
ABSTRACT 

WYNN, APRIL NICOLE. SEUSS-LIKE Transcriptional Adaptors Regulate Floral 
Evocation, Carpel Margin Meristem Formation and Ovule Development in Arabidopsis 
thaliana. (Under the direction of Dr. Robert Franks.) 

 
 

The SEUSS-LIKE family of transcriptional adaptors functions throughout the development of 

the plant Arabidopsis thaliana. Founding member SEUSS and one of its paralogues, SEUSS-

LIKE2 (SLK2), have a critical and redundant role in the formation of the shoot apical 

meristem (SAM). Proper formation of the SAM allows for the production of above ground 

structures including flowers and ovules (seed precursors). Flowering occurs when the plant 

successfully transitions from a vegetative to reproductive phase. The loss of seu results in a 

delay in this transitioning, indicating that SEU promotes floral evocation. SEU also has a role 

in floral organ patterning, where along with the transcription factor PERIANTHA (PAN), 

SEU regulates the expression of the homeotic gene AGAMOUS (AG). After floral formation, 

another meristem, the carpel margin meristem (CMM) is formed and maintained by a genetic 

regulatory hierarchy, including SEU, PAN, and AINTEGUMENTA (ANT), a transcription 

factor critical for cellular proliferation. The single loss of one of these genes has minor 

effects on ovule formation, but the loss of any two of these results in severe or complete loss 

of ovule formation. Placing these genes within the transcriptional regulatory hierarchy 

controlling ovule development will help to elucidate the mechanisms by which seed 

precursors arise and develop.  

 

As a transcriptional adaptor protein, SEU functions within several multimeric regulatory 

complexes at different times during development to affect the transcription of other genes. In 

the formation of the SAM, SEU and SLK2 work with BELL-LIKE HOMEODOMAIN 



(BLH) and SHOOTMERISTEMLESS (STM) proteins to specify and maintain the 

meristematic niche allowing for the formation of above ground organs. Next, SEU forms a 

complex with BLH and STM, potentially also recruiting MADS-box proteins, to promote the 

expression of flowering genes LEAFY (LFY) and APETELA1 (AP1). While it is unknown if 

SEU and PAN form a complex together to affect floral development, it is likely that they 

work either together in one complex or with other proteins in separate complexes allowing 

for both SEU and PAN to have roles in activation as well as repression of AG. A detailed 

characterization of the molecular mechanism through which SEU functions with PAN and 

other genes in the transcriptional regulatory hierarchy controlling ovule development will be 

critical for understanding not only how this organ is formed, but how the plant integrates 

environmental cues into seed production.  

 

Because SEU and the SLKs function in protein complexes, they are able to have different 

roles at different times during development depending on their interaction partners. This type 

of molecular mechanism not only explains why there are different synergistic genetic 

interactions with several other genes, but also how paralogues can have separate redundant 

functions at different developmental points. The robustness of working in complexes with 

many other interaction partners also provides a way to integrate environmental inputs of 

several types and during a variety of circumstances. Further elucidation of the proteins that 

complex with SEU and the SLKs will further characterize their unique role in flower and 

ovule development.    
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CHAPTER 1 
INTRODUCTION 

 
 
Plants produce new structures over the course of their lives and maintain multiple niches of 

pluripotent cells, called meristems (Traas and Doonan, 2001). The term meristem was coined 

by Carl Wilhelm von Nageli in 1858 from the Greek “merizein” meaning “to divide.” Plant 

meristems are similar to stem cell niches in animals (like in bone marrow, ovaries, and in 

breast tissue in mammals) (Drummond-Barbosa and Spradling, 2001; Clarke, 2006), in that 

they maintain cells that have a multi or pluripotent nature that can replenish cells of different 

tissue types when lost or injured. Cells within the meristem have the ability to differentiate 

into any tissue type, however once they are pushed out of the meristem they loose their 

multipotency and become differentiated (Alvarez, 2002; Dodsworth, 2009). During this 

process there is a window of time where the cells may either regain their multipotency or 

move on to full differentiation (Byrne, 2000; Lenhard, 2002). Once the cells have fully 

committed to the differentiation pathway they are incorporated into the primordia of the 

developing organ (Reddy and Meyerowitz, 2005; Williams and Fletcher, 2005; Reddy, 

2008). The type of organ into which they will develop depends on the identity of the 

meristem from which they arise and the genetic and hormonal signals to which they are 

exposed.  

 

Unlike animals, plants are sessile responding internally to environmental conditions with a 

limited ability to change their environment. Also in contrast to animals, plants continue to 

produce new organs throughout their lifespan (Traas and Doonan, 2001). Animals develop as 
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embryos and then typically cease the production of new organs (although post-embryonic 

organogenesis does occur in some animal species including those that metamorphose from a 

larval to an adult form). Master regulatory genes are critical for the development and 

patterning of tissues within organisms. Often transcription factors, these regulatory genes 

have been identified in both plants and animals, through morphological and genetic studies. 

In plants, MADS-box genes are critical for proper organ formation and the development of 

above and below ground structures (Kappen, 2000; Shu et al., 2013). There are many 

different MADS-box genes and the different families started to diverge between 450-500 

million years ago – before the separation of the ferns from the seed producing plants 

(Purugganan, 1997).  

 

Seed producing plants are divided into two large categories – the gymnosperms and the 

angiosperms (Theissen et al., 2000). Gymnosperms, meaning ‘naked seed’ are plants where 

the seeds are not enclosed in a carpel – protective female reproductive tissue, while 

angiosperms, ‘vessel seed,’ are plants where carpels enclose the seed (Theissen et al., 2000). 

Producing seeds within fruits, angiosperms, are best known as flowering plants and there are 

between 250,000 and 300,000 species (Theissen et al., 2000). This multitude of different 

species is divided into two large clades, the monocots, with a single cotyledon, and the 

eudicots with two cotyledons (Liu et al., 2009). Cotyledons are the parts of the embryo that 

become embryonic leaves and arise without the necessity of above ground organ formation. 

Monocots include plants like grasses, while eudicots are plants like roses and Arabidopsis 

thaliana.     
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Arabidopsis thaliana is an Angiosperm eudicot flowering plant model organism. It is a 

member of the mustard family that has robust growth under many conditions. Not only is 

Arabidopsis small enough to be grown indoors, it has a short generation time, and produces 

thousands of seeds. Furthermore, it has a sequenced genome, is easily transformable, and has 

a large collection of available mutant lines (Xu and Møller, 2011). All these characteristics 

make this model plant a perfect system to test the genetic bases of plant developmental 

processes.   

 

The Root and Shoot Apical Meristems  

Within the Arabidopsis thaliana plant there are two apical meristems established in the 

embryo – the root apical meristem (RAM) and the shoot apical meristem (SAM) (Figure 1A) 

(Long and Barton, 1998). These are the source of cells for the roots – from the RAM and for 

all post-embryonic above ground structures – from the SAM (Liu et al., 2009). As embryos, 

the plant has formed the regions for the RAM at the base and the SAM in close association 

with the embryonic cotyledon(s) (Sassi and Vernoux, 2013).  

 

As seedlings, the SAM is initially in a vegetative form and when exposed to light it produces 

rosette leaves (Simpson and Dean, 2002). Rosette leaves are the first true leaves; at the base 

of the Arabidopsis plant that form in a circular pattern around the SAM and what will later 

become the shoot. After receiving cues to flower, the vegetative SAM is remodeled into a 

reproductive form (Colasanti and Sundaresan, 2000; Simpson and Dean, 2002; Smith and 

Hake, 2003). At this point, it stops producing rosette leaves and starts to form other above 
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ground structures through the formation of the inflorescence meristem (IM) that later 

produces the floral meristems (FM) and axillary meristems (Liu et al., 2009). An 

inflorescence is a shoot that produces several flowers – each of which arise from a floral 

meristem (Liu et al., 2009). Within the center of each flower is the female reproductive 

structure, the gynoecium composed of two fused carpels that protect the seeds (Ferrandiz et 

al., 1999). Seeds are formed inside the gynoecium and they arise as ovules, seed precursors, 

from a special meristem called the carpel margin meristem (CMM) (Colombo et al., 2008). 

This meristem is unique because not only does it give rise to ovules, but it produces an 

elongated meristem that extends the entire length of the medial domain of the gynoecium 

producing ridges that will develop into the placenta and is thus morphologically unlike any of 

the other more mound-like meristems (Figure 1B).   
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Figure 1 – Root Apical, Shoot Apical, and Carpel Margin Meristems in Arabidopsis 
thaliana – A) indicates the organizing centers (OC) as well as the L1, L2, and L3 cell layers. 
Figure reproduced from Doerner (2003) with permission. B) Arrow indicates the medial 
ridge of the CMM, while the finger like projections are the ovule precursors.   
 
 

Regulation of Meristematic Maintenance and Organogenesis within the SAM 

The SAM gives rise to all above ground structures and is located at the upper apex of the 

plant (Hamant and Pautot, 2010). Plant development and growth are controlled by external as 

well as internal factors. Gene regulation and hormone synthesis and distribution are the 

largest internal factors, while temperature, light, and age are the largest external factors. 

These processes are linked, as external stimuli are sensed by the plant and result in alterations 

in the expression and activity of key developmental regulators. Examination of the SAM 

structure and the genetic regulatory hierarchies that function there provide insights into the 

genes that are critical for the proper formation and maintenance of this meristem.  

A 

B 
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The SAM contains approximately 500 cells (Reddy, 2008) and is comprised of three cell 

layers – the L1, L2, and L3 layers (Figure 1). The L1 and L2 layers (the tunica) divide 

anticlinally – dividing mostly with the plane of cell division perpendicular to the layer of 

cells ensuring that the daughter cells remain in the same cell layer (Meyerowitz, 1997; 

Weigel and Jurgens, 2002; Sassi and Vernoux, 2013). The cells of the L1 and L2 layers give 

rise to the epidermis and the mesophyll, respectively.  The L3 layer (corpus) divides 

anticlinally and periclinally, dividing in more than one direction allowing for the formation 

of the dome- or mound-shaped SAM (Meyerowitz, 1997; Traas and Doonan, 2001; Weigel 

and Jurgens, 2002; Sassi and Vernoux, 2013).  

 

In additions to the three cell layers, there are separate regions of the SAM that function in 

different ways throughout the life of the plant. The heart of the SAM is the central zone (CZ) 

(Figure 3), which is a group of approximately 35 cells at the summit of the SAM (Reddy and 

Meyerowitz, 2005; Yadav et al., 2009) that contains the stem cells and the organizing center 

(OC) (Figure 1) (Traas and Doonan, 2001). The OC is in the L3 layer just beneath the stem 

cell niche (Dodsworth, 2009) and contains cells that divide slowly and have not differentiated 

into different organs (Meyerowitz, 1997; Long and Barton, 1998; Traas and Doonan, 2001; 

Alvarez, 2002; Scofield and Murray, 2006; Girin et al., 2009). If this niche is lost, the stem 

cells differentiate and their multipotency is exhausted causing total arrest of the SAM and the 

lack of ability to form above ground organs. If the cells within this niche over-proliferate 

then the SAM continues to grow and there can be an enlarging of the SAM causing an 

increase in floral organs and the size of the inflorescence (Lenhard, 2002; Dodsworth, 2009). 
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Surrounding the CZ is a ring-shaped region called the periphery zone (PZ) (Meyerowitz, 

1997). The PZ is where cells divide more rapidly, and are organized into organ primordia 

(Traas and Doonan, 2001; Reddy et al., 2004; Reddy, 2008). In the outer PZ, cells are 

committed to the differentiation program, while cells in the inner PZ have started the 

differentiation process, but still have the capacity to revert back to their previous stem cell 

fate (Reddy and Meyerowitz, 2005; Williams and Fletcher, 2005; Reddy, 2008). During the 

plant’s vegetative phase the cells in the periphery zone differentiate into rosette leaves, but 

after floral transition these cells may become a myriad of other above ground structures (Liu 

et al., 2009). Directly under the CZ is a region called the rib zone (RZ) that subtends the CZ. 

The cells in the RZ give rise to the internodal structures such as the stem or branch axes. The 

growth and elongation of these structures lifts the SAM up as the stem develops, and marks 

the boundary between the SAM and the stem after the plants have bolted (Meyerowitz, 1997; 

Traas and Doonan, 2001).  

 

The SAM is marked by the expression of a KN1-related homeobox (KNOX) superfamily 

gene called SHOOTMERISTEMLESS (STM) (Long and Barton, 1998; Hake et al., 2004). 

This gene is a member of the 3-Amino Acid Loop Extension (TALE) subfamily of 

transcription factors that is critical for initiating and maintaining meristematic function in the 

SAM (Vollbrecht, 1991; Hackbusch, 2005). The area of STM expression extends through the 

entire SAM, but is down-regulated in the organ anlagen (the earliest manifestations of the 

organ primordia) (Figure 3) (Long et al., 1996). STM’s primary function is to inhibit 

differentiation of the cells within the SAM (Endrizzi et al., 1996; Scofield and Murray, 2006; 
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Dodsworth, 2009). In stm mutants cells of the SAM prematurely differentiate, the SAM fails 

to maintain itself and thus the development of the SAM arrests with no above ground 

structures other than the cotyledons being formed (Figure 2) (Endrizzi et al., 1996).  

 

 

Figure 2: Phenotype of strong stm single mutants – (e) Wild-type seedling with the arrow 
pointing to the functional SAM. (f) stm-5 seedlings with no meristematic tissue found (arrow 
pointing to location of loss). (g) lack of SAM between the fused cotyledons in a stm-5 
mutant. Figure taken from Endrizzi et al. (1996) with permission.  
 

 
Decreases in STM expression within particular regions of the PZ of the SAM mark the 

location of organ primordia formation, (Endrizzi et al., 1996; Byrne, 2000; Dodsworth, 2009; 

Yu et al., 2009; Hamant and Pautot, 2010). Later in development, STM is critical for the 

promotion of flowering and for the formation of floral organs (Smith et al., 2011). Once 

plants transition to a reproductive phase, the SAM produces first an inflorescence meristem 

that will soon give rise to floral meristems (FM). STM is expressed in the FM center, in the 

developing carpels, and in the placental tissue (Long et al., 1996; Bowman et al., 1999; 
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Ferrandiz et al., 1999). Multiple inducible STM-RNAi lines were generated to examine the 

reduction and loss of stm phenotypes. These constructs were induced in the reproductive 

apex and phenotypes ranged from mild loss of carpel fusion in the gynoecium to the 

complete ablation of the gynoecium (Scofield, 2007). Conversely, ectopic expression of STM 

promotes SAM formation on leaves, the reduction in growth of all floral organs except the 

gynoecium, and the conversion of ovules into carpels (Gallois et al., 2002; Lenhard, 2002; 

Scofield, 2007). This indicates that STM has a strong role in flower and ovule development in 

Arabidopsis and is known to work with other SAM and flower regulatory genes to pattern the 

carpel and ovules (Endrizzi et al., 1996).   

  

In contrast to the broad expression of STM, another gene critical for SAM function, 

WUSCHEL (WUS), is restricted to approximately 10 cells in the organizing center within the 

CZ (Figure 3) (Laux et al., 1996; Long et al., 1996). A member of the WOX gene family 

(WUSCHEL-LIKE HOMEOBOX family) (Laux et al., 1996), WUS is also important for 

promoting stem cell fate and is found just below the pluripotent niche housing the stem cells 

(Lenhard, 2002; Williams and Fletcher, 2005; Sablowski, 2007; Dodsworth, 2009). The 

expression of WUS is tightly regulated by three genes – CLAVATA1, CLAVATA2, 

CLAVATA3 (CLV), that work together to limit the expression domain of WUS (Lenhard and 

Laux, 1999; Fletcher and Meyerowitz, 2000). These genes work together with WUS in a 

negative feedback loop to keep the expression of WUS restricted and to maintain the stem 

cell niche in the core of the SAM (Schoof et al., 2000). In the vegetative SAM, CLV1, CLV2, 

and CLV3 are expressed above (apical to) the expression domain of WUS (the OC), with 
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CLV1 and CLV2 being expressed in the L2 layer of the CZ, while CLV3 is expressed in the 

L1 and L2 layers of the CZ (Clark et al., 1997; Fletcher et al., 1999). CLV3 is a secreted 

glycopeptide ligand that travels and is bound by a receptor CLV1 (a LRR receptor-like 

kinase) and CLV2 which encodes a LRR receptor-like protein lacking a kinase domain 

(Dievart et al., 2003; Reddy and Meyerowitz, 2005; Ogawa et al., 2008; Miwa et al., 2009; 

Yadav et al., 2009). The binding of CLV3 to the CLV1/2 receptor complex limits the 

expression of WUS, while the expression of WUS in turn activates CLV feedback – so these 

proteins work together in a negative feedback loop maintaining the proper expression of the 

WUS in the organizing center of the SAM (Clark et al., 1993; Kayes and Clark, 1998). The 

loss of WUS activity causes a phenotype similar to that of stm, where after initiating the 

meristem all cells are incorporated into organ primordia and the meristem is exhausted 

almost immediately (Laux et al., 1996). However, wus mutant plants spontaneously recover 

organogenic potential in a start-and-stop fashion that eventually generates bushy plantlets 

(Laux et al., 1996).  

 

wus mutants can generate flowers, but these flowers typically fail to generate the full 

complement of organs. The wus flower typically generates perianth organs and then 

terminates prematurely with the formation of a single stamen and no carpel 

primordia/gynoecium. Thus, the activity of WUS is required within the floral meristem to 

maintain the meristematic population of cells long enough to form the full complement of 

floral organs (Mayer et al., 1998; Lenhard et al., 2001; Lohmann et al., 2001).  
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Conversely, the loss of the CLV family members results in an expansion of the SAM due to 

the higher than normal promotion of meristematic potentiation (Dodsworth, 2009). In these 

plants meristems grow in size over the life of the plant. These clv mutants often generate 

highly enlarged SAMs that give rise to fascinated stems and compounded inflorescences 

(Clark et al., 1993; Schoof et al., 2000). There are also clv floral defects including increases 

in the number of carpels within the gynoecium (Clark et al., 1993; Durbak and Tax, 2011). In 

strong clv1 mutants WUS expression persists and extra gynoecia are produced within the fruit 

(Clark et al., 1993; Schoof et al., 2000). Taken together this indicates that CLV has distinct 

functions in the SAM as well as in the FM to regulate meristem size and gynoecium 

development. CLV works with WUS in both the SAM and the FM, while it appears that CLV 

acts upstream of STM in the gynoecium (Durbak and Tax, 2011).  

 

The SAM is not only regulated by genetic factors, but also by hormonal inputs. Auxin, 

gibberellin, and cytokinin all have roles in the SAM (Figure 3) (Shani et al., 2006). Cytokinin 

is found in high levels in meristems, is expressed throughout the SAM, and promotes cell 

division in growing tissues (Conway and Poethig, 1997; Shani et al., 2006; Veit, 2009) and 

the maintenance of the pool of stem cells (Veit, 2009). STM, along with other KNOX genes, 

helps to maintain these levels of cytokinin by activating the expression of  ISOPENTENYL 

TRANSEFERASE (IPT) an enzyme important for cytokinin synthesis and for the maintenance 

of the meristem (Jasinski et al., 2005; Yanai et al., 2005; Scofield and Murray, 2006). WUS 

promotes cytokinin signaling by down regulating the negative-acting members of the 



 

 12 
 
 
 

ARABIDOPSIS RESPONSE REGULATORS (ARR) (Leibfried et al., 2005) thus maintaining 

high cytokinin levels and low auxin levels in the CZ.  

 

Presence of auxin is associated with cell elongation, organogenesis, and formation of 

meristems (Shani et al., 2006). Auxin is synthesized from tryptophan which gets converted to 

IPA and then converted again into IAA (the main auxin utilized in plants) (Stepanova et al., 

2011; Won et al., 2011). Lack of auxin production affects the development of the embryo, 

seedling, gynoecium and flower (Cheng et al., 2006, 2007; Stepanova et al., 2008). Auxin 

induces expression of the flower meristem gene LEAFY to promote floral evocation 

(Yamaguchi et al., 2013), and in the SAM new organ primordia are initiated from the PZ 

where auxin levels are high and STM levels are low (Long et al., 1996; Reinhardt et al., 2000; 

Heisler et al., 2005; Sassi and Vernoux, 2013). As auxin levels rise, the levels of gibberellins 

also increase – which is associated with organ primordia formation and is antagonistic to 

meristematic activity (Shani et al., 2006; Veit, 2009). KNOX genes, including STM, are 

known to directly regulate GA 20-oxidase and GA2-oxidase within the SAM to reduce levels 

of gibberellin (Sakamoto et al., 2001; Mele et al., 2003; Hay et al., 2004; Hay and Tsiantis, 

2010). GA2-oxidase, an enzyme involved in the catabolism of gibberellins, is expressed 

basally to the meristem and within developing organ primordia to prevent gibberellins from 

diffusing into the SAM (Jasinski et al., 2005). In order to maintain the meristematic potential, 

KNOX genes also induce cytokine to repress gibberellins in an effort to avoid premature 

differentiation (Sakamoto et al., 2001; Hay et al., 2002; Jasinski et al., 2005; Yanai et al., 

2005; Bolduc, 2009). !
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Figure 3: Gene expression and hormone levels in the SAM – the genes and hormones 
expressed in the SAM are critical for the maintenance of the meristematic potential in the 
central zone (CZ) and oppositely for organ initiation from the periphery zone (PZ). GA – 
gibberellin; CK – cytokinin; P1 is the primordium of the youngest initiating leaf; P2 is the 
next oldest leaf; and P0 designates the region recruited to produce the next leaf primordium. 
Figure from Shani et al. (2006) with permission. 
 
 

SAM Termination – Three Critical Pathways for SAM Initiation and Maintenance   

When either the genetic or hormonal regulation is lost, the formation and/or the maintenance 

of the SAM can be affected so severely that this meristem is lost entirely (Endrizzi et al., 

1996; Dodsworth, 2009; Rutjens et al., 2009; Bao et al., 2010). There are multiple genetic 

pathways that when disrupted cause the premature termination of the SAM prior to the 

formation of any above ground structures (Lenhard, 2002). Two of these have been well 
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characterized; however a possible third was discovered in the Franks’ Lab a few years ago 

(Bao et al., 2010) and was instrumental in leading towards the research detailed in Chapter 4.  

 

The first pathway is the CLV/WUS pathway, where the loss of WUS causes increases in 

auxin levels that result in differentiation of the meristem cells and premature termination of 

the SAM (Laux et al., 1996; Leibfried et al., 2005) The second pathway involves STM, as 

well as three of its physical interaction partners (Barton, 1993; Endrizzi et al., 1996; Long et 

al., 1996; Rutjens et al., 2009). STM is expressed throughout the SAM, but is unable to 

function unless transported into the nucleus because it lacks a nuclear localization signal 

(Hackbusch, 2005; Cole et al., 2006; Kimura et al., 2008; Rutjens et al., 2009; Hamant and 

Pautot, 2010). Dimerization with three BELL-LIKE HOMEODOMAIN (BLH) proteins 

allows for direction of STM to the nucleus by utilization of their nuclear localization signals 

(Cole et al., 2006; Hamant and Pautot, 2010). Upon localization to the nucleus the STM-BLH 

heterodimerization retards the nuclear export by competitively inhibiting the recognition of 

the nuclear exportin protein AtCRM1 (Rutjens et al., 2009).  

 

BLH proteins are members of another subfamily of the TALE proteins (Pagnussat, 2004; 

Rutjens et al., 2009). STM and BLH proteins physically interact to form heterodimers 

through the MEINOX and MID domains respectively (Kanrar et al., 2006; Hamant and 

Pautot, 2010). The MEINOX and MID domains are conserved across the animal and plant 

kingdoms, suggesting this protein interaction module was present and important in the 

evolutionary common progenitors of both animal and plant cells. The three BLH proteins that 
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form heterodimers with STM are BLH8 (also called POUNDFOOLISH (PNF)), BLH9 (also 

called PENNYWISE (PNY), BELLRINGER, REPLUMLESS, and VAAMANA), and 

ARABIDOPSIS HOMEOBOX1 (ATH1) (Bellaoui et al., 2001; Smith and Hake, 2003; Bhatt 

et al., 2004; Hackbusch, 2005). The combined loss of all three of these BLH proteins results 

in the premature termination of the SAM, similar to that of the stm and wus mutants (Rutjens 

et al., 2009).  

 

The third pathway that leads to premature termination of the SAM includes members of the 

SEUSS-LIKE (SLK) family of proteins (Figure 4) (Bao et al., 2010). The SLK family in 

Arabidopsis thaliana has 4 members, founder – SEUSS (SEU), and 3 paralogues – SLK1, 

SLK2, and SLK3 (Franks et al., 2002; Bao et al., 2010). The SLK family members are 

transcriptional adaptor proteins, a class of transcription factors that do not bind DNA, but 

rather work in multimeric regulatory complexes to activate or repress the expression of other 

genes (Gregis, 2006; Sridhar et al., 2006; Gonzalez et al., 2007). SEU and the SLKs have 

sequence similarity but are classified into two different clades with the SLKs being more 

similar to each other than they are to SEU (Franks et al., 2002; Bao et al., 2010). All single 

mutants are able to form above ground structures and are fertile, with SEU exhibiting a mild 

reduction in plant height, mild ovule defects and reduced fertility (likely due to reduced self-

pollination caused by short stamens) (Bao et al., 2010). Double mutant combinations have a 

variety of phenotypes and are all fertile or semi-fertile, except for the seu slk2 double mutant. 

The seu slk2 double mutant plants exhibit a premature SAM termination phenotype (Figure 
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4) indicating that these genes are critical for SAM formation and/or maintenance (Stahle et 

al., 2009; Bao et al., 2010).  

 
 

 

 

 

 

Figure 4: SAM Termination Phenotype (C) Wild-type seedling. The arrow indicates 
rosette leaf initiation from the SAM. (D) seu slk2 double mutant plant exhibiting the SAM 
premature termination phenotype. (H) Longitudinal section a Col-0 seeding where the arrow 
head indicates the SAM and the arrow indicates the forming rosette leaf. (I) Longitudinal 
section of a seu slk2 seedling, where the SAM is exhausted and unable to differentiate into 
organs. Figure taken from Bao et al. (2010) with permission.    

 
 
 

Regulation of the Transition to Flowering in the SAM 

The most critical function for the SAM is to produce above ground structures – leaves, 

shoots, and flowers. Early in the life of the plant, the SAM is in a vegetative phase where it 

produces rosette leaves, and later in life it transitions to a reproductive phase during which 

the stem internodes will elongate and the SAM will produce cauline leaves, and axillary 

branch meristems. Finally the SAM will transition to an inflorescence meristem and start to 

produce floral meristems from the axils of cryptic (suppressed) bracts. (Colasanti and 

Sundaresan, 2000; Simpson and Dean, 2002; Smith and Hake, 2003). Floral induction signals 

consolidate information about the environment including temperature, vernalization, day 

length, and plant age (Figure 5) (Moon et al., 2003; Kaufmann et al., 2010; Wellmer and 
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Riechmann, 2010). Environmental conditions are sensed in the leaves and this information is 

transmitted to the SAM by a mobile signal, the florigen, that travels through the phloem up to 

the SAM to start the process of reproductive development (Kobayashi and Weigel, 2007; 

Mathieu et al., 2007; Turck et al., 2008). FLOWERING LOCUS T (FT), is believed to be 

this florigen, which travels to the SAM, where it physically interacts with FD to promote the 

expression of flowering time integrator genes (Turck et al., 2008; Wellmer and Riechmann, 

2010). This set of genes integrate the various inputs and determine the levels of the floral 

meristem identity genes LEAFY (LFY) and APETALA1 (AP1) (Bernier, 1988; Weigel and 

Nilsson, 1995; Smith et al., 2004; Lee et al., 2008; Melzer et al., 2008; Chahtane et al., 

2013). Three of these integrator genes, SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS1 (SOC1), AGAMOUS-LIKE24 (AGL24) and FRUITFUL (FUL) all encode 

MADS-domain containing proteins and work downstream of the gibberellin and photoperiod 

dependent pathways to promote the expression of LFY and AP1 (Borner et al., 2000; 

Ferrandiz et al., 2000; Abe et al., 2005; Wigge et al., 2005; Searle et al., 2006; Kobayashi 

and Weigel, 2007; Lee et al., 2008; Melzer et al., 2008; Turck et al., 2008; Lee and Lee, 

2010; Wellmer and Riechmann, 2010). LFY is the first flowering time gene expressed in the 

floral meristem and the key “hub” in the floral meristem identity program (Borner et al., 

2000; Yu et al., 2002; Michaels et al., 2003; Lee et al., 2008).  
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Figure 5: Flowering Time Pathway – Plants receive environmental signals from multiple 
pathways that are integrated by genes expressed in the leaf and the SAM. These genes work 
in a flower promotion pathway, where they remodel the SAM from a vegetative state to a 
reproductive state with floral and inflorescent meristem. Figure taken from Liu et al. (2009) 
with permission.   
 

 
LFY responds to the integrated flowering signals to modify the SAM from the vegetative 

phase into a reproductive phase (Chahtane et al., 2013). LFY works in combination with AP1 

to fully transition the meristem to an inflorescence meristem (IM) that is capable of 

producing flowers (Bernier, 1988; Weigel and Nilsson, 1995; Smith et al., 2004; Lee et al., 

2008; Chahtane et al., 2013). Floral transition requires that the SAM not only be able to 

perceive the floral induction signals, but that it is able to respond to these signals and 

upregulate the expression of LFY and AP1 as well as complete the morphological remodeling 

to flower (Smith et al., 2004).  
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Several genes that are required for the formation and maintenance of the SAM are also 

critical for the floral transition. Two such genes are the BLH family members: PNY and PNF 

(Smith et al., 2004). pny pnf double mutants have a functional vegetative SAM, however, 

they cannot complete the transition to flowering. The pny pnf double mutants appear to begin 

the floral transition as they upregulate SOC1 and FUL and show morphological 

manifestations of a floral transition (increased doming) within the SAM. However the 

expression of LFY and AP1 are not upregulated and although the pny pnf double mutants start 

to produce more cauline-like leaves, they never display internode elongation or the 

production of floral meristems. Thus the pny pnf double mutants appear to be able to perceive 

the floral inductive signals but cannot complete the transition to flowering. These 

experiments place pny and pnf at or downstream of SOC1 and FUL but upstream of LFY and 

AP1 (Smith et al., 2004). PNY and PNF work with STM as heterodimers to activate both 

LFY and AP1, which explains why pny pnf mutants are able to receive floral induction 

signals, but are unable to induce expression of LFY and AP1 to complete floral evocation 

(Smith et al., 2004; Kanrar et al., 2006; Kanrar et al., 2008; Smith et al., 2011).  

 

It is critical for plants, as sessile organisms, to have well developed mechanisms to integrate 

environmental cues into the growth and developmental programs of the plant. Floral 

induction and flowering time genes fulfill just this role, so that plants neither flower too 

early, nor too late. An examination of the role of SEU and SLK2 in floral evocation is found 

in Chapter 4.     
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Mechanisms of Flower and Ovule Development 

Once the plant has completed floral evocation and the SAM has been modified into an IM 

capable of producing floral structures, the flower development mechanisms are induced. The 

IM gives rise to FMs in a spiral pattern from the peripheral regions of the IM. Each FM 

produces a single flower (Liu et al., 2009). Flowers are comprised of four organs – the sepals, 

petals, stamens, and carpels (Figure 6) (Smyth et al., 1990; Meyerowitz et al., 1991). The 

latter two are the male and female reproductive organs, respectively. In Arabidopsis floral 

organs are organized in four whorls first identified by Braun in 1873. The whorls are 

arranged in concentric circles and each producing a particular organ type (Smyth et al., 

1990). In Arabidopsis there are 4 sepals in the first whorl, 4 petals in the second whorl, 6 

stamens in the third whorl, and 2 fused carpels (which comprise the gynoecium) in the fourth 

whorl (Smyth et al., 1990; Meyerowitz et al., 1991). The identity of the organ that will form 

in each whorl is specified by the expression of classes of organ identity genes (Figure 6). 

Misregulation of these genes leads to homeotic transformation of floral organs, as well as 

ectopic or missing organs. Mutations in these organ identity genes have been used for the 

extensive study of flower morphology and development (Meyerowitz et al., 1991).  

 

A basic model to describe the specification of floral organ identity in angiosperm flowers has 

been proposed initially as the “ABC Model,” but it has been subsequently modified to 

include class D and E genes (Figure 6) (Theissen and Saedler, 2001; Favaro, 2003; Melzer 

and Theissen, 2009). Class A genes, like AP1, are expressed in whorls one and two and are 

excluded from whorls three and four by class C genes (Drews et al., 1991; Meyerowitz et al., 
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1991). AP1 functions as a floral organ identity specification gene as well as a floral meristem 

identity specification gene, so it function both to promote the floral transition, while 

specifying the identity of the sepals in whorl one (Pelaz et al., 2001) and the petals in whorl 

two (Pelaz et al., 2001; Smaczniak et al., 2012). In the second whorl, AP1 works in 

conjunction with two B class genes, PISTILLATA (PI) and APETALA3 (AP3), to specify the 

identity of the petals (Pelaz et al., 2001; Smaczniak et al., 2012). These same class B genes 

are also expressed in whorl three, where they function with the class C gene AGAMOUS 

(AG) to specify the identity of the stamens (Yanofsky et al., 1990; Meyerowitz et al., 1991; 

Riechmann and Meyerowitz, 1997). The class C gene AG is expressed in whorls three and 

four, but AG expression is repressed in whorls one and two through the action of the class A 

gene AP1 (Drews et al., 1991; Drews et al., 1991; Meyerowitz et al., 1991). In whorl four, 

AG specifies the identity of the two fused carpels that form the gynoecium (Bowman et al., 

1991; Coen and Meyerowitz, 1991; Meyerowitz et al., 1991; Bowman et al., 2012). Within 

the gynoecium, from the internal marginal portions of each carpel, where the two carpels fuse 

together, the ovules arise from a meristematic structure termed the carpel margin meristem 

(CMM). Ovule identity specification within the gynoecium is controlled by the expression of 

AG and class D genes, SEEDSTICK (STK), SHATERPROOF1 (SHP1), and SHP2 (Liljegren 

et al., 2000; Favaro, 2003; Colombo et al., 2008). Class E genes, like SEPALLATA3 (SEP3), 

are expressed in all four whorls and functions with the genes in each whorl to form 

multimeric complexes that control the development of each of the organs within the flower 

(Theissen and Saedler, 2001; Melzer and Theissen, 2009).  
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Determinacy of the flower is specified by AG expression in whorl four that antagonizes WUS 

expression and thus leads to the termination of the floral meristem (Sablowski, 2007). Loss 

of AG leads to the perpetuation of more whorls within whorls leading to indeterminate 

“flower within a flower” phenotypes (Bowman et al., 1989, 1991; Mizukami and Ma, 1995; 

Sieburth et al., 1995). 

 
   

 

 

 

 

 

Figure 6: Diagram of the “ABC” Model of Flower Development – In this Arabidopsis 
thaliana flower each of the four whorls, corresponding to the 4 tissue types are labeled as 
well as the classes of genes that specify each tissue. Figure taken from 
http://www.adonline.id.au/flowers/floral-identity/ with permission.  
 

 
While this model is composed of genes that are crucial for the formation of each organ, it 

does not include the upstream or downstream genes that either regulate the expression of the 

ABCDE genes or are controlled by them. It also does not include transcriptional co-

regulators that bind to the MADS domain proteins and modify their activities. Building 

genetic hierarchies that include these other genetic regulators will better characterize the 

molecular mechanisms controlling floral development. One critical transcriptional adaptor 

protein in this hierarchy is SEU (Franks et al., 2002). SEU works in a multimeric regulatory 



 

 23 
 
 
 

complex in conjunction with AP1, SEP3, AGL24, and SVP, and another transcriptional 

adaptor protein, LEUNIG (LUG) to repress AG in whorls one and two (Liu and Meyerowitz, 

1995; Franks et al., 2002; Gregis et al., 2006; Sridhar et al., 2006). There are many other 

genes that activate and repress AG as well as other flowering genes, providing multiple layers 

of molecular regulation and redundancy within the developing flower. These are discussed in 

Chapter 4 of this thesis with respect to the roles of SEU and PERIANTHIA (PAN) in the 

regulation of AG expression in the flower.  

 

A Role for SEUSS (SEU) and AINTEGUMENTA (ANT) in Ovule Initiation from the 

CMM  

In addition to the roles repressing AG in the flower, in the maintenance of the SAM, and in 

the regulation of the floral transition, SEU is also important for the development of ovules 

from the CMM (Azhakanandam et al., 2008). During the formation of ovule primordia from 

the CMM, SEU functions together with a DNA-binding transcription factor termed 

AINTEGUMENTA (ANT). A seu single mutant produces slightly fewer ovules/gynoecium 

than a wild type plant, but the seu ant double mutant displays a complete loss of ovule 

initiation (Figure 7) (Azhakanandam et al., 2008). ANT encodes a transcription factor that 

controls cellular proliferation and organ growth (Mizukami and Fischer, 2000). In the flower, 

ANT works downstream of auxin and in parallel to LFY in floral primordium initiation and 

regulates floral growth (Yamaguchi et al., 2013). Loss-of-function ant mutants display 

reductions in organ size, and a reduction in the number of cells/organ. (Mizukami and 

Fischer, 2000). The duration or extent of cellular proliferation during organogenesis is 
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regulated by ANT, in part by promoting the expression of CycD3, a cyclin gene that has a 

role in the initiation and progression of the cell cycle (Soni et al., 1995; Mizukami and 

Fischer, 2000). Taken together ANT not only maintains competence for cellular proliferation 

through cell cycle regulators but also promotes cell growth in developing organs.  

 

ANT is expressed in early primordia in both in the SAM and the CMM (Long and Barton, 

1998). ant single mutants only show a 50 % reduction in ovule number indicating that SEU 

and ANT have a partially overlapping function within the CMM for ovule formation 

(Azhakanandam et al., 2008). Both SEU and ANT are expressed broadly within the 

gynoecium and during early ovule development, but little is know about how they function 

on a molecular level to produce ovules. Efforts to demonstrate a physical interaction between 

SEU and ANT have been unsuccessful (Franks et al , unpublished), however SEU has been 

shown to physically interact with the auxin response gene ETTIN (ETT) for the promotion of 

ovule initiation (Bao et al., 2010) indicating a role of SEU in regulating auxin homeostasis.  

As transcription factors both SEU and ANT regulate the expression of other genes, however 

the identity of downstream genes (direct and indirect) and the mechanisms of action have not 

been well characterized. An examination of the genes whose expression is synergistically 

altered in the seu ant double mutant gynoecia can be found in Chapter 2 and a functional 

study of one of these genes, PERIANTHIA (PAN), is described in Chapter 3.        
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Figure 7: Loss of Ovules in seu ant Plant – Cross-section diagram of the gynoecium 
indicating the CMM in the center (yellow) region. A Col-0 gynoecium cross-section where 
ovules (ov) are clearly visible, and a seu ant mutant cross-section where the lack of ovules is 
apparent (indicated by stars). Figure taken from Wynn et al. (2011) and Azhakanandam et al. 
(2008) with permission.    
 

 
Seeds, Fecundity, and the Environment 

Over the millennia, plants have evolved tight regulatory mechanisms to promote flowering 

and seed production, balancing the need to produce seeds with the optimization of when and 

how many seeds to produce. Environmental signals, like temperature, day length, and stress 

response all feed into the molecular hierarchy that dictates when a plant flowers (Liu et al., 

2009). This tight regulation is needed to keep the plant form diverting needless resources to 

the promotion of reproduction in unfavorable conditions. Many of the key players in the 

molecular hierarchies controlling flowering and seed production are MADS-box or TALE-

HD type transcription factors. These genes regulate LFY a critical regulator of floral 

meristem identity.  

 

Examination of the functions of key transcriptional regulators like SEU and ANT will 

engender a better understanding of the molecular hierarchy of genes responsible for 
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patterning and development in the flower and the generation of ovules. Furthermore, 

examination of transcription factors that directly control ovule or seed development should 

be examined for ways they contribute to the quantity and size of the seeds produced. With 

global climate change and a growing population, being able to produce more seeds, or larger 

seeds will have applications for increasing yield, growing crops in marginal areas, and for 

biofuel applications.  

 

The next four chapters will: Describe our efforts to identify novel regulators of CMM 

development that are synergistically misregulated in the seu ant double mutant (Chapter 2); 

Determine the function role of one of these CMM regulators, PERIANTHIA (PAN) during 

floral development and ovule formation (Chapter 3); Elucidate the role that SEUSS and other 

members of the SEUSS-LIKE (SLK) gene family have during floral evocation and 

maintenance of the SAM (Chapter 4); and finally bring together the divergent portions of this 

thesis and speculate about common regulatory mechanisms that may function at multiple 

time points during the developmental progression (Chapter 5).   
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Abstract

In flowering plants the gynoecium is the female reproductive structure. In Arabidopsis thaliana ovules initiate within the
developing gynoecium from meristematic tissue located along the margins of the floral carpels. When fertilized the ovules
will develop into seeds. SEUSS (SEU) and AINTEGUMENTA (ANT) encode transcriptional regulators that are critical for the
proper formation of ovules from the carpel margin meristem (CMM). The synergistic loss of ovule initiation observed in the
seu ant double mutant suggests that SEU and ANT share overlapping functions during CMM development. However the
molecular mechanism underlying this synergistic interaction is unknown. Using the ATH1 transcriptomics platform we
identified transcripts that were differentially expressed in seu ant double mutant relative to wild type and single mutant
gynoecia. In particular we sought to identify transcripts whose expression was dependent on the coordinated activities of
the SEU and ANT gene products. Our analysis identifies a diverse set of transcripts that display altered expression in the seu
ant double mutant tissues. The analysis of overrepresented Gene Ontology classifications suggests a preponderance of
transcriptional regulators including multiple members of the REPRODUCTIVE MERISTEMS (REM) and GROWTH-REGULATING
FACTOR (GRF) families are mis-regulated in the seu ant gynoecia. Our in situ hybridization analyses indicate that many of
these genes are preferentially expressed within the developing CMM. This study is the first step toward a detailed
description of the transcriptional regulatory hierarchies that control the development of the CMM and ovule initiation.
Understanding the regulatory hierarchy controlled by SEU and ANT will clarify the molecular mechanism of the functional
redundancy of these two genes and illuminate the developmental and molecular events required for CMM development
and ovule initiation.
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Introduction

In both gymnosperms and angiosperms, ovules are critical for
reproductive competence. Ovules contain the female gametophyte
and thus the egg cell. Additionally, upon fertilization the ovules
develop into the seeds that nurture and protect the developing
embryos. In Arabidopsis thaliana, two rows of ovules develop from a
ridge of meristematic tissue on the inner surface of the seed pod or
gynoecium. Within the developing ovule primordia, much is
known about molecular patterning events along the proximal to
distal axis and the mechanisms of integument development [1,2,3].
Also dramatic progress has been made with respect to under-
standing the subsequent development of the female gametophyte
within the maturing ovule [4,5,6]. However, considerably less is
known about the earliest steps in ovule development: the
mechanisms of ovule initiation, and in the establishment and
maintenance of the meristematic tissues of the carpel margin
meristem (CMM) that generate the ovule primordia.
Gynoecial development in Arabidopsis initiates at stage 6 of

floral development (floral stages according to Smyth; [7]). The
gynoecial primordium is first morphologically recognizable as a

dome or mound of cells, oval in cross section, that forms from the
cells of the central most portion of floral meristem (i.e. floral whorl
4). During stage 6 the different spatial domains of the gynoecial
tube are already discernable based on the differential expression of
genes within the medial portion of the gynoecium versus the lateral
domains, as well as along the inner to outer (adaxial to abaxial)
axis [8,9,10] (Fig. 1A). During floral stages 6 and 7 the
proliferation of cells along the perimeter of the gynoecial dome
leads to the formation of a tube-shaped structure (Fig. 1B).
The single gynoecium primordium likely represents a composite

of two congenitally-fused carpel organs in a phylogenetic sense
(Fig. 1A) [8,11]. In this scenario, the medial portions of the
gynoecium represent the fused margins of the two component
carpels. The adaxial portions of the medial/marginal domain
maintain meristematic potential throughout the elongation of the
gynoecial tube and these regions have been termed carpel margin
meristems (CMMs) [12,13,14]. Each Arabidopsis gynoecium
contains two CMMs that are positioned within the adaxial
portions of the medial domain of the gynoecium. During floral
stages 7 and 8 the CMM takes the shape of a ridge of tissue (the
medial ridge) that extends along the apical basal extent of the
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gynoecial tube (Fig. 1C). During mid to late stage 8 each CMM
gives rise to two rows of ovule primordia from the peripheral
portions of the meristematic ridge (Fig. 1D). Later, the CMM also
gives rise to the gynoecial septum and transmitting tract and likely
generates portions of the stigmatic and stylar tissues. A variety of
data suggests that the proper specification of adaxial and medial/
marginal positional identities are important for the development of
the CMM and subsequent ovule initiation [12,15].

SEU and ANT act synergistically during CMM
development
A number of genes have been suggested to play a role in the

maintenance of meristematic potential in the CMM and for the
subsequent initiation of ovule primordia from the flanks of the
CMM. While no single mutant has been reported to strongly
disrupt ovule initiation, several higher order mutant combinations
have been reported to disrupt the initiation of ovule primordia
from the CMM [12,13,14,16,17,18,19,20]. The seuss aintegumenta
double mutant is one such genetic mutant combination [12]. The
number of ovule primordia in the seuss (seu) single mutant is nearly
wild type while the aintegumenta (ant) mutant conditions the loss of
about 50% of the ovule primordia. Together the loss of both the
SEU and ANT activities in the seu ant double results in the complete
loss of ovule initiation, indicating a synergistic genetic interaction
and suggesting a degree of overlapping function for SEU and ANT
during CMM development.
SEU and ANT both encode transcriptional regulators [21,22,23].

ANT encodes an AP2-type DNA binding transcription factor that is
expressed in all lateral organ primordia (leaves, floral organs, ovules)
[22,23]. Within the context of early gynoecial development,ANT is
expressed throughout the stage 6 gynoecial mound with a higher level

of expression within the adaxial core (central portions) [12,23]. At late
stage 7 and early stage 8 expression of ANT is strong in the ovule
anlagen and early ovule primordia as they arise.ANT activity during
primordium development supports organ growth by maintaining the
developmental period during which cell growth and cell divisions
occur [24,25]. ANT has also been shown to contribute to proper
specification of floral organ identity and polarity specification
[18,26,27]. While direct targets ofANT regulation have not yet been
published, PHB and cyclinD3 have been shown genetically to be
downstream of ANT regulation [12,18,24,28] further supporting a
role for ANT in organ polarity specification and regulation of cellular
proliferation and/or organ growth.
SEU encodes a transcriptional adaptor protein that is expressed

widely throughout the plant [12,21]. SEU does not have a specific
DNA binding activity but rather complexes with sequence specific
DNA binding proteins in order to exert its effects on transcrip-
tional regulation [29,30]. The best-characterized functional role
for SEU is in the repression of AGAMOUS (AG) expression during
floral organ identity specification [21]. In this context SEU
interacts with pairs of MADS-domain containing DNA transcrip-
tion factors and recruits the transcriptional repressor LEUNIG to
the second intron of the AG gene [29,30,31]. The binding of this
complex is thought to bring about repression of AG transcription
through the recruitment of histone deacetylase proteins [30,32].

Adaxial fate specification is compromised in the seu ant
double mutant
A variety of experimental data suggest that the disruption of

CMM development observed in the seu ant mutant is not
conditioned simply by a de-repression of AG, but rather that
SEU and ANT function to maintain or specify adaxial fate in the
gynoecium and that this fate specification is critical for proper
CMM development [12,16,19]. These studies demonstrated that
expression levels of PHABULOSA (PHB) and REVOLUTA (REV)
are reduced in the adaxial core of the stage 6 gynoecium in seu ant
mutant plants. PHB and REV encode transcriptional regulators of
the Homeodomain Leucine Zipper Class III type (HDZip-III) that
are known to play a key role in the specification of adaxial identity
in lateral organs [33,34,35,36,37,38,39,40]. These genetic studies,
however, were not able to determine if the effect of the loss of SEU
and ANT activity on HDZip-III expression was due to a direct or
indirect regulation of their expression or accumulation. Addition-
ally the defects in ovule and CMM development observed in the
seu ant double mutant were not rescued when PHB activity was
replaced, suggesting that either that PHB could not substitute for
the other HDZip-III family members or that gene functions in
addition to HDZip-IIIs are required downstream of SEU and ANT
for CMM development [12]. Synergistic disruptions of gynoecial
and CMM development observed in the ant rev double mutant, but
not in ant phb double mutant support the idea of a functional
differentiation between the PHB and REV activities within the
CMM [15]. The analysis of higher order mutants of the HDZip-
III family members also suggests a diversification of functional
roles within this gene family [40]. However these data do not
exclude the possibility that there are a large number of additional
gene regulation events critical for CMM development downstream
of SEU and ANT that remain to be elucidated.

Genetic analyses reveal a complex and highly redundant
mechanism supporting CMM development
Although no single mutant has been identified that eliminates

CMM development or ovule initiation, a number of double
mutant or higher order mutant combinations condition a severe

Figure 1. Spatial domains of the developing Arabidopsis
gynoecium. A) Diagrammatic representation of the Arabidopsis
gynoecial primordia at stage 6. Blue dotted arcs separate the lateral
domains from the medial domain. The medial domain represents the
fused margins of the two component carpels. The red dotted oval
separates abaxial (outer) positions from adaxial (inner) positions. adm -
adaxial margin; abm - abaxial margin; adv - adaxial valve; abv - abaxial
valve, CMM - carpel margin meristem. B) Scanning electron micrograph
of stage 6 gynoecial primordium. Medial plane is marked with a black
line. C) False colored confocal cross section of a stage 8 gynoecium.
Gynoecial domains have been colored with approximation. orange -
carpel margin meristem/medial ridge; red - abaxial margin/replum; blue
- adaxial valve; green - abaxial valve. D) Histological cross section of a
stage 11 Arabidopsis gynoecium. Ovules (ov) are indicated.
doi:10.1371/journal.pone.0026231.g001
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disruption of the CMM and CMM-derived tissues (e.g. ovules)
[12,16,18,19,20,27]. These data suggest that one or more
redundant genetic programs support the development of the
CMM. A portion of this resiliency is likely supported by the action
of multiple members of structurally related genes families. Both
SEU and ANT are members of gene families whose members have
been shown to share redundant function [16,27]. With respect to
the CMM, the SEUSS-LIKE genes, SLK1, and SLK2 genetically
enhance the ant mutant phenotype with respect to ovule initiation
defects [16]. Similarly the ANT-LIKE family member, AIL6, shares
a critical redundant function with ANT as the ant ail6 double
mutants flowers display reduced medial domain development and
initiate very few ovule primordia [27]. Other mutant combinations
indicate instances of molecularly dissimilar molecules sharing
overlapping functions during floral and CMM development. A
redundant function shared between ANT and the YABBY family
members YAB1 and YAB3 is suggested by the synergistic disruption
of ovule initiation observed in the ant yab1 and ant yab1yab3
mutants [18]. Analysis of ant shatterproof1 (shp1) shatterproof2 (shp2)
crabs claw (crc) mutants implicates the SHP MADS domain
transcription factors in CMM development. These studies together
highlight an important role for ANT function during CMM
development and ovule initiation as well as reveal a high degree of
functional redundancy within this tissue.

A high degree of redundancy hinders genetic
approaches to the study of the CMM
A number of key regulators of CMM development may be

difficult to recover with standard forward genetic approaches due
to a high degree of redundancy. Identifying genes that have
specific patterns of spatial and temporal expression in the CMM
would generate a set of candidate genes that could then be
analyzed by reverse genetic approaches. In this paper we employ a
transcriptomic profiling approach to identify sets of genes that are
differentially expressed in the developing carpels of the seu ant
double mutant. In particular we sought to identify transcripts
whose expression was dependent on the coordinated activities of
SEU and ANT gene products. We hoped to both identify novel
regulators of CMM development and to examine the molecular
mechanism of the functional redundancy of SEU and ANT during
CMM development. Our analysis identified a diverse set of
transcripts that display altered expression in the seu ant double
mutant tissues. Our in situ hybridization analyses indicate that
many of these genes are preferentially expressed within the
developing CMM. The analysis of overrepresented Gene Ontol-
ogy classifications suggests a preponderance of transcriptional
regulators including multiple members of the REPRODUCTIVE
MERISTEMS (REM) and GROWTH-REGULATING FACTOR
(GRF) families of transcriptional regulators are mis-regulated in
the seu ant gynoecia. This study is the first step toward a detailed
description of the transcriptional regulatory hierarchies that
control the development of the CMM and ovule initiation.

Results

Transcriptomic analysis reveals putative targets of SEU
and ANT regulation important for CMM development
In an effort to identify novel regulators of CMM development

and ovule initiation we identified genes that are preferentially
expressed within the CMM within the context of the gynoecium.
Additionally we endeavored to prioritize genes whose expression is
synergistically disrupted in the seu ant double mutant relative to
either single mutant. We isolated RNA from staged (floral stages 8
through 10) and hand-dissected gynoecia to limit the developmental

window of the sample to the period just before and then during
ovule primordia initiation, the earliest steps of ovule development.
This differentiates our work from that of the Gasser and Colombo
groups that have focused on later ovule developmental stages when
identifying ovule-specific transcripts [2,41].
We utilized the Arabidopsis ATH1 Gene Chip (Affymetrix) to

compare transcript levels between four different genotypes (Col-0,
seu-3, ant-1, and seu-3 ant-1 double mutant). We first analyzed
mRNA accumulation in each single mutant relative to the Col-0
wild type gynoecial samples. To identify transcripts whose steady-
state levels were altered in the single mutants relative to wild type,
we utilized a 1-way ANOVA and identified probe sets (transcripts)
that displayed a statistically significant difference in accumulation
by the genotype term. This analysis identified 120 under-expressed
and 200 over-expressed transcripts in the seu single mutant and
219 under-expressed and 241 over-expressed transcripts in the ant
single mutant (Tables S1, S2, S3, S4) Throughout this manuscript
we refer to transcripts that display a differential steady state level of
accumulation in a given sample as differentially ‘‘expressed’’ with
the caveat that we are measuring steady state levels and cannot
differentiate transcriptional from post-transcriptional effects on
RNA accumulation with these approaches.
Over-represented GO categories for the genes displaying reduced

expression in seu are reported in Table S5 and include ‘‘sequence
specific DNA-binding transcription factor activity’’ (GO:0003700)
and ‘‘leaf development’’ (GO:0048366). For genes that are over-
expressed in the seu single mutant the over represented GO
categories are reported in Table S6. Over represented GO
categories for the genes under-expressed in ant single are reported
in Table S7 and include ‘‘sequence specific DNA-binding
transcription factor activity’’ (GO:0003700) and ‘‘flower develop-
ment’’ (GO:0009908). Over represented GO categories for the
genes over-expressed in ant single are reported in Table S8.
As the seu ant double mutant fails to initiate ovule primordia, we

reasoned that genes critical for the earliest steps of ovule initiation
would display reduced expression in the seu ant double mutant
gynoecia, relative to either single mutant or the wild-type tissues.
To identify transcripts that are differentially expressed in the seu ant
double mutant relative to the other genotypes, we utilized two
statistical approaches. For Approach I we used a 1-way ANOVA
to identify probe sets for which the mean expression level was
significantly different in the double mutant relative to the overall
expression mean: 210 transcripts displayed reduced accumulation
(Table S9) and 128 displayed elevated accumulation in the double
mutant using this analysis approach (Table S10). In the set of
genes with reduced accumulation in the seu ant double mutant
statistically enriched GO categories included ‘‘transcription factor
activity’’, ‘‘ad/abaxial polarity specification’’, ‘‘flower develop-
ment’’, and ‘‘transmembrane receptor protein kinase activity’’
(Table S11). The GO terms that were significantly enriched in the
gene set with elevated accumulation are presented in Table S12.
We focused our attention on the genes that displayed reduced

expression within the seu ant double mutant because: 1) over-
represented GO terms suggest a role for this gene set in
transcriptional regulation and relevant developmental processes,
and 2) the reduced accumulation of these transcripts in the seu ant
double mutant suggests that they may be preferentially expressed
in the CMM in the wild-type gynoecium and, thus, are candidates
for novel regulators of CMM development.

Analytical Approach II yields 31 high-priority putative
CMM regulators
To further identify genes exhibiting reduced expression in the

seu ant double mutant we used a second analytical approach
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(Approach II) comprised of two steps. We first selected probe sets for
which the mean expression was significantly lower in the seu or ant
single mutant relative to wild type (The union of the genes sets
reported in Tables S3 and S4). As the seu-3 and ant-1 single mutants
display very minor morphological disruptions in stage 8 and 9
gynoecia, we reasoned that transcripts displaying reduced accumu-
lation in the single mutants would not simply reflect a morphological
loss of CMM tissue in these samples, but might be more likely to
reflect a reduction in the level of transcription of a given gene in the
mutant. We then applied a second selection criterion such that we
additionally required that the transcript abundance in seu-3 ant-1
double mutant gynoecia be lower than an expected value that was
estimated via an additive model using the data from each single
mutant. This was done with the JMP Genomics estimate builder
with a significance cutoff of alpha ,0.05. By using these selection
criteria, we hoped to enrich for genes that were synergistically
reduced in expression in the seu-3 ant-1 double mutant and that
might uncover the molecular basis of the synergistic phenotypic
enhancement in the seu ant double mutant.
Approach II yielded just 31 candidate genes (Table 1). Hereafter

referred to collectively as ‘‘Approach II candidate genes’’. The
majority (55%) of the Approach II candidate genes encode
transcriptional regulators. Several observations suggest that many of
these candidates are preferentiallyexpressed in the developing carpel
margin and are likely important regulators of CMMdevelopment that
are downstream of SEU and ANT regulation. Firstly, twenty-eight of
the thirty-one Approach II candidate genes were also found within the
set of 210 genes showing significantly reduced accumulation in the
double mutant as identified by Approach I. Secondly, 11 of the 31
genes have been previously shown to be expressed preferentially in the
CMM or in CMM-derived tissues (e.g. ovules). These include
AT1G02800 (ATCEL2), AT3G55560 (AGF2), AT5g57720 (REM15)
AT2g46870 (NGA1), AT1G68640 (PAN), AT2G34710 (PHB),
AT4G37750 (ANT), AT1G70560 (TAA1), AT5G18000 (VDD),
AT3G17010 (REM22), and AT4G31610 (REM34 - previously
AtREM1) [2,12,15,22,23,40,41,42,43,44,45,46,47,48]. The expression
levels of two of these (PHB andTAA1) has been previously shown to be
reduced in seu, ant or seu antmutant gynoecia [12,15,16]. Interestingly
even though SEU and ANT have been implicated in the repression of
AG in perianth organs, the levels of AG expression were not
significantly different from wild type in the seu or ant single mutant
gynoecial RNA samples (Table 3).

qRT verification of candidates
From this set of 31 genes that displayed reduced expression in

the seu ant double mutant we have confirmed by qRT PCR nine
out of ten genes tested (Table 2). We also confirmed an additional
7 of 7 genes that displayed increased expression in the seu ant
double mutant (Table 3).

REM family and AtGRF family transcriptional regulators
are significantly over-represented in Approach II
candidates
Surprisingly, seven out of the 31 Approach II candidate genes

weremembers of theB3 superfamily of transcription factors (Table 1)
[49,50]. This enrichment for genes encodingB3 transcription factors
within our sample is highly unlikely to have occurred by chance
alone (p=2.5610210 by hypergeometric probability test). The
Arabidopsis B3 superfamily consists of 118 genes all of which encode
proteins containing one or more B3-type DNA binding domains.
The B3 superfamily is comprised of four sub-families: REM
(REPRODUCTIVE MERISTEM); LAV (LEAFY COTYLEDON2
[LEC2]-ABSCISIC ACID INSENSITIVE3 [ABI3]-VAL); ARF(AUXIN

RESPONSE FACTOR); and RAV(RELATED TO ABI3 and VP1). Six
of the seven B3 regulators that were identified in our transcriptomics
approach are from the REM subfamily for which there is little
functional data. Four of these genes, AT4G31610 (REM34/
AtREM1), AT5G18000 (VDD), At5G57720 (REM15) and
AT3G17010 (REM22), have been previously reported to display
CMM-enriched expression [41,42,43,47,51].
The GRF family of genes is also overrepresented in the list of

Approach II candidates (p = 6.961025 by hypergeometric prob-
ability test). Members of the GRF family in Arabidopsis have been
shown to regulate growth and development of leaves, cotyledons
and floral organs [52,53,54]. Over expression of members of this
gene family result in larger and wider leaves while grf5 single
mutants and grf1,2,3 triple mutants display narrower leaves,
suggesting a role in the regulation of cell proliferation within the
medial to lateral axis of the leaf.

Expression of several REM family genes marks the
gynoecial medial domain
We used in situ hybridization to further characterize the

temporal and spatial expression patterns of a number of the
Approach II candidates during early gynoecial development.
Although for several of these genes expression data from in situ
hybridization experiments were previously published, these data
did not examine the expression pattern of these genes in detail
during gynoecial development. We specifically focused on the
developing gynoecium and examined cross sections to determine
the expression patterns within the medial versus lateral gynoecial
domains. In some cases we also examined the expression in seu, ant,
and seu ant double mutant tissues. Our results indicate that all six
REM family members identified with Approach II analysis are
expressed preferentially within the medial gynoecial domain with
varying developmental profiles.
At3G53310 (REM16) was previously reported in stamen

primordia at stage 4 and carpel primordia at stage 6 [43]. We
detected expression of At3G53310 (REM16) weakly in the stage 1–
4 floral primordia, chiefly in L1 layer and in peripheral portions of
the floral meristem that will give rise to the sepal primordia
(Fig. 2A). Expression is also detected in stamen and petal
primordia as they arise at stage 4 and 5 (data not shown).
Expression in the gynoecium is difficult to detect before early stage
7 when expression is observed in the abaxial portions of the medial
gynoecial domain (Fig. 2B). Expression during stage 8 is seen in
the medial domains and begins to be detected in both adaxial and
abaxial portions. However expression is not observed in the L1
layer (Fig. 2C and G). The stage 8 medial domain expression
appeared reduced in the seu single and the seu ant double mutant
relative to wild type (Figs. 2D, E, F). In wild type tissue expression
continues to be detected in the ovule primordia throughout stages
9 through 11 and is confined to subepidermal cell layers (Fig. 2I).
During stage 7 and 8 expression in the stamens is detected mostly
in the subepidermal cells from which archesporial and tapetal cells
are derived (Fig. 2 C, H). During stage 9 expression is most
strongly detected in the tapetal cells (Fig. 2 H). Expression within
the stamen primordia also appeared to be reduced in the seu
mutant tissues (Fig. 2D, K). Hybridizations with sense strand
probes gave very little background staining (Fig. 2L).
Expression of At4G31610 (REM34/AtREM1) in the inflores-

cence meristem and in floral stages 2–5 has been previously
reported [42]. Franco-Zorrilla et al. also report expression of
AT4G31610 (REM34/AtREM1) is confined to gynoecial primor-
dium from stage 6 onward and later expressed in the medial ridge,
septum, style and stigma [42]. Our analysis of gynoecial expression
patterns reveals that At4G31610 (REM34/AtREM1) is expressed in
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domain at apical positions of the stage 8 gynoecium (Fig 5G).
Expression is detected in the ovule primordia during stage 9 and 10
in subepidermal layers (Fig. 5H and data not shown).
The AT3G19184 (REM1) transcript is detected throughout the

inflorescence meristem and throughout stage 1–4 floral meristems
(Fig. 6A). During stage 5 expression of AT3G19184 (REM1) is
strongest in stamen and petal primordia as they arise (data not
shown). Expression is detected throughout stage 6 and 7 gynoecia
(Fig. 6B). It is strongly detected at the apical regions of stage 7
gynoecia, particularly in medial positions (Fig. 6C). Expression in
stage 8 gynoecia is strongest in ovule primordia as they arise.
Expression in stage 7 stamen primordia is detected strongly in the

precursors of the archesporial and tapetal cells (Fig. 6B, C) and is
later expressed in microspores and tapetal cells during stage 9
(data not shown).
Expression of AT5G57720 (REM15) in stamen and carpel

primordia was previously reported [43]. We first detect expression
of AT5G57720 during early stage 4 as a ring of expression that
appears to mark whorl three positions just interior or adaxial to the
sepal primordia (Fig. 7A). During stage 6 AT5G57720 (REM15) is
detected in the gynoecium in the medial domain, most strongly in
abaxial positions (Fig. 7B). During stage 7 AT5G57720 (REM15) is
detected throughout the medial domain of the gynoecium (Fig. 7C)
and continues to be detected in adaxial portions of the medial

Figure 2. Results of in situ hybridization with At3g53310 (REM16) antisense probe. Results of in situ hybridization with At3g53310 (REM16)
antisense probe (A–K) or with sense strand control probe (L). Numbers indicate floral stages. All panels show transverse (cross sectional) tissue
orientation. Arrowheads indicate medial domain expression; ov - ovule; as, archesporial precursors; tp, tapetum. All scale bars are 100 microns. All
panels are Col-0 wild type tissue unless otherwise indicated.
doi:10.1371/journal.pone.0026231.g002

Figure 3. Results of in situ hybridization with At4G31610 (REM34/AtREM1) antisense probe. Numbers indicate floral stages. All panels show
transverse (cross sectional) tissue orientation. Arrowheads indicate medial domain expression; ov - ovule. All scale bars are 100 microns. All panels are
Col-0 wild type tissue unless otherwise indicated.
doi:10.1371/journal.pone.0026231.g003
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domain during stage 8 (Fig. 7 D and E). AT5G57720 (REM15) is
detected in ovule primordia as they arise during stage 8 (Fig. 7F)
and continues to be expressed in the megaspore mother cell and in
nucellar portions of the ovule through stage 12 (Fig. 7G and H).
AT5G57720 (REM15) is also detected strongly in stamen tapetal
cells during stage 9 (data not shown).

Additional Approach II candidate genes are preferentially
expressed within the medial gynoecial domain
PERIANTHIA (PAN) expression patterns have been previously

published [44,55]. PAN is detected strongly in the stage 6 gynoecial
primordium within the medial domain (Fig. 8B). PAN expression
continues to be expressed at declining levels within the medial
domain throughout stage 7 and 8 (Fig. 8C, and E). Expression is
again strongly detected at late stage 8 or early stage 9 in the early
ovule primordia (Fig 8F). Expression of PAN in the seu ant double
mutant appeared reduced within the stage 7 medial domain and
later (Fig 8D). Additionally PAN was not detected in the seu ant
stage 9 gynoecia (Fig 8G).

Expression of AtGRF5 (AT3G13960) has been previously
reported as strongly expressed in actively growing tissues but only
weakly detected in mature tissues suggesting a role in regulation of
cellular proliferation [53]. Analysis of a GRF5:GUS reporter line
revealed expression within the proximal half of the young leaf
primordia, a domain with a high proportion of actively dividing
cells, however a detailed description of the expression within the
flower was not reported [54]. We detected expression of AtGRF5
(AT3G13960) in stage 1 floral primordia, and in a line that marks
the boundary between later stage floral primordia and the
inflorescence meristem (Fig. 9A). Expression was not detected in
floral stage 2 meristems, nor in the inflorescence meristem.
Expression was again detected in stage 3 floral meristems in the
sepal primordia and then in stamen and petal primordia as they
arise during stage 5 (data not shown). Within the gynoecium
expression is detected during stage 6 and 7 in the marginal portion
of the gynoecium, most strongly detected in abaxial portions of the
margin (Fig. 9C and D). During stage 8 AtGRF5 is detected in a
somewhat punctate pattern throughout the gynoecial primordia,

Figure 4. Results of in situ hybridization with AT5G18000 (VDD) antisense probe. Numbers indicate floral stages. All panels show transverse
(cross sectional) tissue orientation. Arrowheads indicate medial domain expression; ov - ovule; t- tapetal cells. Scale bar in J represents 100 microns for
all panels. All panels are Col-0 wild type tissue unless otherwise indicated.
doi:10.1371/journal.pone.0026231.g004

Figure 5. Results of in situ hybridization with AT3G17010 (REM22) antisense probe. Numbers indicate floral stages. All panels show
transverse (cross sectional) tissue orientation. Arrowheads indicate medial domain expression; ov - ovule; st- stamen primordia. Scale bars in all panels
are 100 microns. All panels are Col-0 wild type tissue. Oblique section in panel B skews apparent location of medial domain slightly.
doi:10.1371/journal.pone.0026231.g005

Carpel Margin Meristem Development

PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e26231



 

 48 
 
 
 

but with highest expression within the medial portions (Fig. 9E).
GRF5 is also detected in the ovule primordia are they arise
(Fig. 9G) and in subepidermal layers through at least stage 11
(Fig. 9H). Expression of AtGRF5 in the seu ant double mutant tissue
appeared to be slightly reduced in stage 1 and stage 3 floral
meristems (Fig. 9B) and then strongly reduced within the later
stage gynoecia (Fig. 9F)
The expression of EXCESS MICROSPOROCYTES (EMS) (also

named EXTRA SPOROGENOUS CELLS) has been previously
reported during stamen development [56,57]. During stage 6 EMS
is expressed weakly throughout whorls 3 and 4 (data not shown).
During stage 7 and early stage 8 EMS is expressed throughout the
gynoecium, but expression levels are slightly higher in medial
domain particularly in the apical region (Fig. 10B, C, D). During
stage 8 and 9, expression is evident in ovule anlagen and
primordia as they form (Fig. 10E). Expression continues in the
ovule primordia in the nucellar and chalazal domains during
megaspore mother cell stage and as integuments arise (Fig. 10F).
We detected strong LEAFY (LFY) expression in the stage 1–3

floral primordia as previously reported (Fig. 11A) [58]. In the seu
ant double mutant tissue expression of LFY in the floral stages 1–3
appeared reduced relative to wild type levels (Fig. 11B). During
floral stages 4 and 5 LFY is expressed strongly in the petal and
stamen primordia as they arise, but only weakly detected in the
central floral dome (data not shown). During floral stages 6 and 7
LFY expression is strongly detected in the adaxial core of the
gynoecium and within the medial domain at the apex (Fig. 11C
and D). Expression of LFY in the stage 6 seu ant gynoecia was very
reduced relative to wild type levels (Fig. 11E). In early stage 8 wild
type tissue LFY expression is detectable in the early ovule
primordia (Fig. 11 F).

Other Approach II candidate genes are expressed outside
the medial gynoecial domain
Several of the Approach II candidate genes that we assayed by in

situ hybridization displayed preferential expression within the
gynoecial valve domains or expression in both the medial and
valve/lateral domains. These data suggest that the effects of the loss
of SEU and ANT on gynoecial development are not specific for the
medial domain, but rather alterations of gene regulation occur in
both the medial and lateral domains in the seu ant double mutants.
YABBY3 (YAB3) (At4g00180) expression has been previously

reported as expressed within the abaxial portions of all lateral
organs derived from both the apical and floral meristems [59].
Expression of YAB3 is seen in the abaxial valve domains within the
gynoecium during stages 6 through 9 (Fig. 12). Expression is fairly
weak in the stage 6 gynoecia and becomes stronger in stages 7 and
8 (Fig. 12 A–C). YAB3 expression in not detected within the medial
portions of the gynoecium. Expression in the stage 8 seu ant double
mutant gynoecium is very reduced or undetectable (Fig. 12D).
BELL-LIKE HOMEODOMAIN 11 (BLH11) (AT1G75430) ex-

pression was detected weakly in the inflorescence meristem and
stage 1 and 2 floral meristems (data not shown). Expression is more
strongly detected in sepal primordia during stages 3 and 4 and in
stamen and petal primordia during stage 5 (data not shown).
Within the gynoecium expression is detected at stage 6 throughout
the primordium, but at higher levels in the valve domains.
Expression during stage 7 and 8 is predominantly within the valve
domains, but is detected within both valve and medial domains at
the gynoecial apex (Fig. 13B, C, and D). Expression is detected in
young ovule primordia during stage 8 and 9 (Fig. 13E.) and
continues to be detected in nucellar portions of the ovule through
stage 11 (data not shown).

Figure 6. Results of in situ hybridization with AT3G19184 (REM1) antisense probe. Numbers indicate floral stages. All panels show transverse
(cross sectional) tissue orientation. Arrowheads indicate medial domain expression. Section in panel B is located 8 microns below section in panel C.
ov - ovule; st- stamen primordia. Scale bars in all panels are 100 microns. All panels are Col-0 wild type tissue.
doi:10.1371/journal.pone.0026231.g006

Figure 7. Results of in situ hybridization with AT5G57720 (REM15) antisense probe. Numbers indicate floral stages. All panels show
transverse (cross sectional) tissue orientation. Arrowheads indicate medial domain expression. ov - ovule; st- stamen primordia; mmc - megaspore
mother cell. Scale bars in all panels are 50 microns. All panels are Col-0 wild type tissue.
doi:10.1371/journal.pone.0026231.g007
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UGT84A2 (At3G21560) is expressed within the inflorescence
meristem and stage 1 and 2 floral meristems, chiefly in the L1 cell
layer (Fig. 14H). In stage 3 floral meristems UGT84A2 is strongly
expressed in the L1 epidermal cells of the sepals (Fig. 14H). Within
the stage 7 gynoecia UGT84A2 expression is detected most
strongly in the abaxial portions of the valve domains (Fig. 14A and
B). However at the apex of the gynoecium expression is detected in
the L1 layer in both medial and lateral/valve domains (Fig. 14 C).
During stage 8 expression was detected in the L1 epidermis of the
valve domains in both abaxial and adaxial positions (Fig. 14G).
Expression in the seu ant double mutant tissue was slightly reduced
in the inflorescence meristem and young floral buds and strongly
reduced in the stage 7 and 8 gynoecia (Fig. 14D, E, F, I).
The gene At1G68780 is annotated as a member of the RNase

inhibitor-like superfamily containing multiple leucine rich repeat
InterPro domains (InterPro:IPR001611) [60]. Expression of
At1G68780 was detected weakly throughout the inflorescence
meristem and floral stages 1–2 (Fig. 15A). During floral stage 3
expression was strongly detected within the sepal primordia. During
floral stages 6 through 8, At1G68780 is most strongly detected in
apical portions of the gynoecium throughout both medial and
lateral domains (Figs. 15B through 15D). Gynoecial expression was
significantly reduced in the stage 7 seu ant double mutant gynoecia.
Expression was detected in wild type flowers throughout petal
development during floral stages 5 through 12 (Figs. 15B, C, G and

data not shown). Expression within the petals was reduced in theant
single mutant relative to wild type at stage 11 (Fig. 15H).

Discussion

Here we report the transcriptomic signature of the seu ant double
mutant gynoecium relative to wild type and single mutant gynoecia
in an effort to characterize both the set of genes important for CMM
development and those that are synergistically regulated by the
coordinated activities of the SEU and ANT transcriptional
regulators. We have identified a diverse set of transcripts displaying
altered expression levels in the seu ant double mutant tissues. The
analysis of the set of genes displaying reduced accumulation in the
seu ant double mutant tissue indicates a preponderance of
transcriptional regulators including multiple members of the
REPRODUCTIVE MERISTEMS (REM) and GROWTH-REGU-
LATING FACTOR (AtGRF) families. Our in situ hybridization
analyses indicate that many of these genes are preferentially
expressed within the medial domain of the wild type gynoecia
further suggesting a role for these genes during CMM development.

GROWTH-REGULATING FACTOR (AtGRF) family
Members of the AtGRF gene family encode proteins with a

conserved QLQ domain that functions as a protein/protein
interaction domain and a conserved WRC domain that functions
as a nuclear localization signal and contains a putative DNA

Figure 8. Results of in situ hybridization with PAN antisense probe. Numbers indicate floral stages. All panels show transverse (cross
sectional) tissue orientation. Arrowheads indicate medial domain expression. ov - ovule; Scale bars in all panels are 100 microns, except for panel B -
scale bar is 50 microns. All panels are Col-0 wild type tissue except as otherwise noted.
doi:10.1371/journal.pone.0026231.g008

Figure 9. Results of in situ hybridization with AtGRF5 (AT3G13960) antisense probe. Numbers indicate floral stages. All panels show
transverse (cross sectional) tissue orientation. Arrowheads indicate medial domain expression. ov - ovule; b - boundary region between floral
meristem and inflorescence meristem. Scale bars in all panels are 100 microns. All panels are Col-0 wild type tissue except as otherwise noted.
doi:10.1371/journal.pone.0026231.g009
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binding C3H motif. AtGRF1, AtGRF2, AtGRF3 and AtGRF5 have
been shown to regulate growth and development of leaves,
cotyledons and floral organs [52,53,54]. Over-expression of
members of this gene family result in wider leaves and petals
while AtGRF5 single mutants and AtGRF1,2,3 triple mutants
display narrower leaves and petals. The phenotypic effects of the
loss of function of AtGRF1,2,3 and AtGRF5 are enhanced by
mutations in GRF-INTERACTING FACTOR1 (AtGIF1) [52,54].
AtGIF1 encodes a transcriptional co-regulator that physically
interacts with members of the AtGRF family. The AtGIF and
AtGRF family members are thus likely to support cell proliferation
required for the lateral (laminal) expansion of the leaf blade.
Additionally, mutations in AtGIF1 reduce female fertility and this
effect was enhanced as the dosage of wild type GRF family

members was reduced in the gif1 mutant background [52].
Recently, it has been observed that an AtGIF triple mutant, gif1 gif2
gif3, develops unfused gynoecia, that lack replum and septal
tissues, and contain fewer ovules ([61]; personal communication J.
H. Kim) These results support a role for AtGIF1 and AtGRF family
members in female reproductive development.

Figure 10. Results of in situ hybridization with EMS antisense
probe. Numbers indicate floral stages. All panels show transverse
(cross sectional) tissue orientation. ov - ovule; Scale bars in all panels are
100 microns. All panels are Col-0 wild type tissue.
doi:10.1371/journal.pone.0026231.g010

Figure 11. Results of in situ hybridization with LFY antisense
probe. Numbers indicate floral stages. All panels show transverse
(cross sectional) tissue orientation. Arrowheads indicate medial domain
expression. ov - ovule; Scale bars in all panels are 100 microns. All
panels are Col-0 wild type tissue except as marked.
doi:10.1371/journal.pone.0026231.g011

Figure 12. Results of in situ hybridization with YAB3 (At4g00180)
antisense probe. Numbers indicate floral stages. All panels show
transverse (cross sectional) tissue orientation. Scale bar in D represents
100 microns for all panels. Arrows indicate abaxial valve domain
expression. All panels are Col-0 wild type tissue unless otherwise
marked.
doi:10.1371/journal.pone.0026231.g012

Figure 13. Results of in situ hybridization with BLH11
(AT1G75430) antisense probe. Numbers indicate floral stages. All
panels show transverse (cross sectional) tissue orientation. Arrowheads
indicate medial domain expression. Arrows indicate valve domain
expression. ov - ovule; sp - microsporogenic cells. Scale bars in all panels
are 100 microns except for panel A where scale bar is 50 microns. All
panels are Col-0 wild type tissue.
doi:10.1371/journal.pone.0026231.g013
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REPRODUCTIVE MERISTEMS (REM) family
A function has been determined for two of the REM family

transcriptional regulators. VERDANDI (VDD) is required for
female gametophyte development while VERNALIZATION1
(VRN1) is required for the maintenance of the vernalization
response [41,62]. Although VDD is expressed within the medial
gynoecial domain and was identified in our transcriptomics
analysis as a potential regulator of CMM development, VDD-
RNAi constructs do not disrupt CMM development [41].
Mutations in At4G31610 (REM34 - previously AtREM1) and
At3G17010 (REM22) do not condition obvious developmental
defects [42,63]. Our unpublished analysis of loss-of-function alleles
of At3G53310 (REM16) and At3G19184 (REM1) also failed to
detect developmental defects. Given the strong expression of
several members of the REM family during early CMM
development, it is possible that REM family members share a
redundant function that may be revealed in the analysis of higher
order mutant combinations.

Characterization of the transcriptional hierarchies
required for CMM development
Although in situ hybridization is only a semi-quantitative

technique, in most cases the reductions in gene expression in the
single and double mutants that were detected in the ATH1
microarray and qRT PCR analyses were confirmed in our in situ
hybridization experiments. The in situ hybridization technique is
advantageous in that it allows a finer spatial and temporal
characterization of the expression differences between the
genotypes. In many cases, our in situ hybridization experiments
revealed a reduction in gene expression of a candidate gene before
an alteration in gynoecial or ovule morphology was apparent in

the mutant tissue. In these cases it is unlikely that the reduction of
transcript level is simply due to a loss of the tissue in the mutant.
However, the data we present here cannot distinguish between
direct and indirect transcriptional targets of SEU and ANT
regulation and thus our ability to define the transcriptional
hierarchy of CMM development is limited at this time. Future
analyses aimed to identify direct transcriptional targets of SEU and
ANT regulation through chromatin-immunoprecipitation or
glucocorticoid-inducible activities will help to identify the subset
of candidates listed here that are directly regulated by SEU and
ANT. These analyses will help to better delineate the levels of the
transcriptional hierarchy required for CMM development and
may illuminate the mechanistic basis for the synergistic genetic
interaction between seu and ant mutants during CMM develop-
ment. Synergistic genetic interactions are commonly observed in
animal, plant and fungal systems and yet the mechanistic basis for
the synergistic effect typically is poorly understood.

SEUSS may mediate the action of MADS domain-
containing protein complexes required for medial
domain development
Interestingly, ten of the 31 Approach II candidate genes

(including five of the seven B3 candidate genes) have been
previously identified by Gomez-Mena and colleagues as induced
in response to the MADS domain-containing transcription factor
AG [47]. Based on our ATH1 data and follow-up qRT-PCR
(Table 3), the levels of AG transcript accumulation are not
statistically different between the wild-type, seu, ant, or seu ant
double mutant in the gynoecial samples. These data suggest that

Figure 14. Results of in situ hybridization with UGT84A2
(At3G21560) antisense probe. Panels A, B, and C as well as panels
D, E and F are consecutive serial sections. The section in panel A was
located 16 microns basal to the section in panel C and section in panel
D was 16 microns basal to the section in panel F. Numbers indicate
floral stages. All panels show transverse (cross sectional) tissue
orientation. Scale bars are 100 microns in all panels. Arrowheads
indicate medial domain expression. Arrows indicate valve domain
expression. All panels are Col-0 wild type tissue unless otherwise
marked. ifm - inflorescence meristem.
doi:10.1371/journal.pone.0026231.g014

Figure 15. Results of in situ hybridization with At1G68780
antisense probe. Panels A–C show longitudinal tissue sections; panels
D-H show transverse (cross) sections. Numbers indicate floral stages.
Arrowhead indicates medial domain expression. s - sepal primordia; p -
petal primordia; ga - gynoecial apex; ifm - inflorescence meristem. Scale
bars in all panels are 100 microns. All panels are Col-0 wild type except
as noted.
doi:10.1371/journal.pone.0026231.g015
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SEU and ANT do not alter the levels of AG accumulation in the
CMM, but rather they may work in parallel to AG and/or might
alter the ability of the AG protein to function. The SEU
transcriptional adaptor is known to physically interact with dimers
of MADS domain DNA-binding proteins (including AP1, SEP3,
SVP, and AGL24) during the specification of floral organ identity
[21,29,30,31,64]. We speculate that SEU may function in the
developing gynoecium by mediating the action of MADS domain
proteins (AG and others) and thus support the expression of a
subset of the identified Approach II candidate genes. It is notable
that both VDD and REM16 (AT3G53310) are direct targets of the
MADS protein SEEDSTICK (STK) [41].

The medial apex of the gynoecium as a developmental
domain
Our in situ analyses together with the work of other groups

indicates that at least 16 of the 31 Approach II candidate genes are
expressed preferentially within the medial gynoecial domain with
respect to their gynoecial expression. The exact timing and
position of expression within the medial domain varies between
the candidates. Yet many of these genes similarly display strong
expression within the apical-most portion of the medial gynoecial
domain. These expression patterns suggest that the medial apex
might be functionally distinct from other portions of the
gynoecium as early as stage 6. The common expression pattern
of many of these candidates suggests that gene regulation events
within the apical medial domain of the gynoecium may be critical
for the subsequent initiation of ovule primordia from the medial
ridge tissues. In this scenario the maintenance of a particular
transcriptional or cellular state within the medial apex would be
required to maintain the meristematic potential of the medial
domain during elongation of the gyneocial tube.
The medial apex of the stage 6 gynoecium is also marked by the

expression of TRYPTOPHAN AMINOTRANSFERASE OF ARABI-
DOPSIS1 (TAA1) [15,45]. TAA1 encodes a tryptophan amino-
transferase required for the synthesis of auxin via the indole-3-
pyruvic acid (IPA) branch of the auxin biosynthesis pathway
[45,65]. We previously demonstrated an enhanced sensitivity of
the medial domain to the action of auxin transport inhibitors and
suggested a model in which patterning along the medial-lateral
axis of the gynoecium requires an auxin dependant signal [15].
Among the list of Approach II candidates, TAA1 as well as
INDOLE-3-ACETIC ACID INDUCIBLE 18 (IAA18), PINFORMED
1 (PIN1) and LIKE AUXIN RESISTANT2 (LAX2) all are known to
encode auxin synthesis, transport or response functions [66].
Additional experiments will be required to test the role of these
genes during medial domain development.

Non-cell autonomous functions during CMM
development
Several of the Approach II candidate genes displaying reduced

expression in theseu ant double mutant were not expressed specifically
in the medial domain in wild type gynoecia, but rather displayed
strong expression in valve domains (e.g. YAB3, BLH11 and
UGT84A2). YABBY family members are expressed in abaxial portions
of aerial lateral organs and support laminal expansion in response to
the juxtaposition of abaxial and adaxial fates during organ growth
[67]. The loss of CMMdevelopment in theant yab1 yab3 triple mutant
indicates a role for YABBY genes during CMM development [18].
The YABBY genes likely exert a non-cell-autonomous effect on CMM
development suggesting that interactions between the developing
valve and medial domains may be important during early gynoecium
development. Our transcriptomics data indicates that expression of

YABBY1/FILAMENTOUS FLOWER(AT2G45190) is also significant-
ly reduced (to 45% of wild type levels) in theseu ant double mutant
(Table S9). However, YABBY1/FILAMENTOUS FLOWERdid not
make our list of Approach II candidates because it did not display a
reduction in either of the single mutants.
The alterations of gene expression in the lateral domain of the

seu ant double mutant point to a role for SEU and ANT function
within the lateral domain. Although the most dramatic gynoecial
defects in the seu ant double mutant are observed within the CMM
and its derived structures, the size of the carpel valve, the overall
floral size and plant height are also reduced in the seu ant double
mutant indicating that the loss of SEU and ANT activity alters
more than just medial domain development [12]. The enhanced
effect of the seu ant double mutant on CMM development may
reflect an enhanced sensitivity of the medial domain to the loss of
SEU and ANT activities.

Methods

Transcriptomics data analysis
Whole inflorescences were fixed in ice cold 100% ethanol

overnight and then stored for up to one week in 100% ethanol
before hand-dissection of gynoecia from floral stages 8–10 under a
dissecting scope. RNA was isolated from staged gynoecia using the
RNeasy Plant Mini Kit from Qiagen. Linear amplification,
labeling, and fragmenting of the cDNA was carried out according
to GeneChip 39 IVT Express Kit instructions from Affymetrix.
The initial 25 ng of total RNA was amplified to approximately 11
to 15 micrograms of fragmented and labeled aRNA. Affymetrix
ATH1 microarrays were hybridized by Expression Analysis
(Durham, NC). Probe intensity data was imported into JMP
Genomics 4.1 (SAS, Cary, NC). The CEL or intensity files for
each array were compared with a distribution analysis for
similarity of the arrays. After visual inspection, none of our arrays
was excluded. The data for the arrays was normalized using the
Loess Model of Normalization. The probe set values were then
summarized by calculation of the mean for each probe set.
Two analyses were run on our data. The first was a simple 1-way

ANOVA by genotype. This method identified genes with expression
levels that were statically different from that of the mean of the
expression values. Class variables were specified as the genotype and
the genotype was modeled as a fixed effect. The data was not
compared to any baseline, but the LSMeans were run for simple
differences of genotype using pFDR for the multiple testing method
with an alpha of 0.05. Additionally we required that log2 of the
magnitude of the expression level difference between the compared
genotype means was greater than 0.35. The fixation method for the
data points with large residuals was set as the False Positive Rate and
the LSMeans standardization rate was set for Standard Deviation.
The second analysis method (Approach II) was directed at detecting
genes whose expression was synergistically affected in the seu ant
double. The null hypothesis tested here was that the value for theseu
ant double was equal to that of the addition of the seu value with the
ant value.We then accepted all values for the seu ant double that were
statistically different from the additive estimate. This analysis was
done in JMPGenomics using the estimate builder feature. Results of
the ANOVA and the calculated statistical significance of non-
additivity estimates from the estimate builder function for all 22,810
probe sets are reported in Table S14. We then applied a second
criterion to this list by requiring that the mean expression in the seu
or ant single mutant was significantly lower than the wild type mean
expression level (by ANOVA). This reduced the list of Approach II
candidates to 31 genes (See Table 1). Gene lists were moved to
virtual plant [68] to convert Affymetrix probe set IDs to AT gene
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identifiers and to generate intersection and union sets. GO TERM
enrichment analysis was carried out using ChipEnrich [69]. Chip
Enrich selects for p,0.001 hypergeometric probability without
correcting for multiple testing. The ChipEnrich program also
returned statistically overrepresented DNA binding motifs in a 1
kilobase region 59 to the annotated ATG of the genes in the set and
overrepresented transcription factor gene families. ATH1 data sets
have been submitted to the Gene Expression Omnibus (GEO)
database [70] (series record GSE30492) and the Array Express
database [http://www.ebi.ac.uk/arrayexpress/] with experiment
number (E-MEXP-3293).

Quantitative Real time RT PCR and in situ hybridization
analysis of candidate gene expression
For analysis of transcript abundances, RNA from stage 8–10

gynoecia isolated for microarray analysis (pre-amplification) was
used. cDNA synthesis and qRT-PCR were performed as
previously described [12], except we used the SuperScript III
First-Strand Synthesis System (Invitrogen) to generate cDNA and
the cDNA was diluted 1:4 for qRT-PCR analysis. A single qRT-
PCR experiment assayed four biological replicates each of wild
type, seu, ant, and seu ant genotypes. Each biological replicate was
assayed in triplicate. Results in Tables 2 and 3 are the mean
expression of the indicated gene normalized to the expression level
of ADENOSINE PHOSPHORIBOSYL TRANSFERASE1 (APT1,
At1g27450). Results shown are the average expression normalized
to APT1 and the standard error of the mean for four biological
replicates. APT1 was shown to be unaffected by genotype in our
gynoecial RNA samples by comparison of APT1 expression levels
with two other standards (TUB6; AT5G12250 and G6PD3;
AT1G24280) across the four genotypes. Statistical analysis of one
way ANOVA was conducted in JMP8 (SAS Institute Incorporat-
ed, Cary NC.) using a Tukey-Kramer HSD test and a p value
cutoff of 0.05. Sequences of the oligonucleotides used for qRT-
PCR analysis are described in Table S13. The in situ hybridiza-
tions were carried out as reported previously [21] with the
following modifications: acetic anhydride and RNase treatment
steps were omitted. A detailed protocol is available at http://
www4.ncsu.edu/,rgfranks/research/protocols.html.
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Abstract 
 

The gynoecium is the female reproductive structure of angiosperm flowers. In Arabidopsis 

thaliana the gynoecium is composed of two carpel organs. As the gynoecial primordium 

arises from the floral meristem, the two carpels are already fused together at their margins. A 

specialized meristematic structure, the carpel margin meristem (CMM), develops on the 

adaxial portion of the fused carpel margins. The CMM is critical for reproductive 

competence because it gives rise to the ovules, the precursors of the seeds, as well as to 

portions of the septum, transmitting tract, and stigmatic tissue. Here we report a functional 

role for the transcription factor PERIANTHIA (PAN) in the development of the CMM and the 

formation of ovule primordia. Previously, PAN was identified as a regulator of perianth 

organ number and as a direct activator of AGAMOUS expression in floral whorl four. Here 

we report additional functional roles for PAN that are revealed in pan ant and seu pan double 

mutants. An enhanced loss of ovule primordia in both the pan ant and seu pan mutants 

indicates that PAN supports the development of the medial gynoecial domain. Additionally, 

enhanced disruptions of gynoecial morphology suggest that gynoecial patterning processes 

are disrupted in the seu pan double mutant. Furthermore, the loss of SEU activity in the pan 
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mutant background enhances floral indeterminacy, resulting in the formation of “fifth whorl” 

structures. The analysis of AGAMOUS expression patterns in the seu pan double mutant 

suggests that a portion of the morphological defects are due to a mis-regulation of AG 

expression. We propose a model that suggests that the proper termination of the floral 

meristem, brought about via AG expression in whorl four, is critical for the proper 

specification of the CMM.  

 

Introduction 

In Arabidopsis thaliana, as with most angiosperms, reproductive competence depends on the 

proper development of the flower. Arabidopsis flowers develop from floral meristems that 

are specified in response to the appropriate environmental conditions. These specialized 

structures contain organized groups of multipotent cells that give rise to the four types of 

floral organs: sepals, petals, stamens and carpels. In Arabidopsis thaliana two carpels are 

fused together to form the gynoecium, the female reproductive floral structure.  Within the 

gynoecium, ovules form. After fertilization the ovule will mature into the seed containing the 

embryo.  

 

The proper development of the flower requires passing through several key developmental 

events that are coordinated by the plant’s genetic program and in response to environmental 

factors. After the specification of the floral meristem, the identity of the four floral organ 

types must be specified (floral organ identity specification), the floral meristem must 

subsequently terminate with the formation of the gynoecium, and finally a degree of 
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organogenic or meristematic potential must be retained within the medial portions of the 

gynoecium allowing the subsequent generation of the ovules.  

 

The Arabidopsis flower forms four organ types in four floral whorls. These whorls are 

concentrically organized circular fields of cells from which the floral organs arise.  Each 

organ type is produced in a separate whorl of the flower, four sepals from the exterior-most 

whorl (whorl one), then four petals, six stamens, and finally two carpels arise from whorls 

two, three, and four, respectively (Smyth et al., 1990; Meyerowitz et al., 1991). Through the 

study of floral mutants isolated in Antirrhinum majus and Arabidopsis thaliana much has 

been learned regarding the molecular mechanisms that support the specification of floral 

organ identity. The classic “ABC” model of floral development proposed that three classes of 

gene activities (A, B, and C) are active in different whorls and work together in a 

combinatorial fashion to specify floral organ identity (Meyerowitz et al., 1991). Class A 

activities specify sepals in whorl one, while the combination of class A and B activities 

specify petals in whorl two. Stamen identity in whorl three is specified by the combined 

activities of class B and C genes and carpel identity is specified by class C activities in whorl 

four (Drews et al., 1991; Meyerowitz et al., 1991; Pelaz et al., 2001; Smaczniak et al., 2012).  

 

After formation of the four whorls and the specification of the carpels, another critical step in 

floral development is the termination of the floral meristem (Bowman et al., 1989; Bowman 

et al., 1991; Mizukami and Ma, 1995; Sieburth et al., 1995). The floral meristem is a 

multipotent reservoir of cells that is used to create the floral organs (Liu et al., 2009). A 
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failure to terminate the floral meristem, termed indeterminacy, results in the formation of 

additional organs in the central-most positions of the flower. As the floral meristem is 

terminating and the gynoecial primordium is forming, a degree of meristematic competence 

is maintained in the medial portion of the gynoecium. Meristematic competence of this 

region, termed the carpel margin meristem (CMM), is critical for the initiation of ovule 

primordia (Colombo et al., 2008).  

 

AGAMOUS (AG) is a class C homeobox gene that is important for the development of 

reproductive structures in a flower – the stamens and gynoecium, as well as for bringing 

about a termination of the floral meristem and thus generating a determinant floral structure 

(Yanofsky et al., 1990; Bowman et al., 1991; Coen and Meyerowitz, 1991; Drews et al., 

1991; Meyerowitz et al., 1991; Bowman et al., 2012). Repression of AG expression within 

whorls one and two is important because if AG is ectopically expressed in the first two 

whorls (where sepals and petals form in wild type flowers) then these organs will be 

modified or transformed into reproductive structures (Yanofsky et al., 1990). SEUSS (SEU) 

encodes a transcriptional adaptor protein, that is best-characterized for its role in mediating 

the repression of AGAMOUS in perianth organs to ensure proper floral organ identity 

specification (Liu and Meyerowitz, 1995; Franks et al., 2002; Gregis, 2006; Sridhar et al., 

2006). SEU does not bind DNA directly but rather is recruited to cis-regulatory elements 

located within the AG second intron through interactions with MADS domain containing 

DNA transcriptional regulators (Liu and Meyerowitz, 1995; Franks et al., 2002; Gregis et al., 

2006; Sridhar et al., 2006). SEU has been demonstrated to physically interact directly with 
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AP1, SEP3, AGL24 and SVP (Sridhar et al., 2004; Gregis, 2006; Sridhar et al., 2006; Gregis 

et al., 2009). SEU functions as an adaptor or bridging protein that recruits the transcriptional 

repressor LEUNIG (LUG) to the complex (Sridhar et al., 2004; Sridhar et al., 2006). seu 

mutants display reduced plant height, produce fewer seeds, exhibit partial splitting at the 

apex of the gynoecium, and display weak homeotic transformations of perianth organs 

caused by ectopic expression of AG in the perianth (Franks et al., 2002).  

 

While proper repression of AG in whorls one and two is critical for perianth organ identity 

specification, the proper activation of AG is required for the specification of the reproductive 

organ identities in whorls three and four and for floral determinacy. The loss of ag expression 

results in severe floral indeterminacy where the fourth whorl carpels are replaced by a new 

floral meristem that gives rise to another flower. This developmental pattern repeats such that 

a flower-within-a-flower-within-a-flower phenotype is generated. (Bowman et al., 1989; 

Bowman et al., 1991; Mizukami and Ma, 1995; Sieburth et al., 1995).  

 

AG activity is promoted by another homeobox gene called WUSCHEL (WUS) (Sablowski, 

2007). WUS is expressed in the shoot apical meristem (SAM) prior to the transition to 

flowering and in combination with LEAFY (LFY), activates AG transcription. After a slight 

delay, AG activity in turn represses WUS, thus terminating the maintenance of the organizing 

center. After WUS expression is lost, CLAVATA3 (CLV3) expression is terminated. If WUS 

expression persists, due to the loss of AG expression, then the organizing center is maintained 

and the multipotency of cells in this region is preserved resulting in indeterminacy and the 
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formation of aberrant structures. (Bowman et al., 1989; Bowman et al., 1991; Mizukami and 

Ma, 1995; Sieburth et al., 1995; Lenhard et al., 2001).   

 

Little is known mechanistically about the specification of the CMM and how during the 

formation of the carpels/gynoecium the cells of the CMM retain their meristematic potential. 

A number of genes have been identified as playing an important role in the specification or 

development of the CMM. Although no single mutant has been identified that dramatically 

reduces the ability of the CMM to generate ovules, several higher order genetic combinations 

have been identified that suggest the involvement of key families of transcriptional regulators 

such as the SEUSS-LIKE family (SEU, SLK1-3), the SHATTERPROOF family (SHP1, 2), the 

CUP-SHAPED COTYLEDON family (CUC1, 2), as well as other critical genes like LUG, 

AINTEGUMENTA (ANT), REVOLUTA (REV), JAIBA (JAB), CRABSCLAW (CRC), 

SHOOTMERISTEMLESS (STM), and SPATULA (SPT) (Elliott et al., 1996; Ishida et al., 

2000; Alvarez, 2002; Gomez-Mena et al., 2005; Sridhar et al., 2006; Azhakanandam, 2008; 

Bao et al., 2010; Colombo et al., 2010; Nole-Wilson et al., 2010; Nahar et al., 2012; Zuniga-

Mayo et al., 2012).  

 

SEU, in addition to its function in the specification of floral organ identity through the 

repression of AG, functions to promote ovule formation in the CMM (Azhakanandam et al., 

2008). SEU works in a partially redundant manner with AINTEGUMENTA (ANT), another 

transcription factor, to regulate the expression of downstream genes critical for the formation 

of ovules (Azhakanandam et al., 2008; Wynn et al., 2011). In contrast to SEU which does not 
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have a DNA binding domain (Sridhar et al., 2006), ANT, encodes an AP2-like transcription 

factor containing a sequence-specific DNA binding domain. ANT activity supports the 

establishment of proper organ size in lateral organs by controlling the period of 

developmental time during which cells of the organ primordia are competent to grow and 

divide (Elliott et al., 1996; Klucher et al., 1996; Mizukami and Fischer, 2000; Nole-Wilson 

and Krizek, 2000; Krizek and Eaddy, 2012). The loss of either seu or ant results in a 

reduction of ovule number, however, the combined loss of seu ant results in the complete 

loss of ovule production (Azhakanandam et al., 2008).  

 

We recently completed a transcriptomics study that utilized the seu ant double mutant as a 

way to identify potential novel regulators of CMM development. We focused on genes with 

reduced accumulation within seu ant mutant gynoecia (Wynn et al., 2011). This study 

identified 31 down-regulated genes that are candidate regulators of CMM development. One 

of the top candidates is PERIANTHIA (PAN) (Wynn et al., 2011). PAN is a member of the 

bZIP transcription factor super-family of proteins that contains a basic region and a leucine 

zipper allowing for DNA binding and protein dimerization (Hurst, 1995; Chuang et al., 

1999). PAN regulates the spacing, position, and number of floral organs formed and is 

expressed in the developing flower, in ovule primordia, placental tissues, and in the SAM 

(Running and Meyerowitz, 1996; Meyerowitz, 1997; Chuang et al., 1999; Maier et al., 2009; 

Maier et al., 2011).  
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Loss of pan often results in the formation of pentamerous flowers containing five petals, five 

sepals and five stamens, while carpel number is unaltered (Running and Meyerowitz, 1996; 

Das et al., 2009). PAN functions as an activator of AG expression in whorl four by directly 

binding to a conserved cis-regulatory element located in the AG second intron. (Running and 

Meyerowitz, 1996; Das et al., 2009; Maier et al., 2009; Maier et al., 2011). Das et al. (2009) 

reported that pan single mutant plants exhibited a slight 4th whorl indeterminacy in thirteen 

percent of the pan-3 flowers examined (Das et al., 2009). However, the penetrance and 

severity of pan phenotypes are moderated by the environmental conditions, especially by day 

length (Maier et al., 2011). When pan mutant plants were grown under short-day growth 

conditions, the penetrance and severity of the indeterminacy phenotypes was enhanced and 

the  pan single mutants exhibited a phenotype similar to hypomorphic ag mutants (Maier et 

al., 2009). 

 

pan mutants were previously reported to exhibit an occasional and mild delay in carpel 

fusion, but were fully fertile (Running and Meyerowitz, 1996).  However, the expression 

pattern of PAN within the medial gynoecial domain at stage 6 and with continued expression 

in the ovule primordia suggested that PAN might function during gynoecial or ovule 

development (Chuang et al., 1999; Wynn et al., 2011). We have generated seu pan and pan 

ant double mutant plants and examined floral development with a focus on gynoecial 

development and ovule formation. Our analyses of seu pan and pan ant double mutants 

indeed support the tenet that PAN plays a functional role during gynoecial and ovule 

development that can be revealed when either the activity of SEU or of ANT is compromised. 
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We also report that SEU plays a previously unanticipated role in floral meristem termination. 

This is revealed by the strong enhancement of the PAN indeterminacy phenotype in the seu 

pan double mutants, particularly under short-day conditions. Our in situ hybridization 

analysis of the seu pan flowers demonstrates ectopic expression of AG in perianth organs and 

an extended period of WUS expression within the floral meristem. Furthermore, our 

examination of seu pan mutants revealed a latent role for SEU and PAN in the transition to a 

reproductive growth phase, as the double mutant displays a late-flowering phenotype when 

compared with either single mutant parent. We propose that SEU activity supports the 

function of PAN in terminating the floral meristem. Our data also suggests that PAN can act 

as a repressor of AG within the perianth organs.  

 

Results 

pan mutant alleles condition enhanced reduction of ovule number in seu and ant mutant 

backgrounds 

In order to assay gynoecial development in pan mutant plants we characterized three 

available pan alleles (See methods) (McElver et al., 2001; Sessions et al., 2002; Alonso et al., 

2003). Under our long-day growth conditions Col-0 plants averaged 46.9 +/- 5.9 ovules per 

gynoecium. As has been previously reported, ant single mutants displayed significantly 

fewer (35 +/- 8.7) ovules per gynoecium (Figure 1A) (Elliott et al., 1996; Klucher et al., 

1996; Azhakanandam et al., 2008). Previously published characterizations of pan mutants did 

not report a reduction in ovule formation. We counted ovule primordia in the gynoecia of 

three different pan mutant alleles (Figure 1A). Although we detected slight reductions in 
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ovule number in two out of three of the pan alleles we tested, these differences were not 

statistically different from Col-0.  However, all three of these pan mutant alleles conditioned 

an enhancement of ovule loss in the ant mutant background (Figure 1A). Thus in the ant 

mutant background PAN appears to provide an activity that supports ovule formation. 
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Figure 1: Ovule number is decreased in pan ant and seu pan double mutants  
A) Under our long-day growth conditions all three alleles of pan ant showed a statistically 
significant reduction in ovule number per gynoecium. B) Under our long-day growth 
conditions only the seu pan 057190 plants showed a statistical reduction in ovule number 
compared to seu single mutants. C) However, under our short-day growth conditions, there 
was an enhanced loss of ovule formation in all three alleles of the seu pan double mutants. 
Comparisons for statistical differences across genotypes were made via pair-wise mean 
testing and the Tukey HSD pos hoc test �– different letters indicate statistically different 
categories. Each error bar is constructed using 1 standard error from the mean. 
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In a second round, we examined the function of PAN in the seu mutant background by 

assaying seu pan double mutants and the single mutant parents (Figure 1B). In this round of 

the assay we again detected a slight reduction in ovule number in the pan single mutants 

relative to wild type, however this time the reduction was statistically significant in both the 

pan 057190 and the pan 247 alleles. The seu single mutant also conditioned a significant loss 

of ovules relative to Col-0.  Furthermore, ovule loss in the seu pan double mutant was 

significantly enhanced by one of the three pan alleles (057190) that we tested under our long-

day growth conditions (Figure 1B).  

 

Short-day growing conditions have been previously shown to enhance the severity of mutant 

phenotypes of pan mutants (Maier et al., 2009; Maier et al., 2011). Under short-day 

conditions all three pan alleles displayed a statistically-significant reduction in ovule number 

relative to Col-0 (Figure 1C).  Furthermore, all three alleles of the seu pan double mutant 

gynoecia exhibited an enhanced loss of ovules relative to either the pan or the seu single 

mutants. Thus, under the short-day growing conditions pan single mutants displayed a 

modest but significant reduction in ovule number relative to wild type, while ovule loss was 

dramatically enhanced in seu pan double mutants relative to the single mutants.  

 

pan mutant alleles condition enhanced disruptions of gynoecial morphology in seu and 

ant mutant backgrounds 

The wild type Arabidopsis gynoecium is composed of two carpels that are fused along the 

carpel margins. The fused margins of the carpels are situated within the medial portion of the 
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gynoecium.  The growth of the medial gynoecial domain is reduced in the seu ant mutant 

resulting in gynoecial splitting and a reduction in ovule number (Smyth et al., 1990; 

Azhakanandam et al., 2008). Thus we examined the pan single and seu pan and pan ant 

double mutant gynoecia for gynoecial splitting and other gross morphology disruptions. 

Alterations to the overall gynoecial morphology were evident under both long- and short-day 

conditions, but they were much more pronounced in plants grown under short-day conditions 

(Figure 2).  
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Figure 2: Gynoecial and ovule phenotypes in pan 057190 ant and seu pan 057190 double 
mutants A-D; F-G) Gynoecia of indicated genotype grown under long-day conditions. E; H-
J) Gynoecia of indicated genotype grown under short-day (SD) conditions. A) pan 057190 
single mutant gynoecium. B) ant single mutant gynoecium. C) pan 057190 ant double 
mutant gynoecium displays reduced ovule number, a reduction in the growth of the medial 
domain (arrow) and enhanced splitting of the gynoecium. Arrow in panel C indicates the 
medial domain of the carpel while arrowhead indicates ovules. D) seu single mutant 
gynoecium shows some reduction in ovule number and slight gynoecial apex splitting. E) seu 
single mutant exhibiting a rare phenotype – the loss of one entire valve. F) seu; pan 057190 
double mutant gynoecium also displays reduction in ovule number relative to the single 
mutants. G) seu pan 057190 double mutant (long-day conditions) displays indeterminate 
structure inside the gynoecium (arrow). H) seu pan 057190 double mutant (short-day 
conditions) displays a well-developed indeterminate structure inside the gynoecium – arrow  
indicates the stigmatic tissue at the apex of another gynoecium within the gynoecium. I) A 
higher magnification image of the gynoecium-within-gynoecium organ from panel H. J) seu 
pan 057190 double mutant (short-day conditions) displays a complete loss of ovule 
primordia, a complete loss of valve tissues and an indeterminate structure (arrow). Scale bars 
are 100 microns in length.   
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Under long-day growth conditions, we evaluated gynoecia for both carpel splitting and carpel 

bending phenotypes employing a severity index from 1 to 4 (See Methods). We then used 

this severity index to generate a mean severity score for the comparison of genotypes of 

interest. A Student’s T test was then used to determine the statistical significance of the 

differences in the severity index.  Carpel bending and carpel splitting phenotypes were not 

observed in the Col-0 gynoecia that we assayed (data not shown). Under the long-day growth 

conditions the ant single and the pan single mutants did display a mild degree of carpel 

splitting (Figure 3A). However, the pan ant double mutants displayed a statistically 

significant enhancement of carpel splitting compared to the single mutant gynoecia (Figure 

2C and 3A). This is manifested by a greater proportion of double mutant gynoecia for which 

splitting was characterized as moderate or severe. Although seu single mutants displayed a 

mild degree of carpel splitting (Figure 2D), the carpel splitting phenotype was not enhanced 

in the seu pan double mutant under long-day conditions (Figure 2F).  

 

Using a similar severity index we evaluated carpel bending. The seu pan 057190 showed 

statistically significant enhancement in carpel bending compared to the pan single mutant 

(seu single mutants rarely display a bending phenotype under long-day) (Figure 2E and 3B). 

The bending phenotype appears to be the result of the gynoecium consisting of only one 

carpel that fuses in on itself (Figure 2). These data suggest that PAN and SEU play a role in 

both promotion of medial domain development and in the proper formation of two carpels in 

whorl four.   
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Figure 3: Enhanced severity of carpel splitting in ant pan double mutants and enhanced 
severity of carpel bending in pan seu double mutants under long-day growth conditions 
A) Two alleles of ant pan (247 and 057190) showed an statistically more sever carpel 
splitting than either of the single mutants. B) pan 057190 seu plants showed statistically 
more severe carpel bending than either single mutants. Severity index was as follows for the 
carpel splitting: 1: no splitting, 2: mild splitting (flared tips or slight split), 3: moderate 
splitting (highly flared), 4: severe or completely split. Severity index for carpel bending: 1: 
no bending 2: slight bending, 3: moderate bending, 4: severe bending. Statistical analysis was 
conducted with a Student’s T test an p-values less than 0.05.  

 

 
Under short-day growing conditions the severity and penetrance of gynoecial defects was 

enhanced relative to the long-day conditions (Figure 2F-J). To analyze the phenotypes under 

short-day conditions we simply scored the gynoecia for the occurrence of four phenotypes; 

complete loss of ovules, carpel bending, severe loss of ovary valves, and indeterminate 

growth from internal gynoecial positions. We did not observe any of these phenotypes in the 

Col-0 plants and were found infrequently (5%) in seu or pan single mutants (Table 1). The 

seu pan double mutants, however, frequently displayed severe ovule loss, loss of the external 

valve tissue, carpel bending, and/or indeterminacy phenotypes (Figure 2J; Table 1). The 
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complete loss of ovules and the loss of valves were often observed together (Figure 2J), 

however we did see instances where external manifestation of valves were not observed 

while internally a few ovules were detected.  

 

Table 1: Gynoecial disruption in short-day grown plants Categorization of the significant 
gynoecial disruptions.  
 

Genotype 

Complete 
Loss of 
Ovules 

Carpel 
Bending 

Loss of 
Valves 

Indeterminacy 
within the 
carpels 

Number of 
gynoecia 
counted 

Col-0 - - - - 18 
seu - 5% - - 20 
pan 057190 - - - 5% 21 
pan 247 - - - 5% 20 
seu pan 051790 35% 33% 33% 71% 31 
seu pan 247 52% 63% 63% 32% 19 

 

 
Floral meristem indeterminacy is enhanced in the seu pan double mutants in short-day 

growing conditions 

In the wild type Arabidopsis flower, the floral meristem terminates after the formation of the 

gynoecium. AG is required to promote the termination of the floral meristem (floral 

determinacy) by repressing the expression of WUS, a stem cell maintenance gene within the 

floral meristem (Laux et al., 1996; Mayer et al., 1998; Parcy et al., 1998; Busch et al., 1999; 

Lohmann et al., 2001; Lenhard et al., 2002). We examined seu pan double mutants to 

determine the extent of floral indeterminacy under both long-day and short-day conditions. 

We characterized indeterminate structures as an overproliferation of cells at the base of the 

gynoecium (Figure 2F-G). These structures were typically enclosed within the gynoecial tube 

and in many cases appeared similar in overall morphology to an early stage floral meristem, 
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resembling the tapered head of a snake. Indeterminate structures were observed in 15% of 

seu pan 057190 and seu pan 247 double mutants in long-day tissues, but not seen in either 

single mutant. Under short-day conditions indeterminacy was significantly more frequent in 

seu pan plants compared to both the frequency in the single mutants as well as to the double 

mutants grown in long-day conditions (Table 4). The indeterminate structures appeared 

larger and more elongated under short-day conditions. This data suggests that both PAN and 

SEU function to promote floral meristem determinacy.  

 

Inflorescence meristem structure and WUS expression are altered in seu pan double 

mutant plants 

The indeterminate structures formed in the seu pan double mutants were also examined for 

WUS expression as a marker for indeterminacy and a persistent functioning meristem. 

However, we failed to detect WUS expression in these indeterminate fifth whorl structures. 

Due to the infrequent nature of these structures in our samples we cannot exclude that WUS 

is expressed in a subset of these structures. Analysis of short-day grown tissue for which the 

indeterminacy phenotype is more severe may clarify the presence or absence of WUS 

expression in these fifth whorl structures. We did detect WUS expression in the center of the 

shoot apical meristem (SAM) and in early stage floral primordia (Figure 4). WUS is a marker 

of the organizing center in the SAM, and in Col-0 is found in a compact group of cells. In the 

seu pan mutant, the domain of WUS expression was broader and more diffuse than it was in 

the wild type or single mutant tissue. In late arising inflorescence meristems the WUS 

expressing region was dramatically enlarged displaying an expanded, ribbon-like shape in 
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contrast to the typical dome-like shape of wild type (Figure 4). WUS expression on these 

enlarged, fasciated meristems was dramatically expanded from a small focal region into a 

longer ribbon-like domain.  In some instances the expression appeared to be punctuated as if 

several organizing centers had been formed within the potentially compound inflorescence 

meristem (Figure 4G; arrows). This data indicates that WUS in not properly regulated in the 

seu pan double mutant inflorescence meristem and that the loss of SEU and PAN activity 

results in disruptions of the meristematic structure of floral and inflorescence meristems.  
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Figure 4: WUS expression appears to be more diffuse in pan 057190 seu double mutants 
In Col-0 plants WUS expression is restricted to the small organizing center. In the seu pan 
double mutants, the region of expression has expanded, indicating that either the organizing 
center has expanded or WUS is being ectopically expressed outside the organizing center. A-
D are cross sections of the gynoecium, while E-G are longitudinal sections. The bracket in 
panel F indicates a more diffuse pattern of expression in the inflorescence meristem. Arrows 
in panel G indicate multiple foci of WUS expression that suggest the presence of multiple 
organizing centers. Scale bars are 40 microns in length.   
 
 

AGAMOUS is mis-expressed in the seu pan double mutant flowers 

In light of the known role of AG in regulating floral determinacy, we examined AG 

expression patterns in seu pan plants via in situ hybridization. Somewhat unexpectedly, we 

frequently observed instances of ectopic AG expression in whorl 1 organs (Figure 5D, F, G; 

arrows). Upon closer examination of the seu pan flowers we detected instances of chimeric 

organs in whorls one and two including partially carpelloid and stamenoid organs (data not 

shown). These partial homeotic organ transformations have been reported in the seu single 

mutant previously (Franks et al., 2002) but are rarely seen in the seu-3 allele in the Col-0 

Col-0 seu seu pan 

Col-0 

seu pan 

A B C D 

E F G 

seu pan seu pan 
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background that we have used in this study (Pfluger and Zambryski, 2004). We are currently 

counting the instances of homeotically transformed organs in the seu pan double and the 

relevant single mutants to determine if the extent of homeotic transformation is greater in the 

double mutant as is predicted by our observations of ectopic AG expression via in situ.   

 

A dominant negatively-acting PAN-RD transgene, in which a transcriptional repression 

domain has been fused to the PAN coding sequences, has been shown to condition floral 

indeterminacy that was correlated with a reduction of AG expression within whorl four (Das 

et al., 2009). We also sought to determine if the levels of AG were reduced in whorl four in 

the pan seu double mutants. However, we could not detect a consistent reduction in the levels 

of AG expression in whorl 4 under our long-day growth conditions. We have fixed tissue 

from plants grown under short-day conditions and will be examining this tissue for AG 

expression in all four whorls. We expect that the more severe indeterminacy phenotype 

observed in the short-day conditions may be correlated with a greater reduction of AG 

expression within whorl four.  
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Figure 5: Ectopic AG expression in the pan 057190 seu double mutants Ectopic 
expression of AG is evident in the first and second whorl tissue in the seu pan double 
mutants. This indicates that the loss of both pan and seu causes de-repression of AG in the 
perianth tissues. A-D are cross sections of the gynoecium, while E-H are longitudinal 
sections through the gynoecium. Arrows indicate regions of ectopic AG expression. Scale 
bars are 40 microns in length.       
 

 
pan mutant alleles enhance the floral transition delay observed in seu single mutants 

When examining seu pan plants grown in short-day conditions it was apparent that the seu 

pan double mutant plants were slower to transition to the reproductive growth phase. To 

quantify this delay, we counted the number of rosette leaves produced before the plants 

transition to a reproductive growth phase. The reproductive growth phase is characterized by 

the formation of cauline leaves and internode elongation. Under the short-day growing 

conditions the Col-0 plants produce on average 40.8 +/- 4.7 rosette leaves before transition to 

a reproductive growth phase (Figure 6). pan mutants show no statistically significant 

difference when compared to Col-0 (43.2 +/- 4.5 leaves). In contrast seu mutants exhibit a 

statistically significant delay in flowering relative to Col-0, producing 50.5 +/- 4.0 leaves 
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prior to bolting. Mutations in SEU also caused a delay in the floral transition in long-day 

growth conditions as reported in Chapter 4 of this thesis. Although the number of leaves 

formed by the pan single mutant was not statistically different from that of Col-0, when we 

examined the seu pan double mutants we observed that they were significantly delayed, 

relative to the single mutants, producing on average 60.4 +/- 5.1 leaves before the transition. 

These results suggest that PAN functions to promote the transition to reproductive growth 

phase under short-day growing conditions when the SEU activity is compromised. Previous 

studies under long-day and continuous light conditions suggested that PAN delays the floral 

transition (Maier et al., 2011), but our results suggest a new functional role for PAN in the 

promotion of the floral transition under short-day growth conditions. 
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Figure 6: Short-day growth conditions reveal a floral transition delay in pan 057190 seu 
double mutants Time to floral transition (in number of rosette leaves produced) indicates 
that both the seu single mutants and the pan seu double mutants have a delay in the transition 
to flowering. pan seu plants are significantly more delayed than the seu single mutants. 
Comparisons for statistical differences across genotypes were made via pair-wise mean 
testing and the Tukey HSD pos hoc test �– different letters indicate statistically different 
categories. Each error bar is constructed using 1 standard error from the mean. 
 
 
 

Discussion 

PAN and SEU both function in the flower to regulate the expression of AG. PAN in the 

promotion of AG expression in whorl four and SEU in the repression of AG in floral whorls 

one and two. AG expression is required for the formation of stamens and carpels as well as 

for ovule formation. Here we show a novel role for PAN in CMM and ovule development 

and in repression of AG in perianth organs. We also suggest that SEU may function in the 

activation of AG in the fourth whorl and thus support the specification of floral determinacy
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Additionally, we provide evidence that SEU and PAN promote floral evocation under short-

day growth conditions.    

 

Loss of pan and seu cause a delay in flowering time  

Under short-day growth conditions the transition to flowering is delayed in the seu pan 

mutants indicating a role for these genes in the floral transition pathway. PAN recruits 

BLADE ON PETIOLE 1 (BOP1) and BLADE ON PETIOLE 2 (BOP2) to the promoter of 

AP1, a flowering gene that works in concert with LFY to promote floral meristem formation 

and floral transition (Xu et al., 2010). BOP1 and BOP2 are NPR1-like co-regulators that 

function in a redundant manner to pattern the leaves and flowers, as well as having roles in 

defense response (Hepworth et al., 2005). BOP2 physically interacts with PAN in young 

floral meristems and mutations in bop1 and bop2 show a similar pentamerous arrangement of 

sepals and petals to that exhibited by pan (Zhao et al., 2001; Hepworth et al., 2005). Floral 

induction genes, like AP1 and LFY control the transition from a vegetative phase to a floral 

phase (Schultz and Haughn, 1991; Weigel et al., 1992; Parcy et al., 1998; Busch et al., 1999; 

Lohmann et al., 2001) and act downstream of FLOWERING LOCUS T (FT) the mobile 

flowering signal from the leaves (Borner et al., 2000; Abe et al., 2005; Wigge et al., 2005; 

Searle et al., 2006; Kobayashi and Weigel, 2007; Turck et al., 2008). Furthermore pan lfy and 

ap1 pan double mutants phenotypically appear similar to lfy and ap1 mutants respectively, 

indicating the PAN also acts downstream of LFY and AP1 (Running and Meyerowitz, 1996). 

This might suggest some short of regulatory loop where PAN in conjunction with BOP1 and 
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BOP2 promote AP1, while AP1 and LFY work with PAN to promote not only proper organ 

formation but the transition to flowering.  

 

SEU also has been shown to induce expression of LFY and AP1 (see Chapter 4). Loss of seu 

results in the reduction of both AP1 and LFY in floral meristems and has been implicated in 

mediating the action of SHOOTMERISTEMLESS (STM) in the promotion of flowering 

(Chapter 4). STM functions as a dimer with BELL-LIKE HOMEODOMAIN (BLH) proteins 

to promote flowering also through promoting the expression of LFY and AP1 (Smith et al., 

2011). Our data suggests that when the activity of SEU is lost, the function of STM is 

affected resulting in a delay in floral evocation. Thus the loss of SEU might enhance the 

delay in floral evocation seen in pan, by compromising STM function to further reduce the 

levels of LFY and AP1, which are required (in high levels) for complete floral transition. In 

this model SEU together with STM/BLH complexes might work in parallel to PAN/BOP 

complexes to stimulate the activation of AP1 and LFY expression.    

 

Interestingly, pan single mutants grown under long-day or continuous light were shown by 

Maier et al. (2011) to flower slightly earlier than Col-0 plants indicating that PAN also 

responds to environmental cues like day length, and it is possible that PAN integrates 

environmental cues with the function of LFY and/or AP1 genes action in the SAM prior to 

and during flowering. One possibility is that PAN, similar to its family member, TGACG 

MOTIF-BINDING FACTOR 4 (TGA4), has a role in regulating the expression of FT through 

the formation of a protein complex with CONSTANS (CO). TGA4 interacts with the B-box 
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region of CO and binds to the promoter of FT (in yeast-two-hybrid and electrophoretic 

mobility shift assays respectively) and is suggested to be a link between defense responses 

and flowering (Song et al., 2008). Furthermore, TGA4 mRNA levels cycle with their peak 

expression during night hours (Song et al., 2008) and examination of PAN mRNA levels, 

might provides some insight into the manner in which PAN responds to light levels. 

 

PAN and SEU regulate floral determinacy regulation  

AG is a key gene for flower formation and floral meristem termination (Bowman et al., 1989; 

Bowman et al., 1991; Mizukami and Ma, 1995; Sieburth et al., 1995). PAN acts as a direct 

activator of AG in the fourth whorl (Running and Meyerowitz, 1996; Das et al., 2009; Maier 

et al., 2009; Maier et al., 2011), while SEU acts in a complex to repress AG in whorls one 

and two (Liu and Meyerowitz, 1995; Franks et al., 2002; Gregis, 2006; Sridhar et al., 2006). 

Here we propose a new role for PAN as a repressor and for SEU as an activator of AG. Under 

this model, PAN and SEU would function together to repress AG in whorls one and two, 

while PAN and SEU would function together to activate AG in whorl four. The molecular 

mechanisms that allow the switch between repressive and activating complexes in a whorl-

dependent fashion are presently unknown, but are an interesting area for future research. The 

enhanced indeterminacy seen in pan seu double mutants indicates that both pan and seu have 

a function in activating AG to sufficient levels to terminate the FM. While we were unable to 

show a loss of AG expression in whorl four in our in situ hybridization experiments, the fact 

the double mutants experienced indeterminacy indicates that AG levels are not sufficient to 

fully terminate the FM. This is consistent with the broadened WUS expression in the seu pan 
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mutants where not only is the SAM larger, but the WUS domain is expanded. We anticipate 

the examination of floral tissue from plants grown under short-day growth conditions will aid 

in our ability to observe the decrease in expression and these experiments are ongoing. 

Furthermore, it is possible that while PAN directly activates AG expression in whorl 4, SEU 

may act as a cofactor to promote the ability of AG to repress WUS expression, leading to the 

FM termination. Thus in a pan seu double mutant, indeterminacy is the result of lowering of 

AG levels due to lack of activation by PAN in conjunction with the less efficient ability of the 

AG protein to repress WUS without its cofactor SEU. This, too, can be examined through in 

situ hybridization, with examination of WUS levels not only in the indeterminate structures, 

but in the FM of the pan seu double mutants.  

 

We did, however, observe ectopic AG expression in the sepals of pan seu double mutants in 

plants grown under long-day conditions via in situ hybridization. This ectopic expression 

supports our hypothesis that SEU and PAN both act as repressors of AG in this whorl. The 

single loss of seu or pan does not show ectopic AG expression, indicating that it takes the 

loss of both for the repression to be lost and the levels of AG to be visible via in situ. Again 

we anticipate that this will become more severe in pan seu plants grown under short-day 

conditions and examination of this tissue is underway.  

 

While there is no evidence that PAN and SEU physically interact to activate AG; they could 

work in complexes together or in parallel pathways. Both PAN and SEU-containing 

complexes have been shown to bind directly to the DNA regulatory elements found within 
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the AG second intron (Sridhar et al., 2004; Sridhar et al., 2006; Das et al., 2009; Maier et al., 

2009). Examination for physical interactions via yeast-two-hybrid assays or in vitro pull 

downs will provide information on their abilities to physically interact. Furthermore, 

conducting chromatin immunoprecipitation (ChIP) in order to find the direct targets of SEU-

containing regulatory complexes will indicate if SEU regulates PAN or if they share common 

binding motifs in the regulation of AG or other floral regulatory genes.   

 

Role for PAN in CMM development and ovule formation 

Here we show that PAN has a role in gynoecial patterning and ovule formation that is 

partially-overlapping to that of SEU and ANT. The loss of pan in conjunction with either seu 

or ant decreases ovule formation and affects the formation of the gynoecium. Both 

phenotypes are exacerbated under short-day conditions indicating that CMM development 

and ovule formation is downstream of environmental inputs. ANT is known to promote 

cellular growth and proliferation while PAN maintains AG expression throughout the fourth 

whorl which is necessary for ovule formation (Elliott et al., 1996; Running and Meyerowitz, 

1996; Mizukami and Fischer, 2000). In the gynoecium, SEU has a role in auxin signaling and 

physically interacts with ETTIN (ETT), an auxin response factor (Pfluger and Zambryski, 

2004) to mediate auxin response and promote ovule initiation (Bao et al., 2010). PAN has 

also been shown to be redundant with ETTIN (ETT) where ett-1 pan-1 double mutants lack 

ovules (similar to the ett-1 gynoecium) (Sessions et al., 1997) indicating a potential role for 

PAN in auxin regulation within the CMM.  
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PAN is also functionally redundant with TOUSLED (TSL) in organ initiation and gynoecial 

development (Roe et al., 1997). TSL, a nuclear serine threonine protein kinase, has been 

shown to be important in placental formation (Roe et al., 1997). tsl pan double mutants show 

defects in all four whorls, with the gynoecium being comprised of carpelloid organs that 

develop separately, do not fuse and produce few ovules submarginally and near the base 

(Roe et al., 1997). TSL has also been shown to severely affect carpel and ovule development 

when combined with mutations in lug and ett. tsl lug plants have a reduced gynoecium, 

consisting of a single carpel that lack a placenta, while the ovules have an inner integument 

protrusion similar to that of the tsl single mutant (Roe et al., 1997). In a similar fashion, tsl ett 

double mutants exhibited severe gynoecial defects where the gynoecium is comprised of a 

small mount of tissue in the center of the flower that produces few ovules and lack an ovary 

wall (value walls) (Roe et al., 1997). Both of these genetic interactions are of interest because 

SEU interacts with ETT in auxin regulation within the CMM (Pfluger and Zambryski, 2004), 

while SEU physically interacts with LUG in the complex that represses AG expression in the 

first two whorls of the flower (Liu and Meyerowitz, 1995; Franks et al., 2002; Gregis, 2006; 

Sridhar et al., 2006). So it is possible that either ETT or LUG could mediate interactions 

between SEU and PAN and might function in complexes containing these proteins.   

 

Clearly PAN, SEU, and ANT play critical roles in the CMM promoting ovule formation, but 

also in the SAM, promoting flowering and proper organ formation. Investigating the 

molecular mechanism through which PAN, SEU and ANT function will be important for 

placing them in the pathways for floral transition and CMM development. Examination of 
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the ways in which PAN and SEU function to repress and activate AG will be critical, not only 

for determining if they act together on AG, but for finding other interaction partners or 

complexes that mediate the function of SEU. Examination of flowering time genes for 

changes in expression between pan, seu, and seu pan might shed some more light genes 

downstream of seu pan and how they function in CMM and ovule formation. Further 

experiments examining the role that environmental stressors have on seu pan plants, may 

expose the role of SEU in the stress response pathways, or with hormonal regulation within 

the gynoecium. In the seu ant transcriptomics study (Wynn et al., 2011) the up-regulated 

candidate genes included several genes involved in stress response and hormone regulation, 

so these would be good candidates for playing a role with SEU, ANT, and PAN in integrating 

environmental cues with plant fecundity and seed production.  

 

Methods 

Plant material and growth conditions  

Plants were grown under long-day conditions of 16 hours of light or under short-day 

conditions of 8 hours of light. Temperature in the growth chambers were kept between 22°C 

and 24°C, however the temperature tends to be lower when the lights are off – thus short-day 

grown plants may be grown at a slightly lower temperature. The ant-1 and seu-3 alleles were 

previously characterized (Klucher et al., 1996; Pfluger and Zambryski, 2004). The pan alleles 

used are SALK_031380, SAIL_247, and SALK_057190. PCR was used to confirm 

genotypes (Table 2). Plants for rosette leaf counts were grown under short-day conditions 
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until after bolting. Rosette leaves were removed, with care to only count rosette leaves and 

not axillary, cauline, or cotyledon leaves.  

 

Table 2: Genotyping Primers The oligonucleotides and size of the PCR fragments from 
genotyping for each of the alleles we utilized in this paper.  
 

Allele Name Genotyping Oligos FW (5’ – 3’) Genotyping Oligo RV (5’ – 3’) Genotyping 
Oligo Internal 

Size of 
Fragments 

(in base 
pairs) 

ant-1 TTCCCTCAAACCAGAAACCA GGGCTCATGGATAAGCTCAG N/A Wt: 131 bp 
Mutant: 109 

seu-3 GAATTTGCTGCGGTTCCAACT GAAAATGTTCCGCCTTCGAT Restrict with 
Bsl1 

Wt: 235 & 
345 Mutant: 

580 
pan 031380   
(in 5’UTR) 

CGGTAACACACATGACACATATG ATGGTGAAAACCATTGACTGG LbB1 Wt: 1228        
Mutant: 550 

pan 247         
(in 7th intron) 

TTGCCTCAATAAATCAGCCTG GAATTCTTGGCAGACACTTC
G 

pCSA110LB2 Wt: 1138        
Mutant: 500 

pan 057190   
(in 3rd intron) 

ACATCAACACGGCCAAGTAAC TCTCTCCTCACTCCCTCCTTC LbB1 Wt: 1219        
Mutant: 650 

 

 
in situ hybridization 

The protocol for in situ hybridization was the same as described previously (Franks et al., 

2002; Wynn et al., 2011). More details can be obtained form 

http://www4.ncsu.edu/ rgfranks/protocols.html. Antisense probes were in vitro transcribed 

for AG (pCIT565 plasmid with the T7 promoter cut with HindIII) and WUS (pMHwus16 

plasmid with the T3 promoter cut with BamHI in the pBS SK+ vector from Jenn Fletcher). 

The AG sense strand control probe was generated from a linearized pCIT565 plasmid (cut 

with XhoI ) using the Sp6 promoter.    
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Tissue fixing and clearing  

Tissue was fixed in 9 parts ethanol:1 part acetic acid for two hours, then washed in 90% 

ethanol twice. Gynoecia were hand dissect in ethanol and then moved into Hoyer’s solution 

(70% ethanol, 5% gum arabic, 4% glycerol) for clearing and mounting on slides for 

visualization. Slides were examined with an Axioscop2 microscope (Zeiss) with Nomarski 

optics. Ovule counts were made from stages 11-14 gynoecia fixed on slides. All photos were 

captured with Q Capture software on a 5.0 RTV digital camera (Q Imaging, Surrey, BC, 

Canada). Data analysis was conduced in JMP Pro 10 (SAS Institute Incorporated, Cary, NC, 

USA) using multiple pair-wise comparison of the means with a Tukey-Kramer HSD test at 

an alpha of 0.05 or with a Student’s T test.  
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Abstract 

In Arabidopsis, KNOX and BLH genes promote the formation of the vegetative shoot apical 

meristem (SAM) and subsequently help to promote the reprogramming and remodeling of 

that vegetative meristem into inflorescence and floral meristems. Two members of the 

SEUSS-LIKE (SLK) family of transcriptional adaptors, SEUSS (SEU) and SLK2, have been 

show to be required for the development of the SAM. Here we show that SEU also has a role 

in the regulation of floral evocation. The loss of SEU activity conditions a delay in flowering 

and enhances the phenotypes of bum1-3, a hypomorphic stm allele, and pny pnf/+mutants, 

resulting in plants that are further delayed in the transition to flowering. We also demonstrate 

that SEU and SLK2 can physically interact with the BLH family member POUNDFOOLISH 

(PNF). We propose that SEU and SLK2 are required for the activity of the KNOX gene, 

SHOOTMERISTEMLESS (STM), a function that may be achieved through the physical 

interaction of SEU with the BLH protein PNF that is known to dimerize with STM. Thus we 

propose that the loss of the SAM that is observed in the seu slk2 double mutant is due to an 

inability of STM/BLH heterodimers to function properly. STM-PNF dimers have also been 

shown to function to promote flowering and appear to function between the floral induction 
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gene SOC1 and the floral meristem genes LFY and AP1. Our analysis of the expression levels 

of known regulators of the floral transition also places the action of SEU between SOC1 and 

LFY and AP1. Thus, we propone that in addition to its role during SAM maintenance, SEU 

also functions with STM-PNF dimers to promote the transition to reproductive development.  

 

Introduction 

Proper coordination of internal and external signals is important for plant growth and 

reproductive success. Without the ability to sense and respond to the environment, plants 

would be unable to detect light, to establish gravitropic response, and to flower appropriately. 

In order to flower, plants must transition from a vegetative phase to a reproductive phase. 

Without this transition, plants are infertile and unable to produce reproductive structures. In 

Arabidopsis the transition from vegetative to floral phase is controlled by a set of flowering 

genes that integrate four pathways: day length, autonomous, vernalization and the 

gibberellin-dependent pathway (Moon et al., 2003). These pathways incorporate information 

on temperature, light conditions, and other environmental signals into the time of the 

promotion of the reproductive phase (Kaufmann et al., 2010). Light levels and day length are 

perceived in the leaves of the plant and a mobile signal or florigen moves from the leaves 

into the shoot apical meristem (SAM) to initiate the floral transition (Kobayashi and Weigel, 

2007; Mathieu et al., 2007; Turck et al., 2008).  

 

The SAM is a key multipotent structure that is responsible for the production of above 

ground structures including the shoot, leaves, and flowers (Carles and Fletcher, 2003). 
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Integrity of the SAM is important for the formation of above ground structures, while 

maintenance of the SAM is critical for the proper transitioning of the plant from a vegetative 

phase to a reproductive phase (Lenhard et al., 2002). During the vegetative phase, plants 

produce rosette leaves without internode elongation (lack of stem elongation) and growth of 

axillary meristems or branching is suppressed (Simpson and Dean, 2002). Upon induction to 

flowering, plants undergo genetic and morphological changes, increasing the size of the 

SAM and allowing stem (or internode) elongation. Floral induction also alters the types of 

organs produced from the SAM causing a transition from the production of rosette leaves to 

the production of cauline leaves and inflorescence meristems (IM) that give rise to axillary 

meristems, and finally floral meristems (FM) (Colasanti and Sundaresan, 2000; Simpson and 

Dean, 2002; Smith and Hake, 2003). Mutations in genes critical for meristem function show 

various delays in the ability to transition from a vegetative to floral phase.  

 

At the seedling stage, the SAM is a mound of cells located between the cotyledons that 

maintain a group of undifferentiated stem cell-like cells that will later differentiate into all 

above ground structures (Alvarez, 2002; Dodsworth, 2009; Hamant and Pautot, 2010). The 

SAM is composed of three cellular layers – the L1 and L2 layers that give rise to the 

epidermis and the mesophyll, respectively and the L3 layer that will give rise to the ground 

tissue and the vasculature (Meyerowitz, 1997; Weigel and Jurgens, 2002; Sassi and Vernoux, 

2013).  
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In addition to these cellular layers the SAM is divided into regions that have distinct 

functions and are marked by distinct patterns of gene expression. At the center of the SAM is 

the central zone (CZ) that contains the organizing center (OC) and a set of closely-associated 

multipotent stem cell-like cells that reside just above (or apical to) the OC. (Traas and 

Doonan, 2001; Reddy and Meyerowitz, 2005). Around the edge of the CZ is the periphery 

zone (PZ) where cells start the differentiation process and form organ anlagen (i.e. early 

organ primordia) (Meyerowitz, 1997; Long and Barton, 1998; Reddy and Meyerowitz, 

2005). If the pluripotent reservoir of cells above the OC is exhausted, the meristem fails to 

develop and the formation of above ground tissue is impossible (Wardlaw, 1957; Lenhard, 

2002; Scofield et al., 2008). If the meristem over-expands or over-proliferates, plants can 

form aberrant structures with altered height and phyllotaxy (Ung et al., 2011). The integrity 

of the SAM is controlled by many genes, several are members of the 3-Amino Acid Loop 

Extension (TALE) super-family. These genes have multiple roles in the formation and 

maintenance of the SAM (Hake et al., 2004; Hay and Tsiantis, 2009). Two subfamilies of 

TALE proteins are especially important, the KNOTTED1-like homeobox (KNOX) and 

BEL1-Like Homeodomain (BLH) families (Burglin, 1997). Members of these subfamilies 

are expressed in specific regions of the SAM (Kerstetter et al., 1994; Lincoln et al., 1994; 

Long et al., 1996; Serikawa et al., 1997; Hay and Tsiantis, 2009) and form heterodimers with 

each other to control the initiation and maintenance of the SAM (Hake et al., 2004; 

Hackbusch et al., 2005; Hay and Tsiantis, 2009).  
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SHOOTMERISTEMLESS (STM) encodes a KNOX type transcription factor that is expressed 

in the CZ and PZ, but its expression is down regulated in the cells of the newly forming 

organ anlagen. STM along with another KNOX protein, BREVIPEDICELLUS (BP) maintain 

SAM activity by maintaining an undifferentiated state. (Barton, 1993; Lincoln et al., 1994; 

Long et al., 1996; Vollbrecht et al., 2000; Byrne et al., 2002). STM can be detected in the late 

globular embryo, the SAM, the inflorescence meristem (IM) and the floral meristems (FM) 

(Lincoln et al., 1994; Endrizzi et al., 1996; Long and Barton, 1998; Bellaoui et al., 2001; 

Hake et al., 2004). stm single mutants exhibit a termination of the meristem after cotyledon 

formation, the result of the depletion of pluripotent cells in the SAM, not the result of cell 

death (Barton, 1993; Endrizzi et al., 1996).  

 

STM interacts genetically and at the protein level with three BLH proteins – PENNYWISE 

(PNY; also called BELLRINGER, REPLUMLESS, BLH9 and VAAMANA), 

POUNDFOOLISH (PNF; also called BLH8), and ARABIDOPSIS HOMEOBOX1 (ATH1) 

(Bellaoui et al., 2001; Smith and Hake, 2003; Bhatt et al., 2004). Dimerization with any one 

of these three BELL-LIKE HOMEODOMAIN (BLH) proteins allows for accumulation of 

STM within the nucleus (Cole et al., 2006; Hamant and Pautot, 2010). Upon localization to 

the nucleus, the STM-BLH heterodimerization retards nuclear export by competitively 

inhibiting the recognition of STM by the nuclear exportin protein AtCRM1 (Rutjens et al., 

2009). Thus the activity of STM requires the activity of these BLH proteins. 
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pny plants are reduced in height, display internode expansion variability, and appear more 

bushy (Byrne et al., 2003; Roeder et al., 2003; Smith and Hake, 2003; Bhatt et al., 2004; 

Smith et al., 2004; Kanrar et al., 2006). This appearance is due to in part to lack of proper 

phyllotaxy and an increase in the frequency of lateral organ formation (Byrne et al., 2003; 

Smith and Hake, 2003). PNY and PNF share 48% sequence identity, however PNY is 

expressed at a level approximately seven times higher than PNF, and might explain why the 

pnf mutant is not distinguishable from wild type (Byrne et al., 2003; Roeder et al., 2003; 

Smith et al., 2004). Although neither single mutant is delayed in flowering, a variety of 

observations suggest that both the PNY and PNF activities promote the transition to 

reproductive development. For example, overexpression of PNY causes early flowering and 

the pny pnf double mutants continues to form rosette leaves until plants senesce, never 

transitioning to flowering (Byrne et al., 2003; Smith et al., 2004; Cole et al., 2006; Kanrar et 

al., 2008).  pny pnf/+ mutants are able to transition to flowering (after some delay), but they 

have severe phyllotaxy defects, and produce few fertile flowers. The STM-PNY and STM-

PNF heterodimers are required for the proper expression of AP1 and LFY, two key floral 

meristem identity genes (Kanrar et al., 2006; Kanrar et al., 2008; Smith et al., 2011). The 

combined activation of LFY and AP1 promotes the transition from vegetative to inflorescence 

and floral meristems (Bernier, 1988; Weigel and Nilsson, 1995; Smith et al., 2004; Lee et al., 

2008). Analysis of the expression levels of early and late indicators of the floral transition 

suggests that pny pnf double mutants were able to respond to floral inductive signals and 

induce the expression of SOC1, a key early indicator of reproductive development. However, 
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the expression of LFY and AP1 were not induced in the pny pnf double mutant (Smith et al., 

2004).  

 

Interestingly, ATH1 acts in a manner antagonist to that of PNY or PNF by repressing 

flowering and promoting vegetative meristem identity (Cole et al., 2006; Proveniers, 2007; 

Rutjens et al., 2009). This is most clearly seen by the ability of the ath1 mutant to partially 

rescue the pny pnf double mutant, allowing the transition to flowering. Furthermore, ath1 

mutants flower earlier, while overexpression of ATH1 results in late flowering (Cole et al., 

2006; Rutjens et al., 2009). This antagonism between proteins sharing high sequence 

similarity has been seen in other closely related pairs of genes affecting flowering time 

including AGL24 with SVP and FT and TFL (Kardailsky et al., 1999; Kobayashi et al., 1999; 

Michaels et al., 2003).  

 

In contrast to its antagonistic action during the transition to flowering, ATH1 appears to share 

a redundant function with PNY and PNF being required for maintenance of meristematic 

properties of the postembryonic SAM (Rutjens et al., 2009). This is supported by the 

observation that the pny pnf ath1 triple mutant phenocopies the SAM termination phenotype 

of the stm mutant. The loss of PNY, PNF and ATH1 gene activities leads to the exhaustion of 

the pluripotent stem cell niche, and the premature differentiation of the cells of the SAM 

resulting in the inability to produce more above ground tissues. These data indicate that 

together ATH1, PNY, and PNF promote the formation and maintenance of the SAM, but that 

ATH1 acts antagonistically to PNY and PNF during the transition to flowering.   
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Strong loss-of-function stm mutants, like stm-1, are unable to move past the cotyledon stage, 

but a hypomorphic stm allele, BUMBERSHOOT1-3 (bum1) is able to form above ground 

structures. bum1 plants experience initial problems with meristem maintenance and arrest or 

stall after only a few rosette leaves are formed. However the bum1 plants recover the ability 

to produce additional rosette leaves as well as transition from a vegetative to flowering phase 

(Bhatt et al., 2004; Rutjens et al., 2009). The bum1 hypomorphic allele and others similar 

hypomorphic alleles have been used to examine post-embryonic functions of STM in 

combination with other mutations including lfy and pny (Bhatt et al., 2004; Kanrar et al., 

2006; Kanrar et al., 2008). These experiments demonstrated a role for STM in establishing 

the floral primordia, in inflorescence development, and during early internode patterning as 

has been reported for PNY, PNF and ATH1 (Byrne et al., 2003; Roeder et al., 2003; Smith 

and Hake, 2003; Smith et al., 2004; Kanrar et al., 2006).  

 

SEUSS (SEU) and SEUSS-LIKE2 (SLK2) encode transcriptional adaptor proteins that have 

been shown to be critical for SAM development (Bao et al., 2010). seu slk2 mutants 

phenocopy stm and pny pnf ath1 mutants in that the seu slk2 seedlings display a loss of the 

SAM and a failure to generate rosette leaves (Bao et al., 2010). Little is known about the role 

of SEU and SLK2 in the vegetative to floral transition. SEU encodes a transcriptional adaptor 

protein and is the founding member of the SEUSS-LIKE family of transcriptional regulators 

(Franks et al., 2002). This family has been characterized for its role in floral organ identity 

specification and ovule formation, as well as formation or maintenance of the embryonic 

shoot apical meristem (Azhakanandam et al., 2008; Bao et al., 2010). SEU is expressed 
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widely throughout the plant (Azhakanandam et al., 2008). In the flower, SEU functions in a 

complex with MADS domain transcription factors and the LEUNIG co-repressor to repress 

the C-class floral organ identity gene AGAMOUS (AG) in the developing floral perianth 

organs (Gregis, 2006; Sridhar et al., 2006; Gonzalez et al., 2007). seu mutants are 

characterized by partial homeotic transformations of perianth organs particularly in the 

Landsberg ecotype background (Franks et al., 2002). The seu mutant plants also exhibit 

reduced plant stature and decreased fertility, caused mostly by poor fertilization due to 

shorter stamens (Bao et al., 2010). SEU also has a role in auxin signaling and physically 

interacts with ETTIN, an auxin response factor (Pfluger and Zambryski, 2004). In the carpel, 

SEU is thought to promote organ initiation (of ovules) in part through mediating auxin 

responses (Bao et al., 2010).  

 

The three paralogues that complete the SEUSS-LIKE family in Arabidopsis are SLK1, SLK2, 

and SLK3 (Franks et al., 2002; Bao et al., 2010). They all share sequence similarity with SEU 

but fall into two different clades with SLK1,2 and 3 sharing more extensive similarity to each 

other than to SEU (Franks et al., 2002; Bao et al., 2010).  slk1, slk2, and slk3 plants are 

fertile, and show no obvious phenotypic differences from wild type (Bao et al., 2010). 

Mutant combinations between the slk mutants cause disruptions in ovule number, in silique 

formation, and a reduction in the shoot apical meristem (SAM) formation (Bao et al., 2010). 

However, with the combined loss of seu and slk2, there are a spectrum of phenotypes that 

include some embryonic defects, seedlings that terminate with only two cotyledons and the 

production of little to no SAM (Stahle et al., 2009; Bao et al., 2010). When hypomorphic 
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alleles of slk2 are used, organogenesis from the SAM occasionally will resume and the seu 

slk2 plants are able to form leaves (Bao et al., 2010). However, these plants are extremely 

late flowering. 

 

Here we demonstrate a novel role for SEU and SLK2 during floral evocation. Using bum1 

and pny pnf/+ plants as sensitized backgrounds, we were able to examine the effects of both 

seu and slk2 mutants on plant morphology and flowering time. seu enhances the  bum1 and 

pny pnf/+ delay in floral transition, while slk2 does not. To understand the mechanistic basis 

of the altered floral transition in the seu mutants, gene expression levels for regulators of the 

floral transition were examined. These experiments revealed that SEU is required for the 

proper expression of LFY and AP1 during the floral induction process. Given that STM and 

PNY/PNF act as heterodimers during both floral induction and SAM maintenance, we 

examined how SEU and SLK2 might function with these genes at the molecular level. We 

show that a 35S::STM:GR construct requires the activity of SEU and SLK2 to alter 

development suggesting that SEU and SLK2 act at the level of, or downstream of STM. We 

furthermore demonstrate that both SEU and SLK2 are capable of physically interacting with 

PNF in yeast two hybrid assays. This suggests that SEU and SLK2 might form a regulatory 

complex with STM, PNY, and PNF in planta that mediates the formation or maintenance of 

the SAM as well as the ability of the SAM to induce LFY and AP1 in response to external 

signals.  
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Results 

seu conditions a delay in the floral transition and enhances the floral transition delay of 

bum1 mutants 

In order to quantify the length of the vegetative growth phase in a variety of genotypes, we 

counted the number of rosette leaves formed before the transition to reproductive 

development. The beginning of the reproductive phase is marked by the production of 

cauline leaves and by internode elongation. Under our long-day growth conditions the Col-0 

wild type plants produced 13 +/- 3.3 rosette leaves before transitioning to reproductive 

growth (Figure 1A). The seu-3 mutant plants transitioned to reproductive growth phase after 

22 +/ 7.1 leaves, a statistically significant difference. Thus wild type SEU activity appears to 

support the transition to reproductive development.  
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Figure 1: Delay in transition to flowering indicates a role of SEU in floral evocation 
while flower reduction appears to be caused by the loss of bum1 Flowering time was 
measured by rosette leaf production and leaves were counted after bolting. A) While seu and 
bum1 exhibit a mild delay compared to Col-0, B) slk2 does not have a delay in transitioning 
to flowering. bum1 seu has a statistically significant delay in floral transition compared to 
either single mutant, while bum1 slk2 is not statistically more delayed than bum1 single 
mutants. D) Furthermore, seu enhances the pny pnf/+ phenotypes causing a delay in floral 
transition in pny pnf/+ seu plants. C) Flower number (per primary stem) were counted and 
both bum1 single and seu bum1 double mutants showed significant reduction in flower 
number compared to seu and Col-0 plants. Comparisons for statistical differences across 
genotypes were made via pair-wise mean testing and the Tukey HSD post hoc test �– different 
letters indicate statistically different categories. Each error bar is constructed using 1 standard 
error from the mean.  
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We also assayed a hypomorphic allele of STM (bum1-3) (ABRC stock CS3781) (Kanrar et 

al., 2006; Rutjens et al., 2009). The bum1-3 plants transitioned to a reproductive phase of 

growth after 20.8 +/- 3.3 leaves, similarly indicating that the wild type STM activity promotes 

flowering (Smith et al., 2011) (Figure 1A). Interestingly, the seu-3 bum1-3 double mutants 

transition to reproductive growth after producing 38 +/- 14.4 rosette leaves, a significant and 

non-additive delay with respect to the single mutant parents. Due to the hypomorphic nature 

of the bum1-3 allele it is difficult to interpret the non-additive nature of the delay in the seu 

bum double mutant with respect to the degree of functional overlap between SEU and 

STM/BUM1.  

 

We also created seu stm double mutants with the strong loss-of-function stm allele, stm-1. 

These seu stm-1 double mutants appeared phenotypically indistinguishable from the stm-1 

single mutants with respect to the seedling morphology (data not shown). The length of the 

vegetative phase cannot be measured in the stm-1 allele as this genotype does not produce 

rosette leaves. 

In addition to the enhanced floral transition delay observed in the seu bum double mutant, we 

also noted a variety of additional enhanced phenotypes in the seu bum1 double mutants 

relative to the single mutant siblings, including alterations in plant height and leaf 

morphology. seu and bum1 single mutant plants both display a reduced height of the primary 

shoot relative to Col-0 (Figure 2). The height of the primary shoot is further reduced in the 

bum1 seu plants. With respect to rosette leaf development, the first-formed rosette leaves of 
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the seu bum double mutant resemble the rosette leaves of the single mutant parents, but later-

arising rosette leaves from the seu bum double begin to display characteristics of cauline 

leaves, being narrower and lighter green (Figure 2E). This transition to development of later-

arising cauline-like rosette leaves is not observed in the bum or seu single mutants. 

Interestingly a similar phenotype has been described in pny pnf mutants (Smith et al., 2004) 

(Figure 2D).  

 

 

Figure 2: Enhanced phenotypes in the seu bum1 double mutant A-C) seu bum1 double 
mutants are significantly reduced in height compared to either single mutant, while also 
exhibiting a lack of apical dominance. D-E) While seu bum1 also flowers later than the single 
mutants, these plants start to produce leaves with a more cauline appearance before bolting, 
resembling a pny pnf double mutant phenotype. Short arrow indicates an aerial rosette, while 
the long arrows indicate the cauline-like leaves. Scale bars are 3 cm in length.   

 

The bum1 single mutants and the seu bum1-3 double mutant plants display a similar stop-

and-start termination/reinitiation SAM phenotype, as well as display the formation of aerial 

rosettes. These phenotypes have been previously reported in the bum1 single mutant and 

other hypomorphic stm alleles (Clark et al., 1996; Endrizzi et al., 1996; Scofield, 2007; 
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other hypomorphic stm alleles (Clark et al., 1996; Endrizzi et al., 1996; Scofield, 2007; 

Rutjens et al., 2009) (data not shown and Supplemental Figure 1). Thus loss of SEU activity 

does not appear to enhance the phenotypic defects of bum-1 single mutants with respect to 

these phenotypes. The inflorescence meristems of both the bum-1 single and the seu bum1 

double mutant plants produced a reduced number of floral primordia. The seu bum1 double 

mutants produced 3.5 +/-1.7 flowers, which is similar to the number produced in bum1 single 

mutants, with 2.4 +/- 1.7 (Figure 1C). This is a dramatic and significant reduction from that 

of either the seu or Col-0 plants; however the seu mutation did not enhance this defect 

relative to the bum1 single mutant. Additionally, both seu single and seu bum1 double mutant 

plants display a similar degree of reduced apical dominance resulting in the premature 

outgrowth of inflorescence branches from the axils of the rosette leaves (Figure 2).  

 
 
slk2 does not affect the floral transition phenotype of bum1 

The termination of the embryonic SAM that is observed in seu slk2-2 double mutants 

suggests that SEU and SLK2 share a critical function required for the development of the 

SAM during embryogenesis (Stahle et al., 2009; Bao et al., 2010). Thus we sought to 

determine if slk2 mutations might also enhance the bum1 delayed floral transition phenotype. 

When examined, the slk2-2 mutants produced 15.7 +/- 3 leaves on average before 

transitioning to reproductive development, statistically indistinguishable from Col-0 that 

produced 14.3 +/- 1.8 rosette leaves. Additionally, there was no statistical difference in the 

number of leaves produced by the bum1-3 slk2-2 double mutant plants (22.9 +/- 4) when 

compared to leaves produced by the bum1-3 single mutant plants (26.4 +/- 5.9). Taken 
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together this data indicates that either SLK2 does not function to promote the transition to 

reproductive development under long-day conditions or that the function of SLK2 is 

concealed by functional redundancy. Thus in contrast to their functional overlap in the 

embryonic SAM, SEU and SLK2 do not appear to have overlapping functional roles with 

respect to the transition to reproductive development.    

 

Examination of the bum1 slk2 plants reveals that they are not phenotypically enhanced 

relative to the bum1 single mutant. They are of similar height to the bum1 single mutants and 

do not exhibit the cauline-like rosette leaf formation that is seen in the seu bum1 double 

mutants. 

 

seu mutations enhance the floral transition and inflorescence phenotypes of blh domain 

family members pny and pnf 

As STM dimerizes with members of the BLH gene family, including PNF and PNY, we 

sought to determine if seu mutant alleles enhanced the floral transition defects of pnf or pny 

mutants. Published seu pny phenotypes indicated that the loss of both activities generates 

plants with terminal carpelloidy flowers and carpelloid shoots (Bao et al., 2004), but an 

altered floral transition was not reported. We used pny pnf/+ as a sensitized background to 

determine if seu interacted genetically with BLH domain family members. pny pnf/+ plants 

flower after producing 21 +/- 3.0 rosette leaves (N=10) (Figure 1D). Strikingly, the delayed 

transition to flowering was dramatically enhanced in the seu pny pnf/+ plants that produced 

54 +/- 6.7 (N=7) leaves prior to transition.  
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The pny pnf/+ plants are shorter than wild type, show phyllotaxy irregularities and fusions of 

floral organs (Smith et al., 2004; Kanrar et al., 2006). seu pny pnf/+ plants display a reduced 

apical dominance thus generating a plant with no apparent primary shoot, but rather many 

shoots that are typically less than 2 cm tall. The inflorescence meristems also terminates 

earlier in the seu pny pnf/+ mutants relative to the pny pnf/+ parents, and exhibit a lack of 

internode elongation (data not shown). Thus the seu mutant conditions an enhanced loss of 

organogenic potential from the inflorescence meristem in the pny pnf/+ mutant background.  

 

The pny pnf double mutants did not flower, but continued to create rosette leaves. However 

late arising rosette leaves are thinner and begin to display characteristics of cauline leaves 

(Kanrar et al., 2006). Both the pny pnf double mutant and the seu pny pnf triple mutant plants 

did not transition to flowering during the several months during which they were observed 

(rosette leaf number continued to increase (> 150) depending on when you sacrificed the 

plant). However the rosette leaves of the seu pny pnf triple mutant plants were smaller and 

greener than those of the pny pnf double mutant (Figure 3C).  
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Figure 3: pny pnf/+ seu plants have an enhanced phenotype compared to pny pnf/+      
A) pny pnf/+ seu plants are much shorter than the pny pnf/+ plants – appearing more similar 
in height to the pny pnf double mutants. B) Unlike the pny pnf mutants, pny pnf/+ seu plants 
flower, with reduced internode elongation and lack of apical dominance. C) pny pnf seu triple 
mutants are bright green with many small round leaves and do not flower. Scale bars are 3 
cm in length.   
 

 
Expression of several key regulators of the floral transition is reduced or delayed in the 

seu single mutant 

In order to determine the effect SEU and SLK2 have on the expression or accumulation of 

genes known to promote flowering, transcript levels of four flowering time genes were 

examined in vegetative shoot apices just before the transition to a reproductive meristem. We 

pny pnf/+ seu 

pny pny pnf/+ seu pny pnf/+ pny pnf 

A 

pny pnf seu  

C 
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utilized quantitative real time PCR (qRT-PCR) to assay the expression levels of four 

regulators of the floral transition: SOC1, FUL, AP1 and LFY. Expression of these four genes 

was assayed in samples collected from the apices of plants that were grown in short-day (SD 

– 8 hours of light) for 3 weeks and then transferred to long-day (LD – 16 hours of light) for 

10 days. Plants were grown under these conditions to offset the developmental delay in some 

of the genotypes and to prime the plants for flowering (Smith et al., 2004). Apical tissues 

were hand-dissected out prior to flowering and RNA was extracted from individual samples. 

Examination of gene expression levels of SOC1, FUL, AP1 and LFY was conducted with 

qRT-PCR on 4 biological replicates per genotype and with 3 technical replicates of each.    

 

Levels of AP1 and LFY were significantly reduced in all genotypes relative to Col-0 except 

for the slk2 genotype for which AP1 levels were not statistically different and LFY levels 

were only moderately reduced (Figure 4). Thus SEU, STM, PNY and PNF all appear to 

support the transition to reproductive development by promoting the expression or 

accumulation of LFY and AP1. In contrast the mean levels of SOC1 were statistically 

indistinguishable between all the genotypes assayed, suggesting that early elements of the 

response to floral inductive signals are unaltered in these mutant backgrounds. These results 

are similar to those reported by Smith et al. (2004) where pny pnf plants had measurably 

lower levels of LFY and AP1 expression relative to wild type while SOC1 levels were 

unchanged.  
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We also counted the number of rosette leaves that had formed in each genotype at the time 

the RNA samples were collected (after three weeks of short-day and ten days of long-day 

growth). Col-0 and slk2 plants similarly produced an average of 17.2 +/- 2 leaves (N=42) and 

17.1 +/- 1.5 leaves (N=47) leaves, respectively (Supplemental Figure 2). The seu mutants had 

produced 20.2 +/- 1.9 (N= 44) leaves, a slight but statistically significant increase, indicating 

that seu mutants have a slightly faster rate of leaf production than the Col-0 plants. This data 

suggests that it is unlikely that the reduction in LFY and AP1 levels observed in the seu 

mutant samples is due to slower development of seu mutants and is consistent with SEU 

functioning to support the floral transition. As the bum1 mutants undergo termination and 

reinitiation of the SAM and have produced far fewer leaves at the time of RNA collection 

(10.1 +/- 3.5 [N=19]) we cannot exclude the possibility that the reduced expression of LFY 

and AP1 in the bum1 mutants is the result of a developmental delay as opposed to a reduced 

ability to respond to inductive signals.  
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Figure 4: Expression levels of known floral transition genes reveal molecular basis for 
delayed floral transition qRT-PCR gene expression data from dissected shoot apical 
meristem tissue. 4 biological replicates for each genotype were assayed and averaged over 3 
technical replicated. Plants were grown for 3 weeks under 8 hour light conditions and then 
transferred to 16 hours of light for 10 additional days before tissue harvest at approximately 4 
hours after �“daybreak.�” Each panel shows expression values normalized to ADENOSINE 
PHOSPHORIBOSYL TRANSFERASE1 (At1g27450). A) Normalized expression of LEAFY 
(LFY). B) Normalized expression of APETALA1 (AP1). C) Normalized expression of 
FRUITFULL (FUL). D) Normalized expression of SUPPRESSOR OF OVEREXPRESSION 
OF CO 1 (SOC1). Letters on top of each bar indicate statistical categories based on pair-wise 
comparison with Tukey-Kramer HSD test with a p value cutoff of 0.05. Each error bar is 
constructed using 1 standard error from the mean.  
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SEU and SLK2 physically interact with the BLH family member PNF  

Since members of the SEUSS-LIKE and TALE HD gene families appear to be important for 

both maintenance of the SAM and for the transition to a reproductive growth phase, we 

sought to determine if members of these two gene families could interact physically using a 

yeast-2-hybrid assay. Full-length constructs of STM, and all 12 Arabidopsis BLH proteins 

were tested with full-length SEU and SLK for physical protein-protein interactions. BLH1 

showed a weak interaction with both SEU and SLK2 (Supplemental Table 1), while PNF 

showed a stronger interaction with both SEU and SLK2 (Figure 5). The full-length PNF 

sequence was divided into three large regions (N-terminal, POX HD, and C-terminal) and 

one smaller domain (206-261) to examine which domains are critical for the interaction. 

Each was tested with the full-length SEU and SLK2. The N-terminal region interacted 

strongly with both SLK2 and SEU, while none of the other regions showed an interaction. 

Neither STM nor any of the other BLH proteins interacted with SEU or SLK2 (Supplemental 

Table 1). This provides support for the idea that SEU and SLK2 act at the level of the STM-

PNF dimer through physical interactions with PNF.  
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Figure 5: PNF physically interacts with both SEU and SLK2 In a yeast-2-hybrid assay the 
full-length PNF was shown to interact with SEU and SLK2. To find the regions of interaction 
the full length PNF was divided into 3 regions (N-terminal, POX HD – containing domains, 
and C-terminal) and tested against SEU and SLK2. The N-terminal region was found to 
physically interact with SLK2 and more strongly than with SEU while the other two regions 
showed no interaction. PNY was similarly tested against SEU and SLK2 and was found not 
to interact in our yeast-two-hybrid assay.   
 

 
SEU and SLK2 activity are required for the action of STM 

In order to determine if SEU and SLK2 are required for the action of STM, a dexamethosone 

(DEX)-inducible 35S::STM:GR overexpression construct (Gallois et al., 2002) was crossed 

into the seu slk2 background. The inducible 35S::STM:GR construct was previously shown 

to rescue the stm-1 allele upon induction (Gallois et al., 2002). When its activity is induced 

by DEX, the 35S::STM:GR construct conditions a severe seedling phenotype characterized 

by the formation of deeply-lobed rosette leaves of reduced size (Gallois et al., 2002) (Figure 

6B). After seven to ten days of development on the DEX containing media, structures that 

resembled ectopic ovules were observed to form on the margins of these leaf-like structures. 
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Figure 6: 35S::STM:GR overexpression phenotype is not observed in seu slk2 double 
mutants A) Seedlings segregating seu and slk2 but not containing the 35S::STM:GR 
construct develop normally, with new leaves arising from the SAM. B) Seedlings segregating 
seu and slk2 and containing the 35S::STM:GR construct exhibit the STM overexpression 
phenotype described in Gallois et al. (2002) with small deeply-lobed rosette leaves. C) seu 
slk2 double mutant seedlings containing the 35S::STM:GR construct are phenotypically 
indistinguishable from the seu slk2 seedlings without the 35S::STM:GR construct. Scale bars 
are 1 mm in length.  
 

 
We crossed the 35S::STM:GR construct into the seu-3 slk2-2 mutant background and were 

able to generate individuals that were seu/+ slk2/+ and heterozygous for the 35S::STM:GR 

construct. Progeny from the self-cross of these parents were planted on DEX-containing ½ 

MS plates (see methods) and allowed to grow on DEX media for ten days. In the first round, 

we screened for the seu slk2 double mutant phenotype (Figure 6C; narrow cotyledons and no 

SAM). We recovered nine plants that phenotypically appeared to be seu slk2 double mutants, 

while the rest of the other siblings displayed the STM overexpression phenotype (Figure 6B) 

or were wild type in appearance (Figure 6A). Then we genotyped the seu slk2 appearing 

plants for the presence of the 35S::STM:GR construct. The amplification of a transgene-

specific amplicon in two of the nine seu slk2 seedlings indicated that these two plants 

contained the 35S::STM:GR transgene (data not shown). In the second round, we planted 
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another 70 progeny from this self cross on DEX and genotyped every plant for SEU, SLK2 

and the presence of the 35S::STM:GR construct. This time we wanted to ensure that we had 

not missed any seu slk2 35S::STM:GR containing double mutants that exhibited the STM 

overexpression phenotype. We recovered two seu slk2 plants, both with the classical seu slk2 

appearance, but neither contained the 35S::STM:GR construct. We did not find any double 

mutants that exhibited the STM overexpression phenotype or that contained the 

35S::STM:GR construct. We are collecting seeds from the slk2 seu/+ 35S::STM:GR plants 

(with the expectation that 25% should be seu slk2 double mutants) and we will again screen 

for the phenotypes of the seu slk2 plants and the presence of the 35S::STM:GR construct. 

According to our first two screens, the presence of the STM construct does not appear to be 

sufficient for a rescue of the seu slk2 double mutant phenotype. Furthermore, the 

35S::STM:GR overexpression construct failed to generate the classic overexpression 

phenotype when SEU and SLK2 activities were concomitantly compromised, suggesting that 

SEU and SLK2 are required for the action of  the 35S::STM:GR transgene.  

 

Discussion and Conclusions 

Previously published studies demonstrated a role for SEU along with SLK2 in the 

maintenance or formation of the embryonic SAM (Stahle et al., 2009; Bao et al., 2010). Here 

we present data that indicates that SEU and SLK2 are required for STM function. We 

demonstrate that a 35S::STM:GR construct is not able to alter development in a seu slk2 

double mutant background (Figure 6). This data provides a mechanistic link between the loss 

of SAM in the seu slk2 double mutant and SAM disruptions observed in strong stm loss-of-
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function alleles. We also demonstrate that SEU and SLK2 can physically interact with PNF 

in a yeast two-hybrid assay (Figure 5). As PNF is a known interaction partner of STM, the 

physical interactions between PNF and SEU/SLK2 provide a possible mechanism for the 

action of SEU and SLK2 with respect to altering STM function. Additionally we demonstrate 

that SEU has a role in the regulation of floral evocation. The loss of seu conditions a delay in 

flowering and enhances the phenotypes of bum1, a weak stm allele, and pny pnf/+, resulting 

in plants that are further delayed in the transition to flowering. STM-PNF dimers have been 

shown to function to promote flowering and appear to function between the floral induction 

gene SOC1 and the floral meristem genes LFY and AP1. Here we also place the action of 

SEU between SOC1 and LFY and AP1 (Figure 4). Thus, we propone that SEU functions with 

STM-PNF dimers to promote the expression of AP1 and LFY transcripts to promote 

flowering in Arabidopsis (Figure 7A and 7B). 
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Figure 7: Models for the function of SEU in floral evocation SEU, but not SLK2 appears 
to have a role with PNF-STM in floral evocation. A) [figure adapted from Smith et al. 
(2011)] SEU could function with the PNF-STM dimer to promote AP1 and LFY expression 
downstream of the function of SOC1 and FUL. B) Alternatively, SEU could mediate the 
function of MADS-box proteins with the BLH-STM dimers to directly activate LFY and AP1 
expression. 
 

 
Floral evocation is a critical process in the life of a plant. Flowering requires two important 

features: the ability to form a functional shoot apical meristem (SAM) and the ability to 

convert the SAM from a vegetative to reproductive phase. KNOX and BLH genes have been 

shown to be critical for the proper formation and maintenance of the SAM (Burglin, 1997; 

Hake et al., 2004; Hay and Tsiantis, 2009). The KNOX gene, STM is critical for formation of 

the SAM as well as promotion of the multipotent niche in this tissue (Barton, 1993; Lincoln 

et al., 1994; Long et al., 1996; Vollbrecht et al., 2000; Byrne et al., 2002). BLH proteins, 

PNY and PNF, function with STM by physically binding to STM to provide the ability for 

STM to remain localized in the nucleus (Bellaoui et al., 2001; Smith and Hake, 2003; Bhatt 

et al., 2004; Hackbusch, 2005; Cole et al., 2006; Rutjens et al., 2009; Hamant and Pautot, 

A B 
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2010). An additional family of genes, the SLK family, has been shown to also be important 

for the formation of the shoot apical meristem, as the combined loss of seu and slk2 results in 

a terminated meristem, similar to that of the strong loss of function stm mutant and pny pnf 

ath1 triple mutants (Stahle et al., 2009; Bao et al., 2010). 

 

Several of the genes critical for SAM formation and maintenance also play dual roles in the 

promotion of flowering. STM, PNY, and PNF have all been shown to play a role in 

promoting floral evocation (Smith et al., 2004; Smith et al., 2011). In order to progress to a 

reproductive or floral stage, plants like Arabidopsis have to reprogram their vegetative SAM 

into reproductive meristems (inflorescence and floral meristems) (Colasanti and Sundaresan, 

2000; Simpson and Dean, 2002; Smith and Hake, 2003). Failure to do so results in plants that 

are unable to bolt and flower, and instead continue to produce rosette leaves. Integral to the 

floral evocation process is the integration of external cues with internal genetic factors. 

External conditions, like day length, are sensed it the leaves and a mobile signal, FT, travels 

to the SAM to start the reprogramming process (Borner et al., 2000; Abe et al., 2005; Wigge 

et al., 2005; Searle et al., 2006; Kobayashi and Weigel, 2007; Turck et al., 2008). FT 

promotes floral induction genes like SOC1 and floral meristem identity genes like AP1. Both 

of these promote expression of the master floral regulator LFY (Borner et al., 2000; Yu et al., 

2002; Michaels et al., 2003; Lee et al., 2008). Once LFY levels increase the vegetative SAM 

is reprogrammed into reproductive meristems that are capable of producing flowers 

(Chahtane et al., 2013). Mutations in these floral promotion genes can result in plants that are 
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either unable to perceive the flowering signal or are unable to respond to that signal to 

promote flowering (Smith et al., 2004).   

 

It was shown by Smith et al. (2004) that pny pnf double mutant plants perceive floral 

induction signals, but are unable complete the transition to reproductive development. Early 

changes associated with the transition to flowering (increased rate of organ production, 

changes in the size and shape of the SAM, and the induction of SOC1 expression) were 

observed, however cellular expansion and the induction of LFY and AP1 as well as the 

transition to the development of the floral meristem was not observed. Subsequently, Smith 

et al. (2011) proposed that PNY and PNF dimerize with STM and promote flowering by 

acting in complexes with SOC1 and AGL24 to promote the expression of AP1 and LFY.  

 

We propose that the action of STM is mediated by the physical interactions between PNF and 

SEU and SLK2, and the loss of seu and slk2 prevents the function of STM during the 

formation or maintenance of the SAM (Figure 8). Consistent with our model, the combined 

loss of seu and slk2 results in SAM phenotypes similar to those seen in strong loss of 

function stm mutants as well as with the blh triple (pny pnf ath1) mutants - where there is 

premature termination of the SAM prior to above ground organ formation (Barton, 1993; 

Endrizzi et al., 1996; Rutjens et al., 2009; Stahle et al., 2009; Bao et al., 2010). In yeast-two-

hybrid assays SEU and SLK2 were both able to physically interact with PNF, indicating that 

PNF might mediate interactions between SEU, SLK2 and STM in the formation of the SAM. 

The failure of ectopic STM to generate meristematic tissue in the SAM of seu slk2 plants 
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indicates that STM does not function when seu and slk2 activities are concomitantly 

compromised. One interesting possibility is that SEU and SLK2 support STM function by 

enhancing its localization to the nucleus.  STM by itself localizes poorly to the nucleus and 

the efficient localization of STM to the nucleus requires the action of BLH proteins such as 

PNY, PNF and ATH1 (Cole et al., 2006; Rutjens et al., 2009; Hamant and Pautot, 2010). We 

are currently examining the subcellular localization of the STM:GFP fusion protein in a seu 

slk2 background. Our hypothesis suggests that STM:GFP will not efficiently localize to the 

nucleus in the seu slk2 double mutant plants.  

 

 

Figure 8: Model for the function of SEU and SLK2 in SAM formation One member of 
the KNOX (STM), BLH (PNY, PNY, or ATH1), and SLK (SEUSS or SLK2) family is required 
for the ability of stable localization to nucleus and function of STM for SAM formation.  
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While the model we propose is attractive, there are a few weaknesses that we hope to be able 

to address in the future. The interactions between PNF, SEU and SLK2 have been seen in 

yeast, but a confirmation in an independent assay is important. These interactions have not 

been tested in planta and as such might be artifacts of the yeast system, and yeast-two-hybrid 

assays have a high false positive rate (Huang and Bader, 2009). The inability of ectopic STM 

to create a STM-overexpression phenotypes in the SAM of seu slk2 plants, could indicate, not 

that SEU and SLK2 function at the level of STM, but rather be due to the loss of responding 

tissue (the SAM) in the seu slk2 plants. To address this, we can examine the induction of 

STM expression in vegetative tissue of the seu slk2/+ plants. Alternatively, rarely we find seu 

slk2 escapers, or seu slk2 plants that are able to form a SAM and produce many small leaves. 

We could look for STM-overexpression phenotypes in these plants under ectopic STM 

induction.  

 

If SEU and SLK2 share a similar role in floral evocation, then presumably the loss of either 

would enhance the delay to floral transition when examined in a sensitized background, 

however, only seu appeared to enhance the delay in flowering. This could indicate that there 

is further redundancy in floral evocation – perhaps with slk1 and slk3. Alternatively, it could 

indicate that SEU is more sensitive to environmental changes (day length) and the subtle 

effect on SLK2 is difficult to measure without further sensitization. Examination of mutant 

combinations between seu, slk1, slk2, and slk3 for delay in the transition to flowering could 

indicate additional roles for slk1 and slk2 in the promotion of flowering. The future 
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examination of slk2 under other environmental conditions to further sensitize the background 

may allow the elucidation of the contribution of SLK2 in floral evocation.  

 

During the promotion of floral evocation, the loss of seu causes a reduction in LFY and AP1, 

but not SOC1. This is similar to what Smith et al. (2004) reported for pny pnf double mutants, 

and would indicate that SEU and SLK2 do not affect the early floral induction signaling 

events, but rather affect later events in floral meristem identity specification. This would 

place the functions of seu slk2, stm, and pny pnf between the actions of SOC1 and LFY and 

AP1 (Figure 7A), which is consistent to what was suggested by Smith et al. (2011) for PNY-

STM and PNF-STM dimers.  
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Methods 

Plant lines and treatments  

SHOOT MERISTEMLESS (STM) alleles used in this paper are a hypomorphic allele 

bumbershoot1 (bum1-3) in Col-0 background from the Arabidopsis Biological Resource 

Center (CS3781) (Kanrar et al., 2006; Rutjens et al., 2009) and a strong loss-of-function 

allele stm-1 in Ler received from R. Sablowski (originally from Barton and Poethig, 1993). 
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The bum1-3 allele contains a G to A change at nucleotide 906 of the CDS, causing a 

translational stop at codon 302 (www.arabidopsis.org). The inducible overexpression line 

35S::STM:GR in Ler was kindly provided by R. Sablowski (Gallois et al., 2002). The seuss 

(seu) allele, seu-3, is in Col-0 background and previously examined in (Pfluger and 

Zambryski, 2004; Wynn et al., 2011). The pennywise (pny-40126), and poundfoolish (pnf-

22879) were kindly provided by H. Smith and are all in the Col-0 background (Smith et al., 

2004). The seuss-like 2 (slk2-2) allele examined is the slk2-038662 allele (Bao et al., 2010). 

 

35S::STM:GR plants were crossed with seu/+ slk2/+ plants. 35S::STM:GR seu/+ slk2 seeds 

were plated on " MS + 1% Sucrose + 20 µM DEX under 16h/8h light/dark conditions. After 

one week to ten days plants were examined for the seu slk2 cotyledon and SAM phenotypes. 

For plants that displayed the seu slk2 SAM-termination phenotype, as well as for those with 

the 35S::STM:GR overexpression phenotype we determined their genotype with respect to 

the loci seu, slk2, and the 35S::STM:GR insertion. Seedlings were examined with MZ12.5 

stereoscope (Leica) and images were captured with Q Capture software on a 5.0 RTV digital 

camera (Q Imaging, Surrey, BC, Canada). 
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Table 1: Genotyping Primers Oligionucleotides used for PCR and the band size for 
genotyping each allele.   
 

Allele Name Genotyping Oligos FW (5’ – 3’) Genotyping Oligo RV (5’ – 3’) Genotyping Oligo 
Internal 

Size of 
Fragments 

(in base 
pairs) 

bum1-3 GAAGCTCGTCAACCACTGCTTGA
TTG 

GCTAATAGACAACTAAATTGAA
TTTGC 

Restrict with Xcm1 Wt: 126 
Mutant: 146 

35S::STM:GR TTCCTTCAACGTGTCGAGTG  
Or 

TGGTCTTCCTTCAACGTGTCG  

CAG TGG CTT GCT GAA TCC 
CTT TGA 

n/a 500  

seu-3 GAATTTGCTGCGGTTCCAACT GAAAATGTTCCGCCTTCGAT Restrict with Bsl1 Wt: 235 & 
345 Mutant: 

580 
pny-40126 TGGAATTGGAGACAAAATGTGT

TA 
AACCTTCAAAACGTCACATGG LbB1 Wt: 600 

Mutant: 500 
pnf-22879 CAAAAGCGAGTTGTATGAATGG CCTTCCGATCGGTATGTGTT LbB1 Wt: 520 

Mutant: 650 
ath1-1 TTTGTAGTTCAAGAGAAAAGCTT

GA 
GGCGGGTTTCGGATCTACATT LbB1 Wt: 926 

Mutant: 500 
slk2-038662 GCACTTGGTGTTTCTCCTCAG GAGCAAAAGACTTGGCATCAG LbB1 Wt: 1100        

Mutant: 750 
or 550 

stm1 CCCTAGACACATGTTCTTGTTGA CCTTTAAGCTCTCTATCCTCAGC
AT 

Restrict with Nde1 Wt: 170 
Mutant: 145 

 
 

Rosette leaf counts 

Plants were grown in long-day conditions with 16 hours of light (unless otherwise specified 

at short-day with 8 hours of light) at between 22°C and 24°C. After the transition to 

reproductive growth (bolting) all rosette leaves were removed and counted, with care taken to 

ensure cotyledon and cauline leaves were excluded from the count. If the meristem region 

was divided, leaves coming from the axils were not included in the count. Mean values for 

each genotype were calculated from a minimum of 20 individuals unless otherwise specified.  

 

Yeast-2-hybrid protein-protein interaction assays 

Each gene or part of gene was subcloned into pENTR dTOPO (Invitrogen) through 

directional cloning from a PCR product incorporating a CACC overhang according to 
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manufacturer’s directions. Then the Invitrogen pENTR dTOPO vector was recombined with 

either a Binding Domain (Invitrogen pDEST32) or Activation Domain (InvitrogenpDEST22) 

vector through a Gateway LR reaction. At each step the vectors were sequenced, to ensure 

there were no PCR or recombination-induced errors. Each binding activation domain 

constructs were transformed into yeast (using LiAC), with the BD being transformed into 

strain Y187 and the AD transformed into strain AH107 (Gietz et al., 1997). BD and AD 

strains were mated and then plated on solid selective media to check for matting efficiency 

and level of protein-protein interaction. Synthetic Complete (SC) media –trp –leu was used to 

check mating, SC –trp –leu –ade –his was used as a baseline for interaction. Increasing levels 

of 3AT (1.5 mM, 3 mM, 6 mM) were used to test the strength of the interaction. Interactions 

were scored according to the following system. (-) indicates the yeast mated but there was no 

growth on the SC –trp –leu –ade –his plates containing zero mM 3AT. The (+) indicates a 

weak interaction, (++) a moderate interaction and (+++) a strong interaction with growth 

observed on 1.5 mM 3AT, 3 mM 3AT, or 6 mM 3AT, respectively. (*) indicates that there 

was a high level of autoactivation that obscured the ability to measure meaningful 

interaction.    

 

Quantitative real-time PCR 

Plants were grown for 3 weeks in short-day conditions, and then moved to long-day 

conditions for 10 days. All tissue was collected between 4 to 7 hours after the end of the dark 

period in the growth chamber (i.e. “daybreak”). Whole primary apices (or shoot apex 

containing tissue) was dissected from each plant and immediately frozen in liquid nitrogen 
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then transferred for storage at -80 degrees until RNA extraction. Each sample was hand-

ground with a pestle while frozen and the RNA was isolated using the RNeasy Plant Mini Kit 

from Qiagen with a DNase treatment step. cDNA synthesis from the extracted RNA was 

conducted using the SuperScript III First-Strand Synthesis System (Invitrogen) (Wynn et al., 

2011). qRT-PCR analysis was conduced as explained in (Azhakanandam et al., 2008) with a 

1:4 dilution of cDNA. Each genotype was assayed with four biological replicates and 

triplicate technical replicates of each. Mean expression data for each gene were standardized 

to the expression level of ADENOSINE PHOSPHORIBOSYL TRANSFERASE1 (APT1, 

At1g27450). The reported data reported is the average expression from the biological 

replicates normalized to APT1 and the standard error of the mean. Statistical comparisons 

were conducted in JMP10 (SAS Institute Incorporated, Cary NC) with multiple pair-wise 

comparisons and Tukey-Kramer HSD test (with 0.05 as the chosen cutoff p-value).  

 
 
Table 2: qRT PCR primers Each primer used produces a fragment between 90 and 100 
base pairs that was used in quantitative real-time PCR. 
 

qRT-PCR primers  qRT-PCR primer sequences 
STM qRT oligo FW 5’GCCTTACCCTTCGGAGCAAC 3’ 
STM qRT oligo RV 5’ CCAATGCCGTTTCCTCTGGT 3’ 
SOC1 qRT oligo FW 5’AGCTCTCTGAAAAGTGGGGA 3’ 
SOC1 qRT oligo RV 5’TGGGCTACTCTCTTCATCACC 3’ 
FUL qRT oligo FW 5’ GCGTAACCTCCTCCAGAGATG 3’ 
FUL qRT olgio RV 5’CCGGAAGCAGAGAGTTTGGT 3’ 
LFY qRT olgio FW 5’CCCCACCAAGGTGACGAAC 3’ 
LFY qRT oligo RV 5’ AACAGTGAACGTAGTGTCGCA 3’ 
AP1 qRT olgio FW 5’CCACAATATGCCTCCCCCTC 3’ 
AP1 qRT oligo RV 5’CAGACCACCCATGTTGAGAAAAG 3’ 
FT qRT olgio FW    5’ ATATCTCCATTGGTTGGTGACTGA 3’  
FT qRT oligo RV     5’ GTGGGACTTGGATTTTCGTAACA 3’  
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Supplemental Information 
 
 
 

 
 
Supplemental Figure 1: Termination and reinitiation phenotype of bum1 and seu bum1 
plants Both bum1 single and seu bum1 double mutants exhibit a termination and reinitiation 
phenotype, where they appear to have exhausted their SAM, but it is able to recover and not 
only produce above ground structures but complete the transition to flowering. Col-0 and seu 
single mutants do not terminate. bum1 2.9+/- 1 N=19; seu bum1: 3.2 +/- 2 N = 78. Each error 
bar is constructed using 1 standard error from the mean. 
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Supplemental Figure 2: Plastochron differences between genotypes We wanted to 
account for any plastochron differences between our genotypes, so we assayed the single 
mutants for differences in rosette leaf number after 3 weeks growth in short-day conditions 
followed by 10 days in long-day growth conditions (the time point where we collected tissue 
for the flowering genes qRT-PCR). Col-0 plants had an average of 17.2 +/- 2 leaves (N=42). 
slk2 mutants were not statistically delayed compared to Col-0 with 17.1 +/- 1.5 leaves 
(N=47). seu mutants were delayed with 20.2 +/- 1.9 (N= 44)leaves. bum1 mutants had far 
fewer leaves with 10.1 +/- 3.5 (N=19) leaves which is probably a result their termination and 
reinitiation phenotype. Each error bar is constructed using 1 standard error from the mean.  
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Supplemental Table 1: Protein-protein interactions tested for in our Yeast-2-Hybrid 
Assay Combinations of genes tested for physical protein-protein interactions in yeast. These 
constructs were tested in both directions (BD and AD) when possible.  
 
! "#$! "%&'!
()*+! ,!-! ,!-!
()*+!.!/012! ,! ,!
()*+!345!*6! ,! ,!
()*+!7!/012! ,! ,!
8#%+! ,! ,!
8%*+! 9:+;'<! 9:+;'<!
8%*'! ,! ,!
8%*=! ,! ,!
8%*>! ,! ,!
8%*?! ,! ,!
8%*@! ,! ,!
8%*A! ,! ,!
8%*B! 9! 9!
8%*B!.!/012! 9! 99!
8%*B!345!*6! ,! ,!
8%*B!7!/012!! ,! ,!
8%*!!'C@,'@+! ,! ,!
8%*D! ,! ,!
8%*D!.!/012! ,! ,!
8%*D!345!*6! ,! ,!
8%*D!7!/012! ,! ,!
8%*+C! ,! ,!
")E!! ,! ,!
83+!:&.()+<! .;(! ,!

Full length proteins were tested for the BLH proteins unless otherwise stated.  
-  indicates no interaction  
+  indicates a weak interaction (growth level on 1.5mM 3AT) 
++ indicates a moderate interaction (growth on 3mM 3AT) 
+++ indicates a strong interaction (growth on 6 mM 3AT) 
* indicates that strong autoactivation may have obscured meaningful interaction measurements  
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CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS   

 
 
The members of the SEUSS-LIKE (SLK) family of transcriptional adaptors have multiple 

functions throughout the development of the plant Arabidopsis thaliana. As an embryo and 

seedling, SEUSS (SEU) and SLK2 are critical for the formation of the shoot apical meristem 

(SAM) and thus the ability to form above ground structures. Next, SEU plays a role in the 

promotion of floral evocation. After bolting, SEU, along with PERIANTHA (PAN) pattern the 

floral organs through repression and activation of the class C gene AGAMOUS (AG). Once 

the floral whorls have been established, SEU, PAN, and another transcription factor 

AINTEGUMENTA (ANT) work to form and maintain the carpel margin meristem (CMM), 

from which the ovules arise.   

 

SEU and SLK2 are critical for the formation of the SAM 

The loss of seu and slk2 results in the loss of the meristematic niche in the SAM (Stahle et 

al., 2009; Bao et al., 2010). Without the formation of this region, above ground structure 

formation is lost. KNOX and BLH proteins have also been shown to be critical for the 

formation and maintenance of the SAM (Endrizzi et al., 1996; Rutjens et al., 2009). In 

Chapter 4, we showed that both SEU and SLK2 physically interact with PNF, one of the 

BLH proteins that dimerizes with SHOOTMERISTEMLESS (STM) to form and maintain 

the SAM (Kanrar et al., 2006; Hamant and Pautot, 2010). We propose that the activities of 

SEU and SLK2 are required for the proper function of STM.  This action of SEU and SLK2 on 

STM activity may be mediated through their direct physical interaction with PNF. 
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Additionally, we showed that ectopic expression of STM was unable to restore meristematic 

function in seu slk2 plants. Furthermore, the ectopic overexpression phenotypes of the 

35S::STM:GR construct are not observed in the seu slk2 double mutant seedlings. This 

indicates that STM does not likely function downstream of SEU and SLK2, making the idea 

of a physical complex containing the SLKs, the BLHs and STM an attractive model.  

 

It is important, however, to keep in mind that the inability of STM overexpression to restore 

meristematic function to seu slk2 plants, could be due to the lack of responding tissue (the 

SAM) in this background. However, the fact that the 35S::STM:GR construct can rescue the 

strong loss-of-function stm-1 allele suggests that a population of cells capable of responding 

to the activity of STM exist in the stm mutant seedling (Gallois et al., 2002). We would 

expect such a population of cells to exist in the seu slk2 double mutant, particularly if STM 

was downstream of SEU and SLK2 in a regulatory hierarchy. Thus our data argues strongly 

for SEU and SLK2 acting at the level of or upstream of STM. Even so, it will be informative 

to test the vegetative tissue and meristematic responses to induction of ectopic STM in seu 

slk2/+ or seu slk2 escapers. Both of these genotypes will contain SAM tissue within which 

we can assay the activity of the 35S::STM:GR construct when SEU and SLK2 activities are 

reduced or absent.    

 

Dimers between STM and PNF and PNY are critical for the proper subcellular localization of 

STM (Cole et al., 2006; Rutjens et al., 2009; Hamant and Pautot, 2010) and we are currently 

examining if SEU and SLK2 affect the subcellular localization of STM. We have 
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transformed a 35S::STM:GFP construct into a seu/+ slk2 background. We will examine both 

seu slk2 and seu slk2/+ plants for subcellular localization of STM:GFP to see if the combined 

loss of SEU and SLK2 affects the ability of STM to localize to the nucleus. If the STM:GFP 

protein is mislocalized in the seu slk2 background and not in the Col-0 control, this will 

indicate that SEU and SLK2 are required for proper STM function through the promotion of 

nuclear localization. If there is no change in STM localization this would indicate that SEU 

and SLK2 do not play a role in STM subcellular localization and that their role in SAM 

formation is likely independent of the subcellular localization of STM. An alternative 

possibility is the SEU and SLK2 are required for the transcriptional regulatory properties of 

the SEU-PNF complex. 

 

Furthermore we need to confirm that SEU and SLK2 function through physical interactions 

with PNF. Our yeast two hybrid data supports their interaction, but a confirmatory assay is 

needed, not only to confirm that this is not an artifact in yeast, but that this is a meaningful 

protein-protein interaction in planta. We attempted Biomolecular Florescent 

Complementation (BiFC) confirmation and were unsuccessful in getting a signal above the 

background of our negative control. Pull down assays, will be the next confirmation plan. 

Upon confirmation through that assay, we can revisit BiFC with a new set of vectors that we 

have recently acquired that have lower background fluorescence.    
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Floral evocation  

After finding overlapping roles for SEU and SLK2 in the SAM we found their functions 

diverged in regards to floral evocation. In Chapter 4 we showed that SEU functions to 

promote the transition to flowering, while SLK2 did not appear to play a role in floral 

evocation. However, it is possible that redundant SLK family members are concealing a role 

for SLK2 in this process.  

 

We examined flower induction genes and floral meristem genes in order to position SEU 

within the known genetic hierarchy regulating floral evocation. The loss of seu causes a 

reduction in the levels of LFY and AP1 (floral meristem identity genes), but not in SOC1 or 

FUL (earlier-acting floral induction genes). A similar pattern of gene expression is observed 

in pny pnf double mutants (Smith et al., 2004). However in the case if pny pnf mutants, these 

plants never transition to a reproductive flowering state while seu single mutants do 

transition after a measurable delay.  

 

Smith et al. (2011) suggested that PNF-STM and PNY-STM dimers were important for 

promoting the expression of AP1 and LFY during floral evocation. Given the physical 

interactions between SEU and PNF, and our expression data indicating that SEU is required 

for the expression of AP1 and LFY, we propose that SEU acts with PNF and STM to promote 

flowering by inducing the expression of AP1 and LFY (Chapter 4, Figure 7). One possible 

mechanism through which SEU could promote floral evocation is through mediating the 

formation of a large protein regulatory complex containing MADS-box proteins and 
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KNOX/BLH proteins. The interaction between SEU and MADS-box proteins, SOC1, SVP, 

AGL24, and AP1 has been shown previously with respect to AG regulation (Gregis, 2006; 

Sridhar et al., 2006). We suggest that SEU might also mediate the activities SOC1 and AP1 

with respect to floral initiation through direct physical interaction. Using an pAP1::AP1:GFP 

construct in planta, Smaczniak et al. (2012) showed though immuno-precipitation and mass 

spectrometry that PNY, KNAT3, BLH1, PNY and SEU co-purified with AP1. Using 

Chromatin IP assay they showed that AP1 and PNY binding sites overlap in the regulatory 

regions of several genes that regulate the floral transition and the maintenance of the 

meristem including LFY and AP1. SOC1 and AGL24 have also been shown to directly 

activate AP1 and LFY (Liu et al., 2007; Lee and Lee, 2010), again suggesting the necessity of 

both MADS-box genes as well as KNOX/BLH genes in floral evocation. Thus the interaction 

between the MADS-box floral evocation proteins, SOC1 and FUL and the STM/PNF might 

be mediated by SEU function or alternatively the activity of the MADS/BLH complex may 

be modified by the interaction of SEU with this hetero-tetrameric complex. In this model the 

proper composition and formation of the complex would be required to upregulate AP1 and 

LFY and complete floral evocation. This would provide an indication that genes responsible 

for SAM formation and maintenance have a dual role in the promotion of flowering and that 

some of the mechanisms are partially conserved between these two processes. 

 

It is curious that SLK2 does not appear to act in the same manner as SEU in floral evocation. 

One possibility is suggested in Appendix D, where we have preliminary data that SLK2 acts 

in an antagonistic function with SEU in a pny pnf background. When we examined pny pnf 
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seu plants they do not flower (similar to that of pny pnf) (Smith et al., 2004). However, when 

we examined pny pnf slk2 plants, there was a complete restoration of flowering. This 

suggests that SEU and SLK2 could have opposite roles in flowering. We have only examined 

one slk2 allele, thus, we can not exclude the possibility that this phenotype might be 

independent of the loss of slk2 function. It is possible that we fixed an extraneous 

unidentified floral transition modifier when we crossed slk2 to pny pnf/+. The presence of a 

modifier segregating in our pny pnf/+ stocks would not be surprising because there is a large 

variance in the pny pnf/+ phenotypes in some families. We have crossed four other slk2 

alleles (strong and weak) to pny pnf/+ in order to examine the phenotypes of these pny pnf 

slk2 plants. We will be planting multiple families of F2 seeds to screen for the triple mutants 

for either the continued loss or restoration of flowering. If the pny pnf slk2 plants flower, this 

will further indicate that SLK2 acts in an antagonistic manner with SEU in floral evocation. If 

they either phenocopy or enhance the loss of flowering exhibited in the pny pnf plants, this 

would suggest that we have fixed a modifier in the plants examined in Appendix D.   

 

If we have fixed a modifier, and the loss of slk2 truly does not affect floral evocation, this 

could indicate a divergence of function between SEU and SLK2 or it could be the result of 

functional redundancy (e.g. SLK1 and SLK3 may be able to rescue any delay in flowering 

from the loss of slk2). It is also possible that while, SEU and SLK2 are similar in sequence, 

there is a domain present in SEU that is critical for its function in floral evocation that is not 

present in SLK2 thus accounting for their functional difference in the promotion of flowering 

but not in SAM formation.  
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Furthermore, if we have discovered a modifier that is able to rescue the pny pnf double 

mutant flowering phenotype, we would want to characterize and identify this modifier. One 

way to start identification would be to map the location of the modifier. The pny pnf slk2 

mutant is in the Col-0 background, so we could cross it into a Ler background and then select 

for pny pnf slk2 plants that retain the ability to flower. Then we could use next generation 

sequencing to sequence a pooled sample of these plants. The polymorphisms between Col-0 

and Ler are known, and we would then be able to identify any regions in the genome 

containing only Col-0 polymorphisms as regions that could possibility house this modifier.  

 

In Chapter 3, we also report a role for SEU and PAN in floral evocation. seu pan double 

mutants exhibited a delay in the transition to flowering under short-day growth conditions. 

This delay was quite severe, and while pan mutants are known to be more severe in short-day 

conditions (Maier et al., 2009), the seu pan mutants were significantly more delayed than 

either single mutant. It might be expected that at a molecular level the disruption to flowering 

occurs between the activities of SOC1 and LFY and AP1, however, confirmation of this 

would further indicate a role for SEU in the promotion of flowering. If the disruption does 

not appear to be at this location that would indicate that the function of SEU on floral 

promotion depends on the presence or absence of other genes, like STM, PNY, PNF, or PAN.   

 

Flower organ specification and flowering  

After floral evocation formation of the flower is critical for ovule development and 

reproductive competence. The founding role for SEU was in the repression of AG in the outer 
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two whorls of the flower, allowing for the formation of perianth organs (Liu and Meyerowitz, 

1995; Franks et al., 2002; Gregis, 2006; Sridhar et al., 2006). Strong loss-of-function seu 

alleles result in homeotic transformation of sepals and petals into tissues with stamenoid and 

carpelloid features, particularly in the Ler background (Franks et al., 2002). In Chapter 3 we 

examined PAN, previously identified and a direct an activator of AG in whorl four, and 

showed a novel role for PAN in the repression of AG in whorls one and two. Our data also 

suggest a role for SEU in promoting floral meristem termination in whorl four. The loss of 

both seu and pan resulted in plants that had ectopic expression of AG in perianth organs, and 

a potential lessoning of expression in the fourth whorl. This data is from in situ hybridization 

experiments, which is semi-quantitative at best, however the ectopic expression is readily 

visible, while the decreased expression is more subjective. We are in the processes of 

conducting another in situ hybridization experiment of seu pan tissue collected from plants 

grown in short-day conditions. The seu pan mutant phenotypes are more severe under short-

day growth condition and we expect this tissue to allow us to visualize misregulation of AG 

more easily. Furthermore, we will utilize an AG:GUS reporter crossed into the pan seu 

double mutant background to examine AG expression when the gene function of pan and seu 

is compromised. We will be able to compare AG expression across genotypes and at different 

developmental stages. Additionally we will also examine if the AG expression in whorl one 

and two is contingent on the PAN binding site, by using an AG:GUS reporter with the 

binding site mutated (Maier et al., 2009).  
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Within the fourth whorl of the flower, SEU and PAN are also important for maintaining the 

proper expression of AG, allowing for the determinacy of the flower (Das et al., 2009). 

Without the proper level of AG expression, a fifth whorl of tissue forms within the fused 

carpels. This indeterminacy is seen in the seu pan double mutants suggesting that AG levels 

are reduced in this double mutant and that both SEU and PAN have a role in promoting AG 

expression in the fourth whorl. When examined via in situ hybridization for WUS expression, 

these indeterminate structures did not appear to express WUS (a marker of the SAM  

organizing center) (Lenhard, 2002; Williams and Fletcher, 2005; Sablowski, 2007; 

Dodsworth, 2009), so the identity of this structure is unknown. Further examination of more 

of these indeterminate structures might provide insight into their identity. Additionally, 

because the indeterminate structures are more exacerbated under short-day growth 

conditions, the examination of indeterminate structures from seu pan plants grown under 

short-day conditions might be informative.   

 

CMM formation and ovule development  

Upon floral development the floral meristems terminate (determinacy), but the CMM retains 

its multipotency in order to give rise to the placenta and ovules (Colombo et al., 2008). SEU 

and ANT have been shown to be critical for the formation or function of the CMM, because 

the single loss of each has minor disruptions in ovule formation, while the combined loss of 

both results in the complete loss of ovule formation (Azhakanandam et al., 2008). In Chapter 

2, we leveraged this double mutant to identify genes that contribute to CMM and ovule 

development. We found multiple members of the REPRODUCTIVE MERISTEMS (REM) 
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and GROWTH-REGULATING FACTOR (AtGRF) families expressed within the gynoecial 

medial domain, indicating that these are strong candidates for CMM development genes. We 

also identified PAN as another medially-expressed candidate gene.   

 

We then conducted genetic analysis of these putative regulators of the CMM with seu and 

ant (Appendix A). After examination of the loss of several members of both the REM and 

GRF families (Appendix A and B) in combination with seu and ant, we were unable to find 

an enhanced CMM or ovule phenotype in any, which we suspect is due to genetic 

redundancy between family members. However, it is possible that these genes do not 

function during CMM development or only function under certain environmental conditions. 

We did however identify strong double mutant phenotypes in both seu pan and pan ant 

plants (Chapter 3). These phenotypes included reduction or loss of ovules, and loss of valve 

tissue as well as carpel bending or splitting. This indicated a novel role for PAN in CMM 

development and ovule formation. These phenotypes were again more severe in seu pan 

plants that were grown under short-day conditions indicating roles for both PAN and SEU in 

integrating environmental cues in the CMM. 

 

Further examination of the mechanism by which PAN, SEU, and ANT function in ovule 

formation will be critical to determining the placement of these genes within the genetic 

hierarchy controlling the development of ovules. PAN and SEU both bind the AG second 

intron (regulatory region), but understanding how these genes function as both activators and 

repressors will be important. Examination of AG reporter lines in pan seu double mutants 
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will provide more information on the mechanism through which these genes work. 

Additionally, the use of a dominant negative PAN construct will indicate if SEU functions 

through the same regulatory sequences as PAN or in the same regulatory complexes. We 

have requested and received the AG reporter lines as well as the dominant negative PAN line 

and will be able to start the analysis with these constructs forth with.               

 

Possible future directions 

Currently underway in the lab are the identification of DNA regulatory elements that drive 

expression in specific domains of the gynoecium. These elements are sequences of DNA that 

are critical for the expression of genes in particular gynoecial regions. Utilizing the 

transcriptomics data set that we reported in Chapter 2 (Wynn et al., 2011) we are currently 

creating reporter constructs in order to identify and confirm motifs in the promoters of 

medially expressed genes.  

 

We are also interested in distinguishing between the direct and indirect targets of SEU. This 

way we can start to build the regulatory hierarchies for CMM and ovule development. We 

are approaching this through the use of ChIP and have procured a SEU antibody. It is 

important to remember that SEU does not bind DNA, but rather works in complexes, so we 

will ensure that we use a strong fixing agent known to work well with protein complexes.    

 

Further characterization of PAN and other down regulated genes expressed in the medial 

domain of the carpel will be important for understanding the genetic hierarchies of genes 
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controlling CMM development and ovule formation. Moreover, it will be important to also 

look at the candidate list of genes that had higher expression in the seu ant double mutants 

from Chapter 2. The down regulated genes were a very attractive starting point because they 

contained genes responsible for transcriptional regulation and developmental processes, 

while the up regulated genes have gene ontology annotations associated with stress response 

and hormone regulation (Chapter 2). However, both sets of genes likely function in the 

gynoecium and to provide a complete understanding of the mechanisms at work in the CMM 

we need to examine both sets of genes. Additionally, genes involved in stress response and 

hormone regulation are quite relevant since we have seen that not only PAN but SEU 

activities are sensitive to changes in environmental conditions as well as hormone levels.   
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Appendix A 
Genetic Analysis of Putative Regulators of Carpel Margin Meristem (CMM) 

Development that were Identified in the seu ant Gynoecial Transcriptomics Study 
 
 

Goals 

Examine CMM candidates (Chapter 2; (Wynn et al., 2011) for single mutant phenotypes, 

then cross each candidate with seu and ant to examine double mutant phenotypes. Make 

further crosses to create addition mutants, as needed, to investigate carpel phenotypes in 

higher order mutants. Carpel or ovule disruptions will warrant additional follow-up and 

provide an indication that this candidate is required for CMM development.  

 

Rational 

Two critical transcription factors for the development of the CMM are SEUSS (SEU) and 

AINTEGUMENTA (ANT) (Chapter 2 & 3; (Wynn et al., 2011). Both are expressed within 

floral tissues (Elliott et al., 1996; Mizukami and Fischer, 2000; Franks et al., 2002; 

Azhakanandam et al., 2008) and exhibit relatively minor disruptions in carpel and ovule 

initiation as single mutants (Azhakanandam et al., 2008). Combinatorial loss of seu and ant 

provides the ability to observe their latent roles in the CMM and ovule formation as 

evidenced by the complete loss of ovules in seu ant plants (Bao et al., 2010). In the 

transcriptomics study (Chapter 2; (Wynn et al., 2011) we leveraged this enhanced phenotype 

to identify other genes that regulate CMM development. After having identified 31 candidate 

genes several were examined for spatial and temporal expression. We selected 13 candidate 

genes expressed either in the medial domain or generally expressed within the gynoecium 
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prior and during ovule formation for genetic analysis. By crossing each candidate with seu 

and ant we hoped to provide enough sensitization to be able to see any latent role the 

candidates might have in CMM development. Additionally, combinations between family 

members were used in an attempt to overcome genetic redundancy often seen between family 

members in plants.  

 

Approach 

Plants were grown until after bolting and then emasculated 24 hours prior to crossing. 

Stamens were removed during emasculation with care taken not to disrupt the gynoecium. 

The next day stamens from the cross partner were used to pollinate the stigmatic tissue at the 

tip of the gynoecium. Crosses were made between seu and ant to as many alleles of each 

candidate gene as possible (Table 1). Members of the REM family were additionally crossed 

to rem22 mutants, in an attempt to sensitize the background in order to alleviate functional 

redundancy between family members. After crosses were made, plants were grown for 2 

more weeks to allow silique to develop then seeds were harvested. F1 seeds were planted, 

grown, and F2 seeds were collected. F2 seeds were planted and F2 plants were screened for 

phenotypes. Genotyping was conducted for confirmation. If subtle phenotypes were 

suspected, then additional F2 seeds or F3 seeds were planted and screened.  
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Results 

Genes expressed in the gynoecial medial domain   

While all of the REMs we examined were strongly expressed in the gynoecial medial 

domain, none of the REM family members showed any enhancement beyond the parental 

single mutant phenotype when combined with seu or ant. Even rem20 (VDD) which is 

known to be important for female reproductive development (Matias-Hernandez et al., 2010) 

was not enhanced when combined as a heterozygote (rem20 hemizygous mutants are female 

gametophyte lethal) with either seu or ant. Examination of grf5 grf7 grf8 in combination with 

seu and ant yielded different phenotypes. In the grf5 grf7 grf8 seu quadruple mutant, there 

was no enhancement over the narrower cotyledons, leaves, and petals seen in the triple (Kim 

et al., 2003; Kim and Kende, 2004). While in combination with ant, the grf5 grf7 grf8 ant 

showed an additive phenotype with narrower leaves and petal than either the grf triple (Kim 

et al., 2003) or the ant single mutants. Mutations of pan with either seu or ant exhibited the 

enhanced phenotypes characterized in Chapter 3.   

 

Other top candidate genes 

The NGATHA (NGA) family is important for style and stigma development (Trigueros et al., 

2009) and loss of nga family members result in malformation of the style and stigma. The 

nga quadruple mutant was crossed to seu and ant in the hope that the loss of four family 

members would overcome redundancy, however we were unable to recover either quintuple 

mutant but we did recover various double and triple mutant combination. All plants screened 

did not show an obvious enhancement of the style and stigmatic phenotypes (Trigueros et al., 
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2009). Follow-up on higher order combination might reveal an additional role for this family 

in CMM development. AGF2, another of the top 31 candidate genes, did not show any 

enhancement when crossed to seu and ant and appeared indistinguishable from wild type. 

The LRR kinase has been crossed to both seu and ant, and the F1 seeds have been collected, 

but the F2 seeds have not been planted or screened. Following up on this candidate will be 

important for further characterization of genes that might be critical for CMM development.   
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Table 1: Candidate phenotypes when crossed with seu and ant Examination of candidate 
genes from Chapter 2 (Wynn et al., 2011) for synergistic interactions when crossed with seu 
or ant. 
 

AGI Gene Title Seed stock 
Phenotype 
with seu-3 

Phenotype 
with ant-1 

Phenotype 
with rem22   

At4g31610 REM34 salk_068197 None None   

    salk_045463C None None None 

    rem1-3  None None   

At3g53310 REM16 salk_134495C None None   

    wiscdislox443a7 None None   

At3g17010 REM22 salk_091149 None None   

At5g18000 REM20 (VDD) vdd-1 
None (as 

heterozygote) 
None (as 

heterozygote) None 

    SAIL_50_C03.V1 
None (as 

heterozygote) 
None (as 

heterozygote)   

  35S::VDD:RNAi  35S::VDD:RNAi  
None (as 

heterozygote) 
None (as 

heterozygote) None 

At3g46770 REM13 salk_050250 None None   

At5g57720 REM15 gabi kat GK081C02 None None   

At3g19184 REM1 salk_041172 None None None 

    salk_141516 None None  

At4g34400 REM 17 salk_071671 None None   
At2g46870, 
At3g61970, 
At1g01030,  
& 
At4g01500 

NGA1, NGA2, 
NGA3, NGA4    

 
None            

(in doubles 
and triples)  

 
None            

(in doubles 
and triples)   

At1g68640 PAN sail_247 enhanced  enhanced    

    salk_057190 enhanced  enhanced    

    salk_38130 enhanced  enhanced   

At3g13960, 
At5G53660, 
& 
At4g24150   

GRF 5, GRF7, 
GRF8 from Jeong Kim none additive   

At1g68780 LRR Kinase salk_009794 
F1 seeds 
collected 

F1 seeds 
collected   

    salk_122357 
F1 seeds 
collected 

F1 seeds 
collected   

At3g55560 AGF2 salk_040729 none none   

    
sail 429_D04 
(CS819804) none  none    

 
Note: Some of the REM family members assayed here were not identified in our 
transcriptomics study but were included in this analysis because of their close phylogenetic 
relationship to members of the REM family that we did identify in the transcriptomics study. 



 

 163 
 
 
 

References 
 
Azhakanandam S, Nole-WIlson, S., Bao, F., and Franks, R.G. (2008) SEUSS and 

AINTERGUMENTA mediate patterning and ovule initiation during gynoecium medial 
domain development. Plant Physiology 146: 1165-1181 

 
Bao F, Azhakanandam S, Franks RG (2010) SEUSS and SEUSS-LIKE transcriptional 

adaptors regulate floral and embryonic development in Arabidopsis. Plant Physiol 
152: 821-836 

 
Elliott RC, Betzner AS, Huttner E, Oakes MP, Tucker WQ, Gerentes D, Perez P, 

Smyth DR (1996) AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with 
pleiotropic roles in ovule development and floral organ growth. Plant Cell 8: 155-168 

 
Franks RG, Wang C, Levin JZ, Liu Z (2002) SEUSS, a member of a novel family of plant 

regulatory proteins, represses floral homeotic gene expression with LEUNIG. 
Development 129: 253-263 

 
Kim JH, Choi D, Kende H (2003) The AtGRF family of putative transcription factors is 

involved in leaf and cotyledon growth in Arabidopsis. Plant J 36: 94-104 
 
Kim JH, Kende H (2004) A transcriptional coactivator, AtGIF1, is involved in regulating 

leaf growth and morphology in Arabidopsis. Proc Natl Acad Sci U S A 101: 13374-
13379 

 
Matias-Hernandez L, Battaglia R, Galbiati F, Rubes M, Eichenberger C, Grossniklaus 

U, Kater MM, Colombo L (2010) VERDANDI is a direct target of the MADS 
domain ovule identity complex and affects embryo sac differentiation in Arabidopsis. 
Plant Cell 22: 1702-1715 

 
Mizukami Y, Fischer RL (2000) Plant organ size control: AINTEGUMENTA regulates 

growth and cell numbers during organogenesis. Proc Natl Acad Sci U S A 97: 942-
947 

 
Trigueros M, Navarrete-Gomez M, Sato S, Christensen SK, Pelaz S, Weigel D, 

Yanofsky MF, Ferrandiz C (2009) The NGATHA genes direct style development in 
the Arabidopsis gynoecium. Plant Cell 21: 1394-1409 

 
Wynn AN, Rueschhoff EE, Franks RG (2011) Transcriptomic characterization of a 

synergistic genetic interaction during carpel margin meristem development in 
Arabidopsis thaliana. PLoS One 6: e26231 

 
 



 

 164 
 
 
 

Appendix B 
Characterization of Expression Patterns for Transcripts of GRF-INTERACTING 

FACTOR (GIF) Family Members in the Flower and Carpel Margin Meristem (CMM) 
 
 

Goals 

Examine where GIF1, GIF2, and GIF3 are expressed in the developing flower and 

gynoecium through in situ hybridization.  

 

Rational 

In the transcriptomics study (Chapter 2; (Wynn et al., 2011) several members of the 

GROWTH REGULATING FACTOR (GRF) family appeared on the candidate list for genes 

critical for CMM development. Our examination of GRF5 expression revealed that it was 

expressed in the stage 1 floral primordia, stage 3 sepal primordia, and stage 5 petal and 

stamen primordia. Within the gynoecium, GRF5 was expressed in the marginal regions at 

stage 6 and 7, thought the gynoecial primordia at stage 8, and the ovule primordia as they 

arise (Wynn et al., 2011). GRF5 has also been reported to be expressed in the young leaf 

primordia and to be highly expressed when cells are actively dividing (Kim et al., 2003). To 

investigate the functional role of GRF5 in the gynoecium, we proceeded with genetic 

analysis of 3 GRF family members in combination with SEU and ANT. The grf5 grf7 grf8 

seu was wild type in appearance, while the grf5 grf7 grf8 ant exhibited an additive phenotype 

with thin sepals, petals, and leaves (See Appendix A).  
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The lack of a gynoecial phenotype in the quadruple mutants led us to look at the GIF family 

of proteins. The GIFs are partner proteins that physically interact with the GRF family in 

Arabidopsis thaliana (Kim and Kende, 2004). gif1 gif2 gif3 plants display disruptions in the 

carpel formation with incomplete fusion at the tip and severe disruptions or loss of medial 

ridge formation (personal communication from Jeong Hoe Kim). This gave some evidence 

that as interaction partners, these families were important in CMM development. The Kim 

Lab was interested in examining the expression patterns of GIF1, GIF2, and GIF3 and has 

started to pursue this via GUS reporter lines and in situ hybridization. We agreed to work on 

the in situ hybridization while they continued looking at the expression with GUS reporters.    

 

Approach 

Seeds and constructs were provided for each of the GIFs by the Kim Lab. We grew and 

harvested floral tissue for each single mutant as well as for Col-0 (wild type) tissue. 

Antisense probes were constructed for each gene as diagramed in Figure 1. The probe 

creation and in situ hybridization process we followed was the same as described in the 

transcriptomics paper (Franks et al., 2002; Wynn et al., 2011).  

 

We assayed each GIF probe on Col-0 tissue to characterize the native expression pattern. 

Then we checked each probe on tissue from its own mutant. This was to check the reduction 

in RNA levels in each allele and to get a qualitative sense of how much background each 

probe exhibited.  
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GIF1 T7 SP6Apa Aat
Sph

BstZNco Sac

GIF1
Xho
Bam

H
Xho

Spe Not Pst Sal Sac

GIF2 T7 SP6Apa Sph Nco Not Sac

GIF2
PvuBglPst

Spe Not Pst Sal Sac
EcoR

EcoRBamH
Sph

BamH
Hind

For SP6-transcription : anti-sense probe ! BamH .
For T7-transcription : sense probe ! Sal .

For T7-transcription : anti-sense probe ! Sal .
For SP6-transcription : sense probe ! Nco .

GIF3 T7 SP6Apa Sph Nco Not Sac

GIF3
Spe Not Pst Sal Sac

EcoR
EcoR

BamH

For SP6-transcription : anti-sense probe ! Nco .
For T7-transcription : sense probe ! Sal .

 
Figure 1: Promoters used for creation of antisense probes for GIF1, GIF2, and GIF3 
(from Kim Lab). The promoters and restriction enzymes used to create the antisense probes 
for GIF1, GIF2, and GIF3.  
 
 
 

Results 

We found GIF1 to be expressed in early floral stages (3-5) and in the stamens at stage 6 

(Figure 2). Later in stages 7 and 8 the expression appeared to be located in the valves. At 

stages 9-11 it appears to be expressed in the developing ovules. For the most part, this data 

agreed with the GUS staining results from the Kim Lab.  
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Figure 2: in situ of GIF1 expression Panels A-D show the hybridization of the GIF1 
antisense probe in Col-0 tissue. Panels E-G show the hybridization of the GIF1 antisense 
probe in gif1 single mutant tissue. Panel H shows the hybridization of the AGAMOUS sense 
probe in Col-0 tissue, a measure of the background for this in situ hybridization experiment. 
Scale bars are 40 microns in length.    
 
 
 
The GIF2 data appeared to be highly expressed in all tissues and had a high background level 

in gif2 mutant tissue (Figure 3). This appears to be due to high probe concentration and some 

potential cross-hybridization of GIF1 expression. The GUS staining from the Kim Lab 

indicated no detection of transcripts early in carpel development, but with increased 

incubation time universal expression was noted. This is consistent with our data and indicates 

that in both assays there is some persistent expression even in the gif2 background.  

 
 
 
 
 

A B 

C D 

E F 

G H 
Col-0  

Col-0  Col-0  gif1  

gif1  gif1  Col-0  

Col-0  



 

 168 
 
 
 

 
 
Figure 3: in situ of GIF2 expression Panels A-C show hybridization of the GIF2 antisense 
probe in Col-0 tissue. Panels D-F show the hybridization of the GIF2 antisense probe in gif2 
single mutant tissue. Scale bars are 40 microns in length.      
 
 
 
We observed low to no expression until late carpel development stages (>12) (Figure 4). 

From then on GIF3 appeared to be expressed in the ovules but primarily in the female 

gametophyte. Further examination of older staged tissues might yield more information on 

the native expression of GIF3 later in development. The Kim Lab reported expression only in 

pollen. We did not see this expression because we were examining tissue that was at younger 

stages. They did not see the expression in the female gametophyte, which could be due to the 

GUS construct not expressing in all tissue with native expression, or due to short incubation 

times with the GUS construct. Further analysis would be warranted to resolve the precise 

expression pattern of GIF3.    

 
 
 

A B 

C 

D E 

F 
Col-0  gif2 gif2 Col-0  

Col-0  gif2 
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Figure 4: in situ of GIF3 expression Panels A-D show hybridization of the GIF3 antisense 
probe in Col-0 tissue. Panels E and F show hybridization of the GIF3 antisense probe in gif3 
single mutant tissue. Scale bars are 40 microns in length.     
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Appendix C 
Yeast-2-Hybrid Screens for Physical Protein-Protein Interaction with the SEUSS-LIKE 

Family of Proteins in Arabidopsis thaliana 
 
 

Goals 

Examine if SEU and the SEUSS-LIKE family members form homodimers or heterodimers to 

function and to investigate the physical protein-protein interactions of SEUSS-LIKE1 

(SLK1). 

 

Rational 

SEUSS (SEU) is a transcriptional adaptor protein that is similar in sequence to metazoan Lim 

domain-binding (Ldb) proteins. These proteins lack DNA binding ability and function as 

transcriptional adaptors functioning in multimeric complexes to regulate the expression of 

other genes. In animal systems Ldb proteins are important for chick neuronal identity and 

amphibian dorsal/ventral polarity specification (Agulnick et al., 1996; Thaler et al., 2002; 

Matthews and Visvader, 2003; Bao et al., 2010). Ldb proteins contain three important 

domains, the LIM-interaction domain (LID), a dimerization domain (DD), and a Ldb1/Chip 

conserved domain (LCCD). The LID is necessary for interactions with LIM domain-

containing proteins, while the dimerization domain aids in formation of large protein 

complexes (Agulnick et al., 1996; Jurata et al., 1996; Jurata and Gill, 1997). The LCCD was 

identified in a Drosophila Ldb protein called Chip and is critical for the physical interaction 

between Chip and a transcriptional adaptor, Ssdp (single stranded DNA-bind protein) (van 

Meyel et al., 2003). Despite the similarly of SEU to the Ldb family of proteins, SEU only 
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contains the LCCD and the DD, but is lacking a recognizable LID. It is through the LCCD 

that SEU interacts with LEUNIG (LUG) and LEUNIG_HOMOLOGUE (LUH), two 

transcriptional adaptors that share a conserved domain with the metazoan Ssdp proteins 

(Conner and Liu, 2000; van Meyel et al., 2003; Sridhar et al., 2004; Sridhar et al., 2006; 

Sitaraman et al., 2008). SEU has 3 family members, SEUSS-LIKE1 (SLK1), SEUSS-LIKE2 

(SLK2), and SEUSS-LIKE3 (SLK3) that all share high sequence similarity in the LCCD and 

DD regions of the proteins (Franks et al., 2002; Bao et al., 2010). Putative orthologs in 

Antirrhinum interact with the ortholog of LUG, but in Arabidopsis little is know about the 

ability of the SLKs to act in a functionally redundant manner with SEU or if they have the 

ability to physically interact with LUG. To learn more about the role of the SLKs, the Franks 

Lab conducted a Yeast-2-Hybrid (Y2H) screen for physical protein-protein interactors of 

SLK1. An outside company, Hybrigenics, was hired to perform the screen of SLK1 against 

an Arabidopsis Flower Library. This screen returned 7 potential interactors of SLK1. 

Surprisingly, neither LUG nor LUH were among the list, and neither were any other SLK 

family members. The 7 interactors from the screen are: At2G40000 (HS1pro), At5G66030 

(ATGRIP), At3G37130 (glycoprotein), At4G34370 (IBR), AT5G18230 (Not2), AT3G12050 

(Aha1), and At2G27460 (Sec24). We further tested 10 candidates that were identified as 

possible interactors of SLK2 in the Plant Interactome Database hosed at the Center for 

Cancer Systems Biology (http://interactome.dfci.harvard.edu/A_thaliana/). These 10 possible 

interactors were AT2G35940 (BLH1), AT4G04890 (PDF2), AT5G53950 (CUC2), 

AT3G29160 (AKIN11), AT3G29035 (ANACO59), AT4G22250 (ZnFinger-like), 

AT1G03840 (MGP), AT5G60120 (TOE2), AT1G05230 (HDG2), and AT5G62090 (RFI2).  
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Approach 

I utilized two subcloning systems to set up the vectors for use in the Y2H assay. I utilized a 

cre-lox recombinase system initially and then switched to a Gateway cloning system. The 

cre-lox and Gateway systems incompatible due to the yeast selective markers used and 

constructs cannot be shared between the systems without re-cloning. When possible I tested 

for interaction both directions – with each sequence in the binding and activation domains 

and some of the SLK family of proteins were tested as shorter truncations.  

 

Cre-lox method  

Using Universal Plasmid Fusion System (UPS), I amplified up my insert of interest with Sfi-

A restriction site at the 5’ end and Sfi-B restriction site at the 3’ end. Using pUNI 51 (a 

universal cloning vector containing cre-lox sites) as my universal cloning vector, I restricted 

it with Sfi and ligated my fragment into the vector. After ligation, I screened for vectors now 

containing my inserts via restriction digest and sequencing. Then I used Cre recombinase to 

recombine my gene of interest out of pUNI51 and into two destination vectors, pAS2lox with 

a GAL4 binding domain (BD) and pACT2lox with a GAL4 activation domain (AD). 

Recombinants were again screened by restriction digest and sequencing. Vectors were co-

transformed into the Y190 strain of yeast for assay. BD vectors could be grown on SC –trp 

media, while AD domain vectors could be grown on SC –leu media. Upon transformation of 

a BD and AD vector into the yeast, double SC –trp –leu selection was employed to ensure 

transformation. Colonies were screened for protein-protein interactions via O-Nitrophenyl-

beta-galactoside (ONPG) assay – where the amount of B- galactosidase produced was 
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measured as an indicator of protein interaction strength. B- galactosidase was only produced 

when the GAL4-BD and GAL4-AD domains were able to physically interact to localize the 

AD to the promoter for B-gal.    

 

Gateway system  

In this system I used proprietary technology developed by Invitrogen to subclone my proteins 

of interest into BD and AD vectors. I either ordered Gateway compatible entry-clones 

already containing my genes of interest or I used a pENTR d-topo kit to insert the sequences 

of interest from a PCR product containing a particular 5’ overhang. Use of this cloning kit 

did not require a ligation step, but still ensured directional entry of the desired sequence. 

Then I utilized LR recombination set to take the sequences of interest and recombine them 

into either pDEST 22 (AD) or pDEST 32 (BD). In this system the AD can be selected for on 

SC media –trp, while the BD can be selected for on SC media –leu. I transformed the BD 

into Y187 and the AD into AH109. These strains of yeast have opposite mating types, so I 

combined AD and BD yeast together and let them mate, then selected for colonies that had 

both plasmids via selection on SC –trp –leu. Colonies were screened for interaction via 2 

separate promoters (HIS and ADE) where if proteins interacted the AD was brought to the 

HIS and ADE promoters and the yeast were able to produce their own HIS and ADE. 

Interactions were screened for by examining growth on SC media lacking trp, leu, his, and 

ade and where the strength of the interaction was measured by increasing levels (0, 1.5 mM, 

3 mM, and 6 mM) of 3AT, a substance that inhibits protein interactions.  
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Results 

I was unable to confirm any of the SLK1 interactors from Hybrigenics using the yeast two 

hybrid systems that we employed in our lab; however, I did confirm a few weak interactions 

from the Plant Interactome Database candidates. SLK1, SLK2, and SEU interacted weakly 

with BLH1 and with PDF2. SEU appeared to have a possible weak interaction with itself – 

supporting the possibility that it can form homodimers in vivo. There is no evidence for the 

ability of the other SLK proteins to form homodimers or heterodimers with each other. 

Previously characterized interactions of SEU with LUG, LUH, and the interaction domain of 

LUG (LUFS) were confirmed in our assay system.    

 

Discussion and Future Directions 

The interaction between the SLK proteins and BLH1 interactions and phenotypic 

resemblance between seu slk2 and blh8 blh9 ath1 phenotypes led me to test SEU and SLK2 

for interactions with BLH family members as referenced in Chapter 3. The interaction with 

PDF2 was weak in yeast, and when tested with Biomolecular Florescent Complementation 

(BiFC) there was no discernable interaction. A re-query of the Plant Interactome Database no 

longer shows PDF2 as an interactor of SLK2, indicating it may have been a false positive. 

The rest of the yeast interactions need to be confirmed either by BiFC or in vitro pull downs.  
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Table 1: Yeast-Two-Hybrid Interaction Assay Results Examination of physical protein-
protein interactions for SLK family members.  
 

 SLK1 SEU LUG LUH SLK 2 WOX9 BP1 

SLK1 - - - - - -  
SEU -  - +++ -   

SEU NDBD - + - +++ -   
LUG - +++ -  -   
LUFS - +++ - - -   
LUH  +++      

ETTIN - - -  -   
SLK2 - -   - -  

[HS1pro] At2G40000 -       
[ATGRIP] At5G66030 -       
[glycopro] At3G37130 -       
[Not2] AT5G18230 - -  - -  - 
[IBR] At4G34370 -    -   

[Aha1] AT3G12050 - -  -    
[Sec24] At2G27460 - -      

BLH1 + + - - + - - 

PDF2 + +   +   

CUC2     -   

AKIN11     -   

RFI2     -   

ANACO59     -   

[ZnFing] AT4G22250     -   

MGP     -   

TOE2     -   

HDG2     -   

BLH8 -    -   

AGL24  - -     

SVP  - -     
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Table 1 Continued  
 
-  indicates no interaction  
+  indicates a weak interaction (low B-gal or growth level on 1.5mM 3AT) 
++ indicates a moderate interaction (moderate B-gal level or growth on 3mM 3AT) 
+++ indicates a strong interaction (high B-gal level or growth on 6 mM 3AT)   
gray indicates interaction was not tested  
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Appendix D 
slk2 Mutants Suppresses the Floral Transition Phenotypes of blh Domain Family 

Members pny and pnf 
 
 

Goals 

To examine if mutations in slk2 enhance the phenotypes of pny pnf/+ and pny pnf.  

 

Rational 

We examined the role SEU and SLK2 played with the TALE Homeodomain complexes 

during floral evocation in Chapter 4. seu was seen to condition a delay in the floral transition 

and enhances the floral transition delay of bum1 mutants. slk2 mutants do not affect floral 

transition phenotype of bum1 – indicating that seu and slk2 do not have entirely overlapping 

functions. seu mutations were shown to enhance the floral transition phenotypes of blh 

domain family members pny and pnf, so we examined the role the loss of SLK2 would have 

on the phenotype of pny pnf double mutants.  

 

Approach 

We crossed slk2-2 (slk2-038662) with pny pnf/+ plants (details in Chapter 4). We planted the 

F2 and F3 generations to characterize for morphological defects and for flowering time 

delays. We ordered additional alleles of slk2 (See Table 1) to cross with pny pnf/+ but those 

are in the F1 stage currently.  
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Results 

We examined the combination of slk2 with pny pnf by creating a pny pnf slk2 triple mutants, 

pny pnf slk2/+, pny pnf seu/+ slk2/+, and pny pnf seu slk2/+. While the pny pnf double and 

the pny pnf seu triple mutants never transitions to flowering, the pny pnf slk2 triple mutant 

flowered after 12.1 +/- 1.3 leaves (Figure 1). Col-0 plants flowered after 10.2 +/- 1.4 leaves 

and slk2 mutants flowered after 10.6 +/-1.6 leaves. While the pny pnf slk2 plants were 

statistically later in flowering than the Col-0 and slk2 plants they flower indicating that in a 

pny pnf background that the slk2 mutant functions as a suppressor of the pny pnf double 

mutant phenotype. Furthermore the loss of slk2 fully rescues the pny pnf phenotype 

producing plants of standard height that are healthy and fertile.  

 

Next we examined pny pnf slk2/+ mutants for the ability to flower. The sesquizygous plants 

were able to flower (except for one plant), as were the pny pnf seu/+ slk2/+ plants. Lastly, 

we examined pny pnf seu slk2/+ plants, discovering that these were unable to complete floral 

evocation.  
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Figure 1: Additional loss of slk2 restores flowering ability in pny pnf background 
Measurements of the time to floral evocation, as measured by the production of rosette leaves 
prior to bolting. pny pnf slk2 plants not only restore flowering function to pny pnf 
background, but they flower at the same time as the slk2 single mutants �– much earlier than 
even the pny pnf/+ plants. Comparisons for statistical significance across genotypes were 
conducted via pair-wise mean testing and the Tukey HSD pos hoc test (shared letters 
indicates statistically indistinguishable, while different letters indicates statistically 
difference.) Each error bar is constructed using 1 standard error from the mean. 
 
 
 
In order to see if the phenotypic rescue of pny pnf by slk2 was due to a restoration of floral 

meristem genes we examined the levels of flowering time genes in pny pnf slk2 plants. pny 

pnf slk2 plants had high levels of FUL, SOC1, AP1, and LFY with levels not statistically 

different than that of Col-0 (See Figure 2). The restoration of expression of AP1 and LFY 
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appears to explain why the pny pnf slk2 show only a slight delay in the floral transition and 

confirms at the molecular level the repression of flowering function of SLK2.    

 
 

 
Figure 2: Flowering of pny pnf slk2 plants appears to be due to increased levels of 
flowering time and floral meristem genes: LFY, AP1, SOC1, and FUL 
Levels of flowering time and floral meristem genes indicate that the pny pnf slk2 plants have 
similar levels of all four genes to that of slk2 plants. This indicates that the addition loss of 
slk2 in a pny pnf background is able to flower due to the induction of this flowering cascade. 
Each error bar is constructed using 1 standard error from the mean.    
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Discussion 

The restoration of flowering and the expression levels of FUL, SOC1, AP1 and LFY indicate 

that there are molecular differences between the pny pnf seu and pny pnf slk2 plants. These 

differences can be seen in the ability of the loss of slk2 to offset the loss of pny pnf, while the 

additional loss of seu enhances the pny pnf phenotype. A similar phenotype is observed when 

the additional loss of clv3 restores flowering in pny pnf (Ung et al., 2011). This also suggests 

that SEU and SLK2 have antagonistic functions during the floral transition. SEU induces 

flowering and SLK2 prevents floral transition, which is similar to the antagonism seen in 

between PNY/PNF and ATH1 (Cole et al., 2006; Proveniers, 2007; Rutjens et al., 2009). 

 

Interestingly, however, the loss of only one copy of slk2 appears to be able to restore 

flowering, however the one plant that did not flower could mean there are other floral 

induction genes segregating in this family. The loss of flowering exhibited in the pny pnf seu 

slk2/+ could further indicate there is genetic modifier segregating in this population or that 

the additional loss of seu keeps the loss of slk2 from flowering in a pny pnf background. 

Furthermore, this antagonism is only evidenced in the pny pnf background, but not in the 

bum1 background. Taken together this makes us concerned that we may be segregating a 

modifier in our stocks. This is consistent with the fact that the pny pnf/+ stocks when planted 

have different severe phenotypes observed in some but not all of the siblings. We may be 

seeing an inadvertent affect from a modifier present in the pny pnf/+ parent, and not a true 

effect of the loss of slk2.  
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With that being said, SEU and SLK2 could act upstream, with or downstream of STM, PNY 

and PNF. Learning how SEU and SLK2 function, similarly or antagonistically, in context of 

these genes will provide insights into their functions on flowering.  

 

Future Directions 

The data presented here, clearly indicates that SLK2 might function antagonistically with 

SEU during floral transition, however, we have only examined one allele of SLK2, with small 

sample sizes. This data will remain preliminary until confirmed or refuted by examination 

with one or more of the other SLK2 alleles. This confirmation is important because we need 

to ensure that what we are characterizing is truly the result of the combined loss of pny, pnf, 

and slk2. It is possible that when we conducted this cross we fixed a modifier or another 

mutation in the genome that is actually responsible for the restoration of flowering in a pny 

pnf background.  

 
Table 1: Information on the slk2 alleles to be examined PCR primers and size of bands for 
slk2 alleles. 
 

slk2 alleles Type of 
mutation 

Location of insert Genotyping Oligos  (5’ – 3’) Size of Fragments (in 
base pairs) 

SAIL 1155_c05 T-DNA 
Homozygous 
Knockout Line 

Exon COOR 
W/24936353-
24936651 

TTTCTTGATGGTTCTTGCTGG 
ACTTCCTCGTCGCCTAGTAGC     

Wt: 1062  Mutant: 538 
or 838 

SALK_089954 T-DNA 
Homozygous 
Knockout Line 

M278 (last amino 
acid before insert) 
(Bao et al., 2010) 

AGATCACACTGCCATTCATCC 
CTGGTGATATGCATAATCCGG 

Wt: 1128 Mutant: 440 
or 740 

SAIL 40D02 T-DNA 
Homozygous 
Knockout Line 

300-UTR5 COOR 
C/24938444-
24938557 

CTTGACGCGCCTTTGTTAATA 
AACACTAGGATCATGCCGTTG     

Wt: 1083 Mutant: 537 
or 837 

SALK_085761C T-DNA 
Homozygous 
Knockout Line 

Intron COOR 
C/24936990-
24937185 

GTCAGTGGCTTCAGAGACAGG   
AGCTACTAGGCGACGAGGAAG   

Wt: 1192 Mutant: 535 
or 835 
 

Slk2-2- 
SALK_038662 

T-DNA 
Homozygous 
Knockout Line 

L455(last amino 
acid before insert) 
5th exon (Bao et 
al., 2010) 

 GCACTTGGTGTTTCTCCTCAG 
GAGCAAAAGACTTGGCATCAG 

Wt: 1100        Mutant: 
750 or 550 
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