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Summary 
 

During my PhD training period I studied different aspects of Arabidopsis development, with a 

focus on the reproductive phase. In Chapter 1, the Introduction, I provide an overview of 

floral meristem, inflorescence meristem, flower and ovule development, and how these 

processes are regulated. I also discuss the roles of hormones in these processes. The 

subsequent Chapters describe the research I have been involved in.  

My main research project focused on the role of BPC proteins in the regulation of the 

expression of STK, a homeotic gene controlling ovule identity. This research is described in 

Chapter 2: I demonstrated that BPC binding sites located in the STK promoter are necessary 

for its correct spatial and temporal expression. BPCs showed to play a crucial role in the 

recruitment of a multimeric repressor complex containing the MADS-box transcritpion factor 

SVP, which prevents the expression of STK in the floral meristem.  

Detailed analysis of the bpc1 bpc2 bpc3 triple mutant described in Chapter 3 showed that 

BPCs  play a role in determining the shape of the inflorescence and control inflorescence 

meristem activity. In particular I focused on the regulation of HOMEOBOX genes involved in 

meristem size maintenance such as STM and BP. A link between these HOMEOBOX factors 

and the cytokinin pathway (in which they are involved) has been investigated. 

I have also contributed to other research projects:  in Chapter 4 ovule development in 

respect to two hormonal pathways is discussed. In this chapter the role of Cytokinin and 

Auxin in ovule development through the activity of the two transcription factor BEL1 and SPL 

has been elucidated. The Chapter 5 focused on the genome wide identification of targets of 

SVP, a MADS-domain transcription factor involved in the floral transition and floral meristem 

identity determination. The list of putative targets includes genes involved in meristem 

development and I have especially contributed to the analysis of those genes. In Chapter 6 

For the manuscript which talk about the role of MP in the regulation of ovule number I 

performed the in situ hybridization to show CUC1, CUC2 and ANT expression  in different 

background. For the manuscript regarding the role of the general transcription factor TAF13 

factor in seed development reported in Chapter 7, I performed the co-immuno precipitation 

experiments to show that TAF13 interacts with PCR2 components.  

In the Discussion I briefly summarize all the data obtained and future research prospectives.  
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CHAPTER 1: INTRODUCTION 
 

 1. Arabidopsis thalianammmmmmmmmmmmmmmmmmmmmmmmmmmmmm 

Arabidopsis thaliana (Figure 1) is a small herbaceous 

eudicot, member of the family of the Brassicaceae; it can 

be found in temperate areas and it is the model organism 

for developmental, biochemical and physiological studies in 

plants.  

Its life cycle is relatively short: starting from the seeds, in 

4-6 weeks the adult plant is developed and, in turn, it 

produces hundred of seeds. 

The Arabidopsis genome, which was the first plant 

genome to be entirely sequenced (the Arabidopsis Genome 

Project in 2000), is small (146 Mb) and it contains a large 

amount of genetic redundancy, about 60% of it is probably 

derived from single event of duplication. The genes 

encoded by the genome are more than 30.000, but only to 

a small portion a clear function has already been assigned.  

To study  gene functions, a huge number of single-

nucleotide and/or insertional mutants are available: to date 

more than 320.000 mutants are present in the NASC 

(Nottingham Arabidopsis Stock Centre) and ABRC 

(Arabidopsis Biological Resource Centre) stock centres.   

For these (and many more) reasons, Arabidopsis is one of 

the most used model organism for plant research. 

 

 2. Plant hormonesmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 

Hormones are key factors involved in 

all aspects of plants growth and 

development (Figure 2). Two of the best 

studied and most important classes of 

plant hormones are auxins (AUXs) and 

cytokinins (CKs). The predominant form 

of auxin present in nature is Indole-3-

Acetic Acid (IAA), while the most 

common forms of natural cytokinins are 

N6-(Δ2-isopentenyl) adenine (iP), trans-

zeatin (tZ), cis-zeatin(cZ), and 

dihydrozeatin (DZ).  

The CK/IAA concentration ratio is the 

key to modulate different developmental processes such as apical dominance (Nordstrom et 

Figure 1. Arabidopsis 

 thaliana 

Figure 2. Few plant hormones: auxin and cytokinin 

but also giberellin are the most studied.  
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al., 2004), SAM initiation (Gordon et al., 2007), axillary buds outgrowth (Tanaka et al., 2006), 

and lateral root formation (Werner et al., 2003; Laplaze et al., 2007). However, the 

complicated nature of auxin-cytokinin crosstalk is still far from being completely resolved.  

 

 2.A Auxinmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 

Auxin is involved in a wide spectrum of functions such as: apical dominance, fruit ripening, 

root meristem maintenance, hypocotyl and root elongation, shoot and lateral root 

formation, tropisms, cellular division, elongation and differentiation, embryogenesis and all 

types of organogenesis (Laskowski et al., 1995; Reinhardt et al., 2000; Benkova et al., 2003).  

Auxin can be synthesized through two different biosynthetic pathways: the tryptophan (Trp) 

dependent and Trp-independent pathways, the latter is still mainly uncharacterized. The 11 

YUCCA (YUC) genes encoding flavin mono-oxigenases belong to the first pathway; they are 

expressed mainly in meristems, young primordia, vascular tissues and reproductive organs 

suggesting that their expression has precise spatio-temporal profiles (Zhao et al., 2001; 

Cheng et al., 2006).  

Auxin distribution is a balance between production, inactivation and degradation and the 

Polar Auxin Transport (PAT) is central for the creation of fine, dynamic regulation of auxin 

gradients. A major role in PAT is played by PIN-FORMED (PIN) genes, a gene family 

composed by 8 partially functionally redundant members encoding auxin efflux carriers 

(Petrasek et al., 2006). The best characterized among PIN genes is PIN1, which is expressed 

in cotyledons, seedlings, roots, leaves, flowers and siliques (Okada et al., 1991). Despite its 

broad expression profile, the pin1 mutant shows defects mainly in the inflorescence. Flowers 

of a mild pin1 mutant lack stamens, have wide petals and abnormal pistil-like structures with 

no ovules in the ovary (Bencivenga et al., 2012). Strong pin1 mutants develop a naked 

inflorescence stem with a complete lack of lateral floral meristems (Okada et al., 1991). By 

now several evidences support the involvement of PIN1 in vascular development, 

phyllotaxis, embryogenesis (like PIN4 and PIN7) and lateral organ formation (like PIN2 and 

PIN3) (Benkova et al., 2003; Galweiler et al., 1998; Reinhardt et al., 2003; Scarpella et al., 

2006; Weijers et al., 2005).  

PIN genes are also involved in root (PIN2 and PIN3) and shoot gravitropism (PIN3), 

phototropism (PIN3), root patterning and development (PIN4 and PIN7) (Petrasek and Friml, 

2009), and even intracellular auxin homeostasis (PIN5; Mravec et al., 2009). 

Once auxin cellular concentration increases, due to local biosynthesis or transport, the 

signaling triggered by the hormone starts rapidly (Figure 3). The auxin signalling pathway is 

composed by three components: the 29 auxin primary response Auxin/Indole-3-Acetic Acid 

(Aux/IAAs) genes, the 23 Auxin Response Factors genes (ARFs), and the SCFTIR1 (SKP1, 

Cullin, F-box protein TRANSPOR INHIBITOR RESPONSE1) complex for specific ubiquitylation 

of substrates to a 26S proteasome-dependent degradation (Weijers et al., 2004). Auxin binds 

to its TIR1 receptor and this facilitates the interaction, and then degradation, of Aux/IAA 
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proteins through ubiquitination. Aux/IAA proteins normally form hetero-dimers with the 

ARFs transcription factors. When this interaction is lost, then the free ARF transcription 

factor  can regulate transcription by binding to specific Auxin Response Elements (AuxREs, 

TGTCTC) in the cis-regulatory regions of their target genes. At low cellular concentrations of 

auxin, the ARFs are linked to the DNA and interact through the corepressore TPL with the 

repressors Aux / IAA (stable at low concentrations of auxin): this prevents the ARF to begin 

transcriptional activity. 

After increase of auxin concentration, the AUX/IAA repressors become unstable and 

ubiquitinated. Once free from inhibition, the ARF bound to DNA, dimerize with another ARF, 

thereby regulating the transcription of target genes (reviewed in Lyser et al., 2002; Rogg and 

Bartel, 2001). 

Multiple AuxREs have been cloned in direct (or reverse) orientation up-stream a minimal -46 

cauliflower mosaic virus (CaMV) (Ulmasov et al., 1997b; Sabatini et al., 1999; Friml et al., 

2003) to create the DR5 synthetic auxin sensitive promoter. DR5::GUS and DR5rev::GFP 

constructs are by now commonly used as markers for auxin presence in vivo (Sabatini et al., 

1999; Benkova et al., 2003).  

 

 2.B Cytokininsmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 

Cytokinins act as positive and negative regulation of respectively shoot and root meristem 

formation and activity (Werner et al., 2003), vascular tissue formation (Aloni et al., 1987; 

Mahonen et al. 2000; Mahonen et al. 2006), apical dominance, leaf senescence, chloroplast 

biogenesis (Mok, 1994), cell differentiation (Mahonen et al., 2006; Dewitte et al,. 2003; Dello 

Ioio et al., 2007) and cell division (Dewitte et al., 2003; Dewitte et al,. 2007). 

Figure 3. The 

Auxin signaling.  
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Apparently roots 

and shoots have 

two distinct CKs 

biosynthetic 

pathways (the 

iPMP-dependent 

one, dominant in 

roots, and the 

iPMP-independent 

one, dominant in 

shoot) differing for 

the nature of the 

sidechain donor for 

the adenine, and 

the presence of 

chloroplasts seems 

to be a prerequisite 

for the second 

pathway to work 

(Astot et al., 2000; 

Nordstrom et al., 

2004). A central role 

in CK synthesis is 

played by the products of the seven IPT genes, which show different specific expression 

patterns (Kakimoto et al., 2001; Takei et al. 2001; Miyawaki et al. 2004). 

As for the other plant hormones, CK homeostasis requires a balance among biosynthesis, 

conjugation and degradation rates, and transport. CKs signalling pathway is similar to the 

two component bacteria signal transduction, where a sensor kinase perceives the stimulus 

and, via phosphotransfer, a response regulator propagates it (Figure 4). The above 

mentioned proteins in Arabidopsis are:  

- hybrid-type sensor kinases (AHKs), three in Arabidopsis (AHK2; AHK3;  CRE1 /AHK4); 

- histidine phosphotransfer proteins (AHPs), five in total (AHP1-5); 

- response regulators (ARRs), which are more than 20 and are divided into two main 

groups: 10 type-A and 11 type-B ARRs. 

Type-B ARRs are positive regulators of CK signalling whereas the type-A ARRs, once 

activated by CK, trigger the signaling in a negative feedback loop manner, switching down 

the type-B ARRs  (Heyl et al., 2008). A good example of type-A ARRs gene is ARR5: it is a 

direct target of type-B ARRs (Heyl et al., 2008), it is a CK primary response gene since it is 

rapidly up-regulated by CKs, it is expressed both in SAM and RAM (D’Agostino et al,. 2000), 

and acts negatively in CK signalling pathway counteracting type-B ARRs action (To et al., 

2008). 

Figure 4. The Cytokinin singaling.  



 

8 

 

 3. Regulation of gene expression in Arabidopsis thaliana by transcription factorsmmi

 3.A MADS-box transcription factorsmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

The Arabidopsis genome encodes 107 MADS-domain transcription factors (Parenicova et al., 

2003). The MADS-domain is a highly conserved 58-aminoacids DNA binding domain able to 

recognize a specific sequence called CArG-box (CC(A/T)6GG) (Schwarz-Sommer et al., 1992: 

Huang et al., 1993; Shiraishi et al., 1993; Riechmann and Meyerowitz 1997), and is also 

involved in nuclear localization and dimerization (de Bodt et al., 2003).  

The Arabidopsis MADS-box gene family was divided in two classes: MADS-box type I, that can 

be further divided into the Mα, Mβ and Mγ clades, and type II, that comprises the Mδ and 

MIKC clades (Alvarez-Buylla et al., 2000; Parenicova et al., 2003).  

The type I subfamily comprises 60 members and except for the MADS-box domain doesn’t 

share any sequence similarity with the type II class. Among the type II MADS-box genes the Mδ 

class hasn’t been well characterized so far, while many members of the MIKC clade have been 

intensively studied. The MIKC transcription factors share a conserved structure constituted by 

the MADS domain (M), the intervening-domain (I) involved in dimer formation, the keratin-

like domain (K) involved in protein-protein interactions and the C-terminal domain (C) 

involved in ternary complexes formation and transcriptional activation (Becker and Thiessen, 

2003: de Bodt et al., 2003; Masiero et al., 2002).  

The first Arabidopsis MADS-box gene that was characterized is AGAMOUS: it belongs to the 

MICK clade, which includes the most important MADS-domain transcription factors involved in 

flower development.  

The ability of MADS-domain proteins to form heterodimers and ternary complexes strongly 

increases the complexity of their regulation, since a single transcription factor may change its 

activity simply by forming complexes with different partners (de Folter et al., 2005). Many 

floral organ identity genes and many floral meristem identity genes are MADS-box 

transcription factors (Parenicova et al., 2003).  

 

 3.B The HOMEOBOX gene family 

Homeobox genes encode a typical DNA-binding domain of 60 amino acids, known as 

homeodomain (HD), that characterizes a large family of transcription factors. The first 

homeobox gene was isolated from Drosophila melanogaster and was subsequently found to be 

involved in many aspects of development (Gehring et al. 1994; Burglin 2005). A distinction has 

been made between ‘‘typical’’ homeodomains, characterized by a length of 60 amino acids, 

versus ‘‘atypical’’ ones of different lengths (Burglin 1994). The latter include a group 

characterized by homeodomains of 63 aa, with three extra residues inserted between helix 1 

and 2 (Burglin 1995), that have been named TALE (Three Amino acid Loop Extension) homeobox 

genes (Bertolino et al. 1995). Both TALE and typical homeobox genes were found to be present 

in all major eukaryotic lineages including plant, fungi, and animals, suggesting that these two 

types of homeobox were present in the eukaryote ancestor (Burglin 1995; Bharathan et al. 
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1997; Burglin 1997, 1998a; Derelle et al. 2007). Plant homeodomain proteins have been 

classified in the literature into various groups based on sequence similarity of their 

homeodomains: KNOX (KNOX I and KNOX II) and BEL, belonging to the TALE superclass, ZM-

HOX, HAT1, HAT2, WOX, ATHB8, and GL2. The HAT1, HAT2, ATHB8, and GL2 genes are all 

characterized by a leucine-zipper motif downstream of the homeodomain (Ruberti et al. 1991) 

and have been successively renamed HD-ZIP I, HD-ZIP II, HD-ZIP III, and HD-ZIP IV, respectively 

(Bharathan et al. 1997; Meijer et al. 1997; Aso et al. 1999; Sakakibara et al. 2001). An 

alternative classification was also proposed and divides the members into five groups (HD-ZIP, 

GLABRA, KNOTTED, PHD, and BEL). 

The 16 Arabidopsis genes encoding WOX proteins are characterized by distinctive conserved 

motifs both upstream and downstream of the homeodomain, including the WUS Box (Haecker 

et al. 2004).  

TALE genes have been extensively studied and classified into the two classes KNOX and BEL. 

Among the homeobox gene classes, KNOX and BEL appeared to be the oldest classes, with 

members present in single-cell green algae and in red algae. 

From the analysis of the codomain structure of KNOX genes from flowering plants, we could 

further classify KNOX I genes into two subclasses, KNAT 2/6 and KNAT1, while the KNOX II class 

could be separated into the two subclasses KNAT7 and KNAT3/4/5. 

 

 3.C The Arabidopsis B3 superfamily  

The B3 DNA binding domain was first identified in the maize gene VIVIPAROUS (VP1) 

(McCarty et al., 1991), it is composed of about 110 aa and it is widespread in plant genomes. In 

Arabidopsis thaliana four gene families are part of the B3 superfamily: the LAV (LEAF 

COTYLEDON2 [LEC2] Abscisic acid-INSENSITIVE3 [ABI3]-VAL) family, the ARF (AUXIN 

RESPONSIVE FACTORS) family, the RAV (REALETED AND TO ABI3 VP1) family and the REM 

(REPRODUCTIVE MERISTEM) family. Hormone regulation seems to be a key aspect for 

understanding the function of the first three groups: the ARF family is strongly involved in 

responses to auxin, the RAV family seems to be involved in brassinosteroids pathways and the 

LAV family seems to respond to abscisic acid (Swaminathan et al., 2008). 

 

Auxin Responsive Factors (ARF)

There are 23 ARF encoding genes present in the genome of Arabidopsis and all of them 

(except ARF23 which is probably a pseudogene) bind DNA in correspondence of regions 

called Auxin Response Elements (AuxRE) characterized by the consensus sequence TGTCTC 

(Guilfoyle et al., 2007; Ulmasov et al., 1997) The ARFs are composed of a B3 DNA binding 

domain (DBD) located at the N-terminal. (Ulmasov et al., 1997), a middle region (MR) 

responsible of transcriptional activation or repression, a C-terminal domain (CTD) divided 

into two domains (III and IV) and responsible for homo-and heterodimerization between the 

ARF-ARF and ARF-AUX/IAA (Guilfoyle et al., 2007). 

For several ARFs a role in Arabidopsis development has already been assigned: ARF1 and 

ARF2 are involved in flower development and floral organ abscission (Ellis et al., 2005; 
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Schruff et al., 2006); ARF3 and ARF4 are involved in the development and polarity 

establishment of vegetative and reproductive structures (Pekker et al., 2005; Session et al., 

1997); ARF5 is expressed in the embryo, in the vascular tissues and carpel and it has a crucial 

role in establishing the cell division plane in embryo cells (Hardtke et al., 1998); ARF6 and 

ARF8 have been implicated in the development of flowers and fruits (Nagpal et al., 2005); 

ARF7 is expressed in shoots, roots and in the embryo during development; (Hardtke et al., 

2004). ARF12, 13, 15, 20, 21, 22 are involved in embryogenesis and development of seeds 

(Okushima et al., 2005). 

 

 3.D GAGA binding proteins 

The first member of this class of proteins that was characterized is the GAGA factor (dGAF) 

of Drosophila melanogaster, but further analyses demonstrated that GAGA Binding Proteins 

(GBPs) are present in various organisms including plants. The GBPs are able to bind the DNA 

at (GA)n or (CT)n sequences playing important roles in many processes such as regulation of 

genes transcription and chromatin remodeling through their physical interactions  with 

subunits of NURF and FACT complexes, involved in nucleosome spacing (Orphanides et al., 

1998). The function of these higher order complexes is to move the nucleosomes, thus 

making transcription factors’ binding sites accessible, and interact directly with the 

transcriptional machinery or recruit other proteins which mediate the activation or 

repression of transcription. The binding sites for GAFs are contained in many promoters, in 

particular in the 200 bases upstream from the start of transcription (Katsani et al., 1999), but 

there are many exceptions that see binding sites contained in introns or in correspondence 

to elements characteristic of the GA-rich satellite DNA (Platero et al., 1998). When multiple 

GAGA sites are close to each other, a strong cooperative effect is observed: the binding of a 

GAF recruits other GAFs to the adjacent binding sites (Espinas et al., 1999), suggesting that 

the GAF should not be considered only as a factor involved in regulation of gene expression, 

but also as a structural protein.  

In several plant species genes encoding GAGA Binding Protein have been identified: GBP in 

soybean (Sangwan and O'Brian, 2001), B Recombinant barley (BBR) in barley (Santi et al., 

2003) and Basic Pentacysteine (BPC) in Arabidopsis thaliana (Meister et al., 2004). These 

proteins have appart from the fact that they bind to GAGA sites nothing in common with 

GAFs found in other species. The broad pattern of expression of these factors and the high 

number of potential target sequences present in the plant genome, suggests that these 

proteins could be involved in the regulation of the expression of many genes involved in 

many different processes. 

The BPCs are seven (Meister et al., 2004) and they can act as transcription factors. The C-

terminal domain is highly conserved between all the members and it contains an unusual 

arrangement of 5 cysteines (Cys, C). The BPCs can be divided, on the basis of similarities of 

the entire amino acid sequence, into three classes: 

- Class I: BPC1, BPC2, BPC3 which have a conserved N-terminal domain;  

https://www.google.it/search?hl=it&biw=1024&bih=611&sa=X&ei=uf4MUIufG8fJtAb1mPjXCA&ved=0CEkQBSgA&q=physical&spell=1


 

11 

 

- Class II: BPC4, BPC5, BPC6 characterized by a conserved region capable of forming a 

coiled-coil structure due to the presence of hydrophobic areas; 

- Class III: BPC7, which doesn’t show any conserved region apart from the C-terminus. 

At least for BPC1, the RGARAGRRA consensus binding site has been proposed: through this 

binding site BPC1 binds to DNA inducing conformational changes which may have a 

consequence on transcription (Kooiker et al., 2005; Simonini et al., 2012). 

Research outside the plants kingdom produced no results: this finding supports the 

hypothesis that the Basic PentaCysteine is a specific gene family of plants. 

 

 4. Snapshot on the reproductive phase: Inflorescence and Floral Meristemsmmmm    

During embryo development in Arabidopsis thaliana, the primary meristems are established 

and develop along the longitudinal axis of 

the embryo body. The one that develops 

between the two cotyledons is named 

Shoot Apical Meristem (SAM) and after 

germination it will give rise to all the areal 

plant organs and tissues.  

The SAM is a typical undifferentiated 

meristem and it is organized in three cell 

layers: L1 -the upper one- L2 and L3. 

Moreover three zones -central, peripheral 

and rib, can be distinguished based on the 

cell activities that take place in each of 

them. The central zone (CZ), localized at 

the apex of the SAM, is a small cluster of 

enlarged, highly vacuolated cells that 

usually have a slow rate of division, as they 

are the reservoir of pluripotent stem cells. 

The peripheral zone (PZ) surrounds the 

central zone and it is the site of organ formation; its cells are small and divide more 

frequently. The rib zone (RZ) is beneath the central zone in the deeper layers of the 

meristem, it is  characterized by large, vacuolated cells organized in columns, and it 

contributes to the bulk of the meristem.  

After germination, the SAM enters in the vegetative phase starting to produce leaves; after 

the floral transition the SAM becomes Inflorescence Meristem (IM) that, instead of leaves, 

produces Floral Meristems (FM) positioned in a spiral pattern tightly regulate by hormones 

fluxes (Figure 5). The floral meristem is a determinate meristem from which the floral organs 

differentiate.

 4.A Hormonal fluxes in the SAMmmmimmmmmmmmmmmmmmmmmmimmmmmmiiimm 

 Auxinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnniiiiiiinn

Figure 5. Organization of a shoot apical 

meristem: IM at the centre and several floral 

meristems, the green ones which arise from the 

FM surface. 
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In the SAM Auxin induces organogenesis and regulates phyllotaxis. According to the 

current models auxin is transported through the L1 surface layer of the meristem through a 

mechanism called reverse-fountain and the efflux facilitator PIN1 plays a central role in this 

process (Benkova et al., 2003). PIN1 directs the auxin flux toward the area where a new 

floral primordia has to grow. This results in an accumulation of auxin at the tip of the 

emerging floral primordia, depleting the surroundings area of the meristem from auxin. The 

auxin concentration remains high at the tip of the primordia until stage 2-3 of flower 

development; later, the auxin starts to efflux far from the primordia and it is conducted sub-

epidermally towards new areas of the meristem to positioning a new primordia buldge. This 

mechanism represents a combination of positive feedback -auxin accumulation- and lateral 

inhibition -withdrawal of auxin from adjacent tissues- (Reinhardt et al., 2003). 

 

 Cytokininnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnniinnnnnn

Stem cells are a source of cytokinins (Gordon et al., 2009) which up-regulates WUS 

expression. WUS is regulated via a classical negative-loop and two positive-loops. In the first 

scenario stem cells secrete CLAVATA3 (CLV3) ligand that binds to the complex formed by 

CLV1/CLV2 proteins leading to WUS downregulation. The positive circuit can be either CLV-

dependent and/or -independent, and in both cases it is cytokinin driven. In the CLV-

independent positive loop CK directly promotes (via an AHK2/AHK4 circuit) WUS expression, 

which in turn negatively regulates the expression of several type-A ARRs genes (ARR5-7, and 

ARR15). The final result is a positive regulation of CK signalling. In the CLV-dependent 

positive loop, CK directly downregulates CLV1 expression, thus indirectly promoting WUS 

expression; in this way cytokinin positively regulates its own signalling. The effect of both 

positive loops is to maintain the stem cells in the Central Zone, which, as mentioned, are a 

cytokinin source (Gordon et al., 2009). 

 

 Crosstalk between auxin and cytokinin in the 

SAMnnnnnnnnnnnnnnnnnnnnnnnnnnnnniinn 

At the SAM, synthesis and signalling 

pathways for both auxin and cytokinin are 

present and highly active. In the SAM a high 

IAA/CK concentration ratio induces organ 

formation, while a low IAA/CK concentration 

ratio is necessary for the meristem identity 

maintenance of cells.  

Both hormones regulate each other at 

different levels (Figure 6): auxin, indirectly 

reduces CK synthesis in the SAM by repressing 

in the CZ the gene SHOOTMERISTEMELESS 
Figure 6.  Aux and CK at the SAM regulate 

each other.   
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(STM) which induces IPT genes expression: as a consequence CK signalling is negatively 

regulated (Shani et al., 2006). Moreover auxin is also able to induce expression of genes 

encoding for enzymes involved in CK degradation, and by regulating CKs conjugation rate, 

thus acting on CK concentration at multiple levels.  (Nordstrom et al., 2004).  

Finally, in recent years evidences have been collected that CKs can regulate auxin 

homeostasis indirectly, by modulating IAA polar efflux. Studies in Arabidopsis have in fact 

shown that CK has no effect on AUX1, which encodes an IAA influx carrier, while it is able to 

affect the spatial expression of PIN genes (Laplaze et al., 2007, Bencivenga et al., 2012, 

Ruzicka et al., 2009; Pernisova et al., 2009) and transcripts levels. 

 

 4.B MADS-domain Transcription Factors involved in IM and FM development: the floral 

meristem identity genesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss

Several genes are involved in the control of Floral Meristem Identity (FMI) and among 

them SHORT VEGETATIVE PHASE (SVP), AGAMOUS-LIKE24 (AGL24) and APETALA1 (AP1), 

play a fundamental and redundant role in floral meristem specification.  

The paralogous genes SVP and AGL24 encode MADS-box transcription factors involved 

both in floral transition and floral meristem determination. They are expressed in the flower 

primordia at stages 1 and 2. While the svp and agl24 single mutants don’t display any flower 

phenotype, in the svp agl24 double mutant the flowers have a very mild phenotype in the 

first developing flowers. These flowers have mainly a reduced number of floral organs. 

However, when this double mutant was grown at high temperatures >30°C, all flowers were 

severely affected and displayed reduced number of organs and homeotic conversions 

(Gregis et al., 2006) suggesting an involvement of these genes in flower development. 

APETALA1 was firstly discovered as a MADS-domain transcription factor with a 

fundamental role in floral organ identity and, although the ap1 mutant displays phenotype 

defects only during flower development, AP1 has a role also in floral meristem development. 

Indeed the triple mutant svp agl24 ap1 displays a complete loss of floral meristem identity 

as indeterminate inflorescence meristems only give rise to new inflorescence meristems, 

leading to the formation of cauliflower-like structures (Gregis et al., 2008).  Moreover, when 

the svp agl24 double mutant was combined with a weak allele of ap1, the floral meristem 

differentiated precociously due to the ectopic expression of the homeotic genes APETALA3, 

PISTILLATA, AGAMOUS and SEPALLATA3 (which are involved in floral organs development 

and identity) strongly suggesting that in the flower primordium the meristem identity is 

maintained through the repression of genes involved in the floral organ differentiation 

(Gregis et al., 2006). This repression is mediated by the repressor complex made by AP1-

SVP/AGL24 with the SEUSS and LEUNIG co-repressors complex (Gregis et al., 2006) forming a 

mulitmeric complex able to bind to the promoters of the floral homeotic genes AP3, PI, AG 

and SEP3. 

 

  5. Flower development in Arabidopsis thalianaaaaaaaaaaaaaaaaaaaaaaaaaaa 
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The Arabidopsis flower is composed by four types of floral organs positioned in a whorled 

manner: four green sepals, four white petals, six stamens (two of them are shorter than the 

others) and a pistil composed by two fused carpels. The flower of Arabidopsis contains both 

the male and female reproductive organs, so it is a “perfect flower” as it can self-pollinate to 

obtain the fertilization of the ovules and the consequent development of the seeds. 

 

 5.A The ABCDE modelnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn  

At stage 3 of flower development, the floral meristem has reached the correct size to start to 

differentiate into floral organs. The identification of many floral homeotic mutants in 

Arabidopsis thaliana and Antirrhinum majus (Bowman et al., 1989; Yanofsky et al., 1990; 

Coen et al., 1990, Schwarz-Sommer et al., 1990, 1992) led to the formulation of a genetic 

model, called ABC model that was further integrated with two additional classes, the D- and 

E- classes. The resulting ABCDE model (Figure 7) explains how the specification of the 

different floral organ whorls occurs through different combinations of ABCDE genes:  

- A-Class genes APETALA1 and APETALA2: specify sepal identity in whorl 1; 

- B-Class genes APETALA3 and PISTILLATA: together with the A-genes and C-genes specify 

petal identity in whorl 2 and stamen identity in whorl 3 respectively; 

- C-Class genes AGAMOUS, 

SHATTERPROOF1 and SHP2: specify 

carpel and ovule identity in whorl 4 

and floral meristem determinacy.  

- D-Class gene SEEDSTICK: controls 

ovule identity  

- E-class genes are SEPALLATA1, SEP2, 

SEP3 and SEP4: effect redundantly 

the identity of all floral organs; they 

are necessary for the function of the 

A, B and C class genes interacting 

with them for the formation of 

multimeric complexes (Honma and Goto 2001; Theissen and Saedler, 2001).  

All these genes belong to the MADS-box transcription factor family, except for AP2 that 

belongs to the AP2-like transcription factors (Okamuro et al., 1997; Aukerman and Sakai, 

2003).  

 

 5.B Flow and auxin biosynthesis during development of floral organsiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

At early stages of flower development, auxin is concentrated in correspondence at the apical 

region of the floral organs: sepals and petals show a weak distribution of the hormone while 

the anthers and stigma are the sites affected by the more intense auxin biosynthesis. Auxin 

is also essential for the timing of floral organs development, thus flower can develop organs 

Figure 7. The ABCDE model.  
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that terminate their growth correctly synchronized (Aloni et al., 2005). Several evidences 

suggest that the synthesis of auxin in a particular area, can both promote and inhibit the 

growth of organs belonging to the adjacent whorls. In support to this hypothesis, the 

elimination of some manual floral organs triggers the active auxin synthesis in the remaining 

organs: the elimination of the stamens causes an abrupt increase of the hormone in the 

petals, which reach greater dimensions, and an increase of the growth of carpel and 

stigmatic papillae. 

 

 6. The ovule of Arabidopsis thalianaiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

Arabidopsis thaliana ovules (Figure 8) are lateral organs emerging from the subepidermal 

meristematic tissue of the pistil, the placenta. Ovule development consists of 3 stages 

(further divided into sub-stages) (Schneitz et al. 1995), first the ovule emerges as a 

protrusion as result of periclinal divisions in cells of the subepidermal placenta. During 

progressive elongation, three zones differentiate: the nucellus, the chalaza, and the 

funiculus. The most apical cell harbored by the nucellus is the Megaspore Mother Cell 

(MMC), which has a large nucleus and vacuole.  Subsequently, both integuments develop 

forming a continuous ring around the nucellus. During this stage, megasporogenesis takes 

place: the MMC undergoes meiosis producing four haploid megaspores (Reiser et al., 1993; 

Schneitz et al., 1995; Christensen et al., 1997) among which only the one closest to the 

chalaza area of the nucellus becomes the Functional Megaspore (FM). After three mitotic 

divisions the female gametophyte has eight nuclei/seven cell -two synergid cells, one egg 

cell, on binucleated central cell, and three antipodal cells. Both inner and outer 

integuments have now completely enclosed the nucellus. At this stage, the inner layer of the 

inner integument gives rise to a third layer of cells, the endothelium (Schneitz et al., 1995).  

When fertilization occurs ovules turns into seeds: the pollen tube penetrates one of the 

two synergid cells which bursts, and delivers into the embryo sac two sperm cells. One 

sperm cell fuses with the egg cell. From this event the zygote is formed. The second sperm 

cell fuses with the central cell producing a triploid nucleus from which the endosperm is 

subsequently formed. 

 

Figure 8. Ovule development. N, nucella; ii, inner integument; oi, outer integument. 
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 6.A Genetic regulation of ovule developmentiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

Ovule identity is determined by transcription factor complexes, composed of different 

combinations of MADS-domain proteins (Brambilla et al., 2007; Favaro et al., 2003). 

SEEDSTICK (STK), SHATTERPROOF 1 (SHP1), SHATTERPROOF 2 (SHP2), SEPALLATA3 (SEP3) 

(Favaro et al 2003).  

SEEDSTICK is expressed in placental tissue and during ovule development in the funiculus 

and in the integuments. When the ovule is fully formed STK expression is clearly maintained 

in the funiculus, and it becomes weaker in both integuments (Pinyopich et al 2003). The stk 

mutant develops seeds that show defective abscission zone formation; moreover the 

funiculus of STK ovules are formed by more cells and are larger then those of wild type 

ovules (Pinyopich et al., 2003). 

To properly determine ovule identity the STK protein complex must interact with another 

complex formed by SEP3, AGAMOUS (AG) and BEL1 (Reiser et al., 1995). 

BEL1 is expressed in ovules, in the chalaza and in both integuments throughout their early 

development, but not in the nucellus and embryo sac (Reiser et al., 1995). In the bel1 mutant 

the funiculus are thicker then normal, consisting of more cells then wild type, and the most 

striking phenotype is the formation at the base of the nucellus of a single integument-like 

structure (Robinson-Beers et al., 1992).  

This integument-like structure enlarges and converts into a carpelloid structure suggesting 

that BEL1 has a central function in ovule integuments determination (Robinson-Beers et al., 

1992; Brambilla et al., 2007). Moreover, like all sporophytic mutants and combinations of 

them (Colombo et al., 2008), bell1 ovules fail the megagametogenesis since the 

development within the nucellus starts to deviate after stage 3-I and never ends up with a 

functional embryo sac (Battaglia et al., 2008; Schneitz et al., 1997). 

Another sporophytic mutant with female gametophyte defects is aintegumenta (ant). ANT 

encodes for an Arabidopsis transcription factor (TF) of the AP2-like TF family involved in the 

control of growth during lateral organ development by positively regulating cellular 

proliferation (Mizukami et al., 2000). ANT is expressed in all organ primordia but not in 

roots. In ovules it is first expressed in the placenta, then in the funiculus and chalazae, and 

later in the endothelium, while no ANT expression is detected in the nucellus (Elliot et al., 

1996). 

The ant mutant lacks integuments (FIG6). The integument-ridge is formed, however it is 

unable to further expand (Baker et al., 1996; Elliot et al., 1996). Moreover ant mutants 

produce 50% less ovules than wild type, and they are completely female sterile (Baker et al., 

1996) since megagametogenesis does not occur properly (Elliot et al., 1996) and embryo sac 

development is blocked at the FG1 stage 

(Schneitz et al., 1997). 
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ABSTRACT 

BASIC PENTACYSTEINE (BPC) transcription factors have been identified in a large variety 

of plant species. In Arabidopsis thaliana there are seven BPC genes, which, except for 

BPC5, are expressed ubiquitously. BPC genes are functionally redundant in a wide range of 

developmental processes. Recently, we reported that BPC1 binds to guanine and adenine 

(GA)– rich consensus sequences in the SEEDSTICK (STK) promoter in vitro and induces 

conformational changes. Here we show by chromatin immunoprecipitation experiments 

that in vivo BPCs also bind to the consensus boxes, and when these were mutated, 

expression from the STK promoter was derepressed, resulting in ectopic expression in the 

inflorescence. We also reveal that SHORT VEGETATIVE PHASE (SVP) is a direct regulator of 

STK. SVP is a floral meristem identity gene belonging to the MADS box gene family. The 

SVP-APETALA1 (AP1) dimer recruits the SEUSS (SEU)-LEUNIG (LUG) transcriptional 

cosuppressor to repress floral homeotic gene expression in the floral meristem. 

Interestingly, we found that GA consensus sequences in the STK promoter to which BPCs 

bind are essential for recruitment of the corepressor complex to this promoter. Our data 

suggest that we have identified a new regulatory mechanism controlling plant gene 

expression that is probably generally used, when considering BPCs’ wide expression profile 

and the frequent presence of consensus binding sites in plant promoters. 

 

INTRODUCTION 

Transcriptional regulation is still poorly understood in plants. Recently, a new class of 

transcription factors, named BASIC PENTACYSTEINE (BPC), was identified (Meister et al., 

2004). In Arabidopsis thaliana, BPCs belong to a small gene family of seven members that 

encode activators and repressors of transcription (Meister et al., 2004; Monfared et al., 

2011; Berger and Dubreucq, 2012). Based on their sequence similarity, they were divided 

into three classes: class I (containing BPC1 to BPC3), class II (containing BPC4 to BPC6), and 

class III (containing only BPC7) (Meister et al., 2004). All genes, except for BPC5, which is 

probably a pseudogene, are expressed ubiquitously. BPC genes belonging to these different 

classes were shown to be functionally redundant, and combining multiple bpc mutant alleles 

together results in a wide range of developmental defects (Monfared et al., 2011). Recently, 

we identified BPC1 as a regulator of the ovule identity gene SEEDSTICK (STK), which is 

specifically expressed in ovules (Rounsley et al., 1995; Pinyopich et al., 2003; Brambilla et al., 

2007). BPC1 binds to the STK promoter at multiple guanine and adenine (GA)–rich boxes, 

which have the RGARAGRRA consensus sequence (Kooiker et al., 2005). Its cooperative 

binding was shown to induce conformational changes in the STK regulatory region, 

suggesting that multiple consensus sites are required for the regulation of STK. Furthermore, 

it was shown that STK expression was upregulated in the bpc1-1 single mutant, although the 

spatial expression profile of STK was not changed (Kooiker et al., 2005). Here we describe 

the identification of the MADS domain factor SHORT VEGETATIVE PHASE (SVP) as another 

regulator of STK. This transcription factor was first identified as a repressor of the floral 

transition (Hartmann et al., 2000). By combining the strong ap1-10 allele with the agamous-
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like24 (agl24) svp double mutant, it was shown that, after the floral transition, SVP also acts 

as a floral meristem identity gene, because in this triple mutant, floral meristem identity was 

not specified, and inflorescence meristems developed in place of floral meristems, resulting 

in a phenotype that resembles a cauliflower curd-like structure (Gregis et al., 2008). During 

reproductive growth, SVP is expressed only in the floral meristem (stage 1 and 2 of flower 

development), which during this phase increases in size. In the floral meristem, SVP interacts 

with AP1 to recruit the LEUNIG (LUG)-SEUSS (SEU) corepressor (Gregis et al., 2006, 2009). 

This complex is important to repress homeotic gene expression during the first stages of 

flower development to prevent precocious differentiation of the floral meristem into floral 

organs. For instance, it was shown that SVP and AP1 directly bind and repress MADS box 

floral organ identity genes, such as APETALA3 (AP3), PISTILLATA (PI), SEPALLATA3 (SEP3), and 

AGAMOUS (AG) (Gregis et al., 2006; Gregis et al., 2009). Here we show that the regulation of 

STK is dependent on the binding of a MADS domain protein–containing repressor complex to 

its promoter and that BPC binding sites are essential for the recruitment of this complex. We 

provide evidence that this is probably a general mechanism by which BPCs regulate gene  

expression in plants. 

 

RESULTS 

 

Class I BPC proteins bind the STK 

promoter in vivo 

Electrophoretic mobility shift assay 

(EMSA) experiments using primers 

based on the STK promoter sequence 

predicted that BPC1 binds to seven out 

of 12 GAGA boxes (Kooiker et al., 2005). 

Based on these experiments, the 

RGARAGRRA consensus BPC1 binding 

sequence (consensus [C]-box) was 

proposed. The seven BPC1 binding sites 

(C-boxes) were numbered as 1, 4, 7, 8, 

9, 10, and 12, based on their order in 

the STK promoter sequence (Figure 1A). 

In particular, C-boxes 4 and 12 showed 

the strongest binding. Previous analysis 

of the STK promoter sequence showed 

that apart from the seven C-boxes, there 

are five nonconsensus (NC) boxes (NC-

boxes 2, 3, 5, 6, and 11), which have one 

mismatch with respect to the consensus 

sequence. These NC-boxes did not bind 

FIGURE 1. BPC proteins of class I bind the STK 
promoter at C-boxes.  
(A) Schematic representation of STK promoter 
indicating the regions tested by ChIP (labeled bars). 
The two arrows indicate the position of the two NC 
boxes tested.  
(B) ChIP assays conducted on wild-type (dark gray 
bars) chromatin compared with the bpc1 bpc2 bpc3 
triple mutant (light gray bars) and analyzed by Real-
time PCR testing the regions indicated in A, and a 

region of the INO promoter.  
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BPC1 in EMSA studies (Kooiker et al., 2005). We carefully reanalyzed the STK promoter 

region and discovered the presence of five additional NC-boxes (see Supplemental Figure 1 

online). To verify the ability of class I BPC proteins (BPC1, BPC2, and BPC3) to bind C- and NC-

boxes in the STK promoter in vivo, three independent biological replicates of chromatin 

immunoprecipitation (ChIP) assays were performed using a polyclonal antibody that 

specifically recognizes class I BPC proteins (see Supplemental Figure 2 online). These 

experiments were conducted using chromatin extracted from wild-type inflorescences. Two 

different regions of the STK promoter of 250 bp were analyzed (Figure 1A), allowing us to 

distinguish between C-box and NC-box binding. One region was at the beginning of the 

promoter, containing two NC-boxes, and the other region was at the end of the promoter 

and contained only C-box 12, which showed strong binding in the EMSA experiments.  

As a positive control, binding to the promoter of INNER NO OUTER (INO) was tested 

(Meister et al., 2004), and as a negative control, the bpc1-3 bpc2 bpc3 triple mutant was 

used (Figure 1B). 

ChIP analysis on the region containing C-box 12 showed high enrichment, confirming 

strong binding to this consensus site. When we tested the NC-boxes for BPC binding, we did 

not observe any enrichment, confirming the EMSA experiment and showing that the NC-

boxes do not bind BPC1, BPC2, and BPC3 in vivo. 

 

The C-boxes are necessary for correct spatial and temporal regulation of STK expression 

Recently, functional analysis of different classes of BPC genes in Arabidopsis showed that 

they have redundant functions in plant developmental processes (Monfared et al., 2011). 

Analysis of STK expression in the bpc1-1 mutant confirmed this, because STK was only 

slightly upregulated, but its expression profile was not affected (Kooiker et al., 2005). 

Therefore, considering redundancy between BPC factors and to avoid pleiotropic effects of 

higher-order bpc mutant combinations, we decided to investigate the role of BPC proteins in 

the regulation of STK by mutating the seven C-boxes in the STK promoter by changing in 

each box two purines essential for BPC1 binding into pyrimidine residues. This mutated 

promoter fragment of 2900 bp upstream of the STK translation start site was cloned in frame 

with the uidA reporter gene that encodes b-glucuronidase (GUS), and the resultant 

STKpro_GAm7:GUS construct (Figure 2A) was used for Arabidopsis transformation. As a 

positive control, we used the wild-type STK promoter (STKpro_GAwt:GUS; Figure 2A), which 

drives specific expression in the placenta and all stages of ovule development (Figure 2B; 

Pinyopich et al., 2003). Of the 28 independent transgenic lines that were transformed with 

the wild-type promoter construct, 89% showed the expected wild-type STK expression 

profile (Figures 2B and 2C), whereas in 11% of the lines, an aberrant profile was observed 

(see Supplemental Table 1 online). In these lines, expression was random in all parts of the 

plant. Those lines in which no GUS signal was detected (n = 3) were not considered for 

further analysis. Of the 125 independent lines transformed with the STKpro_GAm7:GUS 

construct, 94 plants (75%) showed strong deregulation of the GUS reporter gene. Strong 

blue staining was observed not only in all the floral organs but also in inflorescence and floral 
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meristems (Figures 2D and 2E; see Supplemental Table 1 online), suggesting a pivotal role for 

the C-boxes in the regulation of spatial and temporal STK expression. Kooiker et al. (2005) 

showed by tethered particle motion (TPM; Finzi and Dunlap, 2003) analysis that BPC1 is able 

to induce loops in the STK promoter and that prominent loop formation occurs between C-

boxes 4 and 12, which were the strongest BPC1 binding sites in the EMSA assays. However, 

TPM experiments using a STK promoter fragment in which only C-boxes 4 and 12 were 

maintained and the other five were mutated showed that no conformational changes were 

introduced, suggesting that Cboxes 4 and 12 alone are not enough to induce looping. To 

investigate in more detail the importance of the C-boxes for STK regulation taking into 

consideration the previously performed TPM analysis, a STK promoter-GUS construct was 

prepared in which only C-boxes 4 and 12 were maintained and all five other C-boxes were 

mutated (STKpro_GAm5:GUS; Figure 2A). This STKpro_GAm5:GUS construct was introduced 

in Arabidopsis, and of the 71 independent transgenic lines that were analyzed, 27 plants 

(38%) showed deregulation of the GUS reporter (Figures 2F and 2G; see Supplemental Table 

1 online), suggesting that C-boxes 4 and 12 are important for proper STK expression and that 

the mutation of five C-boxes led to more instability in the regulation of the expression of the 

reporter gene. It is important to notice that deregulation in these lines was observed only in 

the anthers and the style and stigma of the carpel (Figure 2F). The reporter line did not show 

expression in the inflorescence or floral meristem (Figure 2G). To answer the question of 

whether C-boxes 4 and 12 are essential for proper STK expression, a promoter construct was 

generated in which only these two C-boxes were mutated (STKpro_GAm2:GUS; Figure 2A). 

Of the 57 independent transformants that were analyzed, only 14% showed deregulation of 

the GUS reporter gene (Figures 2H and 2I; see Supplemental Table 1 online), indicating that 

C-boxes 4 and 12 seem not to be essential for proper STK expression. These results showed 

that multiple C-boxes are important for the proper regulation of STK by BCP proteins. To 

ensure that the mutations that were introduced in the C-boxes prevented BPC binding in 

vivo, three independent ChIP assays using BPC class I–specific antibodies were performed. 

The experiments were conducted using inflorescences of homozygous STKpro_GAm7:GUS 

lines. The wild-type endogenous C-box 12 was tested as a positive target sequence, and as a 

negative control, the preimmune serum was used. To discriminate between the endogenous 

wild-type C-box 12 and the mutated one located on the STKpro_GAm7:GUS construct, 

specific primers that differed in two 39 nucleotides were used. In all three ChIP experiments, 

no enrichment was detected when binding to the mutated C-box 12 was tested (Figure 2J), 

whereas the endogenous C-box 12 was highly enriched. This result confirmed the efficacy of 

the mutations to abolish BPC binding in vivo and is consistent with the previous in vitro 

analysis (Kooiker et al., 2005). Furthermore, it supports the observation that deregulation of 

the STK promoter activity is caused by the absence of BPC binding to the mutated C-boxes. 
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Class I BPC proteins interact with each 

other 

BPC proteins, at least the ones of class I, 

were shown to bind in vitro and in vivo to 

multiple C-boxes in the STK regulatory 

region. Furthermore, Kooiker et al. 

(2005) showed by TPM analysis that they 

induce conformational changes in the 

DNA by inducing loops between the 

different C-boxes. To investigate whether 

loops can be induced into the DNA 

through both the binding to the C-boxes 

and by direct interactions between these 

class I BPC proteins, we performed yeast 

two-hybrid assays. The open reading 

frames encoding BPC1, BPC2, and BPC3 

were fused to the activation domain (AD) 

and binding domain (BD) and tested for 

interaction (Table 1). These assays 

showed that BPC1 interacted with BPC2 

and BPC3; BPC2 interacted with BPC3 

and also formed homodimers (Figure 3A). 

These data show that BPC proteins 

potentially can loop the DNA by binding 

to C-boxes and interacting with each 

other (Figure 3B). 

FIGURE 2. Mutation in C-boxes avoids BPC of 
class I binding to STK promoter.  
(A) Schematic representation of the STK 
promoter versions generated: dark grey 
squares represent C-boxes wild-type and 
mutated (crossed).  
(B-I) GUS staining performed on inflorescence 
(left panels mature flowers, right panels 
meristems and young flowers) of 
pSTK_GAwt::GUS (B-C), pSTK_GAm7::GUS (D-
E), pSTK_GAm5::GUS (F-G), pSTK_GAm2::GUS 
(H-I).  
(L) ChIP assay conducted on wild-type 
chromatin and analyzed revealing that BPC of 
classi I don’t bind the mutated C-box 12 in 
pSTK:GAm7::GUS background.  
PI: Pre-immune serum; IP: immunoprecipitate.  
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STK is a target of the MADS-domain transcription factor SVP 

We recently performed a ChIP-sequencing assay to identify genome-wide targets for the 

floral meristem identity factor SVP, which resulted in the identification of STK (V. Gregis et 

al., unpublished results). This experiment showed that the MADS domain transcription factor 

SVP binds to various positions in the STK genomic region (Figure 4A). The direct interaction 

between SVP and the STK promoter was confirmed by three ChIP assays (independent 

biological replicates) using antibodies against green fluorescent protein (GFP) and chromatin 

extracted from inflorescences of svp homozygous mutant plants complemented with a 

SVPpro:SVP-GFP construct (Gregis et al., 2009). As a positive control, the enrichment of a 

region of the AP1 promoter known to interact with SVP was used (Grandi et al., 2011), 

whereas, as a negative control, inflorescences of wild-type plants were used. The STK 

promoter was divided into three parts (regions A, B, and C; Figure 4A) spanning all putative 

SVP promoter binding sites. This ChIP analysis revealed that the highest enrichment in all 

three replicates was in region B (Figures 4A and 4B), which contains three CArG boxes (MADS 

domain binding sites) surrounded by several C-boxes (Figure 4A; see Supplemental Figure 1 

online). STK is closely related to AG, a gene regulating ovule, stamen, and carpel identity and 

floral meristem determinacy (Bowman et al., 1991). Recently, we showed that in the agl24 

svp ap1-12 triple mutant, AG is ectopically expressed in floral meristems of stage 1 and 2 

Figure 3. BPC Proteins of Class I Interact with 
Each Other. 
(A) Yeast two-hybrid assays testing interactions 
between BPC proteins of class I using –W-L-H +5 
mM of 3-AT selective media. The empty vectors 
were used as negative controls. 
(B) Putative model of BPC interactions with the 
STK promoter: BPCs interact with each other and 
bind the STK promoter at multiple C-boxes; as a 
consequence, this might induce conformational 
changes in this region. UTR, untranslated region. 
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FIGURE 4. STK is target of SVP.  
(A) Schematic representation of the fragments belonging to the STK genomic locus 
immunoprecipitated through the ChIP sequencing. Each bold line corresponds to a fragment. The 
STK promoter contains few putative SVP binding site localized close to the GAGA boxes 7,8 and 9.  
(B) Real-time PCR on pSVP::SVP-GFP svp/svp and wild-type chromatin to confirm the SVP binding 
to the STK regions A, B and C and AP1 promoter used as positive control.  
(C-F) In situ hybridization on wild-type (C-D) and svp agl24 ap1-12 triple mutant (E-F) using STK 
specific antisense probe.  
Bars in C and E: 200µm; Bars in D and F: 100µm. 
 

(Gregis et al., 2008), evidencing the redundant role of these three genes in the repression of 

AG at these very early stages of flower development.  

 

To investigate whether the binding of SVP to STK is, as previously observed for AG, 

important for the repression of STK in the floral meristem, we analyzed the expression of 

this gene in the agl24 svp ap1-12 triple mutant by in situ hybridization. In wild-type plants, 

STK is expressed in ovules and the placenta (Figure 4C; Pinyopich et al., 2003), and no 

expression was detectable in floral meristems and flowers at early stages of development 

(Figure 4D). Interestingly, in the agl24 svp ap1-12 triple mutant, STK expression in the carpel 

was like that in wild-type plants (Figure 4E); however, its expression was also observed in 

floral meristems and young flowers (Figure 4F). Taken together, these data suggest that SVP 

prevents STK expression in the floral meristem by direct binding to its promoter regionwas in 

region B (Figure 4B), which contains three MADS-domain binding sites, CArG boxes, 

surrounded by several  C-boxes (Figure 4A).  
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STK is closely related to AG, a gene controlling ovule, stamen and carpel identity and floral 

meristem determinacy (Walter et al., 2004).  

Recently we showed that in the agl24 svp ap1-12 triple mutant AG is ectopically expressed 

FIGURE 5. BPC1 interacts with SEU and SVP and collaborate with SVP for its DNA recognition.  
(A) Yeast two hybrid assay between SEU, SVP and BPC1, BPC3: positive interactions on selective 
media –W-L-H +5mM 3-AT.  
(B-G) Subcellular localization of reconstituted YFP complexes in plant cells. Tobacco leaves were 
transformed with the indicated YN and YC fusions. Panels above: yellow fluorescence, panels 
below: bring field images.  
(H) Real-time PCR analyses of the ChIP assays to check the SVP binding to endogenous wild-type 
and mutated versions of fragment B of pSTK_GAm7::GUS and pSTK_GAm5::GUS promoters. 
(I) Real-time PCR analyses of the ChIP assays to check the BPCs of class I binding to AG and SEP3 
promoters. 
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in floral meristems of stage 1 and 2 (Gregis et al., 2008) evidencing the redundant role of 

these three genes in the repression of AG at these very early stages of flower development. 

To investigate whether the binding of SVP to STK is like previously observed for AG also 

important for the repression of STK in the floral meristem, we analysed the expression of 

this gene in the agl24 svp ap1-12 triple mutant by in situ hybridization analysis. In wild-type 

plants, STK is expressed in ovules and the placenta (Figure 4C; Pinyopich et al., 2003) and no 

expression was detectable in floral meristems and flowers at early stages of development 

(Figure 4D). Interestingly, in the agl24 svp ap1-12 triple mutant, STK expression in the carpel 

was like in wild type plants (Figure 4E), however, its expression was also observed in floral 

meristems and young flowers (Figure 4F). Taken together these data suggest that SVP 

prevents STK expression in the floral meristem by direct binding to its promoter region.  

 

BPC factors facilitate the binding of the AP1-SVP-SEU-LUG repressor complex to the STK 

promoter 

The region of the STK promoter (region B) to which SVP was shown to bind contains three 

CArG boxes, which are very close to C-boxes 7 and 8 (Figure 4A). This peculiar arrangement 

of BPC and MADS domain binding sites suggests that these factors might interact to facilitate 

binding to this promoter region. To investigate this further, we tested by yeast two-, three-, 

and four-hybrid experiments whether BPC proteins were able to interact with the AP1-SVP-

SEU-LUG corepressor complex (Gregis et al., 2006). First, we tested by yeast two-hybrid 

assays the interactions between BPC1, BPC2, and BPC3, all cloned as BD fusions, with AP1, 

LUG, SEU, and SVP, all cloned as AD fusions. This analysis revealed that BPC1 strongly 

interacted with SEU and weakly with AP1 and SVP, whereas BPC3 interacted only weakly 

with SVP (Figure 5A). The strength of the interaction was tested by selecting for growth on 

medium without His and different concentrations of 3-amino-1,2,4triazole (3-AT). BPC2 did 

not interact with any of the proteins. The strength of the interactions was enhanced when 

three or four proteins were combined together in three- or four-hybrid assays, using SEU 

and LUG as bridging proteins and BPC1, BPC3, or SVP as BD or AD fusion proteins (see 

Supplemental Table 2 online). To validate in planta the results obtained by the yeast 

interaction experiments, a bimolecular fluorescent complementation assay (BiFC; Walter et 

al., 2004) in tobacco (Nicotiana benthamiana) leaves was performed. The coding sequence 

of each gene was fused with a part of the yellow fluorescent protein, and then they were 

introduced into the cells through Agrobacterium tumefaciens–mediated transient 

transformation. As positive control, the SNF1 protein kinase was used (data not shown; 

Ferrando et al., 2001), whereas, as negative control, BPC1 and BPC3 interactions with LUG 

were used, because they did not show an interaction in yeast (Figures 5F and 5G). Using this 

system, both the interactions between BPC1 (or BPC3, data not shown) and SVP (Figures 5B 

and 5C) or SEU (Figures 5D and 5E) gave a clear nuclear fluorescent signal, supporting the 

interactions observed in yeast and the hypothesis that a multimeric complex of BPC proteins 

and AP1, SVP, SEU, and LUG can be formed in plants. The protein interaction data supported 

the hypothesis that BPC proteins can facilitate and/or stabilize the binding of the AP1-SVP-
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SEU-LUG repressor complex to the CArG boxes in the STK promoter. To test this hypothesis, 

ChIP experiments using inflorescence tissue were performed. The svp SVPpro:SVP-GFP plants 

were crossed with plants containing the STKpro_GAm7:GUS construct in which all seven C-

boxes are mutated. In subsequent generations, plants homozygous for the svp mutation and 

the two constructs were selected for ChIP experiments, and antibodies against GFP were 

used for these assays (Figure 5H). As a positive control, the endogenous STK promoter 

(region B) was used, whereas, as negative control, inflorescences of plants containing only 

the STKpro_GAm7:GUS construct were used. Furthermore, specific primers for the mutated 

C-boxes 7 and 8 were used to assay specifically binding to region B encoded by the 

STKpro_GAm7:GUS construct. In three out of three independent ChIP experiments, no 

binding of SVP to the mutated region B was observed, suggesting that BPC binding to C-

boxes is necessary for binding of SVP to the CArG boxes in region B (Figure 5H). The C-boxes 

and CArG boxes are very close to each other in region B (see Supplemental Figure 1 online); 

therefore, we could at this point not exclude the idea that the mutations in the C-boxes 

directly affected the affinity of SVP for the CArG binding site. To test this hypothesis, ChIP 

experiments were performed using inflorescences of svp mutant plants containing both the 

SVPpro:SVP-GFP and the STKpro_GAm5:GUS construct. In the latter construct, the C-boxes 

surrounding the SVP binding sites (C-boxes 7 and 8) are still mutated, and only the more 

distant boxes 4 and 12 are wild-type. As described above, these plants showed a low 

frequency of deregulation of GUS expression in stamens and carpels but no GUS expression 

in the floral meristem (Figures 2F and 2G). Interestingly, three independent ChIP 

experiments showed that SVP did bind to region B present in the STKpro_GAm5:GUS 

construct, confirming that the mutations that were introduced in the C-boxes close to the 

MADS domain binding sites did not influence the binding of SVP to this mutated STK 

promoter region. These experiments show clearly that C-box sequences to which BPC 

proteins bind are important to facilitate binding of the AP1-SVP-SEU-LUG repressor complex 

to the CArG boxes in the STK promoter. 

 

BPCs regulate other floral homeotic genes 

The repressor complex SVP-AP1-SEU-LUG was shown to interact with the promoters of 

homeotic genes regulating floral organ identity, including the two MADS box transcription 

factors AGAMOUS (AG) and SEPALLATA3 (SEP3) (Gregis et al., 2009). The SVP repressor 

complex prevents expression of these genes at stages 1 and 2 of flower development. 

Analysis of the AG and SEP3 promoter regions revealed that several C-boxes are positioned 

within 100 bp from the CArG boxes that previously were shown to bind SVP in vivo (Gregis et 

al., 2009) (see Supplemental Figure 3 online). Three independent preparations of chromatin 

from wild-type inflorescences and bpc1-3 bpc2 bpc3 triple mutant inflorescences (used as 

negative control) were immunoprecipitated using antibodies against class I BPCs, confirming 

the binding of BPCs to these C-boxes (Figure 5I). These data indicate that the regulatory 

mechanism involving the BPC proteins is not restricted to STK, but rather may be a more 

general transcriptional regulatory mechanism common to many target genes. 
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STK is redundantly regulated by BPC proteins of different classes 

To investigate whether STK regulation is dependent only on the class I BPC proteins (BPC1, 

BPC2, and BPC3), we introduced the STKpro_GAwt:GUS construct into the bpc1-3 bpc2 bpc3 

triple mutant. This analysis revealed that in none of the single,double, or triple mutant 

combinations GUS expression was deregulated (see Supplemental Figure 4 online). This 

analysis shows that in addition to the class I BPC proteins, other BPC factors act redundantly 

in the regulation of STK. 

 

DISCUSSION 

The molecular mechanisms regulating the expression of homeotic floral genes are poorly 

understood in plants. The homeotic gene STK, which regulates ovule and seed development 

in Arabidopsis (Pinyopich et al., 2003; Brambilla et al., 2007), provides an excellent model for 

these studies, because, in addition to being a key regulator controlling seed production, its 

expression is precisely restricted to developing ovules (Pinyopich et al., 2003; Brambilla et 

al., 2007). Previously, we identified BPC1 as a direct regulator of STK, showing that it binds to 

the RGARAGRRA (C-box) consensus sequence, which is present in multiple copies in the STK 

promoter (Kooiker et al., 2005). Furthermore, in vitro single-molecule studies showed that 

BPC1 binding to these GA-rich elements causes DNA loop formation. These conformational 

changes might well be important for the regulation of STK. However, analysis of STK 

expression in the bpc1-1 single mutant showed that its expression was only mildly 

upregulated without changes in its expression profile. This is not surprising, considering that 

BPC1 shares sequence similarity to BPC2 and BPC3. Redundancy between these genes was 

further supported by the findings of Monfared et al. (2011), who showed that all the 

ubiquitously expressed BPC genes are likely to have overlapping functions. Furthermore, the 

analysis of the bpc1-3 bpc2 bpc3 triple mutant that we show here revealed that the profile of 

STK promoter activity in this triple mutant was the same as in wild-type plants, which further 

strengthens the idea that redundancy occurs between BPC genes of different classes. To 

overcome the necessity of making an Arabidopsis mutant including all six bpc mutant alleles 

(BPC5 is considered to be a pseudogene), which based on their broad expression profile will 

probably also display severe phenotypic defects, we decided to mutate the consensus 

binding sites, which we called C-boxes, in the STK promoter to abolish BPC binding. This 

allowed us to study the function of BPC in the regulation of STK while preventing all kinds of 

pleiotropic effects caused by mutations in BPC genes. The GUS reporter lines that contain 

the STK promoter with the seven mutated consensus C-boxes showed strong deregulation of 

the GUS reporter gene throughout the flower during all stages of flower development. 

Promoter constructs in which only two strong BPC binding sites were mutated showed no 

deregulation. By contrast, plants that contained the reporter construct in which five C-boxes 

were mutated displayed ectopic expression in the carpel and stamens, suggesting that the 

number of BPC binding sites is important for correct gene expression. Our yeast interaction 

studies showed that BPC proteins of class I can interact with each other, and the fact that 

those of class II also interact between them and with those of class I (Wanke et al., 2011) 
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further supports the idea that multiple DNA interactions combined with BPC protein–protein 

interactions will induce conformational changes into the STK promoter region, also 

corroborated by the previous reported in vitro TPM analysis (Kooiker et al., 2005). An 

important outcome of our studies is that binding of BPC proteins to the STK promoter region 

is important for the repression of STK expression in the floral meristem. We showed that C-

boxes to which BPC proteins bind are essential to facilitatebinding of the SVP-AP1-SEU-LUG 

repressor complex to the STK promoter region. However, it is not yet completely clear how 

this mechanistically works. Do the conformational changes induced by BPC cause the 

exposure of the CArG boxes so that MADS domain proteins can bind to them, or are protein–

protein interactions between BPC proteins and the repressor complex necessary to stabilize 

the MADS domain repressor complex on the STK promoter? Our protein interaction studies, 

which showed interactions between different members of the repressor complex and BPCs, 

strongly support the latter scenario, although we cannot exclude that BPC proteins are also 

important to make the CArG boxes available for MADS domain protein binding. Interesting in 

this respect is the analogy with the GAGA Associated Factor of Drosophila melanogaster 

(dGAF) (Berger and Dubreucq, 2012), which is involved in the regulation of a wide variety of 

processes, including the regulation of homeotic HOX genes (Botas, 1993; Graba et al., 1997; 

Lehmann, 2004). Although GAF proteins and BPCs do not show sequence homology 

similarity, they both bind to (GA)n or (CT)n sequences in promoter regions. Once dGAF binds 

DNA, it can both activate and repress gene transcription. This is the same for BPC proteins 

that are, for instance, involved in STK repression and INO activation (Meister et al., 2004). In 

case of activation, dGAF cooperates with the Trithorax-like group (Trx-G) complex (Poux et 

al., 2001), whereas, in case of repression, it forms a multimeric complex with Polycomb 

group (Pc-G) members (Horard et al., 2000). Apart from this, several findings suggest that 

the GAF should not be considered only as a factor involved in regulation of gene expression 

but also as a structural protein. Indeed, GAF can establish contact with subunits belonging to 

NURF and FACT complexes (Orphanides et al., 1998; Xiao et al., 2001; Shimojima et al., 

2003), which are involved in the nucleosome spacing processes. BPCs share many similarities 

with GAF (Berger and Dubreucq, 2012); therefore, it is tempting to speculate that BPCs, 

apart from stabilizing the binding of the AP1-SVP-SEU-LUG repressor complex via protein–

protein interactions on the STK promoter, also might play a role in the exposure of the CArG 

boxes by moving nucleosomes. The regulation of STK expression is likely not always 

dependent on BPC binding to its promoter. The promoter constructs containing the mutated 

C-boxes showed deregulation only in floral tissues but not in vegetative tissues. This 

indicates that other regulatory mechanisms, independent of BPCs, are important to silence 

STK expression during vegetative development. Furthermore, our analysis of the AG and 

SEP3 promoters showed that the function of BPCs in facilitating transcription complex 

binding to promoters, which we discovered using the STK promoter, probably accounts for 

many other genes. This is further strengthened by the following observations: (1) many 

genes contain C-boxes in their putative promoter regions, (2) plants having multiple bpc 

genes mutated show a broad range of phenotypic effects (Monfared et al., 2011), and (3) 
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BPC genes are ubiquitously expressed in plants. It is also important to notice that the 

regulatory functions of BPC factors as we describe here are likely not restricted to 

Arabidopsis, because BPC factors have also been identified in other plant species. In fact, this 

GAGA binding protein was first described in soybean (Glycine max) (GAGA Binding Protein 

[GBP]; Sangwan and O’Brian, 2002) and subsequently also in barley (Hordeum vulgare) (B 

Recombinant barley [BBR]; Santi et al., 2003) and rice (Oryza sativa) (Meister et al., 2004). 

Conservation of their function in different plant species is further suggested by the 

observation that in the promoter of the STK ortholog in rice, MADS13 (Dreni et al., 2007), C-

box sequences are also present. In conclusion, our data reveal important insights into 

molecular mechanisms controlling gene expression in plants. We show that a MADS domain 

repressor complex depends, for binding to a target promoter, on the binding of the 

ubiquitously expressed BPC factors to the same promoter region. These data therefore 

provide insight into the role of BPC factors in plant development. The fact that BPCs are 

functionally but not structurally related to the intensively studied dGAF factor of Drosophila 

is intriguing and makes BPC proteins particularly interesting for further studies. 

 

METHODS 
Plant material and growth conditions  

The Arabidopsis thaliana ecotype used in this work is Columbia; the plants were directly sown on soil 

and kept under short day conditions for two weeks (22°C, 8 h light and 16 h dark) and then moved to 

long-day conditions (22°C, 16 h light and 8 h dark). The svp alg24 ap1-12 triple mutant and the 

pSVP::SVP-GFP line were previously described in Gregis et al. (2008) and Gregis et al. (2009), 

respectively. The bpc1 bpc2 bpc3 triple mutant was kindly provided by C. Gasser.  

 

STK promoter constructs and plant transformation 

Each mutated version of the STK promoter (pSTK_GAm2, pSTK_GAm5 and pSTK_GAm7) was obtained 

by assembling together three, six and eight fragments respectively, which start and terminate with 

the appropriate mutated GAGA box replacing two purines (highlighted by the small font) by two 

pyrimidine residues: Box1 AGAAagAAA; Box4 AGAAAgaAAGAgaAGAGA; Box7 

AGAAAgaAAGAgaAAGAAA; Box8 TCTCTTtcCTTTCT; Box9 TTCctCTCT; Box10 TCTctCTCT; Box12 

TTTCTCTctCC. All the versions were recombined into the pDONOR207 vector (Life Technologies) and 

then recombined in the pBGWFS7 vector (Life Technologies), which already contains the GUS 

sequence. Arabidopsis thaliana was transformed with these constructs using the Agrobacterium 

tumefaciens–mediated floral dip method (Clough and Bent 1998).  

 

GUS staining and In situ hybridization 

GUS assays were performed as described previously by Liljegren et al. (2000). The samples were 

mounted in 5% glycerol and subsequently observed using a Zeiss Axiophot D1 microscope equipped 

with DIC optics. Images were captured on an Axiocam MRc5 camera (Zeiss) using the Axiovision 

program (version 4.1). 

In situ hybridization experiments were performed as described previously by Dreni et al. (2011) using 

as probe STK antisense RNA, which corresponds to nucleotides 455 to 818 (Brambilla et al., 2007).  
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Chromatin Immunoprecipitation (ChIP) assay 

Chromatin Immunoprecipitation and Real-time PCR were carried out as described by Gregis et al. 

(2009) using for SVP-GFP, the commercial antibodies GFP:Living Colors_ full-length (Clontech, 

http://www.clontech.com/), whereas for BPC, a polyclonal antibody raised against the full-length 

purified GST tagged BPC1.  

 

Yeast Two-, three- and four hybrid assay 

The two-, three-hybrid assays were performed at 28°C in the yeast strain AH109 (Clontech), whereas 

the four-hybrid assay was performed at 28°C in strain PJ64-4A (Clontech) using the co-transformation 

technique (Egea-Cortines et al., 1999). The coding sequences of BPC1, BPC2, BPC3, SVP, SEU, LUG and 

AP1 were cloned in the Gateway vector GAL4 system (pGADT7 and pGBKT7, Clontech) or pTFT1 

Gateway  and pRED Gateway (kindly provided by R. Immink) passing through pDONOR207 (Life 

Technologies). Yeast two-and three-hybrid assays were tested on selective YSD medium lacking 

leucine, tryptophan, adenine and histidine supplemented with different concentrations of 3-

aminotriazole (1, 2.5, 5 mM 3-AT). Four-hybrid interactions were assayed on selective YSD medium 

lacking leucine, tryptophan, adenine, uracile and histidine supplemented with different 

concentrations of 3-AT (1, 2.5, 5 mM).  

 

Bimolecular fluorescence complementation (BiFC) assay 

The BPC1, BPC2, BPC3, SVP, SEU, LUG and AP1 coding sequences were cloned, passing through the 

pDONR207 (Life Technologies), into the pYFPN43 and pYFPC43 vectors, which together with the SNF1 

protein kinase constructs used as positive controls (Ferrando et al., 2001), were kindly provided by A. 

Ferrando (IBMCP, Valencia, Spain). BiFC assays were performed in triplicate injecting Agrobacterium 

tumefaciens expressing viral suppressor p19/experimental constructs. The abaxial surfaces of 

infiltrated tobacco leaves were imaged 3 days after inoculation. 
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STKpro:GAm7 Lines. 
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INTRODUCTION 

The Arabidopsis genome contains more than 1900 genes encoding transcription factors. 

Based on sequence homology, function and activity these factors can be subdivided into 64 

transcription factor families (Guo et al., 2005). The BARLEY B RECOMBINANT/BASIC 

PENTACYSTEINE (BBR/BPC) family is a poorly understood plant-specific transcription factor 

family and member genes have been found in different plant species, such as Glycine max 

(soybean), Hordeum vulgare (barley), Oryza sativa (rice) and Arabidopsis thaliana (Sangwan 

and O’Brian, 2002; Santi et al., 2003; Meister et al., 2004; Kooiker et al., 2005). The BBR/BPC 

family members are characterized by the ability to bind the DNA at GA-rich sites: the GAGA 

BINDING PROTEIN (GBP) of soybean specifically binds a (GA)9 repeat sequence contained in 

the Glutamate 1-Semialdehyde Aminotransferase (Gsa1) promoter (Sangwan and O’Brian, 

2002), BARLEY B RECOMBINANT (BBR) of barley binds a (GA)8 sequence in vitro (Santi et al., 

2003). The Arabidopsis BPC proteins specifically bind (GA)6 and (GA)9 repeats in vitro and in 

vivo (Meister et al., 2004; Kooiker et al., 2005; Simonini et al., 2012). 

There are 7 BPC codifying genes in the Arabidopsis genome and on the basis of sequence 

homology they were divided into three classes. Class 1 (BPC1-3), class 2 composed by BPC4-6 

and class 3 containing only BPC7 (Meister et al., 2004). They can be activators and repressors 

of transcription and all of them, except for BPC5, are expressed ubiquitously suggesting that 

BPC function is not specific to one developmental process and/or tissue. Indeed, more than 

3000 genes in the Arabidopsis genome contain at least one GA-rich sequence in their 

regulatory region and combining multiple bpc mutant alleles together results in a broad 

range of developmental defects (Meister et al., 2004; Monfared et al., 2011). 

The BPC proteins share functional similarities with the Trithorax-like protein GAGA 

Associated Factor (GAF) of Drosophila melanogaster, which is a transcription factor involved 

in regulation of homeotic HOX genes (Botas, 1993; Graba et al., 1997; Lehmann, 2004; 

Berger et al., 2012). Moreover, GAF is a structural protein because of its ability in 

establishing contacts with subunits belonging to NURF and FACT complexes which are 

involved in nucleosome spacing processes (Orphanides et al., 1998, Xiao et al., 2001; 

Shimojima et al., 2003). Similarly BPC1, is able to loop the DNA (Kooiker et al., 2005) causing 

conformational changes in the promoter of the ovule identity gene SEEDSTICK (STK; 

Pinyopich et al., 2003; Favaro et al., 2003). Recent experiments revealed that BPCs binding 

to the STK promoter is essential for its ovule specific expression since mutation of BPC 

binding sites in this promoter caused ectopic STK expression throughout the flower 

(Simonini et al., 2012) due to the inability to recruit a MADS domain transcription factor 

containing repressor complex. This data suggest that BPCs are essential to recruit this 

repressor complex to specific binding sites and thereby reveals a mechanism by which BPCs 

are involved in gene regulation (Simonini et al., 2012).  

It has already been published that the BBR factor of barley binds and regulates the BKN3 

gene, the homologue of Arabidopsis SHOOTMERISTEMLESS (STM), a KNOX transcription 

factor (Santi et al., 2003) suggesting a possible connection among the BPCs and the control 

of meristem formation. STM tightly regulates the cytokinin pathway, which is involved in the 
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maintenance of the undifferentiated state of the cells making up the apical meristem (Yanai 

et al., 2005; Bartrina et al., 2011). Plants with hyper-production or slow degradation of 

cytokinin display compact inflorescences, extra floral organs and altered phyllotaxis caused 

by enlarged meristems (Venglat et al., 1996; Bartrina et al., 2011). 

Here we unravel the role of BPC in inflorescence development and show their involvement 

in the regulation of HOMEOBOX genes and the hormone cytokinin.  

 

RESULTS 

Absence of BPCs proteins cause defects in inflorescence development 

The bpc1, bpc2 and bpc3 single or double mutants do not have obvious phenotypes, 

probably due to functional redundancy; however the bpc1 bpc2 bpc3 triple mutant displays 

interesting inflorescence phenotypes. This triple mutant produces more flowers than normal 

plants. A wild-type flower is composed of four sepals, four sepals, six stamens and a pistil 

composed by two fused carpels. In the bpc1 bpc2 bpc3 triple mutant more than 90% of the 

flowers are composed of five or more sepals, often fused along their margins, five or more 

petals, eight or more stamens and up to four carpels (Figure 1A-D). The flower is also 

partially sterile since ovule development is also affected (Monfared et al., 2011). This partial 

sterility probably causes also defects in fruit development (Figure 1E).  

Since the number of flowers and floral organs is a direct consequence of meristem size and 

activity, the bpc1 bpc2 bpc3 inflorescence meristem (IM) was analysed by DAPI staining. The 

inflorescence meristem is composed by three different cell layers where the upper one, 

called L1, is composed 12-15 adjacent cells. In the bpc1 bpc2 bpc3 triple mutant the L1 layer 

1 

Figure 1. Inflorescence phenotype of the bpc1 bpc2 bpc3 triple mutant. 
(A-B) Wild-type inflorescence and flower. (C-D) bpc1 bpc2 bpc3 triple mutant inflorescence and 
flower. (E) Wild-type fruit (left) and bpc1 bpc2 bpc3 fruit (right). (F) DAPI sytaining on wild-type 
inflorescence. (G) DAPI staining on bpc1 bpc2 bpc3 triple mutant. (H) SEM analyses on wild-type 
inflorescence. (I) SEM analyses on bpc1 bpc2 bpc3 triple mutant.  

Bars in (F) and (G): 100µn. 
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was composed of more than 20 cells and it was clearly enlarged when compared to wild-

type (Figure 1F and 1G). Moreover, the IM produces more floral primordia (n>4) than wild- 

type (n=3), which probably due to steric hinderance develop randomly from the IM (Figure 

1H and 1I).  

Taken together, these phenotypical observations this suggests that BPC proteins of class I 

might be involved in meristem size and the maintenance of its activity. 

 

BPC1 is involved in many aspects of plant development 

BPCs can be both activators and repressors of transcription (Meister et al., 2004, Kooiker et 

al., 2005, Simonini et al., 2012). To investigate this further, we investigated the role BPC1 by 

adding to its coding sequence the constitutive EAR repressor domain. This chimeric protein 

was placed under the control of the 35S promoter and used to transform wild-type plants. 

Out of 270 selected plants, 90% (n= 239) had no phenotype, being completely 

indistinguishable from wild-type (data not shown) whereas the remaining plants (10%, n=31) 

showed a strong phenotype (Figure 2A and 2B). These plants had severe defects in 

vegetative and 

reproductive 

development with few 

small curved leaves, 

which lost adaxal- abaxial 

identity (Figure 2A). 

Although several flowers 

were produced, the 

inflorescence remained 

attached to the rosette 

due to the inability to 

develop a stem (Figure 2A 

and 2B). The flowers 

were abnormal, sterile 

also if pollinated with 

wild-type pollen.  

To investigate the role 

of BPC1 focusing on 

flower development and 

to prevent pleitropic 

effects of the expression 

of BPC1-EAR during the 

vegetative phase, the 

chimeric BPC1-EAR motif 

was placed under the 

control of the pALC 

Figure 2. BPC1-EAR Motif plants. 
(A-B) Plants transformed with the 35S::BOC1-EAR Motif 
(C-D) Plants transformed with the pALC-BPC1-EAR Motif after 6 
days of induction. 
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inducible promoter. The induction 

was applied for 4 to 6 days (8 hours 

per day) after bolting. In all the 

inducted plants, a strong phenotype 

was detected (Figure 2C and 2D). The 

inflorescence was developing only a 

few flowers due premature arrest of 

meristem activity. Morevoer, the 

flowers were sterile and composed 

by fused sepals, sometimes 

extranumerary.  

This data suggest that BPC1 might 

be involved in many developmental 

processes as activator of the 

transcription.  

 

HOMEOBOX KNOX genes are direct 

targets of class I BPCs  

The HOMEOBOX gene family in 

Arabidopsis is composed of different 

classes, in particular, the KNOX class 

includes several members essential 

for meristem and organ 

development. Members that belong 

to this family are for istance 

SHOOTMERISTEMLESS (STM), 

BREVIPEDICELLUS (BP) and the 

KNOTTED-LIKE genes (KNAT genes). 

The phenotypes of mutants in which 

one or more KNOX genes are 

Figure 3. STM and BP are deregulated in 

the bcp1 bpc2 bpc3 mutant background.  

(A) Expression analyses of STM and BP 

transcripts level in the bpc1-2-3 mutant. 

(B-E) In situ hybridization with STM probe 

in wild-type (B-D) and bpc1-2-3 (C-E) 

inflorescence meristems and flowers. (F-

G) BP::GUS in bpc1 bpc2 BPC3/bpc3 (F) 

and bpc1-2-3 (E) backgrounds. (H) ChIP 

experiment on STM and BP promoters.  

Bars: 50µn 

 

Wild-type 

Wild-type 

bpc1-2-3 

bpc1-2-3 

bpc1-2-3 bpc1 bpc2 BPC3/bpc3 
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misregulated (REF) resembles the bpc1 bpc2 bpc3 triple mutant inflorescence phenotype 

and the BPC1-Ear Motif transgenic lines. For this reason, the expression level of STM and BP 

has been investigated by quantitative real-time PCR in the bpc1 bpc2 bpc3 triple mutant. 

This revealed that both genes were upregulated of 2.5 fold and 3.2 fold respectively in this 

background compared to wild-type (Figure 3A). In-situ hybridization using a STM antisense 

probe revelead that the domain of STM expression in the bpc1 bpc2 bpc3 triple mutant 

inflorescence meristem is stronger than in wild-type, probably due to the enlarged meristem 

size, peculiar of the bpc1 bpc2 bpc3 triple mutant (Figure 3B and 3C). Interestingly, STM 

expression was also detected to be ectopically present in petals and ovules (Figure 3D and 

3E), suggesting that STM is repressed by BPCs in these tissues.  

We also introduced by crossing the BP::GUS reporter contruct in the bpc1 bpc2 bpc3 triple 

mutant background. Analysis of GUS expression revealed that the BP expression was 

stronger than in wild-type and persistent in the stem and the pedicel (Figure 3F and 3G) 

suggesting that, as what we also observed for STM, BPCs of class I are repressors of BP 

expression.  

In order to verify if BPCs directly regulate STM and BP expression, three independent ChIP 

experiments on wild-type inflorescences using a polyclonal antibody raised against the BPC 

of class I (BPC1-BPC2-BPC3; Simonini et al., 2012) was performed. As negative control and 

positive control to check for the presence of immuniprecipitated chromatin, the bpc1 bpc2 

bpc3 triple mutant and the STK promoter have been tested (data not shown), respectively 

(Simonini et al., 2012).  In all the ChIP experiments, a high enrichment has been detected 

Figure 4. ChIP experiments on several HOMEOBOX promoters using a BPC1-2-3 specific antibody.  
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when STM and BP promoter were tested (Figure 3H), confirming that STM and BP are direct 

targets of BPC proteins of class I.  

 

HOMEOBOX genes contains GA-rich stretches in their promoter 

It has been recently published that BPCs bind the promoter of MADS-box transcription 

factor SEEDSTICK at GA-rich sites (Kooiker et al., 2005; Simonini et al., 2012): there are 

seven, relatively short sequences (9-15 bp) which are spread along 2900 bp of the STK 

regulatory region. These kinds of GA-sites are also located in the promoter of other MADS-

box transcription factors, such as SEPALLATA3 and AGAMOUS, which are also bound by BPCs 

in vivo. Interestingly, the GA-rich sites contained in the STM and BP promoter are extremely 

long (up to 50bp), unique and located within 500bp from the transcription start site.  

In order to verify if this might be a common feature shared with other HOMEOBOX genes, 

we searched for the presence of GA-rich sites in 500bp upstream the transcription start site 

of different genes HOMEOBOX genes belonging also to different clades. Interestingly, GA-

rich sites can be found in the promoter of many HOMEOBOX genes such as KNOTTED-LIKE 4 

(KNAT4), KNAT5, KNAT6, KNAT7, WUSCHEL (WUS), WUSCHEL RELATED HOMEOBOX 3 

(WOX3) and WOX9. Moreover, ChIP assays using the antibodies against the class I BPC 

proteins revealed that these sites were bound by BPCs in vivo (Figure 4). This suggests that 

BPCs are common regulators of the expression of HOMEOBOX transcription factors involved 

in many and different developmental processes. 

 

BPCs are responsive to cytokinin  

Few KNOX genes, such as STM and BP, are known to be involved in the cytokinin (CK) 

pathway (Bartrina et al., 2011; Yanai et al., 2005), a class of hormones active in the 

maintenance of meristem size and activity. Mutants with overproduction or slow 

degradation of CK display enlarged inflorescence meristems and flowers composed of more 

floral organs than wild-type flowers (Bartrina et al., 2011, Venglat et al., 1996). Whereas in 

mutants with impaired CK synthesis or CK perception the meristem terminates prematurely 

due to precocious cell differentiation (Bartrina et al., 2011). 

To check if the BPCs are involved in the CK pathways, we treated the BPC1::GUS, 

BPC2::GUS, BPC4::GUS, BPC6::GUS, BPC7::GUS marker lines (Monfared et al., 2011) with 

exogenous N6-Benzylaminopurine (BAP, a synthetic cytokinin; Venglat et al., 1996; 

Bencivenga et al., 2012). In all the lines, the expression of the GUS reporter gene was 

different in respect to the MOCK treatment (Figure 5A-J): BPC1, BPC6 and BPC7 were 

repressed by the increase in CK concentration (Figure 5A-B, 5G-J), whereas BPC2 and BPC4 

expression was strongly stimulated by CK (Figure 5C-F) supporting the idea that BPCs might 

be involved in the cytokinin signaling pathway.  

To support this hypothesis, we checked the expression pattern of ARABIDOPSIS RESPONSE 

REGULATOR 7 (ARR7), which transcription is induced by cytokinin (Buechel et al., 2010) and 

its domain is enlarged in meristems with higher concentration of CK. 
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 In the bpc1 bpc2 bpc3 triple mutant, 

ARR7 was strongly expressed in the 

meristem (Figure 6C), which is in contrast 

to wild-type plants where its expression is 

broad and weak (Figure 6B; Zhao et 

al.,2010).  

Moreover, ChIP experiments confirmed 

that BPCs of class I strongly bind the ARR7 

promoter (Figure 6A), suggesting that BPCs 

may act on the CK pathway also at this 

level. 

All together our data assigns to the BPCs 

a role as sensors of hormonal homeostasis 

changes (i.e. cytokinin), and to convert this 

information into a specific regulation of 

transcription of its target genes.  

 

DISCUSSION AND FUTURE PERSPECTIVES 

The Arabidopsis genome encode for many 

different transcription factor families and 

for many of them a detailed 

charachterization has not been reported 

yet. The BBR/BPC factors are GAGA binding 

proteins belonging to a poorly 

characterized transcription factor family 

and in the Arabidopsis genome there are 7 

BPCs enconding genes. The BPCs are known 

to be general regulators of the 

transcription indicated by their broad 

expression pattern and the fact that 

thousands of genes contain GA-rich 

stretches in the regulatory region, suggest 

that BPCs might be involved in many and 

different developmental processes. Since 

bpc single mutants don’t display any 

phenotype, whereas combining multiple 

bpc mutants together results in plants with 

many pleiotropic defects, supports the idea 

that BPCs are involved in many aspect of 

plant development (Monfared et al., 2011). 

For istance, the BPCs are known to be  

Figure 5. BPCs are responsive to CK. 
BAP treatment on BPC1, BPC2, BPC4, BPC6 and 
BPC7 marker lines. Left panel: MOCK; Right 
panel: BAP.  
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regulators of the YABBI transcription factors, such as INNER NO OUTER, a gene involved in 

ovule development (Meister et al., 2004). Moreover the BPCs regulate the expression of the 

MADS-box transcription factor SEEDSTICK (Kooiker et al., 2005; Simonini et al., 2012), which 

is involved in ovule development and identity. The BPCs are also involved in seed 

development, being regulators of the LEAFY COTYLEDON 2 genes (Berger et al., 2011).  

Here we assing another role to BPCs as common direct regulators of many HOMEOBOX 

gene family members. In our manuscript, we focused on the two KNOX genes STM and BP, 

but, since BPCs strongly bind many other promoter regions of HOMEOBOX genes’, they 

might represent an evolutionary conserved class of regulators of these transcription factors .  

STM and BP are expressed in the inflorescence and floral meristems especially in 

undifferentiated cells promoting their meristematic indentity and activity. Loss of function 

alleles of STM display precocious differentiation and consequent a loss of the meristematic 

tissues of the inflorescence meristem. Therefore these plants produce only a few flowers 

with less floral organs (Durbak and Tax, 2011). On the other hand, upregulation of STM 

expression levels leads to an inflorescence meristem enlargement connected to an increase 

of meristematic activity; these meristems produce more floral primordia with more floral 

organs (Yanai et al., 2005).  

STM and BP are upregulated in the bpc1 bpc2 bpc3 triple mutant background and it is 

consistent with the observation that the bpc1-2-3 triple mutant has an enlarged 

inflorescence meristem.  

To deeply characterize this aspect also from a morphological point of view, we plan to 

analyze in detail the size and the activity of the bpc1 bpc2 bpc3 triple mutant inflorescence 

meristem through confocal microscopy using in vivo live imaging. This aspect can be 

developed using both marker lines (e. g. CLV3::mCherry:NLS; WUS::GFP:NLS) and different 

staining methods. 

STM and BP are also involved in the cytokinin pathway, a class of hormone tightly linked to 

meristem activity. Interestingly, expression of all the BPCs that we tested (BPC1-2-4-6-7) 

Figure 6. ARR7 is a BPCs target. 

(A) Enrichment of the ARR7 promoter detected throught ChIP experiment using antibody against 

BPC1-2-3. (B-C) In sity hybridization with ARR7 specific probe in wild-type (B) and bpc1-2-3 

backgrounds. 

Bars 50µm. 
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showed to be responsive to the treatment with exogenous CK, some were represses others 

activated. The expression profile of ARR7 (Zhao et al., 2010) was also investigated in the 

bpc1-2-3 triple mutant background since ARR7 is a CK responsive gene which transcription is 

stimulated by increased CK concentration (Zhao et al., 2010; Buechel et al., 2010). In this 

background ARR7 expression was stronger than wild type and it is consistent with the role of 

ARR7 as gene which transcription is induced by CK. Moreover, this data supports the 

hypothesis that the bpc1 bpc2 bpc3 triple mutant inflorescence meristem is more active due 

to an overproduction of CK, which is consequence of the upregulation of meristematic genes 

such as STM. 

With the data obtained until now, we can speculate that BPCs are common regulators of 

HOMEOBOX transcription factors.  

The fact that the sestuple bpc mutant (Meister et al., 2011) was able to grow even if with 

many phenotipic defects, suggest that BPCs might not be essential for plant growth. We 

might consider them to be as modulator of transcription helping higher order complexes to 

reach the DNA or keeping the chromatin packaged to maintain a region in a repressed state. 

However, this hypothesis is still to be considered with caution since the sestuple bpc mutant 

does not represent a full knock-out for all BPC genes. For instance the bpc1-1 allele that was 

used to create this higher order mutant is not a complete knock-out (Monfared et al., 2011). 

Therefore, it might well be that a complete knock-out of all genes results in more severe or 

lethal phenotypes. 

 BPCs also seem to be responsive to increased hormone concentrations, which is a 

fundamental aspect of any developmental process. To better investigate this aspect, the 

bpc1 bpc2 bpc3 triple mutant will be crossed with different marker lines of interest known to 

be involved in hormone signaling: PIN1-GFP and DR5::GFP, which important to study auxin 

fluxes, and TCS::GFP and ARR5::GFP which are responsive to cytokinin. This analysis should 

provide a better insight in the link between BPC and the hormonal pathways. 

In conclusion, our data show the importance of BPCs in the regulation of meristem 

development through their direct regulation of HOMEOBOX genes. 
 

MATERIAL AND METHOD 

Plant material and growth conditions  

The Arabidopsis thaliana ecotype used in this work are Columbia and Landsberg; the plants were 

sow directly on soil and kept under short day conditions for two weeks (22°C, 8 h light and 16 h dark) 

and then moved under long-day conditions (22°C, 16 h light and 8 h dark). The bpc1 bpc2 bpc3 triple 

mutant, BPC1::GUS, BPC2::GUS, BPC3::GUS, BPC4::GUS, BPC6::GUS, BPC7::GUS were kindly provided 

by prof. C. Gasser.  The BP::GUS lines was obtained from NASC.  

 

GUS staining and In Situ hybridization 

GUS assays were performed overnight as described previously (Liljegren et al., 2000). The samples 

were mounted in 5% glycerol and subsequently observed using a Zeiss Axiophot D1 microscope 

equipped with DIC optics. Images were captured on an Axiocam MRc5 camera (Zeiss) using the 

Axiovision program (version 4.1). 
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In situ hybridization experiments were performed as previously described in Dreni et al., 2011; the 

STM antisense probe has been already published in  Long et al., 1996.  

 

Ethanol induction experiment and BAP treatments 

The plants were inducted for 4 to 6 days for 8h per day. Few open eppendorf full of ethanol 100% 

were stucked into the soil and the plants covered with a plastic bell without any hole. The ethanol 

vapor was applied at the bolting. Inflorescence has been collected at 4 and 6 days.  

BAP treatments were conducted as previously described in Bencivenga et al., 2012. 

 

RNA isolation, Reverse Transcription-PCR and quantitative Real-Time (qRT-PCR) analysis 

Total RNA was extracted using the LiCl method (Verwoerd et al., 1989) for all the expression 

analyses. Total RNA was treated with the Ambion TURBO DNA-free DNase kit and then retro-

transcribed using the ImProm-II™ Reverse Transcription System (Promega). The cDNAs were 

standardized relative to UBIQUITIN10 (UBI10) and PROTEIN PHOSPHATASE 2A SUBUNIT A3 (PP2A- 

At1g13320) transcripts and the gene expression analyses was performed using the iQ5 Multi Colour 

Real-Time PCR detection system (Bio-Rad) with a SYBR Green PCR Master Mix (Biorad). Baseline and 

threshold levels were set according to the manufacturer's instructions.  

For RT-PCR and quantitative real-time RT-PCR primers, see Table S1 in the supplementary material. 

 

Chomatin immunoprecipitation (ChIP) assays  

ChIP experiments were performed as previously reported by Gregis et al., 2008 using a policlonal 

antibody raised against the entire BPC1 protein (Simonini et al., 2012 ). Chromatin was extracted from 

whole wild type plants (Col0) inflorescences and from the bpc1 bpc2 bpc3 triple mutant used as 

negative control. The DNA fragments obtained from the immune-precipitated chromatin were 

amplified by qRT-PCR using specific primers (see table S1). Three real-time PCR amplifications on 

three independent chromatin extractions were performed. For the complete primer sets see (see 

table S1) in the supplementary material. Enrichment of the target region was determined using the 

iQ5 Multi Colour Real-Time PCR detection system (Bio-Rad) with a SYBR Green PCR Master Mix 

(Biorad). The qRT PCR assays and the following fold enrichment calculation were performed as 

previously described (Matias-Hernandez et al., 2010). 
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ABSTRACT 

Hormones, such as auxin and cytokinin, are involved in the complex molecular network 

that regulates the coordinated development of plant organs. Genes controlling ovule 

patterning have been identified and studied in detail; however, the roles of auxin and 

cytokinin in ovule development are largely unknown. Here we show that key cytokinin 

pathway genes, such as isopentenyt-ransferase and cytokinin receptors, are expressed 

during ovule development. Also, in a cre1-12 ahk2-2 ahk3-3 triple mutant with severely 

reduced cytokinin perception, expression of the auxin efflux facilitator PIN-FORMED 1 

(PIN1) was severely reduced. In sporocyteless/nozzle (spl/nzz) mutants, which show a 

similar phenotype to the cre1-12 ahk2-2 ahk3-3 triple mutant, PIN1 expression is also 

reduced. Treatment with the exogenous cytokinin N6-benzylaminopurine also altered 

both auxin distribution and patterning of the ovule; this process required the 

homeodomain transcription factor BELL1 (BEL1). Thus, this article shows that cytokinin 

regulates ovule development through the regulation of PIN1. Furthermore, the 

transcription factors BEL1 and SPL/NZZ, previously described as key regulators of ovule 

development, are needed for the auxin and cytokinin signaling pathways for the correct 

patterning of the ovule. 

 

INTRODUCTION 

The plant hormone cytokinin acts in concert with auxin, and the different accumulation of 

these two hormones is known to be important for the development of plant organs (Skoog 

and Miller, 1957). Despite increasing evidence for the importance of hormonal networks in 

the regulation of plant development, the role of auxin and cytokinin in ovule patterning is 

still unknown. There is evidence that both hormones play important functions in ovule 

primordia formation and female fertility. Plants with reduced cytokinin production or 

perception show a drastic reduction in ovule numbers and female fertility (Werner et al., 

2003; Hutchison et al., 2006; Miyawaki et al., 2006; Riefler et al., 2006; Kinoshita-Tsujimura 

and Kakimoto, 2011). CYTOKININ INDE-PENDENT1 (CKI1) is known to be involved in 

cytokinin signaling, and the cki1 mutant shows female gametophyte defects (Kakimoto, 

1996; Pischke et al., 2002). When the amount of cytokinin increases, like in the ckx3 ckx5 

double mutant, the number of ovule primordia increases, confirming a clear correlation 

between cytokinin levels and ovule numbers (Bartrina et al., 2011). Effects on ovule 

development have also been reported in plants treated with auxin efflux inhibitors, which 

develop a naked placenta (Nemhauser et al., 2000). Furthermore, female gametophyte cell 

identity seems to be compromised when the expression of auxin synthesis or auxin 

response genes are modified (Pagnussat et al., 2007). Although the role of hormones in 

ovule formation has been understudied, the genetic network controlling ovule development 

has been investigated for many years, and several key factors have been identified and 

characterized (reviewed in Colombo et al., 2008). Among them, BELL1 (BEL1), a 

homeodomain transcription factor, has been reported to be one of the major factors 

controlling ovule pattering, in particular determining identity and development of the 
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integuments. In the bel1 mutant, ovules deve-lop a single integument-like structure, which 

expresses carpel-specific genes (Robinson-Beers et al., 1992; Reiser et al., 1995; Brambilla 

et al., 2007). It has been reported that the right balance between BEL1 and the MADS 

domain transcription factors AGAMOUS (AG) and SEEDSTICK (STK) is needed for the correct 

determination of integument identity (Brambilla et al., 2007). Another important factor 

regulating ovule pattering is SPOROCYTELESS/ NOZZLE (SPL/NZZ), which is required for the 

development of the mega-sporocyte, from which the female gametophyte develops 

(Schiefthaler et al., 1999; Yang et al., 1999). Furthermore, SPL together with BEL1 has been 

shown to control chalaza development, because, in the bel1 spl double mutant, the ovules 

develop as finger-like structures without integuments (Balasubramanian and Schneitz, 

2002). Here we analyze the role of cytokinin in ovule development and show that an 

increase in cytokinin levels influences ovule patterning. These phenotypes are a 

consequence of a chan-ge in PIN-FORMED 1 expression. PIN1 is one of the best-studied 

auxin efflux facilitators, and recently it has been reported that, at least in roots, cytokinin 

negatively controls secondary root formation by regulating PIN1 expression and 

consequently changing the auxin pattern along the root (Laplaze et al., 2007; Dello Ioio et 

al., 2008; Ruzicka et al., 2009). The link between PIN1 expression and cytokinin was further 

evidenced by the fact that in plants defective for the cytokinin receptors ARABIDOPSIS 

HISTIDINE KINASE4/CYTOKININ RESPONSE1 (AHK4/CRE1), AHK2, and AHK3, the expression 

of PIN1 was compromised. The data we present here show an important role for the 

transcription factors BEL1 and SPL in the cytokinin-dependent regulation of PIN1, which is 

important for the correct development of the chalaza region in the ovule. 

 

RESULTS 

Analysis of the Cytokinin Pathway during Ovule Development 

Recent studies indicated the involvement of auxin in controlling ovule development, inclu-

ding the formation of the megagametophyte (Benková et al., 2003; Pagnussat et al., 2009). 

However, so far little is known about the role of other plant hormones, such as cytokinin, in 

this process. A first step to investigate the possible role of cytokinin in ovule development 

was the analysis of the expression of genes involved in the cytokinin signaling pathway 

(Figure 1A). Among these, the genes encoding isopentenyl-transferases (IPT), which are the 

principal enzymes responsible for cytokinin synthesis, were selected (Kakimoto, 2001; Sun 

et al., 2003). Previously, it has been reported that Arabidopsis thaliana IPT1 is the only 

isopente-nyltransferase–encoding gene that is expressed in ovules (Miyawaki et al., 2004). 

We have analyzed in detail IPT1 expression using 20 pistils at different stages of 

development from eight IPT1pro:bglucuronidase (GUS) plants (Miyawaki et al., 2004). GUS 

expression was observed in all these plants in the whole ovule starting from stage 2-III 

(Figure 1B). During the following stages, GUS activity was detected in the funiculus and in 

the developing female gametophyte (Figures 1C to 1E). To detect the cytokinin signaling 

output (Figure 1A), we analyzed ovules at different stages of development in eight 

Arabidopsis plants (20 pistils each) containing the TCSpro:green fluorescent protein (GFP) 



 

59 

 

 

Figure 1. Analysis of the Cytokinin Pathway during Ovule Development. 
Ovule stages as in Schneitz et al. (1995). 
(A) Schematic representation of the cytokinin pathway and the genes analyzed in this article. (B) to 
(E) GUS expression in IPT1pro:GUS ovules from stage 2-III to stage 3-VI. (F) to (H) GFP expression in 
TCSpro:GFP ovules from stage 2-III to ovule stage 3-V. (I) to (L) GUS expression in AHK2pro:GUS 
ovules from stage 1-I to stage 3-V. (M) to (P) GUS expression CRE1pro:GUS ovules from stage 1-I to 
stage 3-V. (Q) Scheme of ovule development from stage 1-II to stage 3-V. 
chal, chalaza; f, funiculus; fg, female gametophyte; ii, inner integument; oi, outer integument; n, n 
nucellus. Bars = 20 mm. 
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construct. TCS is a synthetic promoter, containing the B-type Arabidopsis response 

regulator binding motifs and the minimal 35S promoter (Müller and Sheen, 2008). The GFP 

signal was detected in the basal part of the nucellus and in the funiculus starting from stage 

2-III (Figures 1F and 1G). At stage 3-V, the GFP signal was drastically reduced and was hardly 

visible except for the funiculus, where GFP expression remained detectable (Figure 1H). The 

receptors AHK2, AHK3, and AHK4/CRE1 are important components of the cytokinin signa-

ling pathway and are needed for cytokinin signal transduction (Figure 1A).  

These proteins are known to interact with cytokinins to start the multistep twocomponent 

Figure 2. Role of Cytokinin in Ovule Development. 
(A) Wild-type ovule at stage 3-V. The dotted line indicates the female gametophyte. (B) cre1-12 ahk2-
2 ahk3-3 ovule at stage 3-V. The female gametophyte arrested at stage FG1 (arrowhead). (C) cre1-12 
ahk2-2 ahk3-3 finger-like structure. (D) pin1-5 ovule at stage 3-V. The female gametophyte arrested 
at stage FG1 (arrowhead). (E) pin1-5 finger-like structure. (F) Wild-type ovule expressing 
PIN1pro:PIN1-GFP. (G) cre1-12/+ ahk2-2/+ ahk3-3/+ ovule expressing PIN1pro:PIN1-GFP. (H) cre1-12 
ahk2-2 ahk3-3 triple mutant ovule expressing PIN1pro:PIN1-GFP. (I) spl ovule expressing 
PIN1pro:PIN1-GFP. (F) to (I) Pictures taken using the bright field (left) and the dark field (right). The 
dotted line shows the ovule profile. 
chal, chalaza; f, funiculus; fg, female gametophyte; ii, inner integument; nu, nucellus; oi, outer 
integument. Bars = 20 mm. 
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signaling pathway (Inoue et al., 2001). To study the expression pattern of these three genes 

during ovule development, we analyzed transgenic plants containing the CRE1pro:GUS, 

AHK2pro:GUS, and AHK3pro:GUS constructs (Nishimura et al., 2004). All three GUS lines 

showed activity in developing ovules. GUS expression driven by the AHK2 regulatory region 

was observed during all stages of ovule development, starting from the early primordia 

stage (Figure 1I) until the ovule reached maturity (stage 3-V; Figures 1J to 1L). The same 

GUS activity was observed in AHK3pro:GUS lines (see Supplemental Figure 1 online). 

Transgenic plants containing the CRE1pro:GUS construct showed GUS expression in the 

chalaza region of the developing ovule primordia (Figure 1M). 

Subsequently, the CRE1 promoter maintains its activity in the chalaza and in the inner 

integuments until stage 3-I of ovule development (Figures 1N to 1O). After stage 3-I, the 

GUS signal drastically decreased (Figure 1P). This analysis showed that important 

components of the cytokinin pathway are expressed during ovule development. 

 

Cytokinin Perception Is Required for PIN1 Expression in Ovules 

Because important genes for the cytokinin signaling pathway are expressed during 

Arabidopsis ovule development, we were interested to investigate the role of cytokinin 

during this process. Therefore, we analyzed the ovules of the cre1-12 ahk2-2 ahk3-3 triple 

mutant, which is considered to have a dramatic reduction in cytokinin responses, including 

cytokinin primary-response gene induction (Higuchi et al., 2004). As reported previously, 

the single and double mutants  do not present a phenotype at the level of the ovule 

(Kinoshita- Tsujimura and Kakimoto, 2011), whereas the cre1-12 ahk2-2 ahk3-3 triple 

mutant showed defects in the formation of the female gametophyte, which arrested at 

stage FG1-FG2 (Figure 2B) (Higuchi et al., 2004). We analyzed two pistils of five cre1-12 

ahk2-2 ahk3-3 triple mutant plants and  noticed a severe reduction in ovule number with 

respect to the wild type (see Supplemental Table 1 and Supplemental Figure 2 online). 

Furthermore, 10% of these ovules (50 out of 530) developed as finger-like structures (Figure 

2C); in wild-type plants, this phenotypic defect was never observed. The cre1-12 ahk2-2 

ahk3-3 triple mutant phenotype is very similar, if not identical, to the weak pin1-5 mutant 

phenotype. It is important to note that the weak pin1-5 mutant does develop flowers with 

ovule-bearing carpels (Bennett et al., 1996; Sohlberg et al., 2006). We analyzed in detail 

ovule development in the pin1-5 mutant and observed a reduction in ovule number with 

respect to the wild type (see Supplemental Table 1 and Supplemental Figure 2 online). 

Furthermore, in this mutant, 10% of the ovules (17 out of 184 analyzed) developed as 

finger-like structures (Figure 2E). A few ovules developed normally (37 out of 184 analyzed), 

whereas most of them (130 out of 184) (Figure 2D) showed an arrest in gametophyte 

development at stage FG1. It has been reported that cytokinin regulates PIN1 expression in 

roots (Dello Ioio et al., 2008; Ruzicka et al., 2009); thus, we investigated whether cytokinin 

controls PIN1 expression in ovules as well and whether this regulation can explain the 

similarity in ovule phenotype between pin1-5 and the cre1-12 ahk2-2 ahk3-3 triple mutant. 

Therefore, we crossed the PIN1pro:PIN1-GFP marker line with the cre1-12 ahk2-2 ahk3-
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3/AHK3 mutant. Eight (F3) plants with the PIN1pro:PIN1-GFP construct in the cre1-12 ahk2-

2 ahk3-3 triple mutant background were analyzed by confocal microscopy. Two cre1-

12/CRE1 ahk2-2/AHK2 ahk3-3/AHK3 plant PIN1pro:PIN1-GFP identified in the F1 generation 

were used as a control. We examined the ovules of 10 pistils in each of the two cre1-

12/CRE1 ahk2-2/AHK2 ahk3-3/AHK3 plants (Figure 2G), showing that PIN1-GFP is expressed 

in the funiculus, in the nucellus, and in the inner integument primordium at stage 2-III as in 

wild-type ovules (Benková et al., 2003) (Figure 2F). In PIN1pro:PIN1-GFP cre1-12 ahk2-2 

ahk3-3 plants, PIN1-GFP was undetectable in the ovule of the 10 pistils of each of the 10 

plants analyzed (Figure 2H). This strongly suggests that cytokinin is indeed important for the 

correct activation of PIN1 expression in ovules. 

 

The Transcription Factor SPL Is Required for PIN1 Expression 

To identify putative targets of the cytokinin signaling pathway that could be involved in 

the regulation of PIN1 expression, ovule phenotypes of the cre1-12 ahk2-2 ahk3-3 triple 

mutant were compared with those of previously described mutants. Among them, the 

Figure 3. Analysis of BAP-Treated Ovules. 
(A) Wild-type ovule at stage 2-III mock-treated, expressing PIN1pro:PIN1-GFP 1 d after treatment 
(1D). (B) Wild-type ovule at stage 2-III BAP-treated, expressing PIN1pro:PIN1-GFP 1 d after 
treatment. Arrow indicates ectopic PIN1 expression. (C) spl ovule at stage 2-III BAP-treated, 
expressing PIN1pro:PIN1-GFP 1 d after treatment. (D) In situ hybridization with SPL/NZZ probe, on 
wild-type mock-treated ovule (2D, 2 d after treatment). (E) In situ hybridization with SPL/NZZ probe 
on wild-type BAP-treated ovule 2 d after treatment. (F) In situ hybridization with SPL/NZZ probe on 
cre1-12 ahk2-2 ahk3-3 triple mutant ovule. (G) Quantitative SPL/NZZ expression analysis in wild-type 
BAP-treated plants and cre1-12 ahk2-2 ahk3-3 triple mutant flowers by real-time RT-PCR. (A) to (C) 
Pictures were taken using bright field (left) and dark field (right). The dotted line shows the ovule’s 
profile. 
f, funiculus; fg, female gametophyte; ii, inner integument; nu, nucellus; oi, outer integument. 

Bars = 20 mm. 
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spl/nzz mutant captured our attention. SPL is a gene encoding a putative transcription 

factor (Yang et al., 1999), which is expressed throughout the ovule during its development 

(Schiefthaler et al., 1999; Balasubramanian and Schneitz, 2000; Ito et al., 2004; Sieber et al., 

2004). Although spl single mutant ovules have normal integuments, they do not develop the 

megaspore mother cell (only 5% of the ovules at stage 2-III showed a megaspore mother 

cell) (Balasubramanian and Schneitz, 2000). To analyze the spl-1 mutant in more detail, we 

crossed PIN1pro:PIN1-GFP and DR5rev-pro:GFP reporter lines with plants heterozygous for 

the spl-1 mutation. Analysis of GFP expression in homozygous spl-1 mutant plants showed 

that the GFP signal driven by the PIN1 promoter in the nucellus, the inner integument and 

the funiculus was very weak (Figure 2I) when compared with spl-1/SPL control plants (see 

Supplemental Figure 2 online) that segregated from the same F2 population. Furthermore, 

DR5rev-pro:GFP spl-1 plants did not show a GFP signal at stage 2-III, although at early stages 

(stage 1-II) of development, the GFP signal was detected in fewer ovules (53 out of 494 

ovules analyzed) (see Supplemental Figure 2 online). By contrast, the GFP signal was clearly 

visible in all ovules of spl-1/SPL control plants (see Supplemental Figure 2 online). Taken 

together, these results suggest that in ovules SPL seems to be required for PIN1 expression. 

 

SPL Is Required for Cytokinin-Induced PIN1 Expression in Ovules 

Because our results showed that PIN1 expression in ovules was dependent on the 

cytokinin signaling pathway, we analyzed the effects of an increase in cytokinin levels in 

ovules by treating Arabidopsis flowers with the exogenous cytokinin N6-benzylaminopurine 

(BAP). BAP treatment has already been successfully used for flower meristem studies 

(Venglat and Sawhney, 1996; D’Aloia et al., 2011). First, to investigate the effects of BAP 

application on cytokinin pathway activity, 10 transgenic plants containing the TCSpro: GFP 

construct (Müller and Sheen, 2008) were treated with BAP, and the ovules were analyzed 1 

d after treatment. As a control, five TCSpro:GFP plants were treated with water only as a 

mock control. One d after the BAP treatment, the plants showed a general increase in the 

GFP signal in ovules, in particular at the level of the chalaza, suggesting a good penetrance 

of BAP (see Supplemental Figure 3 online). However, 1 d after the BAP treatment, the 

ovules still looked normal from a morphological point of view (see Supplemental Figure 3 

online). Interestingly, the BAP treatment resulted in the formation of new primordia (in 

average 20 6 3 primordia in each of the 20 pistils that were analyzed) positioned among the 

ovules formed before the treatment (see Supplemental Figure 3 online). We have verified 

the identity of these new primordia by treating two STKpro:GUS plants with BAP. The ovule-

specific STK promoter (Kooiker et al., 2005) was shown to be active in these new primordia, 

indicating that these primordia have ovule identity (see Supplemental Figure 3 online). An 

increase in ovule number was also reported in the cytokinin oxidase ckx5 ckx6 double 

mutant, which has increased endogenous cytokinin levels caused by absence of these 

oxidases (Bartrina et al., 2011). To study the effect of increased levels of cytokinin on the 

regulation of PIN1 expression, flowers of PIN1pro:PIN1-GFP lines were treated with BAP, 

and GFP expression in the ovules was analyzed by confocal microscopy. In PIN1pro:PIN1-
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GFP plants 1 d after BAP treatment, the PIN1-GFP signal was present in 293 ovules out of 

300 analyzed not restricted to the nucellus, the inner integument, and the inner region of 

the funiculus as was observed in the mock-treated control plants (300 ovules analyzed; 

Figure 3A) but was also detected in the outer integument and in the epidermal layer of the 

funiculus (Figure 3B). This suggests that cytokinin is able to trigger ectopic PIN1 expression. 

We also treated 10 plants having the PIN1pro:PIN1-GFP construct in the spl-1 mutant 

background and found that, in ovules of 10 pistils for each of the 10 plants that were 

analyzed, the PIN1-GFP signal was not induced by the BAP treatment (Figure 3C). This 

observation further strengthened our hypothesis that SPL is needed for PIN1 expression. 

Furthermore, these data also suggest that cytokinin induced the expression of SPL. To 

investigate this in more detail, we studied the expression of SPL by in situ hybridization 

analysis using ovules treated with BAP and cre1-12 ahk2-2 ahk3-3 triple mutant ovules. As 

shown in Figure 3D, SPL is expressed in ovule tissues at stage 2-III, as was reported 

previously (Balasubramanian and Schneitz, 2000; Sieber et al., 2004). In BAP-treated plants, 

the SPL expression seemed to increase (Figure 3E), whereas in the cre1-12 ahk2-2 ahk3-3 

triple mutant, SPL transcripts were drastically reduced and only detectable in the nucellus 

(Figure 3F). To quantify the changes in SPL expression in BAP-treated pistils and in cre1-12 

ahk2-2 ahk3-3 triple mutant pistils, we performed real-time PCR analysis (Figure 3G). In 

BAP-treated pistils, SPL was upregulated with respect to mock-treated plants, whereas it 

was downregulated in cre1-12 ahk2-2 ahk3-3 triple mutant ovules (Figure 3G), confirming 

the in situ hybridization analysis. 

 

High Cytokinin Levels Modify Ovule Patterning 

Interestingly, 2 d after BAP treatment, all ovules at stage 2-III developed instead of two 

integuments a single structure (which we named Cytokinin-Induced Structure [CK-IS]) 

(Figure 4A). The cytokinin receptors CRE1, AHK2, and AHK3 are important for ovule 

development, as reported here and by Higuchi  et al. (2004). To understand whether the 

observed BAP-induced cytokinin receptors, five plants for each cre1-12, ahk2-2, and ahk3-3 

single mutant were treated with BAP. After 2 d, the effect of the BAP treatment was 

Figure 4. Effect on Ovule Development after 2 d of BAP Treatment. 
(A) Wild-type ovule 2 d (2D) after BAP treatment. (B) cre1-12 ovule 2 d after BAP treatment. (C) 
Wild-type ovule of PIN1pro:PIN1-GFP plants 2 d after BAP treatment. (D) and (E) DR5rev-pro:GFP 
ovule 2 d after the mock treatment (D) or BAP treatment (E). Arrow indicates ectopic DR5rev:GFP 
signal in the CK-IS. (F) pin1-5 ovule 2 d after BAP treatment. 

f, funiculus; ii, inner integument; nu, nucellus; oi, outer integument. Bars = 20 mm. 
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evaluated in terms of the number of ovules that formed the CK-IS instead of developing two 

integuments, like in mock-treated control plants (see Supplemental Table 2 online). 

Interestingly, only cre1-12 mutant plants treated with BAP developed two integuments, 

whereas in the other single mutants, integument development was affected (Figure 4B), 

suggesting that the CRE1 receptor has a major role in the response to cytokinin in the 

chalaza region. The analysis of the PIN1pro:PIN1-GFP plants treated with BAP showed that, 

2 d after BAP treatment, PIN1-GFP expression was observed in the epidermal layer of the 

CK-IS that developed from the chalaza (Figure 4C). Considering that the PIN1-GFP ectopic 

expression was seen before CK-IS formation (Figure 3B), this suggests that the phenotype of 

the BAP-treated ovules is a consequence of ectopic PIN1-GFP expression. To monitor the 

effects of the ectopic PIN1 expression on the formation of auxin maxima, the same BAP 

treatment experiments were done using plants containing the GFP reporter gene driven by 

the auxin-induced DR5 promoter construct. In two mock-treated DR5rev-pro:GFP control 

plants, the GFP signal was detected in the nucellus of all 30 ovules that we analyzed (Figure 

4D), confirming the auxin pattern that was reported by Benková et al. (2003). In BAP-

treated DR5rev-pro:GFP plants, the GFP signal was also detected inside the CK-IS structures 

that developed from the chalaza (Figure 4E). These auxin maxima in the CK-IS structures are 

in agreement with the observed PIN1-GFP localization in BAP-treated plants (Figure 4C). 

Interestingly, pin1-5 mutant plants were insensitive to the BAP treatment (Figure 4G); the 

ovules developed integuments as in pin1-5 mock-treated plants. These results show that 

high cytokinin levels resulted in a deregulation of PIN1 expression causing severe defects in 

ovule development. All together, these results corroborate the hypothesis that the role of 

cytokinin in ovule development is mediated by the PIN1-dependent auxin distribution. 

 

The Homeodomain Transcription Factor BEL1 Is Involved in PIN1 Regulation 

It has been reported that one of the major players in chalaza development is the 

homeodomain transcription factor BEL1 (Robinson-Beers et al., 1992; Reiser et al., 1995). 

BEL1 is expressed in the chalaza of ovules starting from stage 1-II of development. The bel1-

1 mutant shows interesting similarities with the ovule phenotype obtained by BAP 

treatment, because in bel1-1, the two integuments (Figure 5A) are replaced by a single 

structure (Figure 5B) that resembles the CK-IS structure we observed in the BAP-treated 

plants (Figure 5C). Moreover, it has been published that, in the bel1-1 mutant, this structure 

is at later developmental stages converted into a carpel-like structure (Robinson-Beers et 

al., 1992; Brambilla et al., 2007), as has been reported to happen after BAP treatment 

(Venglat and Sawhney, 1996). These data suggest a possible interaction between BEL1 and 

cytokinin signaling in the ovule. To understand whether cytokinin controls BEL1 expression, 

we performed in situ hybridization using wild-type ovules mock-treated (control plants) or 

treated with BAP. In control plants, BEL1 expression was observed in the chalaza and in the 

developing integuments, which is similar to wild-type plants (Figure 5D). In BAP-treated 

plants, BEL1 expression was restricted to a small group of cells at the basal part of the CK-IS 

(Figure 5E). Furthermore, BEL1 was expressed similar to the wild type in cre1-12 ahk2-2
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ahk3-3 triple mutant ovules (Figure 5F). To quantify BEL1 expression, we performed real- 

Figure 5. BEL1 Expression Is 
Regulated by Cytokinin 
(A) Wild-type ovule, stage 2-III. (B) 
bel1-1 ovule, stage 2-III. (C) Wild-
type ovule, stage 2-III, 2 d (2D) after 
BAP treatment. (D) In situ 
hybridization on wild-type ovule with 
BEL1 probe. (E) In situ hybridization 
on wild-type ovule treated with BAP 
using the BEL1 probe 2 d after 
treatment. (F) In situ hybridization 
on cre1-12 ahk2-2 ahk3-3 triple 
mutant ovule with BEL1 probe. (G) 
Quantitative BEL1 expression 
analysis by real-time RT-PCR. 
Wildtype mock-treated or BAP-
treated 2 d after treatment, wild-
type and cre1-12 ahk2-2 ahk3-3 
triple mutant flowers, cre1-12 single 
mutant, and ahk2-2 ahk3-3 double 
mutant 2 d after mock treatment or 
BAP treatment. (H) to (J) 
WUSpro:WUS-GUS activity in wild-
type ovule (H), bel1-1 ovule (I), and 
in a wild-type ovule 2 d after BAP 
treatment (J). The ovules are at stage 
2-III/3-I. The white arrowhead 
indicates ectopic WUSpro:WUS-GUS 
expression in the aberrant structures 
of the ovules ([I] to [J]). (K) 
PIN1pro:PIN1-GFP in bel1-1 ovule. (L) 
DR5rev-pro:GFP in bel1-1 ovule. The 
ovule is at stage 2-III. (M) bel1-1 
ovule treated with NPA. The 
arrowhead indicates the region 
where the bel1-1 structure is 
formed. 
chal, chalaza; f, funiculus; ii, inner 
integument; nu, nucellus; oi, outer 
integument. 

Bars = 20 mm. 
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ahk3-3 triple mutant ovules (Figure 5F). To quantify BEL1 expression, we performed real-

time PCR, confirming that in BAP-treated plants, BEL1 was downregulated, whereas in cre1-

12 ahk2-2 ahk3-3 triple mutant ovules, BEL1 was expressed similar to the wild type (Figure 

5G). We also quantified BEL expression in the BAP-treated cre1-12 mutant and in the ahk2-2 

ahk3-3 double mutant (Figure 5G), which confirmed that the cytokinin regulation of BEL1 

expression in the chalaza is mediated by the CRE receptor. These data are consistent with 

the observed phenotypes and suggest that cytokinin might control BEL1 expression. To 

corroborate this conclusion, we analyzed the regulation of WUSCHEL (WUS) expression. 

WUS is expressed in the nucellus (Figure 5H; Gross-Hardt et al., 2002), but in the bel1-1 

mutant, WUS is ectopically expressed in the chalaza (Figure 5I; Brambilla et al., 2007). Based 

on this observation, it has been suggested previously that BEL1 negatively regulates WUS 

expression (Brambilla et al., 2007). We analyzed the ovules (two pistils for each of three 

BAP treated plants) (Figure 5J) containing a WUSpro:WUS-GUS construct and showed that 

GUS in these plants is ectopically expressed in the chalaza, as observed in bel1-1 ovules 

(Figure 5I), supporting the observed downregulation of BEL1 expression after BAP 

treatment. To understand the role of BEL1 in PIN1 regulation in ovules, PIN1pro:PIN1-GFP 

and DR5rev-pro:GFP constructs were introduced in the bel1-1 mutant background. As 

shown in Figure 5K, in the bel1-1 mutant, the PIN1-GFP expression profile was similar to the 

profile that was observed in the PIN1pro:PIN1-GFP plants treated with BAP (Figures 3B and 

4C), suggesting that BEL1 is important for the correct expression of PIN1.  

Because BEL1 expression was deregulated on application of exogenous cytokinin, we were 

curious whether correct auxin fluxes were dependent on BEL1 activity. This would suggest 

that the bel1-1 mutant phenotype is caused by changes in auxin fluxes, as we showed for 

the BAP-treated plants (Figure 5L). To investigate this, we treated bel1-1 mutant plants with 

the auxin transport inhibitor N-1-naphthylphthala-mic acid (NPA). Analysis of these plants 

showed that after 2 d of treatment, finger-like ovules were obtained (Figure 5M), 

suggesting that formation of the abnormal structures in the bel1-1 mutant is mediated, as 

in BAP-treated plants, by PIN1 ectopic expression. In conclusion, we found that cytokinin is 

involved in ovule development by modulating auxin fluxes through the control of PIN1 

expression. Furthermore, our data suggest that the transcription factors NZZ/SPL and BEL1 

play an important role in this hormonal network in ovules. 

 

DISCUSSION 

Regulation of PIN1 Expression Requires SPL and BEL1 in Ovules 

To integrate the known molecular network controlling ovule patterning with the hormonal 

regulation of this process, we have selected well-characterized transcription factor mutants 

with ovule phenotypes that resemble those obtained by the increase in cytokinin levels or 

mutations in cytokinin receptors. SPL/NZZ is a transcription factor expressed throughout the 

ovule and is needed for correct nucellus development and together with BEL1 for chalaza 

formation (Schiefthaler et al., 1999; Yang et al., 1999; Balasubramanian and Schneitz, 2002). 

Previously it was suggested that SPL is involved in auxin homeostasis (Li et al., 2008). The 
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activation-tagged mutant spl-D showed an auxin-related defective phenotype, such as 

reduced apical dominance and a reduced number of lateral roots. Furthermore, the ARF, 

YUC2, and YUC6 genes were downregulated in this mutant (Li et al., 2008). We found that in 

the spl mutant, PIN1 expression was compromised, suggesting that SPL is important for 

PIN1 expression. Interestingly, an increase in exogenous cytokinin levels in the spl mutant 

background did not result in a change in PIN1 expression, whereas in wild-type flowers 

treated with cytokinin (BAP), PIN1 expression was strongly increased. This clearly indicates 

that for cytokinin-mediated PIN1 expression, the SPL function is required (Figure 6). All 

together, these findings attribute to SPL a master role in auxin-dependent ovule 

developmental processes. As mentioned previously, Balasubramanian and Schneitz (2002) 

proposed that BEL1 works together with NZZ/SPL for the proper formation of the chalaza, 

because in nzz/spl bel1 double mutant ovules, no chalaza structures developed, and finger-

shaped organs formed instead. The mechanism behind the redundant function of these two 

different transcription factors involved in ovule development remained unclear. Our 

findings suggest a scenario in which the bel1 phenotype is caused by an ectopic expression 

of PIN1 and that NZZ/SPL is essential for PIN1 expression in the ovules. We therefore 

propose that the transcription factor SPL is necessary for the ectopic expression of PIN1 in 

the bel1 mutant. If the NZZ/SPL function is missing in the bel1 mutant, the ectopic 

expression of PIN1 is not possible, and for this reason a bel1 nzz/spl double mutant 

phenotype is similar to the bel1 mutant treated with the auxin flux inhibitor NPA (Figure 6). 

 

Figure 6. BEL1 and SPL Integrate Hormonal Signaling in Ovules. 
(A) In wild-type ovules, cytokinin activates WUS, which promotes the expression of SPL in the 
nucellus (nu) (Sieber et al., 2004) and BEL1 in the chalaza (chal). PIN1 is activated in the nucellus by 
SPL and repressed in the chalaza by BEL1, which in turn represses WUS (Brambilla et al., 2007). f, 
funiculus. (B) In spl mutant ovules, PIN1 is not expressed, leading to a premature block of female 
gametophyte development and phenocopies the pin1-5 mutant. (C) In the bel1 mutant, PIN1 is 
upregulated and is also expressed in the chalaza region, where normally it is not present. (D) In 
finger-like bel1 spl double mutant ovules, PIN1 is not expressed in the ovule. (E) The application of 
exogenous NPA to the bel1 mutant triggers the formation of finger-like ovules, because the 
inhibition of the auxin flux by NPA treatment avoids the formation of the aberrant structures 

typical for bel1 ovules. 
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Similarities in the WUS Regulatory Networks in Ovules and the Shoot Apical Meristem 

The bel1 nzz/spl double mutant phenotype is similar to the phenotype previously 

described for wus mutant ovules (Gross-Hardt et al., 2002). In the bel1 mutant, WUS is 

ectopically expressed in the chalaza (Brambilla et al., 2007). Confirming this, WUS ectopic 

expression was also observed in wild-type plants treated with exogenous cytokinin (BAP), 

showing that the downregulation of BEL1 caused by the increase of cytokinin levels caused 

the same effect on WUS expression (Figure 6). Interestingly, regulation of WUS expression 

in ovules seems to be similar to the regulation of this gene in the shoot apical meristem. For 

instance, in the shoot apical meristem, cytokinin is important for WUS expression (Gordon 

et al., 2009), and we have shown that SPL/NZZ might be involved in cytokininmediated WUS 

expression (Figure 6). WUS and WUSCHEL RELATED HOMEOBOX are known to act in a non–

cell-autonomous manner for the maintenance of stem cells both in shoot apical and root 

apical meristems (Brand et al., 2000; Schoof et al., 2000). This stem cell maintenance 

depends on a negative feedback loop between WUS and CLAVATA3 (CLV3) (Brand et al., 

2000; Schoof et al., 2000). In ovules, WUS is expressed in the nucellus (Figure 6) and plays 

an important role in the chalaza, promoting integument development (Gross-Hardt et al., 

2002). Furthermore, WUS might promote in a non–cellautonomous manner the expression 

of BEL1 in the chalaza, which as already proposed, negatively regulates WUS expression 

(Brambilla et al., 2007). 
 

METHODS 
Plant Material and Growth Conditions 

Arabidopsis thaliana (ecotype Columbia) plants were grown at 22°C under long-day (16-h light/8-h 

dark) conditions. The Arabidopsis lines that were obtained from the European Arabidopsis Stock 

Centre collection are spl-1 (N6586), bel1-1 (N3090). TCSpro (two-component-output-sensor):GFP, 

AHK2pro:GUS, AHK3pro:GUS, CRE1/AHK4pro:GUS, DR5rev-pro:GFP, PIN1pro:PIN1:GFP, cre1-12, 

ahk2-2, and ahk3-3 seeds were provided by Jirí Friml (Ghent University). WUSpro:WUS-GUS seeds 

were provided by Thomas Laux (University of Freiburg). IPT1pro:GUS seeds were provided by Tatsuo 

Kakimoto (Osaka University). 

The observed ovule phenotypes were consistent in the F2, F3, and F4 segregating populations and 

the backcross population, which was made to introduce a reporter gene construct. This indicates that 

the observed phenotypic effects are not caused by differences in the ecotype background of our 

mutants. 

The cre1-12 ahk2-2 ahk3-3 PIN1pro:PIN1-GFP lines were obtained by crossing PIN1pro:PIN1-GFP 

plants with cre1-12 ahk2-2 ahk3-3/AHK3 plants. F3 cre1-12 ahk2-2 ahk3-3 plants homozygous for 

PIN1pro:PIN1-GFP were selected. The PIN1pro:PIN1-GFP plants were crossed with the spl/SPL 

mutant. F3 spl/nzz plants homozygous for PIN1pro:PIN1-GFP were selected, and GFP expression was 

analyzed in the root as positive control (Benková et al., 2003). 

 

Genotyping 

To genotype for the spl allele, the following primers were used: SPL-F (59- 

GGCGAGATCCGGACAGAGAC) and SPL-R (59-AGAAGCGTTAAACATTTGAGGATT) and Ds primers DS 3-

3A (59-TCGTTTCCGTCCCGCAAGT) Roles of Auxin and Cytokinin in Ovules 9 of 12 or DS 5 to 3A (59-

CGGTCGGTACGGGATTTTCC). The bel1-1 allele contains a C-to-T transition at nucleotide 497, which 
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introduces a BsaAI restriction site. The bel1-1 allele was identified by BsaAI digestion of PCR products 

amplified with the primers 59-GAGAG ACATGGCAAGAGATCAG and 59- GAGCATGGAGAGCAACTTGG. 

To identify the presence of the T-DNA encoding PIN1pro:PIN1-GFP, the following primers were used: 

PIN1-RP (59-CCAGTACGTGGAGAGGGAAG) and GFP-LP (59-GAAAGTAGTGACAAGTGTTGGC). 

 

BAP Treatment 

BAP was obtained from Sigma-Aldrich and was used at a concentration of 10-3 M. Plants were 

treated once with 30 mL of a BAP solution or a solution of distilled water for mock-treated controls 

(both in 0.05% Tween 20). Solutions were applied directly onto the inflorescences, and then the 

plants were covered with a plastic transparent bag for 1 d. NPA was used at a concentration of 1 

mMand was applied as described for the BAP treatment. 

 

Microscopy 

To analyze ovule development, flowers at different developmental stages were cleared and analyzed 

as described previously (Brambilla et al., 2007). All GUS assays were performed overnight as 

described previously (Liljegren et al., 2000) or with a different clearing method according to Jones-

Rhoades et al. (2007). Samples were incubated in clearing solution, dissected, and observed using a 

Zeiss Axiophot D1 microscope equipped with differential interference contrast optics. Images were 

captured on an Axiocam MRc5 camera (Zeiss) using the Axiovision program (version 4.1) For confocal 

laser scanning microscopy, dissected ovules were mounted in water and observed with a SP2 Leica 

confocal microscope and SPE Leica confocal with a 488-nm argon laser line for excitation of GFP 

fluorescence. Emissions were detected between 505 and 580 nm. Using a 633 water-immersion 

objective (numerical aperture (NA) = 1.25, pinhole), confocal scans were performed with the pinhole 

at 1 airy unit. 

 

In situ Hybridization and Real-Time PCR 

In situ hybridization was performed as described by Dreni et al. (2011). The SPL/NZZ and BEL1 

specific antisense probes were amplified according to Balasubramanian and Schneitz (2000). For 

expression analysis, total RNA was extracted using NucleoSpin RNA Plant KIT (Macherrey-Nagel) and 

was then subjected to reverse transcription using the ImProm-II Reverse Transcription System 

(Promega). The cDNAs were standardized relative to UBIQUITIN10 (UBI10), ACTIN8 (ACT8), PROTEIN 

PHOSPHATASE 2A SUBUNIT A3 (PP2A [At1g13320]) transcripts, and gene expression analysis was 

performed using the iQ5 Multi Color Real-Time PCR detection system (Bio-Rad) with a SYBR Green 

PCR Master Mix (Bio-Rad). Baseline and threshold levels were set according to the manufacturer’s 

instructions. 

 

Accession Numbers 

Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL 

databases under the following accession numbers: STK (At4G09960), BEL1 (At5G41410), SPL/NZZ 

(At4G27330), WUS (At2G17950), PIN1 (At1G73590), AHK2 (At5G35750), AHK3 (At1G27320), 

AHK4/CRE1 (At2G01830), IPT1 (At1G68460), CKX5 (At1g75450), and CKX6 (At3g63440). 
 

SUPPLEMENTAL DATA 

Supplemental Figure 1. GUS Expression in AHK3pro:GUS Ovules from Stage 1-II to Stage 3-IV. 

Supplemental Figure 2. Ovules of cre1-12 ahk2-2 ahk3-3 and pin1-5 Mutants; PIN1pro:PIN1-GFP and 

DR5rev-pro:GFP Analyses in spl-1 and spl-1/SPL Plants. 
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Supplemental Figure 3. Ovule Development after BAP Treatment. 

Supplemental Table 1. Ovule Number in the cre1-12 ahk2-2 ahk3-3 and pin1-5 Mutants. 

Supplemental Table 2. The Effect of BAP Treatment on the Cytokinin Receptor Mutants.  
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Supplemental Figure 2. Ovules of cre1-12 ahk2-2 ahk3-3 and pin1-5 Mutants; PIN1pro:PIN1-GFP 

and DR5rev-pro:GFP Analyses in spl-1 and spl-1/SPL Plants. 

 



 

75 

 

Supplemental Figure 3. Ovule Development after BAP Treatment. 
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SUMMARY 

MADS-domain transcription factors play important roles during plant development. The 

Arabidopsis MADS-box gene SVP is a key regulator of two developmental phases. It 

functions as a repressor of the floral transition during the vegetative phase and later it 

contributes to the specification of the floral meristems. How these distinct activities are 

conferred by a single transcription factor is unclear, but interactions with other MADS 

domain proteins which specify binding to different genomic regions is likely one 

mechanism. To compare the genome wide DNA binding profile of SVP during vegetative 

and reproductive development we combined chromatin immunoprecipitation with high 

throughput DNA Sequencing (ChIP-seq). These ChIP-seq data were combined with Tiling 

Array expression analysis and qRT-PCR to identify biologically relevant binding sites. In 

addition, we compared genome-wide target genes of SVP with those of the MADS domain 

transcription factors FLC and AP1, which interact with SVP during the vegetative and 

reproductive phases, respectively.  

Our analyses resulted in the identification of pathways that are regulated by the SVP 

which include those regulating meristem development during vegetative growth and 

flower development whereas floral transition pathways and hormonal signaling were 

regulated predominantly during the vegetative phase. Thus, SVP regulates many 

developmental pathways, some of which are common to both of its developmental roles 

whereas others are specific to only one of them. 

 

 

 

My contribution to this work was the validation through ChIP experiments and the 

expression analyses by means of Real-Time PCR and in situ hybridization of five selected 

genes expressed also in the floral meristem: CLV1, KAN1, ARF3, PHB and PIN1. These genes 

are SVP direct targets and their expression is higer in the svp agl24 ap1-12 triple mutant 

background, suggesting that SVP is a repressor of their transcription. Moreover, analyses to 

better characterize the size of the floral meristem in the svp sgl24 ap1-12 mutant has been 

conducted through both SEM microscopy and in situ hybridization with WUS specific 

antisense probe.  
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SUMMARY 

A crucial question in developmental biology is how molecular pathways control the 

formation of well-defined organ primordia from undifferentiated cells. 

The placenta is a meristematic tissue that upon hormonal signaling gives rise to ovules as 

lateral organs. Ovule numbers ultimately determine the number of seeds that can develop 

and, thereby, control the final seed yield in crop plants. Previously it was reported that the 

number of ovules is controlled by CUP-SHAPED COTYLEDON (CUC1), CUC2 and 

AINTEGUMENTA (ANT), that we show to have an additive role in ovule number 

determination. Furthermore, we assign a key role to the auxin response factor 

MONOPTEROS (MP/ARF5) in the direct regulation of CUC1, CUC2 and ANT expression 

during ovule development. We show that the expression of CUC1 and CUC2 genes is 

needed to redundantly regulate cytokinin dependent PIN1 expression and PIN1 protein 

localization required for ovule primordia formation. 

Therefore we propose a model in which MP plays a crucial role in the integration of the 

auxin and cytokinin pathways controlling ovule primordia formation. 

 

My contribution to this work was the analyses of the expression profile of CUC1, CUC2, ANT 

and MP in wild-type and in different mutant backgrounf (yuc1 yuc4; mp weak) through in 

situ hybridization. 
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SUMMARY 

TBP-Associated Factors (TAFs) are components of complexes like TFIID, TFTC, SAGA/STAGA 

and SMAT that are important for the activation of transcription, either by establishing the 

basic transcription machinery or by facilitating histone acetylation. However, in Drosophila 

embryos several TAFs were shown to be associated with the Polycomb Repressive 

Complex 1 (PRC1), even though the role of this interaction remains unclear. Here we show 

that in Arabidopsis TAF13 interacts with MEDEA and SWINGER, both members of a plant 

variant of Polycomb Repressive Complex 2 (PRC2). PRC2 variants play important roles 

during the plant life cycle, including seed development. The taf13 mutation causes seed 

defects, showing embryo arrest at the 8-16 cell stage and over-proliferation of the 

endosperm in the chalazal region, which is typical for Arabidopsis PRC2 mutants. Our data 

suggest that TAF13 functions together with PRC2 in transcriptional regulation during seed 

development. 

 
 
 
 

My contribution to this work was the pull-down assay through which the interaction 

between MEA and TAF13 has been proved.  
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Discussion 

 
 BPC proteins and their role in inflorescence and flower developmentiiiiiiiiiiiiiiiiiiiiiiiii 

The regulation of transcription is a fascinating topic in molecular biology. In Arabidopsis, an 

important model organism for plant research, several classes of transcription factors have 

been discovered but many of them have not been characterized yet.  

An example of a poorly characterized plant specific transcription factor family is the BBR/BPC 

family, which encodes transcriptional regulators able to bind the DNA at GA-rich sites 

(Meister et al., 2004; Kooiker et al., 2005; Santi et al., 2003; Sangwan’o brian et al., 2001; 

Simonini et al., 2012). In Arabidopsis there are seven BPC encoding genes, of which BPC5 is 

probably a pseudogene (Meister et al., 2004). The BPCs seem to have similar functions as the 

GAGA Associated Factor (GAF) of Drosophila melanogaster, which plays important roles in 

the regulation of the chromatin state and in the expression of the HOX genes (Berger and 

Dubreuq, 2012). Moreover, the BPCs seems to act in a redundant way; indeed, neither single 

nor double mutant combinations display aberrant phenotypes (Monfared et al., 2011). The 

sestuple bpc1-2-3-4-6-7 mutant is able to germinate and to produce leaves and flowers 

although these have severe defects (Monfared et al., 2011). However, the bpc1-1 allele that 

was used to generate this higher order mutant is not a full knock out making it very likely 

that the sestuple mutant described by Monfared et al. (2011) is not representing the 

phenotype when all 6 active BPC genes are knocked out. At the moment in our laboratory 

we are creating a new sestuple mutant with the bpc1-3 allele, which is a complete loss-of-

function allele. It will be interesting to see if this mutant is viable and if it shows more severe 

defects. 

Since the BPCs are able to autoregulate themselves (data not published), it could be possible 

that in the bpc1-2-3-4-6-7 sestuple mutant reported by Monfared et al. (2011), the 

expression level of BPC1 is high enough to partially compensate the absence of the other 

BPCs. Nevertheless, its contribution is not sufficient to overcome all the defects, suggesting 

that, therefore although BPCs share high redundancy, there are different developmental 

processes, which require the presence of specific BPC members.  

The homology with the BBR factor of barley (Santi et al., 2003) and the phenotype of the 

bpc1-3 bpc2 bpc3 triple mutant inflorescence, led us to hypothesize a role for BPCs in the 

regulation of HOMEOBOX genes (Chapter 3). The first analyses conducted were focused on 

the two KNOX genes STM and BP, which are involved in the control of inflorescence 

meristem size and activity. Indeed, the inflorescence meristem of the bpc1-2-3 triple mutant 

is bigger and more active than wild-type, and it is consistent with the up regulation of STM 

and BP expression as we detected in this triple mutant. Moreover, the STM and BP promoter 

are highly enriched in ChIP experiments using antibody against BPC1-2-3, strongly suggesting 

a direct link between BPCs and these meristem genes. However, the regulation of 

HOMEOBOX genes seems not to be restricted to STM and BP,  but it seems to be a more 
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general regulatory mechanism which includes several HOMEOBOX transcription factors. 

Moreover the BPCs seem to mediate the effects of hormonal signaling, being responsive to 

changes in cytokinin concentration. A possible scenario assigns to the BPCs the role of sensor 

of hormone homeostasis in the inflorescence meristem working in the STM-Cytokinin-WUS 

regulatory loop, which has already been well characterized (Bartrina et al., 2010).  Further 

analyses are in progress to better characterize the role of BPCs in the maintenance of 

meristem size and activity.  

The information we have until now about BPCs suggests that they might not be essential for 

the plant. They most probably act as cofactors in transcription stabilizing complexes and or 

facilitate recruitment of transcription factors to the DNA. Furthermore, they seem to act as 

both transcriptional repressors and activators. This is further strengthened by the regulatory 

mechanism which regulates the STK expression through the interaction between BPCs and 

the repressor complex made by SVP in order to repress STK expression at early stages of 

flower development (Simonini et al., 2012). The BPC binding sites contained in the STK 

regulatory region are necessary for its correct transcriptional regulation, indeed mutagenesis 

experiments that abolished BPC binding sites in the STK promoter resulted in STK 

deregulation (Chapter 2). This aspect suggests another possible regulatory mechanism in 

which the BPCs, associating with a MADS-box transcription factor, regulate gene expression. 

The research described in chapter 2 shows that BPC binding sites are essential for binding of 

the SVP containing repressor complex to the STK promoter and for STK transcriptional 

regulation. Although this is a strong indication that BPC binding to the STK promoter is 

needed for proper expression it does not provide the final proof that BPC proteins are 

needed for this. This proof should come from experiments in which we show deregulation of 

STK in a bpc higher order mutant. We already analysed the triple mutant but did not observe 

deregulation of STK suggesting that there is also redundancy between class I BPCs and other 

classes in the regulation of STK. Another open question is whether BPCs bind first to the DNA 

and then recruit the MADS-domain factors to the DNA by for instance opening up the 

chromatin and exposing the CArG boxes or that they first interact with MADS-domain factors 

(or other transcription factors) and then bind the DNA. At the moment we are setting up 

experiments to answer these questions, which should provide a deeper mechanistic insight 

in how BPCs control gene expression. 

 

 Hormonal control of ovule developmentiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

Hormones are small non-peptide molecules involved in many developmental processes. 

They are normally synthesized in a few cells and then transported by different mechanism to 

all parts of the plant to activate their signaling.  

Auxin and cytokinin are the most important hormones whose potential was already clear 

half a century ago (Skooge and Miller, 1957) and the ratio between the two hormones is 

necessary and sufficient to determine the fate of plant organ cells.  
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Recently several evidences have indicated that in ovules both hormones are important for 

proper ovule development. In particular modulation of the auxin concentration which results 

in the formation of auxin maxima, is important for ovule initiation like this is important for 

any other lateral organ (Reinhardt et al., 2000; Reinhardt et al., 2003; Laskowski et al., 1995; 

Benkova et al., 2003).  

Auxin accumulates first at the tip of the ovule primordium, later on accumulation was 

observed in the nucellus, and inside the funiculus (Ceccato et al., unpublished). Thus, ovule 

primordia formation and the following steps of ovule development are tightly linked to the 

auxin concentration. Moreover, also the right balance in cytokinin (CK) concentration is 

required for proper ovule primordia outgrowth. In fact, in the cre1 ahk2 ahk3 triple mutant, 

in which the perception of the CK is strongly decreased, the pistils contain only a few ovules 

(Chapter 4). Interestingly, the absence of CK causes also down-regulaton of PIN1 expression 

and vice versa, high CK concentration leads to a PIN1 mislocalization. In this scenario, the 

cytokinin seems to play a synergic role in respect to auxin, since the CK concentration 

triggers the correct PIN1 localization to form the auxin peek necessary for promordium 

outgrowth. This is further evidenced by the role of CK during ovule development. Once the 

primordium arises, the expression of CK receptors and synthesis encoding genes become 

restricted from the whole primordia to the inner integument and the gametophyte, 

suggesting that at later stages the CK have a different but important role in proper ovule 

development. The auxin-cytokinin cross-talk in ovule development is mediated by two 

transcription factors involved in ovule development, SPL and BEL1. Through them and their 

responsiveness to the two hormones, PIN1 expression and localization is maintained in the 

nucella and correct ovule development can proceed.  

This aspect further strengthens the evidence that auxin and cytokinin (but probably also 

other hormones) act in concert to precisely regulate ovule development, and it could be a 

general concept that governs different developmental processes.  
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