa) in 

a Y2H assay, it is expected that the majority of the mutations causing a frameshift or stop codon will 

be detected. This would make the identification of rare alleles with single missense mutations more 

difficult, as the library will then be highly overrepresented with loss of function alleles (See Figure 

3). To avoid encountering those truncated alleles, we used a specific vector: pDONR-Express (Gray 

et al., 2007). This vector has Gateway sites that allow cloning the insert in frame with a kanamycin 

resistance (Kanr) gene. Therefore, the bacteria transformed with this plasmid will be kanamycin 

resistant only if the insert has an ATG and no premature stop codon or frameshift, leading to the 

expression of an [insert-Kanr] fusion protein. The use of this Gateway compatible plasmid also 

enables the use of pDEST22 and -32 bait and prey vectors for future interaction analysis by Y2H. 

The expression of the insert in pDONR-Express is driven by an IPTG-inducible promoter and by 

inserting the product of the error-prone PCR into the pDONR-Express vector, we have enriched the 

library for full-length alleles. Next, we are able to proceed to specific AD and BD containing vectors 

for yeast transformation and screen for mutants that lose a specific interaction (Figure 3).
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For the creation of the library of mutagenized AP1 and TCP5 genes, we used the lack of proofreading 

capacity of the Taq DNA polymerase. Thus, by carrying out a normal PCR to amplify the coding 

sequence of TCP5 and AP1, random mutations are introduced. Several methods have been described 

to increase the basal mutation rate of the Taq DNA polymerase, such as increasing the MgCl2 

concentration, increasing the extension time, varying the ratios of nucleotides in the reaction 

mixture or increasing the number of PCR cycles (Cadwell and Joyce, 1992). We found that varying 

the number of PCR cycles and using regular Taq polymerase was an effective method to introduce 

mutations in our genes. We determined the optimal number of PCR cycles for TCP5 and AP1, and 

found that 25 cycles mainly introduced single mutations for TCP5, whereas the number of double 

and triple mutations was limited. As AP1 is shorter than TCP5, we increased the number of cycles 

to 30 and found this to be a sufficient number to obtain (mainly) single mutations (using 25 cycles 

resulted in 90% of the sequenced PCR fragments to be wild type). Alleles with double or multiple 

mutations are not ideal for our approach as the causal SNP is harder to identify in the case of a loss of 

Wild Type Loss-of function 
mutant SNP mutant

**** * **

?

Wild Type Loss of function mutant SNP mutant

AP1 and CAL are meristem identity genes

ap1 cal

Col-0 S e p a l Peta l Stamen BractCarpels

Figure 3. Three protein-protein interaction scenarios. 

Shown are three possible interaction phenomena. In the case of a wild type protein (green ellipse) its interaction 

is shown with several proteins (red ellipse). In a full knock-out leading to a loss of function mutant all interactions 

are lost and the severity of the phenotype is exemplified by ap1-1. Our approach is shown on the right, where a SNP 

results in loss of only one interaction. The resulting phenotype is entirely dependent on the specific interaction loss. 

The figure is inspired by Dreze et al., (2009), ap1-1 mutant picture used from Nutt et al., (2006).
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interaction, and because a higher mutation frequency leads to a higher chance on premature STOP-

codons. An overview of the number of mutations, as well as the type (transition or transversion) is 

shown in Figure 4. As guideline, Gray et al. (2007) suggested the amount of required clones for proper 

allele coverage to be 1000–2000 times the number of codons (i.e., 256.000-512.000 clones for AP1 and 

360.000-720.000 for TCP5). We estimate to have reached, after transforming the pDONR-Express 

allele libraries in E. coli, 250.000 colonies for AP1, versus 260.000 colonies for TCP5, slightly fewer 

than suggested, though we believe sufficient variation will be obtained for a thorough analysis of the 

two alleles. 

Proof of principle: losing specific, though not all, interactions in AP1 mutants

After sequencing several clones to check for the mutation rate, we chose six AP1 mutants, each 

having one missense mutation (Figure 5A). Unfortunately, AP1.6 contained one silent mutation next 

to the missense, though we believe that to be of no effect for the interaction capacity of this allele. No 

premature STOP-codons were observed in the six mutant clones, confirming the ability of pDONR-

Express to screen against this (Dreze et al., 2009). The mutations are situated in different domains 

of AP1 (Krizek and Meyerowitz, 1996; Riechmann, 1996), for several of which their role in MADS-

MADS interactions have already been reported (Van Dijk et al., 2010, reviewed by Immink et al., 

2010). 

An overview of the mutations and their location in the respective MIKC-domains can be found in 

Figure 5C. This figure presents an initial version of an ‘atlas’ of ap1 alleles and their effect on protein-

protein interactions. The domains and their function during MADS-MADS protein interactions can 

be used as basis for MADS-TCP interaction characterization. For TCP5 a similar ‘atlas’ setup can be 

used though TCPs seem to have fewer conserved domains in their protein structure. All members of 

the TCP gene family share a 60 amino acid long conserved sequence, the TCP domain (Cubas et al., 

1999). Secondary structure prediction revealed that the TCP domain forms a basic region followed 

by two helices separated by a loop (Kosugi and Ohashi, 1997; Cubas, et al., 1999). Differences in this 

domain has led to the distinction of two separate classes of TCP proteins. The second class of TCPs 

Occurence Total #
T→C A→G 15 Sequenced No 1 2 3 4
C→T G→A 5 v1 9 3 5 1 0 0
T→G A→C 3 v2 15 10 3 2 0 0
G→T C→A 1 v1 17 9 4 3 0 1
T→A A→T 2 v2 13 5 6 2 0 0
G→C C→G 0

Number of mutations

Transition

Trasversion

Mutation Library

AP1

TCP5

Figure 4. The number and type of mutations resulting from error-prone PCR on AP1 and TCP5. Shown 

are the type of mutations determined after sequencing random PCR fragments of the libraries resulting from error-

prone PCR. Several individual clones from two independent libraries (v1 and v2) were sequenced.
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contains a 4-amino-acid insertion in the TCP domain and have an R-domain which is predicted to 

form a coiled coil that may mediate protein-protein interactions (Lupas et al., 1991).

In this study we identified several AP1 mutants which act as a showcase to demonstrate that the 

technique we used is suitable to determine specific regions and amino acids important for certain 

protein-protein interactions. The MADS domain (Figure 5C), where the AP1.1 mutation is situated, 

is crucial for DNA binding but is also involved in dimerization (Hayes et al., 1988, Riechmann and 

Meyerowitz, 1997). The Intervening (I)-region, where the AP1.2 and AP1.3 mutations are situated, 

and the K-box, where only the silent AP1.6 mutation is situated, are involved in dimerization 

specificity (Krizek and Meyerowitz, 1996). The C-terminal region, where the AP1.4, AP1.5 and AP1.6 

mutations are located has a role, together with the third α-helix of the K-box, in higher order complex 

formation (Egea-Cortines et al., 1999). 

To shed light on the effect of the SNPs on the interaction capabilities of the AP1 mutants, we 

performed a yeast-two-hybrid screen (Figure 5B). We used two MADS domain proteins known to 

interact with AP1 (SEP3 and SUPPRESSOR OF CONSTANS1 (SOC1)) and two known for their lack 

of interaction with AP1 ((SEEDSTICK (STK) and PI (de Folter et al., 2005)). Three different TCP 

proteins were used: TCP2, TCP4, and TCP5 as known interaction partners (Y2H in Figure 2). 

Interactions were tested with the AP1 mutants as prey, fused to the activating domain of GAL4 (AD) 

and the other proteins as baits, fused to the DNA binding domain of GAL4 (DB) and vice versa. The 

MADS domain protein SEP3 is known to be auto-activating in the GAL4-Y2H assay, so we made use 

of a previously reported SEP3 protein with a truncated C-terminus (SEP3ΔC, (Immink et al., 2009)). 

nt. pos. aa. pos. domain PI SEP3ΔC STK SOC1 TCP2 TCP4 TCP5 TCP14 TCP24
AP1 / / / - ++ - ++ +* +* + + -*

AP1.1 T110C V37A MADS box - ++ - ++ +* +* + + -*
AP1.2 T200G L67R I-region - - - - -* -* - +/- -*
AP1.3 T274C S92P I-region - ++ - ++ +* +* + + -*
AP1.4 A494G N165S C-terminal - + - + +* +* + + -*
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Figure 5. Small selection of six AP1 mutants. 

Sequencing revealed the nucleotide position and amino acid change of the mutations introduced by error-prone 

PCR in (A). A Y2H screen was done on four MADS-box proteins and three TCP proteins to check for a possible 

change in interaction pattern (B). Interactions scored as: - no interaction, + interaction in only one direction, ++ 

interaction in both directions, * interactions tested in only one direction. (C) shows a graphic representation of the 

mutations and their position in the different domains of AP1.
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The proteins TCP2 and TCP4 were only tested while fused to the AD domain as they are both known 

to have a certain level of auto-activation when used as baits (Danisman et al., 2013).

In this screen (Figure 5B), the wild type AP1 protein behaved as previously found. We found 

interaction for AP1 with SEP3ΔC, SOC1, TCP2, TCP4, and TCP5, whereas no interaction was 

observed between AP1 and PI or STK.  The three alleles AP1.1, AP1.3 and AP1.4 behaved exactly 

as wild type AP1, whereas the other ones showed deviations from the expected interaction patterns 

(Figure 5B). The interaction capacity of AP1.2 seems to have been lost completely. AP1.5 completely 

lost the interaction with TCP4 and TCP5 and lost interaction with SOC1 in one direction tested. 

AP1.6 only lost the interaction with TCP5. No gain of interaction was observed, although only two 

non-interacting transcription factors were tested. 

Discussion

Flower development is made up of tightly regulated processes, starting with floral meristem initiation, 

followed by organ identity specification and finally the control of final shape and size of these organs. 

In this study, we have tried to connect the two latter processes. During flower development, TCP5 

has a known role in cell growth and expansion during the development of petals (Van Es et al., 

2018). AP1 is known for its role as flower meristem determinant (Ferrándiz et al., 2000), and is, as a 

MADS floral organ identity gene, involved in the specification of sepal and petal identity (Mandel et 

al., 1992). Interestingly, AP1 expression is maintained throughout later stages of petal development 

(Mandel et al., 1992; Gustafson-Brown et al., 1994). This has led to the hypothesis that organ identity 

specification by MADS domain proteins and growth regulation by TCP proteins might be linked by 

interactions between the proteins involved in these processes (Dornelas et al., 2011). In Arabidopsis, 

the presence of an interaction and regulatory function of MADS domain proteins in combination 

with TCPs has been suggested by coexpression and ChIP-seq analysis on several MADS domain 

proteins (Wellmer et al., 2006; Kaufmann et al., 2009), though this in itself is no proof for a direct 

physical interaction. In rice, a functional MADS-TCP interaction has already been found in the form 

of an interaction between MADS domain protein OsMADS57 and the TCP protein OsTB1, a complex 

which is thought to modulate tillering in this species (Guo et al., 2013). 

Here we have confirmed that  a MADS-TCP interaction can take place in Arabidopsis as well. We 

have shown, by IP followed by LC-MS/MS the ability of TCP5 to interact with AP1 in planta. The 

AP1-TCP5 interaction was confirmed by a Y2H assay.

TCP5 as epidermal regulator of growth and development

We identified several interesting potential interaction partners for TCP5, among them the floral 
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MADS domain proteins APETALA1 (AP1), APETALA3 (AP3) and SEPALLATA3 (SEP3) using IP-

LC/MS on whole inflorescences. Next to this, TCP5 seems to interact with TCP10, a member of 

the JAW-clade of TCP TFs which confirms previous Y2H data (Danisman et al., 2013). We also 

found LEUNIG-HOMOLOG (LUH) and KNOTTED-LIKE 3 (KNAT3) as putative TCP5 interaction 

partners. Interestingly, these proteins have previously been identified as complex partners of several 

MADS domain proteins, including AP1 (Smaczniak et al., 2012), suggesting the presence of higher 

order TCP5-AP1-LUH/KNAT3 complexes. Furthermore, KNAT3 was found in Y3H as a direct 

interaction partner of the floral MADS dimers AP1/SEP4 and AP1/SEP3 (Smaczniak et al., 2012), 

allowing for the presence of a TCP5-AP1-SEP3-KNAT/LUH complex. 

We have recently shown that overexpressing TCP5 in the epidermal layer results in growth-related 

phenotypes comparable to those of lines constitutively overexpressing TCP5 (Van Es et al., 2018). 

We expressed TCP5-GFP fusion driven by the epidermis-specific AtML1 promoter (resulting in 

ATML1pro:TCP5-GFP ) for the identification of epidermal specific interaction partners and found petal 

phenotypes similar to the 35Spro:TCP5 phenotypes published previously (Huang and Irish, 2015). We 

used the same epidermal overexpression mutant line for Co-IP and found a highly similar pattern 

of interaction partners when comparing the list with the natively expressed TCP5 (Supplemental 

Figure 1). 

Control of organ growth is mediated to a large extent by the epidermal L1 cell layer (Savaldi-Goldstein 

et al., 2007). In this respect, the presence of AP1, AP3 and SEP3 in the IP done on ATML1pro:TCP5-

GFP, as well as in the IP on gTCP5:GFP, suggests a role of these specific TCP5-MADS complex(es) 

in petal size determination. Even though petals derive from both L1 and L2 layers of the floral 

meristem (Jenik and Irish, 2000), the fact that the interacting proteins show such a high overlap 

suggests a specific growth regulatory function for TCP5, in, and coordinated from, the epidermis. 

This growth regulatory role could be executed in concert with AP1 and other MADS domain proteins.

Library creation and validation of edgetic alleles

This study aimed to identify edgetic alleles that have lost a specific interaction only, while retaining 

other interactions. We used an error-prone PCR to produce libraries of alleles with single nucleotide 

polymorphisms and found, quite surprisingly, that without changing anything to our usual PCR 

conditions but only the amount of cycles, the mutation rate seems high enough to create a library for 

mutant alleles of both AP1 and TCP5 composed of zero, one and two mutations per gene. 

We performed an initial screen on six AP1 mutants and by Y2H assay we found that the AP1.6 

mutant loses interaction with TCP5 alone compared to the wild type AP1 protein. Although only six 

mutants were identified in this first screen, we believe it to be a proper strategy as ‘proof of principle’. 

We therefore recommend proceeding with a large-scale screen and further interaction analysis. 
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Ultimately, by characterising a whole library of ‘edgetic’ alleles, we hope to create an extensive map 

of both AP1 and TCP5 mutants in which regions can be identified specifically vital for the interaction 

between certain types of proteins. 

Characterisation of vital domains for the MADS-TCP interaction

MADS domain proteins contain four domains (MIKC, reviewed by Immink et al., 2010) and our 

approach enabled us to identify regions within these domains specific for the AP1-TCP5 interaction. 

Screening the allele libraries against other TF proteins enables us to pinpoint the exact amino acids 

vital for certain interactions. Our results show that, although preliminary, the complete loss of 

interactions in the AP1.2 mutant by the L67R mutation might have been caused by a misfolding of 

the AP1 protein, which abolishes AP1 interactions completely. This might illustrate the importance of 

the I-region for protein-protein interactions. Alternatively, the Y2H results with the L67R mutation 

could indicate that this amino acid is vital for the tested protein-protein interactions. The latter is 

supported by the prediction that this amino acid plays a role in interaction specificity between AP1 

and other MADS domain proteins (Van Dijk et al., 2010). 

Next to the I-region, also the K-box is thought to be involved in MADS protein dimerization 

specificity. The K-box domain is named as such since it is structurally resembling the coiled-coil 

domain of keratin, and is supposed to fold into amphipathic α-helixes with regularly spaced Leucine 

residues (Ma et al., 1991). The presence of two consecutive helixes has been confirmed by resolving 

the SEP3 K-domain crystal structure (Puranik et al., 2014). Based on this combined knowledge, we 

would be able to predict the effect of our mutations on helix stability by analysing the coiled-coil 

probability and the Leucine repeat pattern. Unfortunately, the only mutation within the K-box of 

AP1 characterised so far is the silent P122P mutation in the AP1.6 allele. Next to the silent mutation 

this allele contained a mutation in the C-terminus (L241P) most likely to cause the observed loss 

of interaction with TCP5. Interestingly, it seems that the C-terminus is of special importance in 

the AP1-TCP5 interaction as both AP1.5 and AP1.6 mutants loose interaction with TCP5 alone. 

This could suggest that the TCP5 interaction domain is situated in the C-terminus of AP1. A 

higher density of SNPs in this region should allow us to pinpoint the exact region essential for the 

interaction. Finally, when a comprehensive edgetic mutant allele atlas is available, this approach of 

prediction and confirmation of interaction regions would be a useful tool in finding the underlying 

cause for a loss or gain of interaction. 

Approach and speculations on the biological role of a MADS-TCP interaction

From an evolutionary perspective, the hypothesis that MADS-TCP protein-protein interaction serve 

as link between floral organ identity and growth is strengthened by the fact that the duplication 
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event of the CYCLOIDEA-like TCPs almost corresponded with duplication events of floral identity 

MADS box genes AGAMOUS, SEPALLATA and APETALA3  (Howarth and Donoghue, 2006). This 

in itself is no proof for a shared function however, but, as nicely put by Danisman (2016), it does 

suggest that the genetic components important for floral organ identity diversified at a similar time 

as the components that are important for their growth regulation. 

By complementing a full knockout mutant with an edgetic allele that complements all but one 

interaction we hope to show the function of this interaction in planta. It must be noted that TCPs are 

thought to be highly redundant and single tcp mutant phenotypes are usually very minor or absent 

(Danisman et al., 2013). This would suggest that a specific loss of interaction would be very hard 

to characterize and suggests the use of an ap1 mutant that has lost the interaction with a group of 

closely related TCPs. One can for example select an ap1 mutant that is e.g. no longer able to interact 

with the whole clade of CIN-TCPs and choose this allele to complement the full knockout ap1-1. 

Alternatively, a mutation similar or identical to AP1.5 or AP1.6 that has lost the capacity to interact 

with TCP5 can be created by CRISPR-CAS9 mutagenesis in planta, preferably by base editing using 

dCAS9-cytidine deaminase (Zong et al., 2017).   

A major bottleneck of this method must be noted however, and is related to the limitations of the Y2H 

assay. From the preliminary screen of AP1 mutants described above we might conclude that AP1.5 or 

AP1.6 are the ideal candidates to complement the ap1-1 full knockout or to mimic by a base editing 

approach as it loses interaction with TCP5 alone (Figure 5). The yeast screen however does not 

reveal possible changes of interaction capacities with other proteins which will inevitably complicate 

functional analysis in planta. The larger the initial screen, the more information on interaction 

partners is gained. One way to partially overcome this problem is to start with a screen that contains 

the most interesting and/or important interaction partners and use this screen for further studies. 

Next a large-scale TF-library screen can be performed on these candidates. It must be noted that 

Y2H as a screening method is limited and will not detect higher order complexes and therefore 

missing loss or gain of ternary interactions. More elaborate Y3H and Y4H systems are available 

and might prove useful in unravelling the complete picture, though one is recommended to start by 

testing all binary interactions between the proteins of interest by Y2H (de Folter and Immink, 2011).

Concluding remarks

This study has proven, by IP followed by LC-MS/MS, the ability of TCP5 to interact with AP1 in 

planta. This interaction was confirmed by a Y2H assay, supporting the postulated hypothesis that 

MADS domain and TCP proteins interact in petals (Dornelas et al., 2011). We further present a 

method to unravel the precise mode of interaction and a strategy to unveil the potential biological 

function. Starting by the error-prone approach to create  ‘edgetic’ alleles and testing the protein-
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protein interaction capacities of these alleles, we might be able to identify regions in TCP5 and AP1 

responsible for this particular interaction. This method promises to be an ideal method to investigate 

certain protein-protein interactions in vitro but also in planta by overexpressing or creating the same 

alleles in vivo.

Materials and methods

Yeast-two-Hybrid assays

Protein-protein interactions between MADS and TCP proteins were analysed in a pairwise yeast two-

hybrid GAL4 assay (de Folter et al., 2005). Bait vectors were transformed into yeast strain PJ69-4α, 

and the TCP5 or AP1 prey vector was transformed into yeast strain PJ69-4a (James et al., 1996). The 

individual transformants were grown in liquid synthetic dropout (SD) medium lacking Leu and Trp, 

respectively. These overnight cultures were mated by spotting 5 mL of liquid culture of both colonies 

containing the bait and the prey vector on SD complete plates. After overnight incubation, yeast was 

transferred to freshly prepared SD plates lacking Leu and Trp, selecting for diploid yeast containing 

both plasmids. In the last step, the mated yeast strains were transferred on SD medium lacking Leu, 

Trp, and Ade or lacking Leu, Trp, and His, supplemented with 5 or 10 mM 3-amino-1,2,4-triazole 

(3-AT), respectively. Protein-protein interaction events were identified as growth of yeast, which 

was scored after 7 days of incubation at 20°C. Auto-activation capacity was determined beforehand 

for the baits by testing for growth of the single bait transformants on selective SD medium for the 

His and Ade -markers. All Y2H experiments were conducted in duplicate and interaction was only 

concluded when growth was found in both independent experiments. 

Immunoprecipitation followed by LC-MS/MS

Seeds of the TCP5pro:TCP5:GFP, TCP5pro:GFP, ATML1pro:TCP5:GFP and Col-0 wild type lines were 

sown on wet Rockwool® blocks and placed in a cold room (4°C) for stratification. After two days 

of stratification, trays were moved to a growth chamber where the plants were grown under long 

day conditions (16h light / 8h dark) at 22°C under a relative humidity of 70%.  After induction 

of flowering, whole inflorescences were isolated from plants and subjected to immunoprecipitation 

(IP) as described previously (Smaczniak, Li, et al., 2012; Jamge et al., 2018) using 0.75g of plant 

tissue for three biological replicates. The protocol was optimised for TCP proteins and differed from 

the published protocols only in the use of Nonidet P-40 substitute (Roche) instead of using SDS as 

detergent (as suggested by Jamge et al., 2018). 

The LC-MS/MS data generated was analysed with the MaxQuant software package, a freely available 

tool for protein identification and quantification (Cox and Mann, 2008). Further analysis was done on 
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the Perseus software, part of MaxQuant, where missing LFQ values were imputed with a normalized 

artificial abundance background value (Hubner et al., 2010).

Mutant allele library creation for AP1 and TCP5 full length alleles

The following protocol was identical for the construction of TCP5 and AP1 mutant libraries, unless 

otherwise stated. The coding sequences were isolated from cDNA and cloned separately into 

pGEM®-T Easy according to the manufacturer’s instructions (Promega). The use of purified plasmid 

with either TCP5 or AP1, rather than cDNA, ensured an effective error-prone PCR. To check for 

correct starting material, vectors were sequenced with M13 forward and reverse primers. PAGE-

purified, attB-flanked gene specific primers were used for the following error-prone PCR with Taq 

polymerase:  94°C for 4 min followed by 30 or 25 cycles (AP1 and TCP5 respectively) of 94°C for 30 

sec, 64°C for 30 sec followed by 72°C (1 min for AP1 and 1.5 min for TCP5) ending with 7 min of 72°C. 

The products were then incubated at 12°C. 

The library of PCR products were purified using the NucleoSpin PCR Clean-up Kit (Bioké) 

after which the library was cloned into fresh pDONR-Express by BP reaction. To obtain higher 

transformation efficiency, 7 BP reactions were pooled and transformed in E. coli DH5α after which 

they were plated on LB containing kanamycin as selection marker and 1 mM of IPTG as inducer of 

expression. The concentration of kanamycin was chosen as such that no background growth appears 

on plates independent of IPTG induction (Gray et al., 2007). For AP1 the kanamycin concentration 

was found sufficient at 25 µg/ml whereas 7.5 µg/ml was sufficient for the TCP5 library. 

The next step was isolating pDONR-Express that, after growth on kanamycin selection, contained 

only full-length alleles of either AP1 or TCP5. Colonies were scraped from LB plates after adding 

3 mL of liquid LB and the suspension collected in buckets for Midiprep isolation according to the 

manufacturer’s instructions (Qiagen®). Each bucket contained scraped colonies from 10 plates 

(as not to exceed 150.000 colonies per midiprep reaction) and after plasmid isolation the DNA was 

resuspended in Tris buffer and the samples were pooled per library.

Purified pDONR-Express plasmid with allele libraries of AP1 and TCP5 were then transformed 

in freshly prepared pDEST22 (Invitrogen) by LR reaction. Again, to obtain higher transformation 

efficiency, 7 LR reactions were pooled and transformed in E. coli DH5α after which they were plated 

on LB containing carbenicillin as selection marker.

After overnight growth, 20 colonies of both pDEST22:AP1 and pDEST22:TCP5 were isolated and 

subject to sequencing to check for mutation rate (see following paragraph). All other plasmids were 

isolated using the midiprep protocol as described above to be used for further transformation in yeast 

for the Y2H screen.
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Library check and proving the principle of edgetic alleles

As mentioned above, plasmids of 20 single colonies of both the AP1 and TCP5 library were isolated 

and sequenced to get an idea on the mutation rate. Polymorphisms were identified by aligning the 

sequenced ORFs against that of wild type TCP5 and AP1 obtained through TAIR. Of the identified 

AP1 clones, seven, including an unaffected AP1 clone used as wild-type, were tested for interaction 

against several MADS and TCP proteins. The Y2H setup was done as described in the paragraph 

‘Yeast-two-Hybrid assays’ above. 
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Supplemental Figure 1. In planta TCP5 protein interaction profile in Arabidopsis inflorescences, the 

overlap. Graphs represent the normalized protein abundance ratio between gTCP5:GFP (TCP5pro:TCP5:GFP) and 

the TCP5pro:GFP control in (A), ATML1pro:TCP5:GFP and the Col-0 control in (B) plotted against their significance.  

The overlapping proteins identified in the ATML1pro:TCP5:GFP IP plotted on the graph of gTCP5:GFP is shown in 

(C) by blue circles with a white center. In (A) and (B): significant protein abundance differences between sample 

and control at FDR < 0.01 (orange) or FDR < 0.05 (blue), grey circles indicate non-significant hits. Several proteins 

are highlighted by label and a black dot. See Supplemental File 1 for a full list of TCP5 interaction partners 

resulting from both gTCP5:GFP as well as ATML1pro:TCP5:GFP protein complex identification.
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TCPs, ‘Terribly Challenging Proteins’

The plant-specific family of TCP proteins has been first described in 1999 (Cubas et al., 1999) 

and during the course of almost two decades, a wealth of knowledge has been gained in the precise 

role and function of some members of this transcription factor (TF) family in plant development 

and other processes (excellently reviewed by, among others, Martín-Trillo and Cubas, 2010; Uberti 

Manassero et al., 2013; Nicolas and Cubas, 2015, 2016; Danisman, 2016). With this thesis I have 

tried to expand the available knowledge on TCP TFs, the processes in which they are involved and 

the unique properties of TCP proteins. In this final chapter I will put my findings in perspective and 

propose suggestions for future research.

The family of TCP TFs is very variable in their function, shown by the variety of phenotypes of 

different tcp mutants. For plant breeders, this family is also of great interest for application purposes 

as its members have key functions in agronomical important traits in crop species such as maize 

(Doebley et al., 1995; Doebley et al., 1997), rice (Takeda et al., 2003), tomato (Ori et al., 2007) and 

barley (Liller et al., 2015), a fact I have elaborated upon in the introduction (Chapter 1). Besides 

the initially identified core functions in plant development, TCP genes appear to act  in many more 

processes, ranging from pathogen susceptibility to nutrient and hormonal signalling, aspects that 

I will elaborate upon in this final chapter. Due to their multifaceted functionality and existing 

functional redundancy, revealing the exact roles and functions of individual TCP proteins in a plant’s 

life cycle is incredibly complicated and challenging. 

Two classes of TCPs, black and white or several shades of grey?

Historically, the TCP family of transcription factors has been divided into two classes based on 

sequence characteristics (Cubas et al., 1999). TCP genes belonging to these two classes were 

hypothesized to act antagonistically, either by promoting cell growth and proliferation (class I) or 

through the repression of these processes (class II) (Martín-Trillo and Cubas, 2010). The division 

based on sequence characteristics is solid; however, the division into two classes with distinct and 

opposing functions deserves a closer look. Currently, only TCP4 and TCP20 have been described as 

having some antagonistic biological functions (Danisman et al., 2012). Hence, the universality of this 

functional division of the plant TCP transcription factor family is questionable. To understand the 

function and phenotypic consequences of TCP mutants, I started this research with a comprehensive 

phenotyping analysis of a set of Arabidopsis TCP mutants during plant development. In this study 

I studied the effect on plant growth, architecture and seed yield characteristics of single and higher-

order TCP mutants (Chapter 2). We created a mathematical equation that describes the growth 

curve of the analysed plants using four different parameters (β1-β4) and were able to reconstruct the 

growth pattern of the different mutants. This provided a unique dataset allowing a detailed look at 
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growth characteristics of the plants mutated in TCPs of the two proposed antagonistically operating 

classes. Interestingly. we have shown that during development, plants mutated for class I TCPs 

(e.g. tcp8 and tcp15), as well as plants mutated for specific class II TCPs (e.g. tcp5 and brc1), show a 

similarly altered growth pattern with a significantly increased β1 and β3 compared to wild type plants. 

Additionally, analysis of plant architecture revealed similar changes in branching irrespective of 

whether the mutation was in a class I or class II TCP gene, an increase in branching was observed 

in both the tcp20tcp22 double mutant (class I) as well as the brc1brc2 double mutant (class II). 

Interestingly, we also observed a reduction in the number of branches in jaw-D and tcp14tcp15 

mutants (class II and class I respectively). Furthermore, mutants of different TCPs belonging to 

either class showed similar effects on seed characteristics (seed number, and weight per plant): a 

reduction in these characteristics was observed irrespective of the class (see figure 3 in Chapter 2 

for details). 

The above discussed similarities in phenotypes suggest at least overlapping biological functions for 

proteins of both TCP classes and question the strict division in two antagonistically functioning 

classes. Nevertheless, it should be noted that the underlying cellular and molecular processes were 

not studied in this particular study. It is possible that a similar effect on whole plant level (an 

increase in e.g. leaf size) can be accomplished by different cellular processes such as an increase in 

cell size or in cell number. Therefore, coupling the cellular phenotypes and molecular responses to 

the plant growth parameters will be essential to provide full insight into the proposed antagonistic 

behaviour, or lack thereof, of class I and class II TCPs. 

The expanding world of TCP functions and their involvement in hormonal pathways

Because of the observed phenotypes in tcp mutants in plant growth and development, TCPs have 

long been implicated in the direct regulation of cell proliferation. Next to this, the ‘P’ in the family 

name is derived from PCF1 and PCF2, two rice (Oryza sativa) genes known to bind the promoter 

of PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA), controlling cell cycle in meristems as 

well as DNA synthesis and repair (Kosugi and Ohashi, 1997), strengthening the hypothesised direct 

functioning in the regulation of cell proliferation. However, as of recent, more and more TCP proteins 

have been shown to primarily regulate genes involved in hormone biosynthesis and signalling 

(reviewed by (Nicolas and Cubas, 2016) and cell proliferation might be controlled indirectly as a 

downstream target of this hormonal regulation, leading to the observed phenotypes. In this thesis, 

I have both confirmed and strengthened this latter hypothesis by demonstrating that BRC1 is able 

to regulate abscisic acid (ABA) biosynthesis and signalling through direct binding of regulatory 

sequences of several ABA biosynthesis and signalling genes. Next to this, two Cytokinin (CK) 

oxidases and several CK signalling genes seem to be directly regulated by BRC1 (Chapter 4).
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Furthermore, I have shown that TCP5 is able to bind the ethylene biosynthesis gene ACS2 in 

its promoter, thereby providing an explanation for its observed repression upon TCP5 induction 

(Chapter 3 and van Es et al., 2018). Overexpression of ACS2 was observed in a tcp5 tcp13 tcp17 loss-

of-function mutant and its phenotype could be rescued by application of the ethylene inhibitor STS. 

The observed (de)regulation of the hormones ABA, CK and ethylene provide a neat explanation of 

the observed phenotypes in the tcp mutant plants studied. The regulatory role of BRC1 on ABA 

biosynthesis has been reported previously (González-Grandío et al., 2017), but the comprehensive 

genome-wide ChIP experiment, coupled with transcriptome analysis by RNA-seq, revealed the 

number of ABA-related genes as direct targets of BRC1, and showed which ABA biosynthesis genes 

are bound by BRC1. ABA has been implicated in the direct control of cell cycle genes in algae by 

blocking the G1 to S transition (Kobayashi et al., 2016) and by directly repressing cell cycle genes 

in dormant buds in grapevine (Vinis vinefera, Vergara et al., 2017). Next to this, plants defective in 

ABA biosynthesis show an increased branching phenotype (Reddy et al., 2013; Yao and Finlayson, 

2015; González-Grandío et al., 2017) and exogenous application of ABA inhibits branching (Chatfield 

et al., 2000; Holalu and Finlayson, 2017). The newly found regulation of CK by BRC1 is in accordance 

with the role of CK as promoter of axillary bud outgrowth (Dun et al., 2012), probably through direct 

regulation of  cell proliferation and cell cycle progression (Werner et al., 2003). Nevertheless, further 

research is necessary to unravel the exact role of BRC1 in this hormonal regulatory network. The 

arguments above beautifully explain the observed lack in axillary bud outgrowth through enhanced 

ABA biosynthesis and possible reduced CK accumulation by BRC1 activity (Chapter 4 of this thesis). 

Altogether the examples above provide evidence for indirect regulation of cell cycle genes by specific 

members of the TCP TF family via hormonal signalling, besides the few published examples of direct 

cell cycle gene targeting. 

Ethylene has previously been shown to influence cell size and shapes in petals of rose (Rosa hybrid)  

and Arabidopsis (Pei et al., 2013). The exact mode of action of ethylene on influencing cell size is not 

yet fully understood. Several NAC transcription factors are targeted by ethylene signal transduction 

proteins, and this has been shown to be a mechanism underlying cell elongation in waterlogged 

petioles (Rauf et al., 2013). Our data showed deregulation of several NAC TFs upon TCP5 induction 

mainly in the later time point (T2-8, Chapter 3), indicating that the deregulation of these NAC 

TFs is likely caused by the inhibition of ethylene biosynthesis by TCP5. A recent paper showed the 

interaction between two ethylene activated TFs and two genes involved in root hair elongation. That 

study showed that the transcriptional complex consisting of EIN3/EIL1 and RHD6/RSL1 control 

root hair initiation and elongation (Feng et al., 2017). Yet another, very exciting mode of action of 

ethylene is its observed effect on microtubule orientation (Le et al., 2004; Plett et al., 2009; Ma et al., 

2018), thereby influencing cell elongation and elongation direction. Interestingly, microtubules have 
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recently been linked to the establishment of conical cell shape in the Arabidopsis petal (Ren et al., 

2017), a characteristic affected in our TCP5 mutants as well (van Es et al., 2018). 

The cases presented in this thesis, TCP5 directly controlling ethylene biosynthesis and BRC1 as 

regulator of ABA biosynthesis and CK accumulation, perfectly corroborates the emerging view of 

TCPs as key hormonal regulators. It has been proposed that virtually every aspect of plant growth 

and development is controlled by one or more hormones (Gray, 2004) and it therefore might be 

not too much of a surprise that many members of a gene family known for their roles in plant 

development (Cubas et al., 1999; Martín-Trillo and Cubas, 2010) are found to be linked to hormonal 

regulation. Next to our work on TCP5, a recent paper on the closely related TCP17 protein showed 

its involvement in the biosynthesis of auxin (Zhou et al., 2017) and auxin signalling related genes 

were also found overrepresented in our study on the functioning of TCP5. Because ethylene is known 

to be involved in a feedback mechanism with auxin (Rai et al., 2015), the bigger and exact regulatory 

network will be a challenging endeavour to uncover. However, as is obvious from our recent addition 

of TCP5 as direct regulator of ethylene to the list of TCPs involved in hormone biosynthesis, we are 

probably far from the complete picture. Hence, it will be an interesting line of research to characterise 

all possible links of TCPs with hormones.

Unravelling the cell type specific action of TCP proteins

The observed enrichment in the ChIP-qPCR of TCP5 binding the ACS2 promoter was rather limited, 

but it must be noted that the cellular phenotypes and the rescue of the knock out phenotype by 

STS application were observed in petal tissue only, whereas practical considerations forced us to 

perform the ChIP on whole inflorescences. The same restriction holds for BRC1, which was induced 

for the ChIP and expression studies in a constitutive manner, but which has its native expression 

in axillary buds only. Though, technically it is challenging and complicated to perform the various 

molecular analyses with specific tissue or cellular precision. Consequently, the magnitude of the 

observed enrichments in our experiments might be strongly reduced and other potential targets 

might have been missed due to these technical constrains. To overcome these issues, isolating specific 

cell types would allow us to look at certain processes more closely. Techniques such as INTACT (Deal 

and Henikoff, 2010),  fluorescence-activated cell sorting (FACS) (Birnbaum et al., 2005) and laser 

capture microdissection of specific tissues (LCM) (Kerk et al., 2003) have been around for some time 

and might be of interest for future use. Their use will be of great value in unravelling cell specific 

functions of TCPs, in meristematic tissue, axillary buds or specific cell types in, for example, the 

Arabidopsis petal.
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Binding site properties of TCP proteins

There have been a number of previous studies on preferred DNA binding sites of TCP TFs and based 

on these in vitro experiments the consensus-binding site of class I TCPs was defined by the sequence 

GTGGGNCC, whereas class II proteins showed a preference for the sequence GTGGNCCC (Kosugi 

and Ohashi, 2002; Schommer et al., 2008; Viola et al., 2011). In our comprehensive in vivo ChIP-seq 

experiment for the class II TCP protein BRC1 we found a strong overrepresentation of the motif 

GDCCCA, yet another putative binding site. Inspired by this observation, we rethought the definition 

of specific class I and class II TCP consensus binding sites. It seems that no strict division in classes 

can be made, as most likely every TCP has its own preferred binding sequence, independent of 

class. Interestingly though, the dichotomy in binding sites for both classes is rather strong in the in 

vitro analysis, whereas our in vivo ChIP-seq and the experiment described by O’Malley et al., (2016) 

questions this strict division. It should be noted that TCP transcription factors are able to form 

dimers, even between class I and II, each with slightly different binding preferences (Danisman et 

al., 2013). Interestingly, class II TCPs preferably interact with TCPs of the same class. Alternatively, 

TCPs could bind DNA together with other specific interaction partners, thereby regulating gene 

expression and gaining different binding specificities. Depending on the coexpression of a certain 

TCP and such an interaction partner, for instance a floral organ specific MADS domain protein (see 

Chapter 5), preferred binding specificity and hence target gene selection would be variable in time 

and place dependent on the overlap in expression. An interesting and worthwhile approach might 

be EMSA experiments in which putative interaction partners  of TCPs can be combined to check for 

cooperative DNA binding and changes in binding site specificity. This will yield information about 

interaction capacities, as well as provide the opportunity to play around with different binding sites, 

possibly elucidating the conundrum of the role and function of the two classes of TCPs.

Another interesting and related hypothesis is that TCPs from both classes can regulate the same 

process antagonistically, by for instance competing for the same binding sites. However, competition 

between Class I and II TCP TFs for the same binding site has been described as a possible molecular 

mode of action for TCPs (Li et al., 2005), but could not be confirmed in the TCP4 and TCP20 regulation 

of JA biosynthesis through binding the promoter of LOX2, a JA biosynthesis gene (Schommer et al., 

2008; Danisman et al., 2012). In these studies, TCP4 and TCP20 were found to bind different regions 

in the LOX2 promoter. However, physical hindrance of adjacent binding sites or effects on chromatin 

confirmation (Liu and Weigel, 2015) due to binding by a particular TCP cannot be ruled out and 

might be part of the underlying molecular mechanism.

Novel interaction partners of TCP5 during flower development

Flower development consists of processes determining organ identity followed by processes governing 
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cell growth and differentiation. Previous research has shown that these processes are tightly linked 

and that proteins involved in floral organ identity specification might be of vital importance during 

later processes as well. We have confirmed in Chapter 5 that MADS domain proteins, historically 

known for their role in organ identity, are able to interact with TCP proteins, regulators of cell 

growth and expansion, a hypothesis first postulated by Dornelas et al. (2011). 

Several protein complex isolations on MADS domain proteins have been performed and published (for 

example Smaczniak et al., 2012a, 2012b), however in these complexes, TCPs have never been found. 

This might be due to the specific developmental stage in which the experiments were conducted. 

If, for example, the MADS-TCP interaction is of particular importance during later stages of floral 

organ development, then an immunoprecipitation aimed at identifying interaction partners of MADS 

domain proteins during the establishment of organ identity will fail to reveal interactions present 

at later stages. Immunoprecipitation assays during later stages of flower development, preferably 

with tissue in which an overlap in expression is expected, might lead to the identification of TCP 

interaction partners of MADS domain proteins. This might provide an explanation why at least 

at mRNA expression level, for example AP1 is present during these late stages of development, as 

opposed to the early developmental stages where it exerts its well-known role as organ identity gene. 

An interesting follow up to investigate the possible biological role of the MADS-TCP interaction has 

been described in Chapter 5. Another in vitro approach would be to check for cooperative binding by 

electrophoretic mobility shift assays (EMSA). By EMSA we could try to unravel the function of closely 

located MADS and TCP binding sites in the genome, as observed for example by Kaufmann et al., 

(2009). This would be a first step in studying the effects of MADS-TCP complexes on DNA binding. 

Binding sites preferentially bound by a combination of MADS domain proteins and TCPs could then 

be analysed on their genome-wide distribution and their vicinity to genes, allowing speculation 

on the functions of such specific complexes. A genetic approach to study the role of MADS-TCP 

interactions is described in Chapter 5, where I present a mutagenesis approach to manipulate the 

interaction between MADS and TCP proteins in order to specifically impair this interaction, but 

leaving the intra-family interactions intact. If such mutations can be created in vivo by e.g. CRISPR/

CAS9 via base-editing, then we would be able to understand the role of MADS-TCP interaction in 

floral organ development.  

Sticky proteins, omnipresent or simply imperative?

TCP proteins are notoriously sticky, i.e. they show-up regularly in for example yeast two-hybrid 

(Y2H) screens. Though it is debatable whether or not to use the term ‘sticky’. TCP TFs are expressed 

throughout the plant, mutants show a wide variety of phenotypes, and TCPs seem to be involved 

in a plethora of biological and molecular processes. A similar paradigm: drive anywhere in the 



Chapter 6

132

Netherlands and you will come across quite a number of Volkswagen cars, not because they are 

following you, but because they are among the most widely sold automobiles. The same might hold 

for TCPs, they pop-up in a large number of screens, probably just because they are widely expressed 

throughout the plant and involved in so many processes. A number of TCP proteins was for example 

identified as interactor of various pathogen effector proteins (Weßling et al., 2014), among which 

TCP14 stands out and therefore is seen as network hub. I will elaborate further on the possible 

biological relevance of this observation in one of the next paragraphs. Furthermore, besides these 

interactions and the interactions with other type of TFs, association with proteins may modulate 

TCP’s molecular functioning. A nice example is the proposed conjugation with Small Ubiquitin-like 

Modifier (SUMO), which can affect e.g. the localization and stability of nuclear proteins (Mazur et 

al., 2017). However, to prevent that the abovementioned omnipresence in different large-scale Y2H 

assays reflects mainly false positives, one might be aided by several other in vitro and in planta 

experiments to confirm the wealth of identified possible TCP protein-protein interactions. 

Plant development as yield determining factor

Increasing yield, in form of seeds, fruits, leaves or tubers, has been a driving force behind plant 

breeding since the dawn of agriculture. We tried, by phenotyping a large set of TCP mutants, to 

uncover possible correlations between developmental factors and final yield in the form of seed 

set (Chapter 2). A striking finding was that in most cases, no matter whether a plant developed 

more or fewer branches compared to wild type, this seemed to have a negative effect on yield from 

plants growing under our experimental conditions. A possible explanation could be that the plants 

have already acquired their optimal architecture for the highest yield. However, this does deserve 

a closer look, for instance by repeating the characterisation of traits as mentioned in Chapter 2 or 

studying other mutants known to be affected in branching. Plants defective in components of the 

strigolactone, ABA and auxin pathways show alterations in their branching patterns (reviewed by 

Leyser, 2009) and make for interesting candidates to look into the relation of branching and yield. In 

several crop species this relation has been a major subject of research. In cereals like wheat (Triticum 

aestivum) and barley (Hordeum vulgare) for example, yield is controlled by the shoot architecture 

and the number of side shoots (tillers) formed at the basal node of the plant (Sreenivasulu and 

Schnurbusch, 2012). Shoot architecture, or branching, was targeted during domestication of several 

cultivated cereals (Remigereau et al., 2011), where mainly synchronous and low tillering was 

selected (Doust, 2007). Interestingly, in maize (Doebley et al., 1995), rice (Goto et al., 2005), barley 

(Ramsay et al., 2011) and recently uncovered in wheat (Dixon et al., 2018), the involved key genes in 

question are BRC1 orthologues. Though, in tomato altered inflorescence branching related to yield 

optimization was linked to mutations in, and the balance in expression of, different members of the 
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phosphatidylethanolamine-binding protein (PEBP) gene family (Jiang et al., 2013; Park et al., 2014). 

Interestingly, previous research has shown that BRC1 interacts with the PEBP family member 

FLOWERING LOCUS T (FT) in Arabidopsis, also known as florigen. This complex is proposed to 

regulate plant architecture by inhibiting the floral transition in axillary meristems (Niwa et al., 

2013). Hence, there appears to be a close interaction between specific TCP and PEBP proteins and 

this regulatory mechanism might direct and fine tune the use of resources to the main inflorescence 

versus side branches, ensuring reproductive success for the plant and providing breeders with 

additional targets to optimize yield.  

Nonetheless, targeting shoot architecture in breeding is limited by negative correlations between 

shoot branching and other major yield components such as seed number and weight. This trade-off has 

often be attributed to resource limitation and particular sink-source relationships. However, recent 

evidence suggests that the same genes or regulatory modules affect both seed number and weight 

as well as the tiller number (Ramsay et al., 2011; Liller et al., 2015). Therefore, understanding the 

regulation of both shoot and inflorescence branching is important to optimize shoot and inflorescence 

architecture and could be an effective and promising strategy to improve crop yield.

We have tried to couple the seed yield phenotypes to the growth parameters and found, though 

not exclusively, that mutants with an altered branching phenotype developed differently (i.e. had 

different β-parameters) compared with wild type plants. On the other hand, not all plants with 

an altered progression of their development showed differences in seed yield characteristics. This 

indicates that development and branching are not necessarily linked and provides a good starting 

point to uncouple these traits in the future aiming at maximal yield potential. 

TCP proteins, so much more than growth regulators

TCPs have been shown to be involved in the plant defence response, next to the developmental and 

hormonal processes described in this thesis. This might not come as a huge surprise considering 

the different hormones to which TCPs are linked. Take the plant hormone JA and its biosynthesis 

for example, to which both TCP4 and TCP20 have been linked (Schommer et al., 2008; Danisman 

et al., 2012). JA has long been recognized as key regulator that plays a crucial role in plant defence 

responses to pathogens (reviewed by Pieterse et al., 2012). An interesting study in rice showed that 

an infection of the Rice ragged stunt virus (RRSV) caused increased accumulation of miR319, thereby 

downregulating the miR319-regulated TCPs (Zhang et al., 2016). This in turn led to decreased JA 

levels, which suppressed JA-mediated defence to facilitate further virus infection. Other  pathogenic 

organisms that found their way into altering JA biosynthesis by targeting TCPs, are phytoplasmas; 

insect-transmitted phytopathogenic bacteria. The Aster Yellows phytoplasma strain Witches’ Broom 

(AY-WB) secretes the effector protein SAP11, destabilising CIN-TCPs in Arabidopsis, leading to 
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the down-regulation of LOX2 expression and thereby reducing JA biosynthesis (Sugio et al., 2011). 

Interestingly, the same effector protein is targeting BRC1 for degradation, resulting in strongly 

increased outgrowth of axillary meristems, giving rise to the characteristic Witches’ Broom 

phenotype. This altered plant architecture and downregulation of a plants’ defence response results 

in an successful infection and a significant increase of progeny for the transmitting vector and second 

phytoplasmas host, M. quadrilineatus (leafhoppers).

Next to JA, the plant hormone SA plays a major role in disease resistance signalling (reviewed by 

Pieterse et al., 2012). Several class I TCP proteins have been linked with SA biosynthesis; both 

TCP8 and TCP9 have been shown to promote ICS1 (Wang et al., 2015b), encoding for a key enzyme 

in SA biosynthesis. Double tcp8tcp9 mutants have increased levels of susceptibility to infection with 

a Pseudomonas syringae strain (Wang et al., 2015b). Next to this, a triple mutant consisting of tcp8 

tcp14 and tcp15 allowed for increased growth of another Pseudomonas syringae strain (Kim et al., 

2014). 

The abovementioned examples are probably just the tip of the iceberg. As shown in figure 1 of 

Chapter 1, many more TCPs have been linked, one way or the other, with hormones and many more 

hormones have been implicated in defence responses. Examples of cross talk between ethylene and 

JA and SA signalling have been reported, both ABA and CK signalling were shown to antagonize 

plant immunity by suppressing SA-dependent defences, and the ever present hormone auxin was 

shown to repress SA levels and signalling; lastly GA suppresses the response to JA and consequently 

shifts the balance between JA and SA signalling (reviewed by Pieterse et al., 2012). 

In conclusion, TCPs might have a far more elaborate regulatory role in plant defence responses 

through the regulation of hormone signalling or biosynthesis. The dichotomy in phenotypes, 

revealing a function for TCPs in defence responses and developmental processes, might present 

TCPs as the link between the two processes. It is well-known that a growth-defence trade-off exists 

in plants; thought to occur due to resource restrictions, demanding prioritization towards either 

growth or defence (reviewed by Huot et al., 2014). The exact regulatory mechanisms behind have not 

been uncovered, though hormones have been shown to play vital roles (Denancé et al., 2013). TCPs 

could be the missing link in this trade-off, regulating hormonal biosynthesis and signalling in such a 

way to promote growth and limit defences, or vice versa, depending on external and internal factors 

and conditions. 

The odd ones out, organogenesis and evolution

Focussing this thesis on their involvement in plant development, touching upon hormonal regulation 

and, described above, venturing into plant defences, TCPs continue to amaze us. Adding to the 

growing list of functions that TCPs are involved in, recent observations provide evidence that specific 
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TCPs can even act as organ identity genes. A cucumber plant mutated for a TCP was shown to 

develop shoots instead of tendrils (Wang et al., 2015a). A similar phenotype was found in melons 

where a single-nucleotide mutation in CmTCP1 led to the Chiba tendril-less mutation. Also here, 

the tendrils were converted to shoot and leaf-like structures (Mizuno et al., 2015). Interestingly, in 

both cases the TCP in question contained a highly conserved seven-amino-acid motif uniquely found 

in Cucurbitaceae, adding another layer to the diversity of the TCP TF family. This unique function 

of a TCP as organ identity gene in Cucurbitaceae specifically, questions the role of Arabidopsis as 

unique model system for TCP research. Arabidopsis is known to have 24 TCP genes (Riechmann et 

al., 2000), whereas e.g. sorghum has 20 (Francis et al., 2016), the orchid Phalaenopsis equestris has 

23 (Lin et al., 2016) tomato has 30 (Parapunova et al., 2014), maize has 29 (Chai et al., 2017) and 

cotton is believed to have even 36 different TCP genes (Ma et al., 2016). This variation in number 

of TCP genes suggests species-specific duplication and probably also functions, as was shown in the 

Cucurbitaceae. Hence, TCPs might be involved in more elaborate processes still to be discovered. 

Looking into species with fewer, as well as species that have more and perhaps different types 

of TCPs, will greatly contribute to our understanding of the role and function of TCPs in plant 

development and beyond.

One of such species with fewer TCPs is the moss Physcomitrella patens, where only six TCPs have 

been reported, four class I and two class II TCPs. PpTCP5, a class II TCP, was shown to be involved 

in branching of the sporophyte in this species (Ortiz-Ramírez et al., 2016). Sporophyte branching 

seems to have been instrumental in the evolutionary transition towards a complete sporophytic 

dominance over the gametophytic phase, together with other essential character changes such as 

the formation of a cuticle and lignified cells (Bennici, 2008). Loss of function of a class II TCP could 

have caused branching of the sporophyte, allowing it to gradually increase in size and complexity, 

eventually leading to sporophytic dominance in extant vascular land plants. Interestingly, the 

moment in evolution when branched sporophytes originated, occurred after the origin of mosses 

and before the origin of several extinct groups of primitive land plants (Kenrick and Crane, 1991). 

The oldest land plant fossil with a branched sporophyte is a Cooksonia species from the Middle 

Silurian (425 million years ago) (Edwards and Feehan, 1980; Gerrienne et al., 2006). An interesting 

hypothesis that follows from this observation is the possibility that class II TCPs have been key in 

the evolution of vascular plants and that their function as growth repressor is ancient and conserved. 

In the moss P. patens PpTCP5 represses the outgrowth of the sporophyte. In Angiosperms, many 

more class II TCPs are present though all seem to have maintained their function as repressors of 

proliferation. It is the location in which they are expressed or regulated that further specifies their 

function, BRC1 inhibits outgrowth of axillary meristems (Aguilar-Martínez et al., 2007) and JAW-D 

TCPs inhibit cell proliferation in the margins of organs (Efroni et al., 2008).
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Past, present, future

Insights into the function of TCP transcription factors has changed tremendously since they were 

first described as an independent, plant specific family of genes (Cubas et al., 1999). As a whole, 

the TCP gene family of transcription factors seems to be expressed throughout the plant lifecycle 

in almost every tissue and to fulfil a whole pallet of functions. Shifting from their initially proposed 

role as direct regulators of cell cycle genes, TCPs seem to be positioned ‘above’ this and instead, 

regulating hormone signalling, which on their turn regulate a plethora of downstream processes. To 

particularize TCPs as done above makes them sound like key regulators of vital processes. This might 

not be far from the truth, as studies constitutively overexpressing TCPs reveal that in a number of 

cases, this leads to meristem arrest (Koyama et al., 2007). On the other hand, in most cases the 

observed phenotypes of knock-out mutants are rather minor under controlled laboratory conditions 

and higher order mutants are required to reveal the function of a group of TCPs, as exemplified for 

the CIN-like TCPs (Palatnik et al., 2003; Schommer et al., 2008). Finding the complete set of true 

functions of individual TCP genes in whatever process, tissue or cell type they might be involved in, 

remains a major challenge.
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Summary

Plant growth and the developmental program that orchestrates it appears to be strictly 

controlled. Cell division and expansion represent the major growth determinants and these 

growth parameters together with differentiation determine the size, shape and final appearance of a 

plant and its organs. It is the interplay between numerous genetic, hormonal and structural factors 

that makes the phenotype of a plant. Transcription factors (TFs)  are major regulators of genes that 

are directly involved in these processes, such as cell cycle genes, or genes that are more indirectly 

involved in growth, e.g. genes coding for hormone biosynthesis or signalling proteins. Therefore, in 

this PhD-thesis research, I focussed on transcriptional regulation of growth. Members of the TCP 

family of TFs have long been known as regulators of plant growth, either by directly regulating 

cell cycle genes or indirectly through regulating the biosynthesis or signalling networks of different 

hormones, making them ideal candidates for our studies. Phenotypes of several members of this TF 

family have been characterised and molecular modes of action unravelled. This notwithstanding, our 

knowledge about this family is still very fragmented. The aim of my research was to contribute to 

our understanding of the TCP transcription factor family, starting in chapter 1 with an overview 

of the existing knowledge and state-of-the art on TCP TF research. Experimentally, I used several 

approaches, from sophisticated quantitative phenotyping, TCP function analysis, to genome-wide 

DNA binding sites analysis.

The TCP TF family has long been known to affect plant growth and development at different 

moments during the life cycle of a plant. In chapter 2 we implemented a phenotyping platform and 

created an algorithm that allowed us to analyse different aspects of rosette growth separately for a 

large collection of tcp mutants. We analysed growth speed, the time until plants reach this maximum 

growth, the final rosette size and circadian leaf movement for all plants individually and compared 

the tcp mutants to wild type controls for these aspects. Next to this, we analysed phenotypic effects 

of possible genetic interactions between single and multiple TCP mutants and investigated possible 

correlations between phenotypic characteristics, such as vegetative growth parameters versus 

several yield parameters, including total seed yield, seed number and seed weight.

These analyses showed the importance of comprehensive and comparative phenotyping of mutants 

and of detailed quantitative analyses in order to get a full understanding of the contribution of 

individual members of the TCP TF family to particular biological functions. It had for example 

previously been proposed that class I and class II TCP TFs fulfil opposite functions in plant growth 

and development, but interestingly, we revealed that this hypothesis needs revision, as mutation in 

members from both classes showed similar developmental effects. 
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Additionally, the supposed functional redundancy within particular sub-clades of the TCP TF 

family was analysed, revealing that stacking of mutations in several TCPs led in some cases to less 

severe phenotypes in comparison with single mutant phenotypes instead of the expected increased 

phenotypic effects. For some genes supposed to act redundantly, such as BRANCHED1 (BRC1) and 

BRC2, contrasting phenotypes were found for particular traits in their respective single mutants. 

The brc1 and brc2 mutants are known to show altered axillary branch numbers, but we have shown 

that other members of the TCP TF family affect this trait as well and that this coincides with a 

reduction in seed yield under the applied environmental conditions. Additionally, we could confirm 

the link between several seed characteristics using correlation analysis. An increase in seed number 

for example appeared to be negatively correlated to both seed area and seed weight. This negative 

correlation has been found previously and is in line with an earlier proposed model describing a fixed 

amount of resources allocated to reproduction.

TCP TFs have historically been described as regulators of cell proliferation through directly acting 

upon cell cycle genes. As of recent, more and more studies suggest a role for TCPs as regulators of 

hormone biosynthesis and signalling, which then indirectly affects cell proliferation. 

In this thesis, I have both confirmed and strengthened this hypothesis by showing in chapter 3 

that TCP5 is able to bind regulatory sequences of the ethylene biosynthesis gene ACS2, thereby 

providing an explanation for its observed repression upon TCP5 induction. Overexpression of TCP5 

in petal epidermal cells results in smaller petals, whereas tcp5tcp13tcp17 triple knockout lines have 

wider petals with an increased surface area. We could show that mutants of TCP5-like TFs have 

effects on the expression of genes related to cell cycle, growth regulation, and organ growth. An 

experiment in which we induced TCP5 expression revealed differential expression of the ethylene 

biosynthesis genes 1-amino-cyclopropane-1-carboxylate (ACC) synthase 2 (ACS2) and ACC oxidase 2 

(ACO2) and several ETHYLENE RESPONSE FACTORS (ERFs). Chromatin immunoprecipitation–

quantitative PCR showed direct binding of TCP5 to the ACS2 locus in vivo. The petal phenotype 

of the tcp5tcp13tcp17 mutant could be complemented by treatment of the plants with the ethylene 

pathway inhibitor STS. 

Several ethylene biosynthesis and signalling mutants are known to show alterations in cell and 

organ size. A possible explanation for this is the effect ethylene has on microtubule orientation, a 

process known to affect the direction of cell elongation and to be involved in conical cell development.

Next to this, in chapter 4 we used chromatin immunoprecipitation coupled to next generation 

sequencing (ChIP-seq), in concert with transcriptome sequencing by RNA-seq to determine direct 

genome-wide targets of BRC1, aiming to elucidate the molecular mode of action of BRC1 in axillary 
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bud dormancy. We showed that BRC1 is able to regulate abscisic acid biosynthesis and signalling 

through direct binding of regulatory sequences of several ABA biosynthesis and signalling genes, 

including NCED3, NCED9 and ABA2. ABA is not the only hormone regulated by BRC1, because 

we found two CK oxidases and several CK signalling genes to be directly regulated by BRC1. These 

direct effects on ABA and CK pathways, together with the binding of several other gene loci, including 

genes involved in cell wall composition and genes with a potential role in symplastic intercellular 

connectivity, provide a molecular and potential mechanistic basis for the functioning of BRC1 in 

the repression of axillary bud outgrowth, a well-known conserved role for BRC1-like TFs in plant 

development. 

We used the data on binding events to search for a putative consensus binding site that is centrally 

enriched in the BRC1 ChIP-seq peaks, resulting in the identification of the cis-element ‘GDCCCA’, 

which is close to previously observed consensus TCP binding sites. Additionally, we identified 

enrichment of the ‘G-box’ either up- or downstream of the centrally enriched consensus TCP binding 

site, which allows to speculate on coregulatory networks and interaction partners of BRC1.

Transcription factors commonly regulate genes and processes through the cooperation with other 

TFs. In chapter 5 we describe the physical interaction between the floral organ identity specifying 

MADS domain protein APETALA1 (AP1) and a TCP known for its role in petal development, TCP5. 

This physical interaction could provide proof for a direct link between floral organ identity 

specification and growth. However, to confirm this we need a way to show the relevance of this 

interaction in planta. We describe a method by which this can be accomplished, using a library of 

randomly mutagenized alleles of both AP1 and TCP5, created by error prone PCR. Subsequently, 

a Y2H assay was performed to find ‘edgetic’ alleles in which only the interaction of AP1-TCP5 was 

disturbed, while the well-known heterodimeric interactions of AP1 with other MADS domain proteins 

were maintained. We show by screening six mutated AP1 alleles the potential of this approach, 

using it for example to identify the regions within the respective proteins and the exact amino acids 

vital for such an interaction. Finally, we describe the possibilities of this technique and we provide 

suggestions for several strategies to scale-up this assay and to continue it by further functional 

characterisation in planta.

Besides the core functions identified in plant development, TCP genes appear to act  in many more 

processes, ranging from pathogen susceptibility to nutrient and hormonal signalling, aspects that I 

have elaborated upon in chapter 6. Due to their multifaceted functionality and existing functional 

redundancy, revealing the exact roles and functions of individual TCP proteins in a plant’s life cycle 

remains incredibly interesting but complicated and challenging.
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Samenvatting

De manier waarop planten groeien en het ontwikkelingsprogramma dat dit dirigeert worden 

erg strak gecontroleerd. Of je nu kijkt naar de bladeren van een plant, de takken of specifieke 

bloemorganen; talloze genetische, hormonale en structurele factoren bepalen het bouwplan en 

uiteindelijke voorkomen en van een plant. 

Celdeling en cel differentiatie zijn de belangrijkste factoren die groei bepalen. Met andere woorden: 

de uiteindelijke plant en zijn organen worden de gecreëerd door de aantallen,  grootte en vorm 

van cellen. Transcriptiefactoren (TF) reguleren genen die direct betrokken zijn bij bovengenoemde 

processen, zoals celcyclus genen. Een andere mogelijkheid is dat de expressie van genen gestuurd 

wordt die indirect betrokken zijn bij groei en ontwikkeling, zoals hormoon biosynthese en signalering. 

In dit PhD onderzoek heb ik mij toegelegd op de transcriptionele regulatie van groei. Leden van de 

TCP familie van TF staan al langer bekend als regulatoren van dit proces, ofwel direct middels 

regulatie van de cel cyclus ofwel indirect via het reguleren van hormoon biosynthese. Dit maakt 

ze ideale kandidaten voor studies naar de regulatie van groei en ontwikkeling. Er zijn al vrij veel 

fenotypes beschreven en moleculaire mechanismen ontrafeld voor leden van de familie. Niettemin is 

onze kennis nog vrij gefragmenteerd en het doel van mijn onderzoek was dan ook om het inzicht in de 

TCP TF familie te vergroten. In hoofdstuk 1 begon ik met een overzicht van de beschikbare kennis 

en stand van zaken in het TCP onderzoek. Ik heb verscheidene experimentele methoden gebruikt, 

van kwantitatieve fenotypering en TCP functie analyse, tot analyses van TCP bindingsplaatsen op 

genoomwijde schaal. 

De TCP familie staat bekend om hun effect op ontwikkeling en groei, tijdens verschillende momenten 

in de levenscyclus van een plant. In hoofdstuk 2 combineren we een fenotyperings-platform met 

een algoritme dat we ontwikkelden om verschillende aspecten van rozet groei voor een grote collectie 

tcp mutanten te analyseren. Deze combinatie gaf ons de mogelijkheid om zowel groeisnelheid te 

meten, als de tijd die een plant nodig heeft om tot de maximale groei te komen, de uiteindelijke rozet 

grootte, en de bewegingen van het blad als resultaat van het dag-nacht ritme van een plant. Deze 

karakteristieken hebben we voor elke plant afzonderlijk bepaald en vergeleken met de wild type 

controle. Hiernaast hebben we enkele en dubbele TCP mutanten geanalyseerd om mogelijke fysieke 

interacties aan te tonen. Ook hebben we correlaties tussen verschillende karakteristieken in kaart 

gebracht, zoals de hierboven beschreven vegetatieve groei parameters en verscheidene opbrengst 

variabelen zoals totale zaad opbrengst, zaad aantallen en het gewicht. 

Deze analyses hebben het belang laten zien van uitgebreide en vergelijkende fenotypering van 

mutanten. Hiernaast zijn ook kwantitatieve analyses zijn van belang om een volledig beeld te 
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verkrijgen van de rol die de verschillende TCP genen hebben in de processen die we onderzochten. 

Zo werd voorheen voorgesteld dat de twee klassen TCP TF tegenovergestelde functies uitoefenden in 

de groei en ontwikkeling van een plant. Interessant genoeg hebben wij laten zien dat deze hypothese 

opnieuw bekeken dient te worden, aangezien leden van beide klassen dezelfde fenotypes lieten zien. 

Daarnaast hebben we ook onderzoek gedaan naar de veronderstelde functionele ‘overbodigheid’ 

van genen binnen groepen TCP TF. We lieten zien dat het stapelen van mutaties in verschillende 

TCP genen in sommige gevallen leidt tot minder ernstige fenotypes in vergelijking met de enkele 

mutant, in plaats van de verwachte versterking. Sommige genen waarvan we verwachtten dat een 

combinatie elkaar zou versterken, zoals BRANCHED1 (BRC1) en BRC2, lieten verrassend genoeg 

contrasterende fenotypes zien. De brc1 en brc2 mutanten staan al langer bekend om hun effect 

op het aantal scheuten dat vanuit de Arabidopsis rozet gevormd wordt. Hiernaast hebben wij 

een aantal andere TCP mutanten gekarakteriseerd. Ook vonden we een link tussen verscheidene 

zaadeigenschappen middels correlatie analyse. Een toename in bijvoorbeeld aantal zaden lijkt 

negatief gecorreleerd te zijn met zaadgrootte en zaadgewicht. Deze negatieve correlatie is eerder 

gevonden en sluit aan bij de hypothese dat er een vaste hoeveelheid grondstoffen zijn voor zaad 

productie. 

Sinds de ontdekking van TCP TF als aparte groep genen zijn ze beschreven als directe regulatoren 

van celdeling middels het aansturen van cel cycli genen. Er verschijnt er meer en meer bewijs dat 

TCP genen de biosynthese van verschillende hormonen reguleren en daarmee wellicht indirect cel 

deling aansturen. 

In dit proefschrift heb ik deze hypothese zowel bevestigd als versterkt in hoofdstuk 3 en hoofdstuk 

4. In hoofdstuk 3 laat ik zien dat TCP5 regulatoire sequenties bindt van ACS2, en daarmee 

hoogstwaarschijnlijk ethyleen biosynthese reguleert. Overexpressie van TCP5 in kroonbladen 

resulteert in kleinere, smallere kroonbladen, terwijl de drievoudige tcp5tcp13tcp17 knock-out grotere 

en bredere kroonbladen vormt. We hebben laten zien dat TCP5 effect heeft op de expressie van genen 

die gerelateerd zijn aan celcyclus, groeiregulatie en orgaangroei. Een experiment waarin we TCP5 

induceerden resulteerde in verandering in expressie van verschillende ethyleen biosynthese genen 

zoals ACS2, ACO2 en verscheidene ERFs. Het fenotype van de triple tcp5tcp13tcp17 mutant is op te 

heffen door de ethyleen signalering te blokkeren. Er zijn verscheidene voorbeelden van mutanten in 

ethyleenbiosynthese en -signalering die veranderingen in cel grootte tonen.   

In hoofdstuk 4 hebben we ChIP gekoppeld aan ‘next generation sequencing’ (ChIP-seq), tezamen 

met RNA-seq. Dit om directe doelen van BRC1 genoomwijd te identificeren en hiermee het 

moleculaire mechanisme waarmee BRC1 okselknoppen inactief houdt te ontrafelen. We hebben 
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laten zien dat BRC1 in staat is regulatoire sequenties van de ABA biosynthese genen NCED3, 

NCED9 en ABA2 te binden en hiermee de productie van abscisinezuur (ABA) te reguleren. Naast 

ABA wordt ook cytokine (CK) door BRC1 gereguleerd door directe binding van twee CK oxidasen 

en CK signaleringsmoleculen. De regulatie van deze twee hormonen, alsook genen die de celwand 

opbouwen wat de mogelijkheid biedt tot een fysieke barrière, bieden een verklaring voor de functie 

van BRC1 in het inactief houden van okselknoppen. 

De data die hierboven gegenereerd is hebben we gebruikt om een consensus binding-motief te 

identificeren. Het motief dat hoogstwaarschijnlijk door BRC1 gebruikt wordt om zijn doel te 

herkennen is ‘GDCCCA’, erg gelijkend op eerder geobserveerde TCP binding-motieven. Hiernaast 

maken we melding van verrijking voor een G-box links of rechts van het TCP binding-motief. Dit 

biedt mogelijkheid tot speculatie over aanwezigheid van co-regulatienetwerken en interactiepartners 

van BRC1. 

Transcriptie factoren reguleren genen en processen over het algemeen in samenwerking met andere 

transcriptie factoren. In hoofdstuk 5 beschrijf ik de fysieke interactie tussen APETALA1 (AP1), een 

MADS domein eiwit dat een rol speelt bij bloemorgaan identiteit, en een TCP bekend om zijn rol in 

kroonblad ontwikkeling, TCP5. 

Deze fysieke interactie zou bewijs kunnen leveren voor een directe link tussen bloemorgaan 

identiteitsbepaling en groei. Om dit te bevestigen moet er een manier zijn om de relevantie van 

deze interactie in planta aan te tonen. Hier beschrijven we een methode om dit te bereiken, door het 

maken van een ‘bank’ van willekeurig gemutageniseerde allelen van zowel AP1 als TCP5, gemaakt 

middels foutgevoelige PCR reacties. Hierna hebben we een Y2H essay uitgevoerd om allelen te vinden 

waarvan de AP1-TCP5 interactie was verstoord maar waarvan de heterodimerische interacties van 

AP1 met andere MADS domein eiwitten nog wel plaatsvonden. We hebben de potentie van deze 

techniek laten zien door zes AP1 mutant allelen te screenen. Deze aanpak kan gebruikt worden 

om regio’s en respectievelijke aminozuren te identificeren die van vitaal belang zijn voor zulk een 

interactie. Verder beschrijven we andere mogelijkheden van deze techniek en stellen we strategieën 

voor om deze op grotere schaal uit te voeren en de AP1-TCP interactie in planta te karakteriseren. 

Naast de belangrijke functies die TCP genen uitoefenen in de regulatie van plantengroei en 

ontwikkeling zijn deze genen in veel meer processen van belang, zoals de verdediging van een plant 

tegen ziektekiemen en het waarnemen van voedingsstoffen in de bodem. Hier weid ik over uit in 

hoofdstuk 6. De TCP familie bekleedt een veelvoud aan functies en heeft leden waarvan de functie 

erg dicht bij elkaar ligt. Hierdoor blijft het karakteriseren van deze familie een bijzonder interessante 

uitdaging en doen TCP genen hun naam als ‘bijzonder uitdagende eiwitten’ eer aan.
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