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ABSTRACT 

The CLAVATA1 (CLV1), CLV2 and CORYNE (CRN) receptors egulate cell 

proliferation in shoot meristems through inhibition of the homeodomain protein 

WUSCHEL (WUS).  Mutations in these receptors result in more floral organs, and the 

prevailing model proposes that the extra organs are the result of enlarged floral meristems 

giving rise to extra carpels.  Using forward and reverse genetics, I identified new alleles 

in clv1, clv2 and crn and found that most alleles only affect fruit organ number and not 

the number of sepals, petals or stamens.  Analysis of inflorescence and floral meristems 

of clv1, clv2 and crn mutants revealed that most mutants do not have altered 

inflorescence or floral meristem size.  I show that mutations in the ERECTA gene 

enhance the extra valve phenotype in crn mutants by increasing proliferation in floral 

meristems.  Further data indicate that all mutants tested generate extra organs during fruit 

development and that CLV1, CLV2 and CRN expression in developing fruit overlaps with 

regions of increased cell division where extra organs are found.  In addition, I provide 

evidence that CLV1 regulates the transcription factor SHOOTMERISTEMSLESS (STM) 

in these same regions.   

Analysis of the relationship between CLV pathway receptors in meristems and in fruit 

revealed that during fruit development, all three are required to regulate fruit organ 

number.  In meristems, I find that CLV1 appears to play a predominant role, based on 

evidence that the CLV1 homolog BARELY ANY MERISTEM1 (BAM1) is able to 

compensate for the absence of CLV1 in the meristem but not in fruit.  The fact that 

BAM1 does not interact genetically with CLV2 or CRN in meristems, further supports 
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the hypothesis that BAM1/CLV1 receptor complexes play key roles in shoot meristems.  

My analyses suggest that CLV3 acts specifically in the meristem pathway, and not in 

fruit.  Also, I provide genetic data that supports a CLV3-related CLE gene as being a 

ligand for the fruit-specific pathway.  Finally, I show that mutations in STM suppress the 

fruit development phenotype in several clv1 mutants, offering further evidence that STM 

is the downstream target of the fruit-specific CLV pathway.  The work presented here 

provides evidence that a CLV/CRN-STM pathway acts in fruit to restrict cell division 

and consequently organ number via a mechanism analogous to the CLV/CRN-WUS 

pathway in shoot meristems, supporting the hypothesis that plants use conserved 

CLE/Receptor-like kinase/Homeodomain signaling module to maintain meristematic 

regions throughout the plant.  
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Chapter 1 

INTRODUCTION 

Shoot Meristems in Arabidopsis 

 One of the major differences between plants and most animals is the ability of 

plants to generate new organs, including leaves, roots, stems and flowers, throughout 

their lifetime.  Plants are able to undergo indeterminate growth through the maintenance 

of stem cell populations in discrete structures called meristems.  Plants establish two 

pools of stem cells early during embryogenesis, which upon germination, become active 

meristems.  A young plant initiates two main meristems: the root apical meristem 

(RAM), responsible for all underground organs and the shoot apical meristem (SAM) 

which gives rise to all above ground organs.   

 Although the shoot and root apical meristems are responsible for the majority of 

organogenesis that occurs in plants, there are additional types of meristems and 

meristematic regions that also maintain populations of undifferentiated cells and are 

essential for the production of specialized tissues.  Secondary meristems, such as the 

axillary meristems that give rise to new branches in the shoot and procambium cells that 

generate new cells in the vasculature, function similarly to apical meristems in that they 

maintain a population of undifferentiated cells in an indeterminate manner, but differ in 

that molecular markers are required to identify the meristematic regions before any 

morphological manifestation of a meristem (Baucher et al.,  2007).  Another type of 

meristematic region can be found within organs and functions to give rise to specialized 
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cell types within the organ.  These meristematic regions contain cells that are partially 

differentiated but can undergo prolonged proliferation that terminates once the desired 

cell types have been initiated.  Examples of these organ specific meristematic regions can 

vary from specific groups of cells located in the medial regions in young fruit that 

produce ovules to single cells such as the meristemoid mother cells responsible for the 

production of guard cells in leaf epidermis (reviewed in Girin et al., 2009).  

   Shoot meristem structure and function has been studied for over 100 years in a 

variety of plants including Arabidopsis, maize, tomato, snapdragon, and petunia.  For the 

purpose of this study, I have focused mainly on the model system Arabidopsis thaliana; 

however, the organization and genetics underlying shoot meristems appears to be similar 

for most angiosperms (reviewed in Barton, 2010).  In Arabidopsis, the initial SAM 

formed in the embryo arises as a dome that contains several hundred cells whose main 

function is to produce leaves, stems and flowers.  The position of organ initiation in the 

meristem, or phyllotaxy, starts as spiral, with a new leaf primordium forming every 

~137.5
o
.  At some point during development, usually in response to certain 

environmental cues that include temperature and light that trigger hormone responses and 

turn on floral regulator genes (Blasquez and Wiegel, 1998; Blazquez and Weigel, 2000; 

Simpson and Dean, 2002), the plant transitions from vegetative growth to reproductive 

growth.  At this stage the SAM transitions into the inflorescence meristem (IM) located at 

the top of a newly formed stem, or bolt.    
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 Once the plant switches from vegetative to reproductive development, the IM 

ceases to form primarily leaves and instead forms floral meristems (FMs), which contain 

stem-cell populations that produce the floral organs.  While FMs themselves are 

produced in the same spiral phyllotaxy as leaves in the SAM, each FM generates four 

types of floral organs – sepals, petals, stamens, and carpels – in four concentric rings, or 

whorls.  Once the floral organs have been initiated, the stem-cell population in the wild-

type FM terminates and ceases to produce any further organs, unlike the other shoot 

meristems, which continue to produce organs until the life cycle of the plant is 

completed. 

 

Organization of Shoot Meristems 

The organization of Arabidopsis shoot meristems (SAM, IM, and FM) is typical 

of most dicots, although there can be significant differences in size.  Shoot meristems can 

be organized into both layers and zones based on 

structure, function, and cell division patterns.  In the 

layer or tunica/corpus model, Arabidopsis meristems 

are defined by their three cell layers.  The L1 and L2 

layers form the tunica and each contains a single layer 

of cells (Figure 1.1A).  The cells in these layers 

divide anticlinally (within a cell layer), generating a 
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layer of generally uniform, rectangular cells (Satina et al., 1940).  The region underlying 

the tunica forms the corpus or L3 layer, and contains the rest of the cells in the meristem.  

Cells in the L3 have the ability to divide in all planes.  Although monocot shoot 

meristems have a similar organization, the meristems tend to be taller and often only 

maintain a single layer of cells in the tunica (L1) with the corpus (L2) underneath.  

 Shoot meristems can also be organized into three functional zones (Figure 1.1B; 

Vaughan, 1952).  At the very center of the meristem, ranging from the apex to the base of 

the dome of cells, is the central zone (CZ), which includes cells from the L1, L2, and L3 

layers.  This region is characterized by a pool of rapidly dividing stem cells at its edges 

that are maintained throughout the life of the plant.  The progeny of cell divisions in the 

CZ then enter the peripheral zone (PZ), which surround the CZ and contains cells that 

will begin to undergo differentiation as they continue to divide (Reddy and Meyerowitz, 

2005).  The cells in the PZ will eventually be incorporated into organ primordia.  Finally, 

the rib zone (RZ) lies underneath the CZ and contains dividing cells that will be 

incorporated into developing stems (Vaughan, 1952) as well as a small population of 

quiescent cells responsible for maintaining the stem-cell population in the overlying CZ 

(Reddy and Meyerowitz, 2005). 

 

Evidence for positional signaling in shoot meristems 

 As shoot meristems are responsible for generating organs throughout the life 

cycle of a plant, which in some species such as sequoia (Sequoia sempervirens) and 
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saguaro cactus (Carnegiea gigantea) can be for hundreds of years, maintenance of the 

complex organization and structure of shoot meristems is vital.  Cell divisions must be 

coordinated, both temporally and spatially, in order to maintain the L1, 2 and 3 layers as 

well as the functional zones of the meristem.  Furthermore, initiation of organ primordia 

from meristems at proper intervals must also be tightly regulated.  Since cells in plants 

are unable to move due to the presence of their cell walls, this coordination likely occurs 

through intercellular signaling. 

 The first evidence for intercellular signaling in the meristem came from chimeras 

generated in datura, camellia and tomato.  Studies on colchicine-induced chimeras in 

datura showed that, while most cells in the L1 and L2 layers divide anticlinally, 

occasional periclinal divisions (parallel to the epidermis of the organism) were identified 

that displaced cells into a new layer (Satina and Blakeslee, 1942).  The new cells adopt a 

fate specific to the new position, indicating that position of a cell determines its fate 

rather than its lineage.  Additional experiments revealed more about the nature of these 

signals.  In a graft between two varieties of camellia in which the L2 and L3 were derived 

from a varietal that produces three styles and the L1 was derived from a varietal that 

produces 6-8 styles, the resulting flowers produced from the chimera contained 6-8 styles 

(Stewart et al, 1972).  These results suggest that a signal from the L1 regulates groups of 

cells in the L2 and L3 layers.  However, in a similar experiment performed in tomato, 

chimeras in which either the L1, L2 or L3 layer were derived from a mutant that produces 

a higher number of carpels, the structure that give rise to the fruit, were created 

(Szymkowiak and Sussex, 1992).  Extra carpels were produced when the L3 was derived 
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from the mutant variety as opposed to the L1 or L2, suggesting that in this case the L3 

can send signals to the above or outer layers.  Possible molecular identities of these 

parallel signaling mechanisms will be discussed in the next section.   
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Signaling in Shoot Meristems 

 Although evidence for cell-cell signaling in shoot meristems has been known for 

many years, it was not until the advent of molecular genetic studies in Arabidopsis that 

specific signaling pathways were identified.  Early experiments utilized forward genetic 

approaches to identify mutants with altered meristem morphology.  In these screens, extra 

floral and fruit organ phenotypes were initially used to identify mutants with increased 

meristem size.  From these screens, three genes were identified and named CLAVATA1 

(CLV1), CLV2, and CLV3 (Clark et al., 1993; Clark et al., 1995; Kayes and Clark, 1998), 

with CLAVATA (Latin for „club‟) describing the mutant phenotype observed of club-

shaped fruit.  Further analyses of the clv mutants revealed that clv1 and 3 mutants 

produce extra sepals, petals and stamens, and all three clv mutants produce extra carpels.  

These mutants also displayed other phenotypes in plants including extra leaves, altered 

flower phyllotaxy and fasciated (flat) stems.  Examination of SAMs, IMs and FMs 

showed that the clv mutants generate extra cells in the CZ, leading to the production of 

larger meristems, as predicted by the extra fruit and floral organ phenotypes (Clark et al., 

1993; Clark et al., 1995; Kayes and Clark, 1998).      

 Subsequent cloning and molecular analysis of the CLV genes revealed that CLV1 

encodes a leucine-rich repeat receptor-like kinase (LRR-RLK) (Clark et al., 1997), CLV3 

a small secreted protein (Fletcher et al., 1999), and CLV2 a receptor-like protein 

resembling CLV1 in structure, but lacking an intracellular kinase domain (Jeong et al., 

1999).  Analysis of cell type-specific expression of CLV1 and CLV3 using RNA in situ 
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hybridization showed that CLV3 expression is localized to a subset of cells in the L1 and 

2 and a few underlying L3 cells (Fletcher et al., 1999).  CLV1 expression can also be 

detected in the CZ of the meristem, but unlike CLV3, it is not observed in the L1 layer 

and extends more deeply into the L3 layer.  A detailed analysis of CLV2 expression 

within specific tissues has yet to be performed, although reverse-transcription (RT) PCR 

indicates that CLV2 is highly expressed in shoot apex tissues and young flowers (Jeong et 

al., 1999).  Based on the expression patterns of CLV1 and CLV3, along with the 

similarities among the three clv mutant phenotypes and genetic analysis between clv1 and 

clv3 mutants, a model was proposed that the CLV genes act in a single signaling pathway 

responsible for regulation of shoot meristem size, with CLV3 acting as the ligand for the 

CLV1 and CLV2 receptors (Fletcher et al., 1999).  The CLV pathway could be the 

outside-to-inside signaling pathway suggested by the experiments in camellia.    

 To complement the screens for mutants that produced larger shoot meristems, 

screens were also performed to identify genes required to establish and maintain the 

stem-cell population in vegetative meristems.  The first gene identified in which the 

mutant failed to maintain a functional meristem was the SHOOTMERISTEMLESS (STM) 

gene, the Arabidopsis ortholog of the maize KNOTTED1 (KN1) gene (Long et al., 1996).  

The KN1 gene had been identified in maize several years before; however, only dominant 

and gain-of-function alleles in which protrusions or knots containing undifferentiated 

cells formed in the veins of leaves had been identified (Freeling and Hake, 1985; Hake et 

al., 1989).  Cloning of the stm mutant in Arabidopsis revealed that STM encodes a class 1 

KNOTTED1-like homeodomain transcription factor that is 47% identical to the maize 
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KN1 gene (Long et al., 1996).  STM is expressed during early embryogenesis and is 

required to initiate the SAM.  After germination, STM is expressed throughout the SAM, 

IM, and FM, and is also expressed in the medial regions of developing fruit, where ovules 

will be produced (Long et al., 1996).  Based on the loss-of-function meristem phenotype, 

combined with the fact that gain-of-function mutations in maize and overexpression of 

KN1 in tobacco plants causes overproliferation of undifferentiated cells (Freeling and 

Hake, 1985; Hake et al., 1989; Long et al., 1996), STM was proposed to be required to 

maintain stem cells in shoot meristems.  The fact that STM and KN1 expression appears 

to be down regulated when differentiation occurs, as well as the fact that STM appears to 

play a role in other regions known to have meristematic qualities such as the medial 

regions of developing fruit, suggests the main function for STM is maintenance of 

proliferation in meristematic regions.   

 Along with STM, the WUSCHEL (WUS) gene is required for maintenance of the 

stem cells in shoot meristems.  Null mutations in wus give rise to meristems in which the 

stem cells are mis-specified and undergo differentiation, resulting in plants that develop 

in a „stop-and-go‟ pattern in which the cycle of meristem establishment, leaf formation 

and termination of the meristem occurs over and over (Laux et al., 1996; Mayer et al., 

1998).  Cloning of WUS revealed that WUS encodes a homeodomain transcription factor 

related to STM, but represents a different sub-family within the homeodomain group 

(Mayer et al., 1998).  WUS expression can first be detected in the apical region of the 16-

cell embryo (Mayer et al., 1998).  In later stages of embryogenesis, WUS expression is 

restricted to a few cells in the center of the apical domain where the SAM will be 



22 

 

initiated.  In the SAM and IM, WUS expression is limited to a small number of cells in 

the RZ, subjacent to the CZ (Mayer et al., 1998).  In the FM, WUS expression is also 

observed just below the CZ; however, expression is shifted slightly higher to within the 

L3 layer (Mayer et al., 1998).  Based on its mutant phenotypes as well as its expression 

pattern, the WUS gene was hypothesized to activate a signal that confers a stem-cell fate 

to overlying L1-L3 cells layers, suggesting an inner-to-outer layer signaling mechanism 

(Mayer et al., 1998; Endrizzi et al., 1996).  However, the specific molecular steps in this 

mechanism have not yet been identified. 

   Although stm and wus mutants produce similar phenotypes in that both fail to 

maintain a fully functional shoot meristem, there are subtle differences between the roles 

of these two genes.  While both STM and WUS are expressed during embryogenesis and 

appear to be required for establishment of the SAM, stm mutants often display fused 

cotyledon phenotypes, indicative of an embryonic apical meristem defect (Endrizzi et al., 

1996), whereas in wus mutants, cotyledons develop normally.  Also, while in null stm 

mutants there is a complete lack of any meristematic region in SAMs and organs are 

initiated from peripheral regions, null wus mutants are able to initiate a subset of CZ 

cells, followed by initiation of another population of CZ cells (Endrizzi et al., 1996).  

Finally, genetic interactions between hypomorphic stm and wus mutants showed that wus 

mutants enhance weak stm mutant phenotypes, suggesting that the two genes play roles in 

parallel pathways, with STM responsible for maintaining an undifferentiated state in the 

meristem and WUS responsible for maintaining proper function of the stem-cells in the 

meristem (Endrizzi et al., 1996). 
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The CLAVATA Signaling Pathway 

 At any given point, two fundamentally opposing actions occur within any 

meristematic region – maintenance of the stem-cell population and differentiation of 

cells.  As early experiments indicated, positional cues rather than cell lineage appear to be 

the determining factors in cell fate and differentiation.  Therefore, signaling between the 

CZ and RZ is required to coordinate signals among the layers in order to maintain the 

stem-cell population in the CZ.  Furthermore, coordination between the zones and newly 

formed organ primordia is necessary for proper organogenesis to occur.  As mutants in 

the CLV pathway produce meristems that contain extra cells in the CZ, and wus mutants 

have the opposite phenotype in which CZ-like cells are initiated but never maintained, the 

hypothesis that WUS and CLV act in a CZ specific pathway that stably maintains the 

stem-cell population was proposed (Schoof et al., 2000).  Analysis of WUS expression in 

clv1, 2 and 3 mutants revealed that in both embryonic meristems and shoot meristems, 

WUS expression was upregulated and expanded in clv mutants (Schoof et al., 2000).  

Genetic interactions between wus mutants and clv1,2 or 3  mutants resulted in wus-like 

phenotypes in the flowers, indicating that wus acts downstream of the CLV genes (Schoof 

et al., 2000).  Ectopic expression of WUS in the CLV1 domain produced larger 

meristems, similar to those found in clv3 and strong clv1 mutants and also produced 

ectopic CLV3 transcription, a marker for the stem-cells in the CZ (Schoof et al., 2000).  

Constitutive expression of CLV3 in shoot meristems leads to arrest of division and 

ultimate termination of the stem-cell population in shoot meristems, similar to wus 

mutants (Brand et al., 2000). Finally, live-image confocal microscopy analysis of clv3 
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mutants revealed that cells that had previously divided and entered the PZ 

dedifferentiated and re-entered the CZ, thus leading to the expansion of the CZ 

characteristic of clv3 mutants (Reddy and Meyerowitz, 2005). These results indicate that 

the CLV genes act as negative regulators of transcriptional control of the stem-cell 

promoting WUS, and also suggest that a feedback mechanism between CLV and WUS 

maintains cell number within the CZ (Schoof et al., 2000; Brand et al., 2000).  As 

mentioned previously, the feedback mechanism between WUS and CLV3 could also 

represent the L3-L1 signaling observed in early grafting experiments. 

 Although the CLV-WUS pathway is clearly implicated in the maintenance of 

stem-cell populations in the CZ, the precise role of STM in the meristem remained 

elusive.  Although the CLV genes are expressed in very specific domains in the CZ, and 

STM is expressed broadly throughout the meristem, one hypothesis was that STM also 

interacts with the CLV genes in order to maintain cells in an undifferentiated state in the 

meristem.  Analyses of double mutants between null stm and clv1-4 or clv3-2 mutants 

revealed genetic interactions in which mutations in stm partially suppress the clv fruit 

organ phenotype and mutations in clv partially suppress the stm shoot meristem 

phenotype (Clark et al., 1996).  The fact that stm and clv mutant phenotypes are only 

partially suppressed in combination suggests that neither gene requires the other to be 

fully active, indicating that STM and the CLV mutants act in separate signaling pathways.  

However, experiments testing the effect of stm and wus mutations on CLV3 expression 

established that while only WUS is required to initiate CLV3 expression during 

embryogenesis, both wus and stm mutants fail to induce CLV3 expression in shoot 
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meristems, and co-expression of both STM and WUS are required to induce CLV3 

expression in non-meristematic tissues such as leaves (Brand et al., 2002).  Finally, 

experiments looking at the roles of WUS and STM in the meristem showed that while 

STM expression is able to induce proliferation in non-meristematic tissues but not confer 

stem cell identity, WUS expression in non-meristematic regions was able to induce a stem 

cell-like fate but had little to no effect on cell division (Lenhard et al., 2002).  These 

results suggest that while WUS remains the major regulator of stem-cell fate in the CZ, 

the main role of STM is to maintain the stem cell population by enhancing cell division in 

the CZ and maintaining division in the PZ (Clark et al., 1996; Brand et al., 2002).  Along 

with its role in the meristem, STM, as well as other genes related to STM, is expressed in 

several places outside of the meristem, including the medial regions of developing fruit 

and the central regions of the leaf.  As all of these regions also contain meristematic cells 

that require cell proliferation as well as a less differentiated fate, STM and related family 

members are likely required to maintain multipotent cell fates as well as promote cell 

division.      

 The importance of CLV1, 2, 3 and WUS in maintenance of stem-cell populations 

in shoot meristems was initially identified some time ago.  However, the identification of 

new components of the CLV pathway has proven difficult.  Furthermore, understanding 

of the precise interactions among the known members of the CLV pathway has remained 

elusive.  The kinase associated protein phosphatase (KAPP) was identified as a protein 

that bound several plant receptor-like kinases, including CLV1, in a phosphorylation-

dependent manner (Stone et al., 1994; Stone et al., 1998).  Overexpression of KAPP 
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mimics the clv1 mutant phenotype, while reduction of KAPP transcript levels in clv1 

mutants suppresses the clv1 mutant phenotypes (Williams et al., 1997; Stone et al., 

1998).  These results indicate that KAPP acts as a negative regulator in the CLV1 

signaling pathway.  Along with the KAPP phosphatase, two other phosphatases of the 

PP2C type known as POLTERGEIST (POL) and POLTERGEIST-LIKE 1 (PLL1) were 

identified through a suppressor screen of clv mutants (Yu et al., 2000; Yu et al., 2003).  

Although pol and pll1 single mutants fail to produce an obvious plant or meristem mutant 

phenotype, they strongly suppress the clv1, 2, and 3 mutant phenotypes and enhance the 

wus mutant phenotype, suggesting that POL /PLL1 are involved in regulation of WUS 

downstream of the CLV pathway (Yu et al., 2000; Yu et al., 2002).  A second protein 

found to physically interact with the CLV1 protein is a Rho-GTPase-related protein 

(Trotochaud et al., 1999).  Several animal receptor kinases are known to associate with 

small GTPases to relay signals to downstream targets, often mitogen-activated protein 

kinase (MAPK) cascades, and this knowledge lead to the hypothesis that a MAPK 

cascade may be activated downstream of CLV1, although no direct evidence for this has 

been shown yet.    To date, KAPP, a Rho-GTPase, and POL/PLL1 are the only molecules 

known to be involved in the CLV pathway downstream of CLV1.           

 Recently, in a screen designed to identify new components of the CLV signaling 

pathway, plants overexpressing CLV3 (CaMV35S:CLV3) were mutagenized and 

screened for suppression of the meristem phenotype exhibited by CaMV35S:CLV3 plants 

(Muller et al., 2008).  From this screen, the CORYNE (CRN) gene was identified (Muller 

et al., 2008).  CRN (Greek for „club‟) encodes a membrane-associated kinase lacking an 
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extracellular domain, and is a member of the RLK family in Arabidopsis.  crn mutants 

not only suppress the CaMV35S:CLV3 phenotype, but also exhibit many of the 

phenotypes observed in clv1, 2 and 3 mutants including increased SAM size and fruit 

organ number and increased WUS expression in shoot meristems (Muller et al., 2008).  

CRN expression is detected in many tissues, including the IM and FM (Muller et al., 

2008).  CRN was therefore hypothesized to be another receptor in the CLV signaling 

pathway along with CLV1 and CLV2, although the precise interactions among the three 

receptors remains unresolved. 

 

The CLAVATA Pathway: A conserved signaling module? 

The identification of CLV3 as a predicted secreted protein, its expression domain 

at the meristem apex, and the localization of CLV3-GFP fusion protein in the apoplast 

together suggested that CLV3 acts in a non cell-autonomous manner (Clark et al., 1995; 

Rojo et al., 2002).  Analysis of transgenic plants containing a CLV3 protein tagged with 

green fluorescent protein (GFP) revealed that CLV3 protein could be detected in cell 

layers outside of the expression pattern observed with in situ hybridization methods.  In 

addition, expression of CLV3 only in the L1 layer of the meristem can confer a CLV3 

overexpression phenotype, indicating that CLV3 indeed is able to move in a non-cell 

autonomous fashion (Lenhard and Laux, 2003).  Given that a proposed receptor for 

CLV3, CLV1, is expressed in cell layers underneath the CLV3 expression domain, this 

result was not surprising, although the physical interaction between the CLV3 ligand and 
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CLV1 receptor proven difficult to demonstrate.  Recently, the CLV3 gene and closely 

related members of the CLE (CLV3/ESR – Embryonic Surrounding Region) family were 

found to encode secreted precursor proteins, which are processed into functional 

dodecapeptides (Kondo et al., 2006; Ohyama et al., 2009).  All CLE family members 

contain a 12-amino acid sequence that varies by only 1-4 amino acids, or is identical in a 

few cases, among the CLE genes.  This 12-amino acid peptide CLE motif is sufficient for 

CLV3 activity (Ito et al., 2006).  Using the CLV3 dodecapeptide, direct physical 

interaction between CLV3 and the LRR-RLK CLV1 was subsequently shown (Ogawa et 

al., 2008). 

 CLV3, WUS, STM and CLV1 all belong to large gene families, with the CLE 

(CLV3) family containing 32 members, the WOX (WUSCHEL HOMEOBOX LIKE) 

family containing 14 members, the class I KNOX (KNOTTED-1 HOMEOBOX) family 

containing 4 members, and the LRR-RLK family containing over 220 members (Reiser et 

al., 2000; Cock and McCormick, 2001; Devaux et al., 2008; Shiu and Bleecker, 2001; 

Hay and Tsiantis, 2009).  Although family members are expressed in different tissues 

throughout the plant, a high degree of functional redundancy has been observed among 

members of the CLE, WOX, and KNOX gene families.  The CLE domain is highly 

conserved among all the CLE genes.  Exchange of CLE domains between CLV3 and 

other CLE genes demonstrated that many different CLE genes could complement the clv3 

mutant phenotype (Ni and Clark, 2006), while overexpression of 10 CLE genes results in 

termination of the SAM, similar to CLV3 overexpression (Strabala et al., 2006).  Most of 

the characterized members of the WOX family play a role in either cell proliferation or 
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maintenance of a stem-cell fate and are expressed in meristematic regions including shoot 

meristems, root meristems, and procambium (Wu et al., 2005; Ji et al., 2010; Deveaux et 

al., 2008; Laux et al., 1996; Shimizu et al., 2009; Sarkar et al., 2007).  Furthermore, 

functional redundancy between certain WOX family members has been demonstrated, as 

WOX5 can replace WUS function in the SAM (Sarkar et al., 2007).  The class I KNOX 

genes play roles in the regulation of various aspects of development, particularly in 

maintaining stem cell populations in shoot meristems.  In many cases, such as with the 

STM and BREVIPEDICELLUS (BP) genes, KNOX genes act in a redundant manner 

(Byrne et al., 2002).  Although various roles have been ascribed to members of the RLK 

family ranging from development to defense responses, a high degree of functional 

redundancy among the most similar receptors is common (Li and Chory, 1997; Gomez-

Gomez and Boller, 2000; Nam and Li, 2002; Li et al., 2002, Nodine et al., 2007).   

The similar roles in stem cell maintenance observed in CLE, WOX, KNOX and 

closely related RLKs suggests that signaling modules containing these genes play a 

conserved role in stem-cell repression, and that over time as these gene families 

expanded, individual members of each family became restricted to discrete expression 

patterns that limited their ability to function together in particular pathways in 

meristematic regions throughout the plant.  The CLV3-CLV1-WUS/KNOX module in 

the SAM represents one example of this signaling module.  However, other potential 

combinations of this module likely exist.  Another potential module is in the 

procambium, a meristematic region that gives rise to new cell types in the vasculature.  

Mutations in the LRR-RLK PHLOEM INTERCALATED with XYLEM 
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(PXY)/TRACHEARY ELEMENT DIFFERENTIATION FACTOR RECEPTOR (TDR) 

were found to produce vascular bundles with altered morphology, and recently, the 

CLE41 peptide has been shown to be the ligand for PXY (Fisher and Turner, 2007; 

Hirakawa et al., 2008; Etchells and Turner, 2010).  Furthermore, another study has shown 

that WOX4 promotes procambium development (Ji et al., 2010), although WOX4 has not 

yet been shown to be the target of CLE41/PXY signaling.  The confirmation of the 

Arabidopsis CLE41/PXY/WOX4 module would represent a second meristematic region 

maintenance module. 

Similar signaling modules have also been found in other plant species.  In the 

legume Medicago truncatula, the CLV1 ortholog SUNN is involved in regulation of 

proliferation of cells in root nodules, a meristematic region (Schnabel et al., 2005).  

Furthermore, a recent study identified two CLE genes in Medicago that, when 

overexpressed, drastically reduced cell proliferation in root nodules (Mortier et al., 2010).  

However, in the sunn-1 mutant background, the overexpression phenotype was partially 

suppressed, suggesting that SUNN and the MtCLE genes functions in a pathway to 

regulate proliferation in root nodules.  Based on the vast diversity of these genes families 

in Arabidopsis and other species as well as the data that follows in this dissertation, it is 

likely that many more such CLE-LRR RLK-WOX/KNOX meristem modules function 

during plant development.   
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Receptor Dynamics in the Meristem (and Beyond?) 

  The cloning of CLV1 and CLV2 revealed that these genes encode an LRR-RLK 

and an LRR-containing receptor-like protein, respectively (Clark et al., 1997; Kayes and 

Clark, 1998).  Based on their putative function as receptors and their overlapping 

expression patterns, CLV1 and CLV2 were proposed to act in a receptor complex to 

perceive CLV3 and restrict the expression of WUS.  Although clv1 and 2 mutants 

produce similar phenotypes, subtle differences between the two phenotypes can be 

discerned, including less severe meristem size and fruit organ phenotypes in clv2 mutants 

as compared to strong clv1 mutants.  Genetic interactions between clv1 and clv2 mutants 

revealed that clv1;clv2 double mutants produce fruit organs similar in number to strong 

clv1 mutants (Kayes and Clark, 1998).  These studies led to the hypothesis that CLV1 

and CLV2 act together in a single signaling pathway, even though direct physical 

interaction between the two receptors was not shown via traditional biochemical methods 

at that time.  However, the slight differences in phenotype between clv1 and 2 single 

mutants suggest two further possibilities:  1) that CLV1 and CLV2 function in different 

signaling pathways in shoot meristems that restrict WUS expression or 2) that these 

receptors play a role in other developmental pathways, in addition to their role in shoot 

meristems. 

 The recent identification of the CRN gene and its role in the CLV pathway raised 

further questions about the precise interactions between CLV1, CLV2 and CRN.  Genetic 

interactions between crn and clv1 or clv2 mutants revealed that while crn;clv2 double 
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mutants produce a similar extra fruit organ number phenotype as single mutants, 

crn;clv1-11 mutants containing a weak clv1 allele exhibit a synergistic phenotype with 

regards to fruit organ number.  However, crn;clv1-1 mutants containing a strong clv1 

allele exhibit a fruit organ phenotype comparable to single clv1-1 mutants (Muller et al., 

2008).  From these data, CRN and CLV2 were proposed to form a receptor complex that 

functions in a separate signaling pathway from CLV1, and both pathways act in parallel 

to restrict the WUS expression domain.  The fact that CLV2 contains only an extracellular 

domain and CRN only an intracellular kinase domain along with the genetic interactions 

observed between crn;clv2 and crn;clv1-11 mutants supports the hypothesis that 

CLV2/CRN form a signaling complex separate from CLV1.  However, the interaction 

between crn and the strong clv1-1 allele suggests the nature of this pathway may be more 

complex.   

 ELISA experiments indicated that CLV1 is present in a protein complex that 

contains both CLV1 homodimers as well as CLV2 (Trotochaud et al., 1999).  However, 

upon identification of the CRN receptor, new studies have been performed to establish 

receptor dynamics between CLV1, CLV2 and CRN in shoot meristems.  Experiments 

utilizing a firefly luciferase complementation assay along with co-immunoprecipitation 

revealed that CLV1 and CRN are both able to form homodimers and that CLV2 and CRN 

readily form heterodimers at the plasma membrane in the absence of CLV3 peptide, 

whereas CLV1 and CLV2 alone or in the presence of CLV3 do not show any interactions 

(Zhu et al., 2010).  Another recent study confirmed these findings using fluorescence 

resonance energy transfer (FRET) (Bleckmann et al., 2010).  In a detailed FRET analysis 



33 

 

in Nicotiana benthamiana leaves transformed with Arabidopsis fluorescent CLV1, CLV2 

or CRN proteins, Bleckmann et al. (2010) showed that while CLV1 homodimers are 

consistently localized to the plasma membrane, CLV2 protein is initially localized to the 

ER membrane and only re-localizes to the plasma membrane in the presence of CRN.  

Interaction between CLV2 and CRN could be discerned both in the ER membrane and in 

the plasma membrane; however, in the absence of CRN, CLV2 remained localized to the 

ER membrane.  Finally, no interaction was observed between CLV1 and CLV2 in the 

absence of CRN, as was previously shown; however, interaction via FRET between 

CLV1 and CLV2 was observed when the plants were co-transformed with the AtCRN 

gene.  Although this work was performed using overexpression in tobacco cells, the 

authors hypothesized that CLV1, CLV2, and CRN form a functional receptor complex at 

the plasma membrane, the proposed site of CLV3 interaction with CLV1 and most likely 

CLV2 (although this interaction has yet to be shown).  Furthermore, formation of this 

complex is mediated by CRN, which is thought to facilitate the movement of CLV2 from 

the ER to the plasma membrane (Bleckmann et al., 2010).    

Although recent biochemical data indicate that in wild-type plants CLV1, CLV2 

and CRN likely form a single complex and likely act in one signaling pathway in shoot 

meristems to regulate restriction of WUS expression, evidence from genetic interactions 

suggest that CLV1 alone in the absence of CLV2/CRN can at least partially function to 

regulate expression of WUS.  Mutations in either CLV2 or CRN lead to only a very slight 

or a moderate increase in WUS expression (Schoof et al., 2000; Muller et al., 2008).  

Furthermore, clv2 and crn mutants only produce normal to slightly larger IMs and FMs 
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(Kayes and Clark, 1998; Muller et al., 2008; see Chapter 2), which is in stark contrast to 

strong clv1 mutants in which meristems as well as the WUS expression domain are 

dramatically increased (Clark et al., 1993; 1997).  Finally, clv2 and crn mutants only 

produce extra organs in the fruit and not in the other floral whorls, unlike strong clv1 

mutants, and only produce half as many extra fruit organs as strong clv1 mutants (Kayes 

and Clark, 1998; Muller et al., 2008; see Chapter 2).  The substantially weaker 

phenotypes observed in clv2, crn and clv2;crn double mutants suggests that the CLV1 

homodimer complex can at least partially function in the absence of CLV2/CRN 

signaling.  However, this raises the question if signaling via CLV2/CRN in the absence of 

CLV1 can partially regulate WUS expression.  Based on the phenotypes observed in 

strong clv1 mutants combined with the evidence from genetic interactions between strong 

clv1 and clv2 mutants in which double mutants always display the strong clv1 phenotype 

and not a synergistic phenotype, it would appear that CLV1 is the major component 

required for regulation of meristem size and WUS expression (Clark et al., 1993, 1997; 

Kayes and Clark, 1998).  However, genetic interactions between strong clv1 mutants and 

crn do produce a synergistic effect on fruit organ number compared to the interactions 

between weak clv1 and crn mutants (Muller et al., 2008), suggesting that contributions 

from both CLV1 and CLV2/CRN receptors are required for maintenance of WUS 

expression.      

    One possible reason for the inconsistencies observed in genetic interactions 

between clv1 and crn mutants is the unconventional nature of mutations in the CLV1 

gene.  Typically, null mutations produce the strongest affect on phenotype, and non-null 
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mutations produce weaker effects.  However, clv1 mutants present a unique situation in 

which null and hypomorphic mutants display the weakest phenotypes, missense 

mutations in the kinase domain present an intermediate phenotype, and missense 

mutations in the extracellular domain generate the strongest phenotypes (Dievart et al., 

2003).  Strong mutants such as clv1-4 and clv1-1 produce the phenotypes associated with 

CLV pathway mutants, namely increased cells in shoot meristems, increased WUS 

transcripts, extra floral and fruit organs, and fasciated stems (Clark et al., 1993; 1997).  

However, while hypomorphic clv1-20 and clv1-21, null clv1-6, clv1- 7, and clv1-22 and 

kinase domain missense mutations such as clv1-2 and clv1-23 also produce extra fruit 

organs, they only generate half as many extra organs as strong mutants and do not 

produce any extra sepals, petals and stamens, nor do they produce extra cells in shoot 

meristems, similar to clv2 and crn mutants (Dievart et al., 2003; Chapter 2).   As most 

early experiments characterizing CLV1 and the interactions between CLV1 and CLV2 

were performed using only strong clv1-1 and clv1-4 alleles, clv1 mutants have been (and 

still are) associated with severe meristematic defects, namely larger meristems and extra 

fruit and floral organs.  Thus, CLV1 is thought to be required for proper meristem 

maintenance.  However, the fact that null, and therefore phenotypically weak, alleles in 

CLV1 produce wild-type sized meristems and only very weak extra fruit organ defects 

suggest that CLV2/CRN signaling may be sufficient to regulate expression of WUS in the 

meristem or that other receptors in the meristem may be able to compensate for the 

absence of CLV1.   
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Although the exact reason for the unusual nature of CLV1 mutants remains 

unclear, the prevailing hypothesis suggests that strong clv1 alleles act in a dominant-

negative manner through inhibitory interactions with closely related receptors (Dievart et 

al., 2003; DeYoung and Clark, 2008).  The RLK gene family in Arabidopsis contains 

over 420 members with extracellular domains (Shiu and Bleecker, 2001) of which 

approximately half are LRR-RLKs.  Mutations in the ERECTA (ER) LRR-RLK produce 

pleiotropic phenotypes, including altered meristem morphology, shorter stature, compact 

inflorescence, blunt shaped fruit and short petioles (Torii et al., 1996; Yokoyama et al., 

1998).  ER is expressed throughout shoot meristems and in young organ primordia in a 

pattern that overlaps the CLV1 expression domain, and proER::CLV1 transgene 

constructs are able to rescue CLV1
-
 phenotypes (Yokoyama et al., 1998; Dievart et al., 

2003).  Studies looking at er mutants in combination with closely related erecta-like 1 

and 2 (erl1,2) show that loss of ER function results in severe dwarfism, reduced lateral 

organ size, and abnormal flower development as a result of reduced cell proliferation 

(Shpak et al., 2004).  Most notably, however, Landsberg erecta (Ler), one of the most 

popular Arabidopsis ecotypes commonly used in forward genetic screens, contains a 

hypomorphic or weak mutation in the ER gene (Torii et al., 1996).  The majority of 

mutations in the CLV genes were initially identified and characterized in the Ler 

background.  A study looking at the effects of genetic interactions between clv1 and er 

mutants in ecotypes in which ER is wild-type showed that loss of ER leads to enhanced 

fruit organ phenotypes in clv1 mutants (Dievart et al., 2003).  As ER is thought to play a 

role in regulation of cell proliferation in the meristem, ER may function in the CLV 
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pathway by 1) acting in a receptor complex with CLV1, 2) replacing CLV1 function in its 

absence, or 3) through regulation of cell proliferation independently of CLV1. 

  Although ER is part of the LRR-RLK family of RLKs, CLV1 also has three very 

close relatives known as BARELY ANY MERISTEM (BAM) 1,2, and 3.  Single mutants 

for BAM1 and 2 do not produce any discernable phenotype, and bam3 mutants are 

reduced in stature (DeYoung et al., 2006).  However, bam1;bam2 double mutant plants 

produce a sterile phenotype and triple bam1;bam2;bam3 mutants produce plants that are 

greatly reduced in size, and form IMs that are approximately half the size of wild-type 

IMs (DeYoung et al., 2006). This result is perplexing, as the bam triple mutant phenotype 

is the exact opposite of the mutant phenotype observed in closely related clv1 mutants   

The three BAM genes were expressed most strongly in the PZ, as well as to a lesser extent 

in the CZ.  To test whether dramatic phenotypic differences observed in bam mutants 

versus clv1 mutants were due to a difference in protein function or expression pattern, 

clv1 null plants were transformed with a transgene encoding the BAM1 or BAM2 coding 

region under control of the ERECTA promoter, known to be expressed broadly 

throughout shoot meristems and in an overlapping pattern with the CLV1 expression 

pattern (DeYoung et al., 2006).  The transgenes rescued the clv1 fruit organ phenotype, 

indicating that the BAM1 and 2 proteins can replace CLV1 function in the meristem, and 

that differences in expression pattern between the BAM genes and CLV1 are likely 

responsible for the opposing mutant phenotypes.  Although the exact role for the BAM 

genes in the meristem remains a mystery, as the BAMs are expressed more strongly in the 

PZ, one possibility is that the BAM genes are responsible for preventing early 
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differentiation and/or division of the cells in the PZ, possibly through interactions with 

STM.  In the absence of BAM function, cells stop dividing and/or differentiate early, thus 

reducing the number of cells in the PZ.  Alternatively, the BAM genes could function in 

the feedback mechanism between WUS and CLV3 to restrict CLV3 expression.  In the 

absence of BAM signaling, overexpression of CLV3, which is known to result in a 

phenocopy of wus mutants, would result in smaller meristems.   

Although the BAM triple mutant phenotype displays the opposite mutant 

phenotype, the fact that the expression pattern of the BAMs partially overlaps with the 

CLV1 expression pattern along with the fact that the BAM1 and 2 coding region can 

compensate for loss of CLV1, suggests that the BAM genes may physically interact with 

CLV1 in the meristem.  Genetic interactions between weak, intermediate, and strong clv1 

mutants and bam1 or bam2 mutants displayed a synergistic effect on fruit organ number 

in all mutant combinations, suggesting that the BAM genes do act in conjunction with 

CLV1 in shoot meristems to regulate stem-cell populations (DeYoung and Clark, 2008).  

It should be noted, however, that while fruit organ number in double mutants between 

bam1/2 and weak or intermediate clv1 alleles was greater than in single weak or 

intermediate clv1 mutants, it did not reach the levels of strong clv1 single mutants 

(DeYoung and Clark, 2008).  This suggests that in these mutants, some control over 

stem-cell number is still being maintained, possibly through the CLV2/CRN pathway, 

through the ER pathway or through some other mechanism.   
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As mentioned earlier, strong clv1 mutants contain missense mutations in the 

extracellular domain and produce extremely large meristems, and weak clv1 mutants tend 

to be null mutants or hypomorphic mutants and likely have little to no effect on meristem 

size.  The genetic interactions between CLV1 and the BAMs along with the overlapping 

expression pattern of these genes and CLV1 suggest a possible explanation for this 

unusual characteristic of clv1 mutants.  In the case of weak mutants in which the CLV1 

protein level is either greatly decreased or absent completely, the BAM proteins can 

replace CLV1 in the CLV1/CLV2/CRN receptor complex, and thus completely rescue 

the extra stem-cell phenotype observed in the meristem.  In the case of intermediate clv1 

mutants characterized by defects in the kinase domain, either a mixture of 

BAM/CLV2/CRN complexes, and CLV1
-
/CLV2/CRN complexes or 

CLV1/BAM/CLV2/CRN complexes are formed that are able to provide sufficient 

signaling to maintain the stem-cell population in the meristem.  In the case of strong clv1 

mutants, the defective CLV1 protein forms a complex with either CLV2/CRN or 

BAM/CLV2/CRN; however, the nature of the mutation in these alleles completely blocks 

any signaling from occurring by sequestering the other receptors into non-functional 

complexes and possibly targeting the complexes for degradation (although there is no 

evidence for this as yet).  By completely blocking any signaling from occurring, all 

regulation of WUS will be lost, leading to large increases in stem-cell number in the 

meristem.  As ER is known to play a role in promoting proliferation, ER likely plays an 

additional role downstream of the CLV1 receptor complex to modulate cell proliferation 

in the meristem.   
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Although the interactions between CLV1 and the BAM and ER genes suggest an 

explanation for the differences observed in the meristem size phenotypes observed in clv1 

alleles, they do not account for the differences in the fruit and floral organ phenotypes.  

While plants homozygous for weak and intermediate clv1 alleles and clv2 and crn 

mutants produce extra organs in the fourth whorl of the flower, only clv3 and strong clv1 

mutants produce extra organs in the other three whorls.  In the past, the extra fruit and 

floral organ phenotypes observed in clv mutants were attributed to defects in meristem 

size (Clark et al., 1993; 1995; 1997); however, increased stem-cell populations in the FM 

should, in theory, lead to the production of extra organs throughout the flower, not just in 

the center.  Although the fourth whorl-specific defect observed in most mutants could be 

attributed to only slight increases in cell number localized to the apex of the FM, this 

hypothesis proves unlikely, as measurements of both height and width are comparable to 

wild-type in the weak clv1, clv2 and crn mutants (see Chapter 2).  It is more likely that 

CLV1, CLV2 and CRN play a role in mechanisms specific to carpel and/or fruit 

development.  Although detailed expression patterns in tissues outside of the meristem 

have not been described for these genes, microarray data (eFP browser – 

www.bar.utoronto.ca/efp/development/; Genevestigator – www.genevestigator.com) 

suggests that these three genes are very broadly expressed, and analysis of 

proCLV1::GFP lines show CLV1 expression in stem vasculature (Zhao et al., 2005).  

Furthermore, developing fruit contain groups of meristematic cells that express many 

genes also expressed in shoot meristems, including STM (Long et al., 1996) and several 

CLE genes (Sharma et al., 2003).  It may be possible that the CLV receptors function in a 
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pathway similar to the pathway in shoot meristems to maintain meristematic regions in 

other tissues, such as the medial regions in developing fruit. 
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Carpel and Fruit Development 

Mature fruit are formed from the carpels, derived from the center of the FM and 

located in the center of the flower. Arabidopsis flower development begins with the 

flower primordium emerging from the IM (stage 1), followed by the formation of a new 

structure from the IM (stage 2; Smyth et al. 1990).  At stage 3, four sepal primordia 

become visible in the outermost whorl from the periphery of the FM.  Four petals and six 

stamens (male reproductive structures) initiate during stage 5 of flower development in 

the second and third whorls, respectively.  Stage 6 is characterized by sepal elongation 

and enclosure of the developing bud, while two carpels arise from the center of the FM 

and quickly fuse to form the gynoecium.  Development of the four sets of floral organs 

continues until stages 13-14 when pollination and fertilization take place (Ferrandiz et al. 

1999).  After this stage, the sepals, petals, and stamens begin to wither and eventually 

dehisce by stage 17, while the gynoecium continues to develop into the mature fruit 

called the silique.   

  A fruit can be derived from a single carpel, such as an apple or a peach, or can be 

comprised of multiple carpels, such as a tomato (Solanum lycopersicum) or an 

Arabidopsis thaliana fruit.  Fruit derived from multiple carpels form a structure called the 

gynoecium.  In species where multiple carpels each generate a single structure, 

apocarpous gynoecia are formed.   In species where multiple carpels fuse into a single 

structure, a syncarpous gynoecium is formed (reviewed in Bowman et al., 1999).   
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Carpels can undergo two types of fusion processes to form a syncarpous 

gynoecium – congenital or postgenital.  In congenital fusion, of which Arabidopsis is a 

classic example, individual carpel primordia are initiated, but fuse prior to specification 

of any distinct cell types, leading to the formation of a single homogeneous gynoecium.  

In postgenital fusion, found in such species as Madagascar periwinkle (Catharanthus 

roseus),  carpels that have already undergone some degree of differentiation undergo 

fusion and require dedifferentiation and redifferentiation of epidermal cell types into less 

specialized cell types such as parenchyma cells (Siegel and Verbeke, 1989).  

 In the model organism Arabidopsis thaliana, which displays development typical 

of the Brassicaceae family, fruit initiate from two carpels that form during stage 6 of 

flower development and immediately fuse into the gynoecium.  The resulting structure 

consists of a hollow cylinder of cells with two medial regions on opposite sides that range 

from 3-6 cells in width and two later regsions that make up the rest of the cylinder  

(Figure 1.2, Bowman et al., 1999, Skinner et al., 2004).  During stage 7, the hollow 

cylinder will grow apically, while at the same time cell division initiates in the medial 

regions, causing growth towards the center of the cylinder.  The primordia formed from 

the cell divisions in medial regions will meet and fuse in the center, bisecting the hollow 
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cylinder into two chambers or locules and eventually forming the septum.  Ovule 

development initiates from the medial regions from both sides of the septum starting at 

stage 8, accompanied by the appearance of vascular bundles in both the medial and 

lateral regions of the gynoecium (Ferrandiz et al., 1999).  By stage 10 of flower 

development, the apical end of the gynoecium will close and the shape of the mature 

gynoecium is established; however, differentiation of the fruit-specific organs – valves, 

repla, and margins - does not occur until stage 13-14.            

At maturity, the gynoecium consists of three major parts – 1) an apical stigma, a 

style, and a basal ovary.  The Arabidopsis stigma contains a single layer of elongated 

papillary cells that are specialized for pollen germination.  Directly below the stigmatic 

papillae is the style, which in Arabidopsis is typically ~200 m in height (Sessions and 

Zambryski, 1995).  The style contains transmitting tract tissue through which the pollen 

tubes that germinated on the stigma will travel through to reach the ovary.  In 

Arabidopsis, the ovary makes up the majority of the gynoecium and includes the ovules.  

The septum located in the ovary contains the transmitting tract, the path through which 

pollen tubes travel to reach the ovules contained within the ovary.   

Around the time of fertilization (stage 14), the cells in the ovary will undergo 

differentiation to form three main types of fruit organs: valves, repla, and margins (Figure 

1.2; Bowman, et al., 1999, Ferrandiz et al., 1999).  The valves are located in the lateral 

regions, and make up the majority of the carpel wall.  Their main function is to protect 

the developing seeds inside the silique.  The valves attach to the repla, located in the 
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medial regions at either end of the septum.  At the junction where the valve and replum 

attach, a subset of specialized cells known as the valve margin forms through a series of 

cell divisions (Bowman et al., 1999).  Upon seed maturation, the valve margin cells will 

become lignified allowing for the valves to detach and seed dispersal to occur (Spence et 

al., 1996).     

 

Specification of Fruit Organs 

Fruit development in Arabidopsis typically produces a structure in which wild-type fruit contain 

two valves, two replum, and valve margin cells in between the replum and valve.  Upon the 

advent of molecular genetics, similarly to the discovery of the meristem signaling pathways, a 

major focus was placed on identification of pathways regulating fruit organ patterning.  Most 

early studies utilized forward genetic screens that identified mutants that lacked one of the fruit 

organ sub-types.  One of the earliest genes identified to be involved in fruit organ patterning was 

FRUITFULL (FUL) (Gu et al., 1998).  A genomic screen searching for members of the 

MADS box family of transcription factors identified a gene named AGAMOUS-LIKE 8 

(AGL8) that shows high expression in the stem, cauline leaves, valves, and IM, and was 

excluded from FMs (Mandel and Yanofsky, 1995).  Later, in a mutagenesis screen 

looking for mutants that produced mis-patterned fruit, the ful mutant, characterized by 

siliques that failed to elongate properly but still produced seeds, was found to be a 

mutation in AGL8 (Gu et al., 1998).  Analysis of ful mutant fruit revealed that in the 

lateral regions of the fruit where the valves normally form, small, uniformly arranged 

cells replaced the larger and irregularly arranged cells characteristic of the valves (Gu et 



46 

 

al., 1998).  Furthermore, at stage 12 of flower development, the demarcation between the 

replum, which is normally visible at this stage, is absent in ful mutants.  After 

differentiation of the valves in the wild type, stomata will form in the valve epidermis; 

however, no stomata form in ful mutant valves, although stomatal patterning occurs 

normally in the leaf epidermis.  These data, along with the fact that FUL was highly 

expressed in developing valves, lead to the hypothesis that FUL plays a role in 

specification of valves and is required for valve identity (Figure 1.3) (Mandel and 

Yanofsky, 1995; Gu et al., 1998).        

 In a reverse genetic screen looking at possible roles of MADS-box family 

members in development, mutations in AGL1 and AGL5 were identified and re-named  

 

SHATTERPROOF1 and 2 (SHP1/2) after the double mutant failed to complete seedpod 

shatter (Savidge et al., 1995; Flanagan et al., 1996; Liljegren at el, 2000).  While no 
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discernable phenotype is observed in either shp1 or shp1 single mutants, shp1/2 double 

mutants fail to initiate the cell divisions characteristic of the valve margin regions in the 

fruit.  Decreased lignification of the dehiscence zone in shp1/2 mutants was observed, 

while two markers, YJ36 and GT140, expressed in the valve margin cells are absent in 

shp1/2 mutants (Liljegren et al., 2000; Sundaresan et al., 1995).  These results suggest 

that SHP1/2 together are required for the proper differentiation of the valve margin cells 

in Arabidopsis fruit  (Figure 1.3).   

 To complement loss-of-function studies of SHP1/2, gain-of-function studies were 

also performed looking at constitutive expression of SHP1/2.  In 35S::SHP1 and 

35S::SHP2 transgenic plants, a phenotype is observed that is strikingly similar to the ful 

loss-of-function mutation (Liljegren et al., 2000).  As FUL and SHP1/2 display 

complementary expression patterns in the valves and valve margins respectively, the 

phenotype induced by ectopic expression of SHP1 or SHP2 suggests that FUL and 

SHP1/2 may act to negatively regulate each other in order to establish proper organ 

patterning.  Plants containing a 35S::FUL transgene displayed a phenotype similar to 

shp1/2 double mutants in which the valve margin and dehiscence zone in mature siliques 

are converted to valve cells, and siliques fail to undergo seedpod shatter (Ferrandiz et al., 

2000).  To determine whether FUL negatively regulates SHP1/2, expression of SHP1/2 

were examined in either wild-type, ful, or 35S:FUL backgrounds.  In a ful mutant 

background, the lateral regions where valves normally form display strong SHP1/2 

expression, whereas in a 35S::FUL background, SHP1/2 expression is absent indicating 

that FUL is required to negatively regulate SHP1/2 expression in the valves (Ferrandiz et 
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al., 2000).  In order to determine whether SHP1/2 negatively regulated FUL, FUL 

expression was examined in either wild-type, shp1/2, or 35S:SHP1/2 backgrounds, and 

FUL expression is not altered in either shp1/2 or 35S::SHP1/2 plants, indicating that 

SHP1/2 do not play a role in regulation of FUL expression.  The fact that the genes 

responsible for specification of the fruit organs also appear to regulate each other 

suggests that a complex regulatory pathway exists in the fruit in order to properly specify 

organs in the proper orientation (Figure 1.3). 

 Although shp1/2 mutants fail to differentiate a functional dehiscence zone, the 

genetic control underlying the actual process of cell separation during dehiscence 

remained elusive.  Further screens for mutants that fail to undergo proper dehiscence 

identified mutants in two bHLH proteins, ALCATRAZ (ALC) and INDEHISCENT (IND) 

(Rajani and Sundaresan, 2001; Liljegren et al., 2004).  Loss-of-function alleles for alc do 

not significantly alter the appearance of the valve margin region in mature fruit, nor is 

lignification in the dehiscence zone affected (Rajani and Sundaresan, 2001).  Closer 

examination of the valve margin region in alc mutants revealed that a single layer of cells 

located between the dehiscence zone and the replum that normally do not undergo 

lignification develops abnormally in that cells in this layer appear larger and undergo 

ectopic lignification (Rajani and Sundaresan, 2001).  Transmission electron microscopy 

(TEM) showed that cells in this layer normally rupture to allow for detachment of the 

valve from the replum and that the lignification bridges formed between valve margin 

and replum cells in alc mutants prevent this process from occurring (Rajani and 

Sundaresan, 2001).  A second mutant identified that failed to undergo proper dehiscence 
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was the INDEHISCENT (IND) gene, encoding an atypical bHLH protein (Liljegren et a, 

2004).  Like shp1/2 double mutants, plants homozygous for ind loss-of-function alleles 

fail to form a valve margin region, as characterized by the lack of a demarcation between 

the valve and replum, and also fail to undergo lignification in the dehiscence zone 

(Liljegren et al., 2004).  Although loss of IND represents the strongest phenotype in 

regards to valve margin differentiation, the fact that in shp1/2 mutants, IND expression is 

abolished suggests that SHP1/2 may be upstream of IND. Ectopic IND expression is 

observed in the lateral regions of ful mutants, similar to SHP1/2 (Liljegren et al., 2004).  

However, unlike shp1;shp2;ful triple mutants which fail to rescue the silique elongation 

phenotype of ful single mutants, fruit growth is partially restored in ind;ful double 

mutants (Ferrandiz et al., 2000;Liljegren et al., 2004).  Also, ectopic lignification in ful 

single mutants is abolished in ind;ful double mutants, although it is maintained in 

shp1;shp2;ful triple mutants.  Quintuple mutants between all the genes known to play a 

role in valve margin development and FUL (ind;shp1;shp2;alc;ful) resulted in an almost 

complete restoration of silique elongation, whereas other double, triple and quadruple 

mutant combinations with ful did not, indicating that all four genes (IND, SHP1/2 and 

ALC) play a role in valve margin development (Figure 1.3; Liljegren et al., 2004).  

 Based on the evidence that FUL acts to restrict the genes responsible for valve 

margin specification, namely SHP1/2, a factor required for replum specification may act 

in conjunction with FUL to restrict valve margin fate to the few cells in and around the 

dehiscence zone.  Therefore, a screen to identify mutants that fail to produce a replum 

was performed.  As the replum is difficult to observe without the aid of a microscope, ful 
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mutants, which produce large and twisted repla easily observed by the naked eye, were 

utilized in this screen and the replumless (rpl) mutant was identified (Gu et al., 1998; 

Roeder et al., 2003).  Mutants homozygous for loss-of-function RPL alleles display 

developmental defects that include altered plant architecture and internode length as well 

as complete loss of replum development (Roeder et al., 2003; Smith and Hake, 2003).  

Closer examination of rpl siliques revealed that the replum region is completely replaced 

by narrow cell files reminiscent of valve margin cells.  RPL is expressed in the replum of 

developing fruit and in stems and pedicels.  RPL encodes a BELL1-class homeodomain 

protein  (Smith and Hake, 2003).  Other members of this family of transcription factors 

have been shown to negatively regulate AGAMOUS, a MADS-box gene closely related to 

the SHP and FUL genes (Western and Haughn, 1999).  In an rpl mutant background, 

SHP1/2 are ectopically expressed in repla, and shp1;shp2;rpl mutants are able to partially 

restore replum development (Roeder et al., 2003).  These results indicate that RPL is 

required to restrict SHP1/2 expression to the valve margin region in conjunction with 

FUL (Figure 1.3) (Roeder et al., 2003). 

         Although the genes required for specification of valve, valve margin and replum 

fate had been identified, one crucial aspect of fruit development that remained elusive 

was the mechanism that activated these specification genes in the proper location in the 

fruit.  To identify factors required for establishment of fruit patterning, two genes 

expressed early during fruit development, FILAMENTOUS FLOWER (FIL or YABBY1) 

and YABBY3 (YAB3) were examined (Dinneny et al., 2005).  YABBY transcription factor 

family members, FIL and YAB3, are expressed in the lateral regions of young fruit where 
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the valves and valve margins will form (Sawa et al., 1999; Siegfried et al., 1999).  Both 

genes also play a role in establishment of abaxial/adaxial patterning in lateral organs such 

as leaves; however, their role in fruit organ polarity remained unknown (Eshed et al., 

2004; Sawa et al., 1999; Siegfried et al., 1999).  fil;yab3 double mutants have an 

indehiscent phenotype reminiscent of shp1/2  or ind mutants, and closer examination of 

fruit revealed that the double mutants fail to develop valve margin cells and also lack the 

lignification characteristic of the dehiscence zone in the apical regions of the fruit 

(Dinneny et al., 2005).  Analysis of FUL expression in a fil;yab3 double mutant 

background revealed that FUL expression is suppressed in the valves.  Furthermore, 

SHP2 expression, while initiated normally in young fruit, is suppressed in mature valve 

margins (Dinneny et al., 2005).  These results indicate that FIL and YAB3 are required for 

the activation of FUL and maintenance of SHP expression in developing fruit (Figure 

1.3).   

 A third gene, JAGGED (JAG), was expressed similarly in young fruit as FIL and 

YAB3, although JAG differs in expression pattern in later stages where it becomes 

localized to the medial regions where the repla will form.  JAG encodes a C2H2 zinc-

finger transcription factor (Dinneny et al., 2004; Ohno et al., 2004; Dinneny et al., 2005).  

Mutations in jag in combination with fil mutants result in the ectopic formation of valve 

margin cells and a dehiscence zone in the center of the valves, which correlates to ectopic 

expression of SHP2 (Dinneny et al., 2005).  However, jag;fil;yab3 triple mutants fail to 

form this ectopic valve margin phenotype and almost completely abolish SHP2 

expression in the valve margins and completely eliminate FUL  expression in the valves 
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(Dinneny et al., 2005).  These results indicate that JAG, FIL and YAB3 together are 

required to promote both FUL and SHP expression in developing fruit.  Ectopic 

expression of JAG in the replum results in the conversion of repla cells into valve margin 

cells and the subsequent ectopic expression of SHP2 in the replum, similar to that 

observed for rpl mutants (Roeder et al., 2003; Dinneny et al., 2005).  jag;rpl double 

mutants produce a partial rescue of the rpl phenotype, although no expansion of the JAG 

expression was observed.  However, ectopic expression of FIL in the replum was found 

in rpl mutants, and fil;rpl double mutants strongly rescued the rpl mutant phenotype.  

These results suggest that RPL promotes valve margin fate specification via repression of 

JAG and FIL in the replum.  From the data presented here, a model for fruit organ 

patterning was hypothesized in which RPL represses FIL, YAB3 and JAG in the replum, 

while FIL, YAB3, and JAG promote FUL and SHP expression in the valves in valve 

margins.  However, negative regulation by FUL restricts SHP expression to the small 

number of cells between the valve and replum (Figure 1.3).  

 

The Fruit Meristem: the SAM Revisited? 

Although the fruit itself does not retain the conserved structure of shoot meristems 

with regards to layers and functional zones, it does contain a layered structure and 

multipotent cells, suggesting that the fruit contains meristematic properties (Pautot et al., 

2001).  Specifically, the replum region derived from the medial region of the gynoecium 

is responsible for giving rise to the ovules during fruit development (Bowman et al., 
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1999).  The replum is specified by the homeodomain transcription factor RPL, and rpl 

mutants fail to produce cells in the replum.  However, RPL, also known as PENNYWISE 

(PNY), BELLRINGER (BLR) and VAAMANA (VAN), has been shown to play important 

roles within shoot meristems as well (Smith and Hake, 2003; Bhatt et al., 2004; Byrne et 

al., 2003).  RPL interacts with members of the KNOX gene family in shoot meristems, 

including STM, along with other related KNOTTED-like homeodomain transcription 

factors such as BREVIPEDICELLUS (BP) in order to properly maintain stem-cell 

populations (Smith and Hake, 2003; Kanrar et al., 2006).  In shoot meristems, RPL is 

thought to work in conjunction with STM and BP to represses lateral organs, namely 

leaves and flowers, from forming in the center of the meristem as RPL, STM and BP 

expression is excluded from incipient primordia (Byrne et al., 2003; Semiarti et al., 

2001).  In the fruit, RPL is required for a similar role in the exclusion of genes required 

for lateral organ fate, namely SHP1/2 and FUL, required for the specification of the valve 

margins and valves (Roeder et al., 2003; Dinneny et al., 2005).  As STM is also expressed 

in the replum region, it is possible that RPL and STM work together in the fruit as well in 

order to maintain a less differentiated state to prevent expression of differentiation factors 

in the medial regions.   

       The overlap of gene expression and function between the replum region in 

the fruit and shoot meristems suggests that the fruit meristem may harbor other 

similarities to shoot meristems that may include signaling modules akin to the 

CLV3/CLV1/WUS pathway.  Although STM is not in the WOX family, it does encode a 

homeodomain transcription factor and performs a similar, although not identical function, 
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as WUS.  Furthermore, several CLE genes are known to be expressed in the replum 

region of the fruit (Jun et al., 2010), and although expression of CLV1 and CLV2 has not 

been assayed in the fruit, RT-PCR and microarray data suggest that these genes may be 

expressed at low levels in developing fruit (Jeong et al., 1999; Genevestigator; eFP 

browser).  The previously reported genetic interactions between STM and CLV1 are 

ambiguous in that while each could partially suppress the mutant phenotype of the other, 

CLV1 was not required for STM function in the meristem and vice versa.  However, it 

should be noted that these experiments utilized a fruit organ number phenotype to assay 

meristem output.  If CLV1 and STM function in a fruit specific pathway, the partial 

suppression observed in interactions between clv1 and stm mutants could be interpreted 

as a suppression of a fruit meristem-specific defect rather than a FM or IM defect.  

Furthermore, a recent study in maize looking at genetic interactions between KN1 and 

THICK TASSEL DWARF1 (TD1), the maize CLV1 homolog, suggests that KN1 is 

epistatic to TD1, indicating that these genes function in a single pathway to maintain 

stem-cell homeostasis in maize reproductive meristems (Lunde and Hake, 2009).  Closer 

analysis of CLV1 and STM function in the fruit will help to shed light on the possibility of 

a CLV-STM module in the fruit meristematic region.      

In Arabidopsis, the CLV pathway is required for the maintenance of all shoot 

meristems.  Orthologs of CLV pathway members have also been identified and 

characterized in other plant species including maize and rice (Bommert et al., 2005; 

Taguchi-Shiobara et al., 2001; Chu et al., 2006; Suzaki et al., 2004).  In maize, the 

THICK TASSEL DWARF1 (TDF1) gene encoding the CLV1 homolog and the 
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FASCIATED EAR2 (FEA2) gene encoding the CLV2 ortholog have been characterized 

(Bommert et al., 2005; Taguchi-Shiobara et al., 2001), while in rice the FLORAL 

ORGAN NUMBER 4 (FON4) gene encoding a CLV3 homolog and the FON1 gene 

encoding the CLV1 homolog have been analyzed (Chu et al., 2006; Chu and Zhang, 

2007; Suzaki et al., 2004).  The maize and rice CLV orthologs are expressed in shoot 

meristems and their mutants produce phenotypes similar to Arabidopsis clv mutants, 

including overproliferation in the meristems and extra fruit organ production, suggesting 

that the function of the CLV signaling pathway may be highly conserved throughout the 

plant kingdom.  Furthermore, although FON1 and FON4 in rice do appear to play a role 

in vegetative meristems, their most dramatic defects are observed within floral and 

reproductive meristems affecting fruit production, and the same trend is observed for 

TD1 and FEA2 in maize.  The reproductive/fruit meristem specificity found for CLV 

pathway members in other species suggests that this signaling module plays a key role in 

regulating cell proliferation in reproductive tissues in many plants, including Arabidopsis.  

In tomato, genetic analyses have shown that carpel number and cell proliferation 

in developing fruit are the two major regulators of fruit size (Lippman and Tanskley, 

2001).  The molecular mechanisms that connect carpel number to fruit size are not 

understood.  Quantitative trait loci (QTL) analyses have led to the identification of a 

YABBY-like transcription factor that is most closely related to AtYABBY2, but is also 

related to FIL and YAB3, both of which are part of the Arabidopsis transcription factor 

network that specifies fruit organs (Cong et al., 2008).  Identification of CLV pathway 

genes in tomato revealed that a WUS ortholog mapped near a major QTL locus regulating 
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fruit organ number, while a BAM homolog and a CLV3 homolog mapped near minor loci 

regulating fruit organ number (Cong et al., 2006), although it is not known whether 

mutations in these genes are responsible for the phenotypes associated with these loci.  

These results suggest a hypothesis in which in tomato, the CLV pathway and the 

transcription factor pathways downstream of CLV signaling have become the primary 

regulators of fruit organ number.       

In the work presented in this dissertation, I provide evidence for a meristem 

signaling module that functions to restrict cell proliferation in the medial regions of 

developing fruit.  My data suggests that the CLV1, CLV2, and CRN receptors act to 

repress the expression of STM in developing fruit and that loss of regulation of 

proliferation in this region leads to the ectopic formation of fruit organs after the 

development of the floral meristem has terminated.  
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CHAPTER 2 

CLV1, CLV2 AND CRN RECEPTOR MUTANTS GENERATE ECTOPIC FRUIT 

ORGANS DURING GYNOECIUM DEVELOPMENT 

Abstract 

The Arabidopsis thaliana CLAVATA1 (CLV1), CLV2 and CORYNE (CRN) 

receptors maintain cell proliferation in shoot meristems by regulating the transcription 

factor WUSCHEL (WUS).  Previously characterized mutations in these receptors generate 

extra fruit and floral organs, and the current model proposes that these extra organs are 

produced from enlarged floral meristems.  We identified new alleles in clv1, clv2 and crn 

and found that while all mutants generate extra fruit organs, most mutants produce wild-

type numbers of sepals, petals and stamens.  Furthermore, we find that most clv1, clv2 

and crn mutants do not affect inflorescence meristem or floral meristem size, indicating 

that these mutants produce extra fruit organs through an alternate mechanism.  

Characterization of fruit development in clv1, clv2 and crn mutants revealed ectopic fruit 

organ initiation after carpel inception in these mutants.  We show that the overlap of 

CLV1, CLV2 and CRN expression in developing fruit is in regions of increased cell 

division where extra organ primordia are found.  In addition, we demonstrate that 

expression of the transcription factor SHOOTMERISTEMSLESS (STM) is altered in these 

same regions in clv1, clv2 and crn mutants.  We propose that a CLV/CRN-STM pathway 

acts in fruit to restrict cell division and consequently organ number via a mechanism 
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analogous to the CLV/CRN-WUS pathway in shoot meristems.  These results 

demonstrate the importance of regulating cell proliferation in organisms such as plants 

that undergo indeterminate development with continuous organogenesis throughout their 

life cycle. 
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Results 

Identification of fruit organ mutants  

 To identify genes that regulate fruit organ number, we performed a screen for 

mutants that produce wild-type numbers of sepals, petals and stamens, but generated 

more than two valves.  We identified three mutants – 14-7, 15-6, and 16-1 – that 

represented three independent complementation groups.  Using mapping, 

complementation testing, and sequencing of candidate genes, we identified a novel 

missense mutation in the kinase domain of CLV1 in 14-7, a novel missense mutation 

leading to an early stop condon in the extracellular domain of CLV2 in 15-6, and a 

missense mutation in the transmembrane domain of CRN that was the same mutation as 

the crn-1 mutant previously identified by Muller et al. (2008) in 16-1.  These mutants 

were renamed as clv1-23, clv2-7, and crn-1, respectively (Figure 2.1B). 

 Before analyzing the mutants identified from the screen, we obtained additional 

alleles of CLV1 and CLV2.  For CLV1, we obtained two insertion mutations (clv1-20, 

clv1-21) located in the 5‟ UTR that result in decreased levels of CLV1 mRNA (Figure 

2.S1), an insertion mutation (clv1-22) in the kinase domain that is a transcriptional null 

mutation (Figure 2.S1), and clv1-4, a previously characterized mutant containing a 

missense mutation in the extracellular domain (Clark et al., 1993; Figure 2.1B).  For 

CLV2, we obtained the clv2-2 allele containing a frameshift mutation (Forstheofel et al., 

1992; Kayes and Clark, 1998), and an insertion mutation from an analysis of receptor-
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like proteins in Arabidopsis named Atrlp10-1 (Figure 2.1B; Wang et al., 2008).  For the 

purpose of this study we will refer to Atrlp10-1 as clv2-6.   

 

Most clv1, clv2 and crn Mutants Produce Fruit Specific Defects 

  We next characterized the fruit and floral organ phenotypes of the five clv1 

mutants, three clv2 mutants and crn-1.  We found that with the exception of clv1-4, all 

clv1, clv2 and crn-1 mutants only produced extra fruit organs and did not generate extra 

sepals, petals or stamens (Figure 2.2A).  Based on their molecular nature and fruit organ 

phenotypes we categorized clv1-20, clv1-21, clv1-22, clv2-6, clv2-7, and crn-1 as „weak‟, 

clv1-23 and clv2-2 as „intermediate‟ and clv1-4 as „strong.‟   

Although our quantification of fruit organ number is lower on average than 

previously reported for each class, our groupings for the clv1 alleles are consistent with 

classifications of other clv1 alleles in which null alleles are weak, kinase domain 

missense mutations are intermediate, and extracellular domain missense mutations are 

strong (Clark et al., 1993; (Clark et al., 1997; Dievart et al., 2003; Leyser and Furner, 

1992; Medford et al., 1992; Pogany et al., 1998).  However, there was some variation in 

the degree to which fruit organ number was affected in the clv2 and crn mutants 

compared to previous reports (Kayes and Clark, 1998; Muller et al.,. 2008).  Initial 

characterization of crn-1 showed that these mutants produced ~4 valves on average 

(Muller et al.,. 2008), whereas we observed significantly less valves (2.5 on average; 

Figure 2.2A), although we identified the same mutation albeit in a different background 
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accession (Ws-2 in our study, Landsberg erecta (Ler) in Muller et al.,. 2008).  Also, we 

found a significant difference between valve number in clv2-2 (3.23 valves), which 

contains a single base-pair deletion causing a frameshift, and clv2-6 (2.68 valves), which 

contains a T-DNA insertion in the second LRR, although both are predicted to be null 

mutations and the values we obtained for clv2-2  and clv2-6 were similar to previous 

reports (Kayes and Clark, 1998; Wang et al., 2008). The lower fruit organ number 

averages we obtained could be due to our counting methods in which we assign a 0.5 

value to partial valves, a phenotype observed in a significant percentage of fruit from all 

alleles (see below; Table 2.2; Figure 2.8).  Previous studies counted partial valves as a 

whole extra valve (Kayes and Clark, 1998; DeYoung and Clark, 2008).   

Another possibility for some of the differences in our results could be ecotype-

specific effects, in particular the presence of the erecta mutation in the Ler accession.  

Previous studies have reported the presence of extra floral organs in intermediate and, to 

a lesser extent, null clv1 alleles (Clark et al., 1993; Clark et al., 1997). These results were 

obtained in the Ler accession; however, for this study, all alleles are in the Columbia 

(Col) accession or introgressed into Col from Ws-2, with two exceptions: clv1-4, which 

was introgressed from the Ler accession into the Ws-2 accession, and clv2-2, which is in 

the Ler accession.  It should also be noted that the previous analysis of crn-1 was 

performed in the Ler accession (Muller et al.,. 2008). 

As the FM is responsible for producing all floral organs, if the extra fruit organ 

phenotype is due to the presence of extra cells in the FM, as proposed in the current 
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model, we would expect to see extra organs throughout the flower, not just extra carpels 

initiated in the center of the FM.    To test whether our mutants produce larger meristems, 

we measured FMs and IMs from the weak and intermediate mutants and compared them 

to the FMs and IMs of clv1-4, which is known to produce larger meristems (Clark et al., 

1993; Clark et al., 1995; Clark et al., 1997).  FMs and IMs from the weak clv1-20, clv1-

21, clv1-22, clv2-6, clv2-7 and crn-1, and intermediate clv1-23 mutants were similar in 

dimension to wild-type meristems (Figure 2.2B,C; Figure 2.S2).  clv2-2 mutants 

produced IMs that were similar in width to Ler; however, they generated FMs that were 

taller than Ler wild-type controls,  consistent with previous reports (Kayes and Clark, 

1998; Figure 2.2 B,C).  Our observations that the clv2-2 allele in the Ler accession was 

the only mutant to show a significant increase in meristem size (p<0.01; t-test), with the 

exception of the dominant-negative clv1-4, suggests that interactions between clv1, clv2 

or crn and mutations in Ler lead to the larger meristems seen in previous studies (Clark et 

al., 1993; Clark et al., 1997; Kayes and Clark, 1998; Muller et al.,. 2008).  As the 

majority of the mutants tested did not produce larger FMs or IMs, an alternative 

mechanism for initiation of fruit organs must be considered.    

 

clv1, clv2, and crn Mutants Generate New Organs During Fruit Development 

As the new clv1, clv2 and crn-1 mutants we isolated did not produce larger FMs, 

we hypothesized that these mutants generate extra valves through a mechanism separate 

from carpel initiation, likely during gynoecium development.  To test this hypothesis, we 
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generated sections from a series of ten consecutive flower buds from individual plants 

ranging from stages 7-14 of flower development (Smyth et al., 1990; Figure 2.1A).  At 

stage 9 and earlier when septa primordia initiate, most buds examined from plants 

homozygous for the weak clv1-20 and clv1-21 alleles initiated two primordia from two 

medial regions, as found in wild-type, although the primordia appeared to be wider than 

wild-type controls (Figure 2.3 A,B).  Although the clv1-22, clv2-6, clv2-7, and crn-1 

mutants displayed weak phenotypes with regards to fruit organ number, sections of buds 

at early stages of development revealed phenotypes more similar to the intermediate clv1-

23 and clv2-2 mutants.  In these mutants, approximately half of the buds resembled clv1-

20 and clv1-21 mutants, while the remaining buds formed extra primordia (Figure 

2.3C,D,E).  In the latter half, we observed either 1) one large primordium emerging from 

a single medial region that was split into two at the internal end of the primordia (Figure 

2.3D) or 2) multiple primordia emerging from separate medial regions that arise adjacent 

to one another without the presence of an extra lateral region (Figure 2.3C,E), as opposed 

to being evenly spaced.  In the second case, the primordia that are adjacent to one another 

were located directly across from either a single primordium (3 septa) or two adjacent 

primordia (4 septa).  We interpret this organization as indicative of a single medial region 

splitting into two medial regions at early stages of fruit development.   

In weak clv1-20 and clv1-21 mutants, we rarely observed extra primordia earlier 

than stage 10, yet extra organs were consistently seen in all mutants by stage 12 (Figure 

2.3H, arrow).  We also frequently saw enlargement and splitting of the septum in weak 
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clv1-20 and clv1-21 mutants at later stages (10-12) (Figure 2.3 H), similar to was what 

found in early clv1-22, clv1-23, clv2 and crn mutants.  

Although clv1-4 plants are known to generate extra carpels from enlarged 

meristems (1,2), we asked whether clv1-4 mutants also produce extra organs at later 

stages.  Examination of early stage 7-9 clv1-4 buds revealed initiation of multiple septa 

primordia; however, unlike the clv1-22, clv1-23, clv2, and crn-1 mutants, the primordia 

are evenly spaced, with each medial region separated by a full lateral region, and with 

medial regions never adjacent to one another (Figure 2.3F).  This is consistent with the 

model that these primordia are derived from extra carpels. However, we also observed 

wide primordia with extra cells similar to the other clv1, clv2 and crn mutants and the 

duplication of medial regions and splitting of septa primordia at both early and later 

stages, indicating extra organ initiation during fruit development (Figure 2.3L).   To 

quantify the early and late genesis of extra organs, we compared primordia number at 

early stages and organ number in mature fruit and found that for all five clv1 alleles, clv2-

6, clv2-7 and crn-1 mutants, significantly more fruit organs were present in late stages 

versus earlier stages (Table 2.1).  We never observed the presence of extra organs at early 

stages in wild-type fruit; however, we did occasionally find extra fruit organs in mature 

fruit (N >25, Table 2.1), suggesting that the extra fruit organs produced in the wild type 

are generated during fruit development and not from the meristem.  These results 

demonstrate that extra fruit organs are generated during fruit development in all mutants 

tested. 
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Ectopic Organ Specification Occurs During Fruit Development in clv1, 2 and crn 

Mutants 

If extra organs in clv1, clv2 and crn mutants are initiated during fruit development 

and not from carpels derived from the meristem, we would expect to see ectopic 

expression of fruit organ specification genes during fruit development.  We performed 

RNA in situ hybridization with probes for the YABBY family transcription factor 

FILAMENTOUS FLOWER (FIL), a component of the fruit specification network and a 

marker for lateral regions, which later differentiate into valves (Figure 2.4A; Dinneny et 

al., 2005; Siegfried et al., 1999).  In early (stage 7-9) wildtype and clv1-20 and clv1-21 

fruit where two primordia are initiated, FIL is only expressed in the two lateral regions 

(Figure 2.4B). In most early clv1-22, clv1-23, clv2-6, and crn-1 mutant gynoecia, we saw 

FIL expressed broadly in the two lateral regions, as observed in the wild type.  However, 

small patches of FIL expression were often detected in areas where two primordia abut 

one another or in the center of medial regions in which the primordium has split at the 

internal end (Figure 2.4D,E,G), in the position where we see extra organ formation.    

At later stages of fruit development, FIL expression continues to be excluded 

from the medial regions and is restricted to the abaxial region of the valves in the wild 

type.  In clv1-20 and clv1-21 mutants, induction of FIL expression in medial regions was 

observed as early as stage 10 (Figure 2.4J).  In the strong clv1-4 allele, we consistently 

saw FIL expression in broad arches in more than 2 lateral regions, likely derived from 
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extra carpels; however, we also found patches of FIL in adjacent medial regions (Figure 

2.4K), similar to early (stage 7-9) clv1-22, clv1-23, clv2-6 and crn-1 and late (stage 10-

12) clv1-20 and clv1-21 mutants. These results suggest that extra organs can be initiated 

during stages 7-12 of fruit development in clv1-4 mutants.  This ectopic expression of 

FIL in developing fruit confirms that extra fruit organs are specified during fruit 

development in all clv1, clv2 and crn mutants. Moreover, these extra organs likely form 

when extra cells present in the medial regions are patterned as in wildtype, since they 

properly express FIL.  

 

CLV1, CLV2 and CRN Expression in Developing Fruit 

Our results suggest that extra clv1, clv2 and crn mutants initiate extra organs from 

medial regions of young fruit.  As we also observed enlarged medial regions in these 

mutants (Figure 2.3 B, C, D, E, H, J, K), we propose that CLV pathway receptors act to 

repress cell proliferation during fruit development in the medial regions.  Previous studies 

revealed CLV1 and CLV2 transcripts in overlapping domains in the center of IMs and 

FMs (Clark et al., 1993, Kayes and Clark, 1998) as well as CLV1 expression in the 

vasculature (An et al., 2004; Zhao et al., 2005).  CRN is expressed throughout IMs and 

FMs as well as in young flower primordia, carpel primordia, and floral and pedicel 

vasculature (MULLER et al. 2008).  However, expression of CLV1, CLV2 or CRN in fruit 

has not been shown.  We generated a reporter gene containing the native CLV1 promoter 

upstream of B-galacturonidase (GUS) that was expressed in IMs and FMs as previously 
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shown with in situ hybridization (Clark et al., 1993). In addition, we found expression in 

medial regions of fruit starting at stage 10, becoming stronger at stage 13-14 (Figure 2.5 

A, B).   

To further examine fruit-specific expression of CLV1, CLV2 and CRN, we 

performed RNA in situ hybridization.  We detected weak expression for all three genes in 

the center of the medial regions of developing fruit starting at stage 8-9 (Figure 2.5 C, G, 

K) that included the vasculature found in the medial regions, but was not limited to this 

area.  Weak expression at these stages was also observed in the vasculature of the lateral 

regions.  At later stages (10-12), CLV1, CLV2 and CRN were strongly expressed in the 

medial regions and in the vasculature of the lateral regions in a similar pattern as seen at 

earlier stages, as well as in the transmitting tract where the septa fuse (Figure 2.55 D, H, 

L).   

 

The STM Expression Domain Is Expanded in clv1, clv2 and crn Mutants 

In shoot meristems, CLV1, CLV2 and CRN function to maintain stem cell 

populations and repress proliferation (Clark et al., 1993; Clark et al., 1997; Schoof et al., 

2000).  From the spatial overlap between CLV1, CLV2 and CRN expression and 

proliferation defects in clv1, clv2 and crn mutant fruits, we hypothesized that these 

receptors are required to maintain cell populations in medial regions of developing fruit 

which are known to maintain higher plasticity to produce ovules (Bowman et al., 1999).  

In shoot meristems, the CLV pathway receptors regulate proliferation via regulation of 
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WUS, although WUS is not expressed in developing fruit (Goss-Hardt et al., 2002).  

However, the homeodomain transcription factor SHOOTMERISTEMLESS (STM), which 

is also required for meristem maintenance, is expressed in meristems as well as in young 

fruit (Endrizzi et al., 1996; Long et al., 1996).  In maize, there is evidence for a genetic 

interaction between the CLV1 ortholog TASSEL DWARF1 and the STM ortholog 

KNOTTED1 in reproductive meristems (Lunde and Hake, 2009).   

To test whether CLV1, CLV2, and CRN regulate STM in the fruit specific 

pathway, we examined STM expression in the clv1, clv2 and crn mutants at various stages 

of fruit development using RNA in situ hybridization.  In the wild-type fruit, STM is 

expressed weakly in the medial regions at stage 7-9 (Figure 2.6A).  We found that in all 

clv1, clv2 and crn mutants, STM was expressed in medial regions but in a broader domain 

than in the wildtype (Figure 2.6B-F).  In early clv1-4 mutants we also observed strong 

expression in tissues in the center of fruit that likely corresponds to the 5
th

 whorl (Clark et 

al., 1993; Schoof et al., 2000; Figure 2.6G).  At later stages of fruit development after the 

ovules are initiated, STM expression in wild-type becomes restricted to the center of the 

medial regions and is never observed in the septum (Figure 2.6I).  However, in clv1, clv2 

and crn mutants, STM expression is found throughout the medial regions and expands 

into the septum (Figure 2.6J-P).  The expansion of STM expression in the fruit of clv1, 

clv2 and crn mutants is very reminiscent of the enlarged WUS expression domain seen in 

shoot meristems of strong clv1 mutants (Schoof et al., 2000).  These results suggest that 

loss of the CLV pathway in the fruit leads to increased STM expression, which we 
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hypothesize leads to increased cell proliferation allowing for the formation of extra fruit 

organs. 

A mutation in STM suppress extra valve formation in clv1 mutants 

  The mis-regulation of STM observed in clv1, clv2, and crn mutants suggests that 

STM plays a role downstream of the CLV pathway in the fruit.  To better understand the 

relationship between CLV1 and STM, we tested whether there was a genetic interaction 

between clv1 and stm mutants.  We used the weak clv1-20 and null clv1-22 alleles in 

combination with the weak stm-2 mutant.  For most clv1-20;stm-2 and clv1-22;stm-2 

mutants, double homozygous plants displayed phenotypes similar to stm-2 single mutant 

phenotypes in that plants failed to maintain viable shoot, inflorescence or floral 

meristems, thus giving plants a bushy appearance (Figure 2.7 A,B).  Occasionally, a 

meristem was maintained long enough to produce a stem with a single inflorescence 

(Figure 2.7B).  Most buds on the inflorescence did not contain complete sets of organs, 

and generally consisted mainly of sepaloid and petaloid structures, but in a few instances, 

produced a mature fruit (Figure 2.7C).  When fruit were produced, the silique was shorter 

than the wild type, but always generated two valves, as found in the wild type.  To look at 

the early stages of development, we sectioned inflorescences from clv1-20;stm-2 and 

clv1-22;stm-2 mutants and found that in most cases buds were devoid of any internal 

floral organs, but on the few occasions where fruit were initiated (clv1-20; stm-2 N=4; 

clv1-22; stm-2 N=7), we saw patterning similar to wild-type (Figure 2.7D).  The fact that 

the ectopic fruit organ phenotype is strongly suppressed in clv1;stm-2 double mutants 
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containing a weak mutation in STM further supports the hypothesis that STM is the 

downstream target of CLV1.  

clv1, clv2 and crn Mutants Form Partial Valves 

In clv and crn mutants, we consistently see a fruit organ phenotype in which a valve 

is found in the top part of the fruit and can vary from 10-90% of total valve length; we 

call these partial valves (Figure 2.8A-B‟; Table 2.2).  Although previous studies of clv2 

report a phenotype described as „valveless‟ in which part of the valve is replaced by 

replum tissue (Kayes and Clark, 1998; DeYoung and Clark, 2008; Figure 2.8C, C‟), we 

also observe a phenotype in clv1, clv2 and crn mutants that differs from the valveless 

phenotype in that the extra organ initiates from the center of an existing replum in a 

position where valves are not normally found (Figure 2.8B vs C).  The partial valve 

phenotype was found in a significant proportion of fruit in all clv1, clv2 and crn mutants 

analyzed, ranging from 14-31% (Table 2.2).  Because it is difficult to account for partial 

valves by having extra carpels, we suspect that the partial valves form during fruit 

development. 

Partial valves form in the medial regions, bisecting enlarged repla.  Our hypothesis 

is that the entire medial region is competent to form a new valve, but a critical number of 

cells in apical regions are necessary to initiate the formation of an ectopic valve.  In serial 

sections of individual fruit with partial valves, we found splitting of the septum in central 

regions of the fruit, accompanied by a new organ in the apical region of the plant while 

the basal regions remained wild-type in patterning (Figure 2.8D-G).  After in situ 
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hybridization of serial sections of young fruit from the base to the apical region, we often 

found either no or very small patches of FIL expression at the base and subsequent larger 

regions of FIL expression in the apical region (Figure 2.3D, E), suggesting that new 

lateral regions are being specified as fruit development is occurring.  Finally, in serial 

sections, STM expression was frequently split into two separate areas of expression in the 

medial regions prior to any visible septum splitting (Figure 2.6N).  The two regions of 

STM expression were more similar in size to that observed for wild-type, indicating that a 

large pool of STM expressing cells could split into separate medial regions, thus leading 

to the initiation of extra lateral regions. 

 

CLV3 is not the primary ligand in the fruit-specific mechanism 

   In shoot meristems, the CLV1, CLV2, and CRN receptors function to bind the 

CLV3 signaling peptide, and subsequently restrict the expression of the stem-cell 

promoting transcription factor WUS (reviewed in MIWA et al. 2009).  In developing fruit, 

it appears that the CLV1, CLV2, and CRN receptors act to restrict the expression of the 

stem-cell promoting transcription factor STM in a similar manner to the CLV/CRN-WUS 

pathway in the meristem.  However, the identity of the ligand for CLV1, CLV2, and 

CRN in the fruit remains unknown.  Although clv3 mutants have very strong fruit organ 

phenotypes, they also produce extremely large shoot meristems, suggesting that clv3 

mutants produce extra valves from extra carpels.  To determine whether clv3 mutants 

produce extra valves via the fruit specific mechanism, we looked for ectopic FIL 
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expression in the medial regions of developing fruit at various stages of development in 

clv3-3 and clv3-6 mutants.  We found that FIL expression was only observed in arches 

that correspond to clearly defined lateral regions at early stages (7-9) (Figure 2.9A, C), 

and that ectopic FIL expression was never seen in the medial regions at any stage of 

development (7-12).  The latter was striking as we saw significantly enlarged medial 

regions and septa in both clv3-3 and clv3-6 mutants.  These results suggest that clv3 

mutants do not initiate extra organs during fruit development.  

The extra cells in the medial regions of developing fruit for clv1, clv2 and crn 

mutants are proposed to be the result of mis-regulation of STM, and we questioned 

whether the extra cells observed in clv3 medial regions were also produced by loss of 

regulation of STM.  RNA in situ hybridization analysis of STM expression in developing 

fruit revealed in contrast to clv1, clv2, and crn mutants at early stages of development, 

STM expression in the medial regions of clv3-3 and clv3-6 mutants was similar to wild-

type controls, while strong expression was only observed in the 5
th

 whorl in the center of 

the fruit (Figure 2.9B, D).  At later stages of development where STM expression is 

expanded into the septum in clv1, clv2 and crn mutants, STM is restricted to the medial 

regions in the majority of clv3-3 and clv3-6 mutants and does not expand into the septum, 

as observed in single mutants (Figure 2.9B, D).  Although the STM expression domain is 

wider in clv3 mutants than in wild type, the medial regions in these mutants are also 

wider.  These results suggest that the extra cells in the medial regions of clv3 mutants are 

not due to mis-regulation of STM, and are likely derived from extra cells in the meristem. 
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Discussion 

CLV Pathway Receptor Mutants Generate Extra Fruit Organ Via Two Separate 

Mechanisms  

In our analysis of the fruit phenotypes of CLV pathway receptor mutants, we 

found that fruit organs can form not only from extra carpels from FMs, but also from the 

medial regions of developing fruit.  Our conclusions are based on the results of several 

independent experiments.  First, we found that flowers from plants homozygous for all 

new clv and crn mutants only have extra fruit organs with no increases in the other floral 

organs, suggesting that larger meristems are not the sole source of extra organs.  Second, 

we show that the IMs and FMs from clv1, clv2 and crn mutants, with the exception of the 

dominant-negative clv1-4 allele and the clv2-2 allele in the Ler accession, are wild-type 

in dimension, indicating that these extra fruit organs must arise from an alternative 

source.  Third, our analysis of sections from fruit at different stages indicates that fruit 

from weak and intermediate clv1 mutants, clv2, and crn mutants do not display 

phenotypes indicative of extra carpel inception at early stages (7-9), but contain extra 

valves at mature stages.  The most dramatic example of this phenotype is seen in clv1-20 

mutants for which patterning is identical to wild-type at early stages (Figure 2.2; Figure 

2.3B). Furthermore, all receptor mutants tested, including the dominant-negative clv1-4, 

which does generate extra carpels, form more valves at later stages of development.  

However, we found that the late generation of ectopic fruit organs appears to be specific 

to the CLV pathway receptors and not the ligand, as clv3 mutants failed to generate extra 
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organs during fruit development.  Finally, the formation of partial valves, which cannot 

be easily explained by the presence of larger meristems or extra carpels, fits well with the 

mechanism we propose.     

 

CLV1, CLV2, and CRN Can Regulate Cell Proliferation Via Two Distinct Pathways with 

Different Downstream Targets 

From these results, we propose that the CLV pathway receptors act in two 

temporally distinct mechanisms, one in shoot meristems and a second in developing fruit.  

Although the medial regions of young fruit do not retain the conserved structure of shoot 

meristems, they do express the meristem identity genes STM and REPLUMLESS (RPL) 

(Long et al., 1996; Roeder et al., 2003) and retain meristematic properties, including 

increased proliferation (Pautot et al., 2001).  As this meristematic region generates ovules 

during fruit development (Bowman et al., 1999), we hypothesize that it is also competent 

to form new fruit organs.   

The process by which the medial regions obtain meristematic characteristics is 

poorly understood.  One possibility is that cells in the medial regions undergo 

dedifferentiation, aided by activation of STM and/or other related homeodomain 

transcription factors, and that the CLV pathway functions to limit the expression of STM. 

An alternate possibility is that a subset of cells derived from the FM is incorporated into 

young fruit and maintains proliferative properties throughout fruit development.  

Therefore, the CLV pathway, which functions to restrict cell proliferation, would act to 
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inhibit the meristem identity gene WUS in shoot meristems and inhibit STM in 

developing fruit.  It is possible that in the absence of CLV pathway signaling, additional 

„meristematic‟ cells are incorporated into developing fruit, leading to enhanced 

proliferation.  This hypothesis would require CLV1, CLV2 and CRN to function both in 

meristems and during fruit development to maintain fruit organ number.  

We propose that the initiation of extra fruit organs occurs when a critical 

threshold of cells is generated in the medial regions, and that the rate at which this 

threshold is reached depends on the degree of STM mis-regulation.  Thus, in 

hypomorphic mutants such as clv1-20, extra cells accumulate at early stages, as seen in 

widened septa primordia (Figure 2.3B), but do not reach the threshold for organ initiation 

until later stages (Figure 2.10).  Meanwhile, in null mutants such as clv1-22 and clv2-6 

where all receptor complex function is lost, more cells accumulate or proliferate earlier, 

causing ectopic organ initiation to coincide with carpel-derived organ initiation.  In 

dominant-negative clv1 mutants that produce larger meristems (CLARK et al. 1993), extra 

carpels are formed, producing some extra fruit organs.  However, increased cell 

proliferation in the fruit leads to ectopic organ formation as well, and, when combined 

with the extra carpel phenotype, results in a strong extra fruit organ phenotype (Figure 

2.10).  The functional importance of regulating STM levels in fruit organ patterning is 

supported by previous results that reduction of STM expression can suppress the clv1 fruit 

organ phenotype in strong alleles (Clark et al., 1996), along with our data for suppression 

of the clv1 phenotype in weak and null mutants by weak stm mutants (Figure 2.7).  
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         The idea that a threshold is required to initiate ectopic organs can also 

explain why partial valves form in the apical and not the basal regions of the fruit.  As the 

apical region of developing fruit is older, it has more time to undergo cell divisions than 

the basal region.  If the threshold is not reached in the basal regions by the time fruit 

organ differentiation (starting around stage 13), then a partial valve would be formed in 

the apical region only.       

  

clv1, clv2 and crn Mutant Phenotypes Are Sensitive to Mutations in the ERECTA gene 

 Previous analyses of the CLV and CRN receptors provide evidence that all clv1, 

clv2 and crn mutants generate extra fruit organs through enlarged meristems (Clark et al., 

1993; Clark et al., 1995; Clark et al., 1997; Kayes and Clark, 1998; Muller et al., 2008).  

However, our data shows that most clv1, clv2 and crn mutants produce significantly 

weaker extra fruit organ phenotypes that likely arise through an alternative mechanism 

that does not rely on meristem size.  The only instances in which we observed enlarged 

meristem phenotypes were in dominant-negative alleles such as clv1-4 and in mutants in 

the Ler background.  Previous studies on the effects of er mutations on CLV1 and CLV3 

suggest that mutations in ER enhance meristem-derived phenotypes such as fruit organ 

number (Dievart et al., 2003).  As the Ler accession contains a hypomorphic mutation in 

the ER, gene, we suspect that this is the source of the differences between our Col alleles 

and previous results obtained in the Ler background. 
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Other CLV3-related genes act as ligands in the fruit specific pathway 

 In the meristem, the CLV3 peptide acts as the ligand in the CLV pathway to 

restrict the expression of WUS.  clv3 mutants produce some of the strongest extra fruit 

organ and meristem size phenotypes, and we asked whether these phenotypes were due to 

meristem defects alone or a combination of meristem and fruit specific defects.  We 

found that while clv3 mutants do contain extra cells in the medial regions of developing 

fruit, they do not appear to initiate ectopic valves in a similar manner to clv1, clv2 and 

crn single mutants, nor do they affect STM expression.  Although we cannot rule out that 

CLV3 acts in the fruit-specific pathway at earlier stages than tested or through a separate 

pathway that has yet to be identified, the fact that clv3 mutants are known to generate 

greatly enlarged shoot meristems indicates that the majority of the extra fruit organs 

found in these mutants are derived from extra carpels (Clark et al., 1997).   

As clv3 mutants do not display any of the hallmarks of late ectopic generation of 

fruit organs, we hypothesize that another ligand(s) is acting in the fruit specific CLV 

pathway.  The CLV3 gene is a member of the CLE (CLV3/ESR – Embryonic Surrounding 

Region) gene family that contains 32 members encoding secreted precursor proteins, 

which are processed into functional dodecapeptides, containing the CLE motif, that are 

very highly conserved among CLE family members (Kondo et al., 2006; Ohyama et al., 

2009).  As none of the cle mutants analyzed to date have been reported to have an extra 

valve phenotype, it is likely that multiple ligands play a role in the fruit-specific 
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formation of valves.  Analysis of genetic interactions and expression patterns will likely 

identify candidate CLE ligands in fruit. 

 

Fruit Organ Specification Can Occur Independently From Carpel Specification 

One major implication of the result that the CLV pathway regulates STM 

expression is the potential direct link between CLV signaling and the transcription factor 

network required for fruit organ specification.  STM directly regulates RPL, a 

transcription factor required for specification of the replum and regulation of other 

patterning events in the fruit (Dinneny et al., 2005, Kanrar et al., 2006).  Our work 

suggests that this organ specification network acts as a default patterning mechanism that 

is activated when undifferentiated cells are present to ensure that extra cells do not simply 

continue proliferating.  This idea is supported by the fact that regardless of whether extra 

valves are derived from carpels or formed in developing fruit, these extra organs are 

always patterned normally. 

To fully understand the mechanisms that regulate fruit organ number, it is 

important to identify the source of the extra cells found in the medial regions of fruit at 

stages 7-9 (Figure 2.2B, C, D).  We did not observe any larger meristems in the FMs 

from the clv1, clv2 and crn mutants we analyzed.  However, it is possible that just a few 

extra cells could initiate proliferation within FMs.  Although the mis-regulation of STM 

in clv1, clv2 and crn mutants suggests that these cells are produced in the medial region 

through loss of CLV1 inhibition of STM, a more definitive way to prove this would be to 
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conduct live imaging in FMs.  Specifically, monitoring the expression domains of CLV1, 

WUS, CLV3, and STM, as well as other markers for cell division and stem cells, would be 

very useful for understanding the cellular dynamics of proliferation in FMs and fruit.  

That fruit organ patterning is achieved via two distinct spatial and temporal processes – 

carpel initiation in the meristem and valve initiation during fruit development - using 

shared protein components suggests that any genetic and epistatic analyses between 

CLV1, CLV2, CLV3, and CRN relying on fruit organ number phenotypes should be 

interpreted with care.   

 

Implications for fruit development, including in other species 

Previous findings in Arabidopsis that larger meristems generate additional 

carpels, together with the results presented here that proliferation during fruit 

development also generates more organs, indicate that loss of regulation of proliferation 

in both meristems and/or fruit increases fruit organ number.  We show that the CLV 

pathway receptors CLV1, CLV2 and CRN, which are known to be involved in regulation 

of proliferation in meristems, perform similar functions in developing fruit, and that 

CLV3 likely does not play a role in the fruit.  Whether other components of the CLV 

pathway also perform fruit-specific roles remain to be addressed.   

The work described here, along with previous studies, suggest that the CLV and 

CRN receptors play a key role in regulating proliferation and carpel number in 

Arabidopsis.  However, our discovery of the role of CLV1, CLV2 and CRN in the fruit 
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suggests that there may be other unknown regulators of fruit organ number, including 

those that play a role in CLV signaling in the fruit as well as others downstream of the 

CLV pathway involved in regulation of fruit development in other species. Genetic 

studies in tomato demonstrate that carpel number and cell proliferation are both important 

for regulation of tomato fruit size (Lippman and Tanksley, 2001).  One implication of our 

results is that components of the transcription factor network downstream of CLV1, 

CLV2 and CRN are also required to maintain fruit organ number.  This hypothesis is 

supported by the fact that a YABBY-like gene, most closely related to AtYABBY2 was 

identified as responsible for the fasciated quantitative trait locus in tomato, a known 

regulator of fruit organ number (Cong et al., 2008).  AtYABBY2 is closely related to FIL 

and YABBY3, which are both part of the Arabidopsis transcription factor network.  As 

more components of this proposed CLV-STM network become known, these will provide 

links to key players in the regulation of fruit size in tomato and fruits of other crop plants. 
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Materials and Methods 

Plant growth conditions and phenotypic analyses 

Growth of plants: Seeds were planted in round pots (10 cm in diameter) with soil (4 parts 

Sunshine mix 3, Sungro Horticulture: 1 part vermiculite, CAS# 1318-00-9, Therm-O-

Rock West, Inc.)
 
presoaked in water. Flats containing the pots were covered in

 
plastic 

wrap and cold treated for 3 to 4 days (d) before transfer to
 
a Conviron MTR30 growth 

chamber (16 hours (h) of light and 8 h of dark at 22°C, with 75% humidity, and a light 

intensity of approximately 120 µE/m
2
 from cool white fluorescent tube lamps (Philips 

F96/CW/VHO) supplemented by incandescent bulbs). Plastic wrap was removed after the 

seedlings were established
 
(3-5 d), and seedlings were thinned so that only 5-8 plants 

remained in each pot. 

Identification of clv1, clv2, crn, and er alleles: 

clv1-23, clv2-7, and crn-1: Wild-type seeds in the Wassilewskija-2 (Ws-2) accession 

were mutagenized with EMS as previously described (ZHAO et al. 2002).  Three mutants 

(14-7, 15-6, and 16-1) were identified with extra fruit organs, but without extra sepals, 

petals or anthers.  These mutants were crossed into the Col accession three times for 

mapping and for phenotypic analysis.  Linkage analysis of the PCR based markers 

NF5I14 and nga111 (available on www.arabidopsis.org) placed 14-7 and 15-6 mutation 

on the bottom of chromosome 1 within a region that included the candidate genes 

At1g65380 (CLAVATA2) and At1g75820 (CLAVATA1).  We sequenced the regions in the 

14-7 and 15-6 genome that correspond to CLV1 and CLV2.  In 14-7, we found a G-to-A 
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nucleotide substitution at position 2722 that corresponds to a V-to-M amino acid 

substitution at position 882 in CLV1.  We next performed a complementation test 

between 14-7 and two alleles of clv1 (clv1-4 and clv1-20) and found that in both crosses, 

all of the F1 progeny produced extra fruit organs, consistent with allelism to clv1.  We 

then renamed 14-7 as clv1-23. In 15-6 we found a G-to-A nucleotide substitution at 

position 494 that corresponds to a W-to-stop amino acid substitution at position 165 in 

CLV2.  We performed a complementation test between 15-6 and clv2-2 and found that all 

of the F1 progeny produced extra fruit organs, consistent with allelism to clv2.  We then 

renamed 15-6 as clv2-7.  For 16-1, linkage analysis of the PCR based markers nag158 

and nga 139 placed the mutation on the top of chromosome 5, within a region that 

included the candidate gene At5g13290 (CORYNE).  We sequenced the region in 16-1 

that correspond to CRN and found a G-to-A nucleotide substitution at nucleotide position 

208 that corresponds to a G-to-E substitution at position 70 in CRN.  This mutation was 

found to be identical to the crn-1 mutant identified by Muller et al., (2008), therefore, we 

renamed 16-1 as crn-1.   

clv1-20, clv1-21, clv1-22: Three additional alleles were found in sequenced tagged 

insertion libraries (http://signal.salk.edu/cgi-bin/tdnaexpress) generated in the Columbia 

accession.  The clv1-20 allele (SALK_008670), identified by the SALK Insertion Stock 

Center and the clv1-21 allele (SAIL_802C08), identified from the Syngenta Arabidopsis 

Insertion Library, both contain insertions within the 5‟UTR of CLV1. We re-sequenced 

T-DNA flanking PCR products and found that the insertions in clv1-20 and clv1-21 are 

217 and 146 bp, respectively, upstream of the predicted transcriptional start. The clv1-22 

http://signal.salk.edu/cgi-bin/tdnaexpress
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allele, (WiscDsLox489-49), was identified by the University of Wisconsin Knockout 

Facility, and we confirmed that the insertion is 2042 bp downstream of the predicted 

transcriptional start within the kinase domain of CLV1. 

clv1-4: This allele is an X-ray induced mutation isolated in the Landsberg erecta 

accession (McKelvie, 1962) that contains a missense amino acid change at position 201 

(G-to-E substitution) within leucine-rich-repeat (LRR) 5 of the extracellular domain.  

Before conducting our analysis, the clv1-4 mutation was introgressed to plants in the Ws-

2 accession for 3 generations, and the strain we analyzed does not contain the er-1 

mutation found in the Landsberg erecta accession. 

er-3: This allele was found in sequenced tagged insertion libraries 

(http://signal.salk.edu/cgi-bin/tdnaexpress) generated in the Columbia accession.  The er-

3 (SALK_044110) identified by the SALK Insertion Stock Center contains an insertion 

906bp downstream of the predicted transcriptional start.   

 

RT-PCR 

RNA was extracted from 100 mg of inflorescence tissue from the four new clv1 mutant 

alleles and Col using the RNEasy Plant Extraction Kit (Qiagen).  1g of total RNA was 

used to perform the First Strand Synthesis, primed with gene-specific primers (CLV1 RT 

F 5‟-AGAGTACCACTCGGTGGTCAATTCTTGG-3‟ 

http://signal.salk.edu/cgi-bin/tdnaexpress
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CLV1 RT R 5‟-TTCACCAACAGGTTTCTTCCCAGCTA-3‟; ACT7 F 5‟GGTGA 

GGATATTCAGCCACTTGTCTG-3‟; ACT7 R 5‟-TGTGAGATCCCGACCCGCAA 

GATC-3‟) per manufacturer recommendations (Fermentas).  Second strand synthesis was 

performed using the following primer pairs: CLV1 RT F and R, and ACT7 F and R (30 

cycles, annealing at 55
o
C. 

 

Phenotypic Analysis of Floral Organs 

Synchronized seeds were planted on soil and grown under the conditions described 

above.  For all mutants and wild-type controls, the sepal, petal, anther and valve number 

was counted for the buds (up to 30) on the main inflorescence.  Each bud was analyzed at 

Stage 13-14 (just prior to fertilization) to ensure that all organs would be counted before 

dehiscence.   

 

Histological Analysis 

Floral buds and meristems were collected from the primary stem of plants one to two 

weeks after bolting. The samples were embedded in 1% agarose and fixed in 2% 

gluteraldehyde in 1X phosphate buffered saline (PBS) at room temperature for 3 hours. 

The samples were then dehydrated using an ethanol series of 10, 20, 30, 40, 50, 60, 70, 

80, and 90% ethanol for 15 min, followed by 3 washes in 100% ethanol.  After 

dehydration, LR White embedding resin (Electron Microscopy Sciences, Hatfield, PA) 
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was added in ¼ volumes to 100% ethanol every 4 hours, followed by 3 changes of 100% 

LR White.  After infiltration, the samples were embedded in gelatin capsules or BEEM 

narrow neck molds (Electron Microscopy Sciences, Hatfield, PA) and baked at 61°C 

overnight. Sections approximately 2-7µm thick were created using a Sorvall MT2B 

Ultramicrotome, stained with 0.1% methylene blue and visualized under 5X 

magnification on a Zeiss Axioplan compound microscope equipped with a QImaging 

Micro Publisher 3.3 RTV camera.  Measurements of meristems were performed using 

NIH ImageJ Software (NCBI). Stage 3 floral meristem height was measured as the 

distance between the interior base of the medial sepal primordia and the top of the dome 

and width was measured as the distance between sepal primordia.  Inflorescence 

meristem height was measured as the distance between the interior base of the medial 

first incipient primordia to the top of the dome and width was measured as the entire 

distance across the region from the first incipient primordia.  

 

GUS Cloning and Analysis 

Through phenotypic analysis of insertions upstream of CLV1 including clv1-20 and clv1-

21, we deduced that the genomic region corresponding to 3.4 kb upstream from the CLV1 

ATG was required for CLV1 expression.  This region through the start codon  was cloned 

into pENTR/D-TOPO using the TOPO-TA cloning kit (Invitrogen), subcloned into 

pBIB:BASTA-GUS, and transformed into Col plants via Agrobacterium-mediated 

transformation (CLV1 GUS 1 5‟-CACCGGTCCAGGTTGACTATGAACAAAAG-3‟; 
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CLV1 GUS 2  5‟-CATTTTTTTAGTGTCCTCTCAGTGA-3‟).  To visualize GUS 

expression, plants were incubated in X-Gluc staining solution (2mM X-Gluc dissolved in 

1mL DMSO, 2mM potassium ferrocyanide, 2mM potassium ferricyanide, 0.2% Triton X-

100, 50mM NaPO4, pH 7.2) for 1-16 hours, then cleared in 9:1 ethanol/acetic acid for 3-

16 hours followed by 1 hour in chloral hydrate solution (8:2:1 chloral 

hydrate/water/glycerol).   

 

RNA in situ hybridization 

Floral buds were fixed and sectioned as previously described (Franks et al., 2002).  

Riboprobes labeled with digoxigenin for STM were created per manufacturer‟s 

recommendations (Roche).  To generate riboprobes for FIL, CLV1, CLV2 and CRN, the 

cDNA was generated from Col RNA with similar methods used to perform RT-PCR and 

cloned into pCR8/GW/TOPO using the TOPO-TA cloning kit (Invitrogen; STM F1 5‟- 

GCTTCTTCTTCTTCTC CTTCCTCTTGTG-3‟; STM R1 5‟-

TGCGCAAGAGCTGTCCTTTAA-3‟; FIL F  5‟- AGCAACCCAACAATCAAG-3‟; FIL 

R 5‟-TTGATTGTCTGGCACGAG-3‟).  The plasmid was used as template in a PCR 

reaction utilizing gene specific primers for which either the sense or antisense primer 

contained the T7 recognition sequence at the 5‟ end, producing two pools of DNA 

containing the T7 recognition sequence on 5‟ end of either the sense strand or the 

antisense strand.  These pools of DNA were used as template to generate riboprobes 

labeled with digoxigenin per manufacturer‟s recommendations (Roche).    Hybridization, 
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washes and detection were performed as previously described (Franks et al., 2002).  

Images were captured using QCapture Pro 5.0 software.        
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Figure Legends 

Figure 2.1. Fruit Development in Arabidopsis thaliana.  (A) The major stages of fruit 

development relevant to this study. M – medial region. L – lateral region.  IM – 

Inflorescence meristem.  FM – Floral meristem. (B) Gene models for CLV1, CLV2, and 

CRN and location of alleles used in this study.  Black boxes are exons and black lines are 

introns.  Point mutations are denoted by black arrows, a 1 bp deletion is denoted by a 

black arrowhead, and the positions of T-DNA insertions are denoted by gray arrowheads.     

 

Figure 2.2. Floral and meristem phenotypes in clv1, clv2, and crn mutants. (A) Floral 

organ number in plants homozygous for clv1, clv2 and crn alleles.  Values for organ 

numbers represent the average of 30 flowers for >20 plants. (B) Floral meristem width 

and height in clv1, clv2 and crn alleles.  (C) Inflorescence meristem width and height in 

clv1, clv2 and crn alleles.   N=5 for each allele for both FM and IM measurements.  Error 

bars represent the standard deviation above and below the mean. All alleles are in the Col 

background except for clv2-2 which is in the Ler background and clv1-4 which was 

introgressed into the Ws-2 background from the Ler background.  clv1-23, clv2-7, and 

crn-1 were initially identified in the Ws-2 accession, but were introgressed into the Col 

accession.   a – two-tailed t-test (p<0.01) indicating that values for clv1-4 is significantly 

different from Col.   b – two-tailed t-test (p<0.01) indicating that values for clv1-20, clv1-

21, clv1-22 , clv2-6, clv2-7 and crn-1 are significantly higher than Col, but significantly 

lower than clv1-4. c – two-tailed t-test (p<0.05) indicating that values for clv1-23 and 
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clv2-2 are significantly higher than Col and the a class, but significantly lower than clv1-

4.   

 

Figure 2.3. Fruit phenotypes in clv1, clv2 and crn mutants.  (A-F) Sections of stage 7-9 

fruit. (A) Wild-type Columbia (Col) (N=25)(B) A representative clv1-20 section. 28/28 

clv1-20 buds and 19/21 clv1-21 buds displayed this phenotype (C) A representative clv1-

22 section. 19/29 clv1-22 buds and 24/29 clv1-23 buds displayed this phenotype (D) A 

representative crn-1 section. 12/20 crn-1 buds displayed this phenotype (E) A 

representative clv2-6 section. 14/21 clv2-6 buds and 8/16 clv2-7 buds displayed this 

phenotype. (F) clv1-4 fruit with four, evenly spaced septa primordia (G-L) Representative 

sections from stage 9-11 fruit (G) Col (H) clv1-21. 5/28 clv1-21 buds and 19/30 clv1-20 

buds displayed this phenotype.  (I) clv1-22 (J) crn-1 (K) clv2-7 (L) clv1-4. M – medial 

region. L – lateral region.  All scale bars = 50 m.  Scale bar in A is the same for B and 

C.  Scale bar in G is the same for H.  Arrow indicates splitting of the septum.   

 

Figure 2.4. Expression of FIL in clv1, clv2 and crn mutants (A, B, D, E, G, H, J ,K 

Antisense) (C, F, I, L Sense) (A) Col stage 8 (B) clv1-20 stage 8-9.  22/22 clv1-20 and 

12/12 clv1-21 buds displayed this phenotype (C) Col stage 9 (D) Section through the base 

of a clv1-22 stage 8-9 bud (E) Section through the apical region of the same clv1-22 bud 

shown in C.  8/23 buds displayed extra patches of FIL in the medial regions, while 13/23 

buds had no ectopic expression.  5/23 buds demonstrated differential expression of FIL 
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between the apical and basal regions.  8/17 clv1-23 buds showed ectopic FIL expression, 

four with FIL expression in apical and basal regions (F) clv1-22 stage 8-9 (G) crn-1 stage 

8.  11/19 crn-1 buds showed ectopic expression of FIL.  (H) clv2-6 stage 8 with no 

ectopic FIL expression.  3/15 buds had no ectopic FIL expression, even when extra septa 

primordia were visible.  (I) clv2-6 S (J) clv1-20 stage 10-11 (K) clv1-4 stage 9. 27/27 

buds had FIL expression in extra lateral regions and two also displayed extra patches of 

FIL (L) clv1-4 stage 9. M – medial region. L – lateral region.  Arrowheads indicate 

ectopic regions of FIL expression.  All scale bars = 50 m.     

 

Figure 2.5. CLV1, CLV2 and CRN expression in developing fruit.  (A) pCLV1::GUS 

expression in style and medial tissue in stage 10 fruit.  Right depicts close-up of box at 

left. (B) pCLV1::GUS expression in style and medial tissue in stage 13 fruit. (C,D) CLV1 

Antisense (AS) probe. (E,F) CLV1 Sense (S) probe (G, H) CLV2 AS probe. (I,J) CLV2 S 

probe (K,L) CRN AS probe. (M,N) CRN S probe.  (C) Col stage 7-8. (D) Col stage 11-12 

bud (E) Col stage 8 (F) Col stage 11-12 (G) Col stage 8 (H) Col stage 11-12 (I) Col stage 

8 (J) Col stage 11-12 (K) Col stage 7-8 (L) Col stage 11-12 (M) Col stage 7-8 (N) Col 

stage 11-12. All scale bars = 50 m.     

 

Figure 2.6. Expression of STM in clv1, clv2, and crn mutants (A-C, E-G, I-K, M-O 

Antisense) (D,H,L,P Sense) (A) Col stage 8-9 (N=19) (B) clv1-20 stage 8-9 (N=23). 

Similar results were observed for clv1-21 (N=16) (C) clv1-23 stage 8-9 (N=17). Similar 
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results were observed for clv1-22 (N=15). (D) Col stage 8-9 (N=10) (E) crn-1 stage 8-9 

(N=12) (F) clv2-6 stage 8-9 (N=14) (G) clv1-4 stage 8-9 (N=15) (H) clv1-4 stage 8-9 

(N=7) (I) Col stage 11-12 (N=15) (J) clv1-20 stage 10-11 (N=18).  Similar results were 

observed for clv1-21 (N=15) (K) clv1-22 stage 10-11 (N=19). Similar results were 

observed for clv1-23 (N=13). (L) Col stage 10-11 (N=8) (M) crn-1 stage 11-12 (N-13) 

(N) clv2-6 stage 10-11 containing two separate regions of STM expression.  (O) clv1-4 

stage 10-11 (N=9).  All scale bars = 50 m. 

 

Figure 2.7. Mutant phenotypes for stm-2;clv1 double mutants. (A) Image of a 3 week old 

stm-2 mutant plant (B) Image of a 3 week old stm-2;clv1-20 mutant plant. 10/20 stm-

2;clv1-20 and 9/20 stm-2;clv1-22  plants produce a visible stem as in B.  All other stm-

2;clv1 plants resembled the image in A.  (C) stm-2;clv1-22 stage 17 silique with two 

valves.  4/20 stm-2;clv1-20  and 7/20 stm-2;clv1-22 plants generated a mature fruit, all of 

which  displayed two valves.  Only one fruit per inflorescence was ever observed.  (D) A 

cross section of a stage 6-7 stm-2;clv1-20 fruit.  Out of 16 buds sectioned, only one bud 

produced any structure recognizable as a fruit.  Scale bar = 50m   

 

Figure 2.8. Partial valve phenotype in clv1, clv2 and crn mutants (A) clv1-23 stage 17 

fruit with a partial valve ~75% of the length of the fruit (B) clv1-22 stage 17 fruit with 

partial valve ~25% of the length of the fruit (B‟) close-up of box in B (C) clv2-6 stage 17 

fruit with a „valveless‟ phenotype where the bottom of the fruit failed to elongate the 
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length of the fruit (C‟) close-up of box in C (D) clv1-21 stage 10 fruit.  Red lines indicate 

location of sections shown in E, F, and G. (E-G) Serial sections from a single clv1-21 

stage 10 fruit. (E) top of fruit containing 3 valves (F) center of fruit where the partial 

valve is first visible (G) bottom of fruit containing 2 valves.  

 

Figure 2.9. Expression of FIL and STM in clv3 mutants. (A, C FIL Antisense) (B, D STM 

Antisense) (E FIL Sense) (F STM Sense) (A) clv3-3 stage 8 (N=18) (B) clv3-3 stage 12 

(N=14) (C) clv3-6 stage 8 (N=7) (D) clv3-6  stage 12 (N=8) (E) clv3-6 stage 8 (F) clv3-6 

stage 12. Scale bar = 50m   

 

Figure 2.10. Model for development of fruit organs in the wild-type and clv1, clv2, clv3 

and crn mutants.   

 

Figure 2.S1. RT-PCR showing transcript levels for clv1-20, clv1-21and clv1-22 relative 

to Col. 

 

Figure 2.S2. Floral and inflorescence meristems of receptor mutants.  (A-C) Stage 3 FMs 

representative of the wild type and mutants that produce either wild-type size or enlarged 

FMs. (A) Col.   White lines indicate boundaries for height and width measurements.  
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Lines in A and B are identical.  (B) clv1-23 (C) clv1-4 (D-F) Representative IMs from 

wild-type and mutants that produce either wild-type or enlarged IMs. (D) Col (E) clv1-22 

(F) clv1-4.  All scale bars = 50 m.   
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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Figure 2.6 

 

Figure 2.7 
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Figure 2.8 
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Figure 2.9 
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Figure 2.10 
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Figure 2S.1 

 

Figure 2.S2 
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CHAPTER 3 

GENETIC INTERACTIONS BETWEEN RECEPTOR MUTATIONS REVEAL 

DISTINCTIONS IN CLV PATHWAY COMPONENTS IN MERISTEMS AND FRUIT 

Abstract 

In the model system Arabidopsis thaliana, the CLAVATA (CLV) signaling 

pathway - comprised of the CLV1 and CORYNE (CRN) receptor-like kinases, the 

receptor-like  protein CLV2 and the CLV3 peptide - is required for maintenance of stem-

cell populations and proliferation in shoot meristems through restriction of the 

transcription factor WUS.  Our previous analysis revealed that the CLV1, CLV2 and 

CRN receptors function not only to maintain shoot meristems, but also to regulate fruit 

organ number during fruit development.  To better understand the relationships between 

the CLV1, CLV2 and CRN receptors in meristems and fruit, we looked at genetic 

interactions between mutant alleles of these genes.  We found that double mutants 

between clv1 and either clv2 or crn result in strong additive extra fruit and floral organ 

phenotypes.  Analysis of shoot meristems in the double mutants revealed that they 

contained larger meristems.  However, the double mutants did not appear to have 

increased fruit-specific generation of fruit organs.  These results are consistent with a 

model in which CLV1 and CLV2/CRN act in separate, parallel pathways in shoot 

meristems, while all three receptors function together in a linear pathway during fruit 

development.  We also examined interactions with the CLV1 homolog BARELY ANY 

MERISTEM 1 (BAM1) and found that clv1;bam1 mutants produce strong additive 



106 

 

phenotypes, whereas clv2;bam1 and crn;bam1 mutants displayed phenotypes similar to 

clv2 and crn single mutants.  These results indicate that CLV1 and BAM1 play a 

predominant role in shoot meristems Finally, we examined the interactions between the 

ERECTA (ER) receptor-like kinase and CLV pathway receptors and found that mutations 

in ER lead to increases in fruit organ number and meristem size.  These results suggest 

that the ER receptor may function in or in parallel to the meristem CLV pathway.  From 

these data, we present a model in which a single pathway containing the 

CLV1/CLV2/CRN receptors regulate fruit organ genesis during fruit development, while 

the CLV1/BAM1 receptors serve as the primary regulators of stem cell homeostasis in 

shoot meristems, with the CLV2/CRN receptors playing a secondary role. 
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Results 

CLV1, CLV2, and CRN work together in the meristem and in fruit to regulate fruit organ 

number 

To determine the effects of removing both the CLV1 and the CRN/CLV2 

pathways, we generated double mutants between either clv1 and crn or clv1 and clv2.  

Previous analyses looking at the interactions between clv1 and either clv2 or crn were 

frequently performed with strong dominant-negative clv1 mutants that display 

significantly stronger meristem and fruit organ phenotypes compared to clv2 or crn single 

mutants (Kayes and Clark, 1998; Muller et al., 2008).  To separate the effects of fruit 

organs derived from the meristem versus those from fruit-specific organ initiation, we 

utilized the clv1-20 hypomorphic allele and the clv1-22 null allele, which show no effect 

on meristem size and display similar fruit phenotypes as clv2 and crn mutants (Durbak 

and Tax, submitted; Table 3.1).   Examination of fruit and floral organ number in double 

mutants between either clv1-20 or clv1-22 and clv2-6 and clv1-20 or clv1-22 and crn-1 

revealed that, in contrast to single mutants, all double mutant combinations resulted in 

significantly more sepals, petals, and stamens than wild type or single mutants (Figure 

3.1A; t-test, p<0.01).  Furthermore, we found an additive increase in valve number in 

double mutants compared to single mutants (Figure 3.1A).  Although there is a slight 

difference in valve number between clv1-20 and clv1-22 single mutants (2.85 vs 3.067), 

there were no significant differences in organ number between double mutant 

combinations with clv1-20 or clv1-22 (Figure 3.1A).  As the presence of extra organs 
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throughout the flower is indicative of larger meristems, we tested whether the additive 

phenotype found in clv1-20;crn-1, clv1-22;crn-1, clv1-20;clv2-6 and clv1-22;clv2-6 

mutants was the result of enlarged meristems initiating extra carpels or an increase in 

ectopic valve formation in the fruit.  We sectioned IMs and FMs from clv1-20;crn-1 clv1-

22;crn-1, clv1-20;clv2-6 and clv1-22;clv2-6 double mutants and found that they 

contained meristems that were significantly larger than the wild type, suggesting that the 

additive valve number phenotype is, at least in part,  the result of extra carpels being 

produced from enlarged meristems (Figure 3.1B,C).   

We next compared fruit development in clv1-20;crn-1, clv1-22;crn-1, clv1-

20;clv2-6 and clv1-22;clv2-6 double mutants to the single mutants.  We found that at 

early stages (7-9) all double mutant combinations produced extra septa primordia at early 

stages of fruit development (Figure 3.2A-F), however, in contrast to the single clv1-22, 

crn-1, and clv2-6 mutants that produce extra primordia (Figure 3.2B-D), the extra 

primordia were evenly spaced, with lateral regions separating each medial region (Figure 

3.2E, F).  This phenotype is similar to clv1-4 mutants, which contain larger meristems 

and produce extra carpels (Clark et al., 1993; Clark et al., 1995; Durbak and Tax, 

submitted).   

Although the primordia were evenly spaced in clv1-20;crn-1, clv1-22;crn-1, clv1-

20;clv2-6 and clv1-22;clv2-6 doubles, we also observed septa primordia adjacent to one 

another (Figure 3.2F), as in clv1 null, crn-1, and clv2-6 mutants, indicating that extra 

organs are also being initiated during fruit development as well as from the meristems.  
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We measured average organ number at early stages of development (stages 6-9, 

measured as septa primordia number) and compared it to valve number at late stages of 

development (stage 17).  We found that there were significantly more organs at late 

stages of development compared to early stages, suggesting that ectopic organ formation 

occurs at later stages along with extra carpel initiation (Table 3.2).  To confirm the late 

formation of extra valves, we looked at the expression of the YABBY transcription factor 

FILAMENTOUS FLOWER (FIL), an early valve marker, in the double mutants (Siegfried 

et al., 1999).  In single clv1, crn and clv2 mutants, small spots that express FIL in the 

center of the medial regions predict the formation of an extra valve during fruit 

development (Figure 3.3A, B).  In double mutants, fruit organs formed from extra carpels 

appear as arches in clearly defined lateral regions as opposed to small spots (Figure 3.3D, 

E).  However, we also observed small patches of ectopic FIL expression in the medial 

regions of the fruit in the double mutants, similar to single mutants, indicating that both 

mechanisms for generating fruit organs are aberrant in clv1-20;crn-1, clv1-22;crn-1, clv1-

20;clv2-6 and clv1-22;clv2-6 mutants (Figure 3.3D).  However, we never observed more 

than one occurrence of ectopic valve initiation per bud in double mutants, similar to the 

frequency found in single mutants.  This would suggest that the increase in valve number 

seen in double mutants is mainly due to meristem-specific defects leading to initiation of 

extra carpels rather than during fruit development.    

At later stages of fruit development (9-12), single clv1, clv2, and crn mutants 

frequently display enlarged medial regions compared to the wild type (Figure 3.2K-N).  

We observed a similar phenotype in clv1-20;crn-1, clv1-22;crn-1, clv1-20;clv2-6, and 
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clv1-22;clv2-6 mutants, in which medial regions as well as septa were greatly enlarged 

compared to the wild-type (Figure 3.2P, Q).  The extra proliferation observed in clv1, 

clv2, and crn mutants is proposed to be the effect of mis-regulation of STM expression in 

developing fruit (Durbak and Tax, submitted).  If the additive valve phenotype in double 

mutants is derived from effects on the late initiation of valves, we predict there should be 

strong defects in STM expression in double mutants.  Analysis of clv1-20;crn-1, clv1-

22;crn-1, clv1-20;clv2-6 and clv1-22;clv2-6 mutants at stages 10-12 revealed that STM 

expression was expanded  into the septum region (Figure 3.3G-L), similar to what was 

observed for single mutants (Durbak and Tax, submitted).  Furthermore, STM expression 

was found in extra tissue in the center of many fruit in a region often called the „5
th

 

whorl‟, which is produced when the FM fails to terminate and continues to proliferate 

and produce carpels inside of developing fruit (Figure 3.3J; Clark et al., 1993).  The 

presence of a 5
th

 whorl is often associated with having larger meristems (Clark et al., 

1993).  From these results, we conclude that while clv1-20;crn-1, clv1-22;crn-1, clv1-

20;clv2-6 and clv1-22;clv2-6 mutants do produce some ectopic fruit organs late during 

fruit development, the additive defects observed in these mutants are predominantly due 

to defects in the meristem, leading to the generation of extra carpels. 

 

BAM1 cannot compensate for the loss of clv1 in clv2 or crn mutants 

 Although clv1-20;crn-1, clv1-22;crn-1, clv1-20;clv2-6 and clv1-22;clv2-6 mutants 

did cause a significant increase in fruit and floral organ number over single mutants, we 
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noticed that the defect was not as severe as that of strong single mutants such as clv1-4 or 

clv3 (Figure 3.1B, C; t-test, p<0.05; Clark et al., 1993; Clark et al., 1995).  Mutations in the 

CLV1 gene present a unique situation in which, in contrast to most genes, hypomorphic 

and null mutants display the weakest phenotype, missense mutations in the kinase 

domain present an intermediate phenotype, and missense mutations in the extracellular 

domain, such as clv1-4, generate the strongest phenotypes (Dievart et al., 2003).  The 

prevailing hypothesis for this unusual nature of CLV1 mutants suggests that strong clv1 

alleles act in a dominant-negative manner through inhibitory interactions with closely 

related receptors (Dievart et al., 2003).  However, it should be noted that the dominant-

negative nature of clv1-4 appears to be ecotype dependent, as when clv1-4 is crossed out 

of Ler, the mutation acts as a recessive mutation (data not shown).   As the clv1-20;crn-1 

clv1-22;crn-1, clv1-20;clv2-6 and clv1-22;clv2-6 double mutants produce IMs and FMs 

intermediate in size between clv1 hypomorphic and null mutants and strong clv1-4 

mutants (Durbak and Tax, submitted), we hypothesize that related receptors may be 

acting in the CLV/CRN pathway to compensate for the absence of one of more receptors. 

CLV1 has three closely related relatives known as BAM1, 2, and 3.  Single 

mutants for bam1, bam2, or bam3 do not produce any discernable fruit organ phenotype, 

although triple bam1;bam2;bam3 mutants result in reduced meristem size (DeYoung et 

al., 2006).  Previous studies looking at the interactions between clv1, clv2 and bam 

mutants show that clv1;bam1  and clv1;bam2 double mutants result in synergistic 

meristem and valve number defects compared to single clv1 mutants, while a slight 

decrease in valve number was observed in clv2;bam1 mutants (DeYoung and Clark, 
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2008).  From these results, it was proposed that BAM1 serves two roles in the meristem 1) 

heterodimerization with CLV1 to restrict stem cell populations and 2) interactions with 

other receptors, possibly CLV2, to promote stem cell populations (DeYoung and Clark, 

2008).  However, these experiments were performed using valve number as a readout of 

meristem function.  Some of the results found in these previous studies could be due to 

loss of the fruit-specific CLV pathway that had not been described at that time.  

To better define the role of the BAM genes in the meristem and during fruit 

development, we generated double mutants between bam and clv1, clv2 and crn mutants.  

Although double mutant combinations between clv1 mutants and either bam1, bam2 and 

bam3 all displayed additive fruit organ number, clv1-20; bam1-3 mutants by far had the 

strongest effect (Table 3.1; Figure 3.4A; data not shown).  Therefore, we focused on 

interactions with BAM1.  We found that removing a single copy of bam1-3 in a clv1-20 

background produced a synergistic valve number phenotype comparable to clv1-20;crn 

and clv1-20;clv2-6 double mutants (Figure 3.4A).  Homozygous double mutants between 

bam1-3 mutants and clv1-20 hypomorphic mutants produced a synergistic extra valve 

defect similar to clv1-4 mutants, much stronger than that observed for clv1-20;crn-1 or 

clv1-20;clv2-6 double mutants (Figure 3.4A).  We sectioned IMs and FMs from the clv1-

20;bam1-3 mutants and found that they contained greatly enlarged meristems as 

compared to wild-type, clv1-20, and bam1 single mutants (Figure 3.4B, C), indicating 

that extra carpels are formed in the double mutants.  To confirm this hypothesis, we next 

examined fruit development in clv1-20;bam1-3 mutants and found that these consistently 

produced extra primordia at early stages (7-9) (Figure 3.2G).  The extra primordia were 
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evenly spaced, similar to clv1-4 mutants, indicating that they were produced from extra 

carpels (Figure 3.2G).  At later stages of development, clv1-20;bam1-3 mutants display 

strong extra valve phenotypes as well as greatly enlarged septa and medial regions 

(Figure 3.2Q), suggesting that the fruit specific mechanism is also affected in these 

mutants.  Although previous studies show that interactions between clv1-4 and bam1-3 

result in synergistic increases in valve number, we did not see any difference in valve 

number in clv1-4; bam1-3 mutants compared to clv1-4 single mutants (Figure 3.4A; 

DeYoung and Clark, 2008).  As the previous studies utilized mutants in the Ler accession 

while ours were in Col, we suspect that the stronger phenotype seen in previous studies is 

due to accession-specific effects, most likely the erecta mutation (see below).   

We next tested whether BAM1 interacts with CLV2 and CRN in a similar manner 

as with CLV1 by generating double mutants between bam1-3 and either crn-1 or clv2-6.  

In contrast to bam1-3;clv1-20 mutants, we found that there was no effect on valve 

number in the double mutants compared to crn-1 or clv2-6 single mutants (Figure 3.4A).  

Furthermore, analysis of meristems from double mutants revealed that there was no 

difference in size of IMs and FMs between double and single mutants (Figure 3.4B, C).  

Characterization of early fruit development in bam1-3;crn-1 and bam1-3;clv2-6 double 

mutants showed that there was no difference between double and single mutants.  The 

initiation either of wild type numbers of septa primordia in young fruit (stage 7-9), or 

initiation of multiple septa primordia adjacent to one another in double mutants occurred 

in a manner similar to that of crn-1 and clv2-6 single mutants (Figure 3.2B-D, H, I).  

Characterization of development at later stages (9-12) revealed phenotypes similar to 



114 

 

single mutants (Figure 3.2L-N, R, S).  These results are consistent with extra fruit organs 

being initiated specifically during fruit development and not from extra carpels.  

Therefore, we conclude that while BAM1 is able to compensate for the absence of CLV1 

in the meristem, it cannot compensate for the loss of CLV2 or CRN in fruit development. 

 

Mutations in the ERECTA gene enhance meristem defects in CLV pathway receptor 

mutants 

As clv1, clv2 and crn mutants in the Ler accession generate larger shoot 

meristems, we tested whether the mutation in the ERECTA (ER) gene found in the Ler 

accession (Torii et al., 1996) is responsible for the stronger meristem and valve number 

defects observed in these mutants.  In a previous study, we showed that the clv2-2 allele 

in the Ler accession, which is predicted to be a null mutant, produced significantly more 

valves as well as slightly larger meristems than the clv2-6 and clv2-7 alleles, which are 

also predicted null mutations.  However, as all alleles are predicted to be null mutants, the 

differences in the molecular nature of these mutants (a single base-pair deletion versus a 

coding region insertion and an missense mutation leading to an early stop, respectively) 

should not contribute to the differences seen in the meristem and fruit phenotypes.   

In a previous screen, we identified a crn-1 mutation that was identical to the crn-1 

allele characterized by Muller et al., (2008), with the exception that this allele was 

isolated in the Ler accession, whereas our crn-1 allele was isolated in the Ws-2 accession 

and introgressed into the Columbia (Col) ecotype.   We found no difference between IM 
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and FM meristem size in our crn-1 mutants and the wild-type control, and only a weak 

increase in valve number (Durbak and Tax, submitted).  However, Muller et al., (2008) 

reported an enlarged meristem phenotype as well as a much stronger extra valve 

phenotype.  As the ER gene is known to affect the shape of shoot meristems (Torii et al., 

1996; Yokoyama et al., 1998), we tested whether mutations in ER play a role in the 

meristem mechanism and/or the fruit mechanism that generates extra organs.  We utilized 

our crn-1 mutant in the Col ecotype by looking at the genetic interaction with the er-3 T-

DNA insertion mutant in the Col accession.  Single er-3 mutants generate extra fruit 

organs, similar to crn-1 mutants (Figure 3.5A).  We found that fruit organ number in crn-

1;er-3  double mutants was higher than in crn-1 and er-3 single mutants, although it was 

still significantly lower than the values observed by Muller et al. (2008) (Figure 3.5A).  

We believe this difference may be due to our assigning partial valves a value of 0.5 as 

opposed to 1 (see Durbak and Tax, submitted).  When we examined FMs from er-3 

mutants, we found that both width and height were slightly, but significantly increased 

(Figure 3.5B; t-test, p<0.05).  In crn-1;er-3 double mutants, we found FM width and 

height was significantly increased compared to both Col and er-3 single mutants, similar 

to clv2-2 (Figure 3.5B, t-test, p<0.01; Durbak and Tax, submitted).  In IMs, there was no 

difference in width compared to Col or crn-1 single mutants for either er-3 single or crn-

1;er-3 double mutants (Figure 3.5B; t-test, p<0.05).  However, we found that IM height 

was significantly increased in er-3 mutants when compared to Col, and that crn-1;er-3 

double mutants were significantly larger than both Col and er-3 single mutants (Figure 

3.5B; t-test, p<0.01).   These results are consistent with previous findings in which 
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clv1;er and clv3;er mutants also showed enhanced fruit organ phenotypes, suggesting 

that the ER gene has a specific function in IMs and FMs (Dievart et al., 2003).    

As crn-1;er-3 mutants show an increase in meristem size and fruit organ number 

compared to crn-1 single mutants in the Col accession, we hypothesized that the double 

mutants would demonstrate enhanced fruit development defects.  Sectioning at early 

stages of development revealed that crn-1;er-3 mutants generated some buds with septa 

primordia arising adjacent to one another, as seen in crn-1 single mutants, as well as 

some buds that produced evenly spaced septa primordia similar to clv1-4 mutants.  We 

also observed the presence of 5
th

 whorls in the crn-1;er-3 double mutants, which was 

never seen in crn-1 single mutants (Figure 3.5C, D).  These results suggest that the 

stronger fruit organ number phenotype observed in crn-1;er-3 mutants are likely due to 

alteration of the structure and function of the FM and that the phenotypes of clv1, clv2 

and crn  mutants are significantly enhanced by mutations in ER.   
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Discussion 

CLV1, CLV2, and CRN receptors perform similar functions but contribute differentially 

to organ production in meristems and fruit development  

In both shoot meristems and developing fruit, the CLV1, CLV2 and CRN receptors 

function to regulate cell proliferation (Clark et al., 1993; Clark et al., 1995; Kayes and 

Clark, 1998; Muller et al., 2008; Durbak and Tax, submitted), although whether these 

receptors work as one complex or in separate pathways remains to be determined.  

Although there is biochemical evidence for the formation of a single receptor complex 

containing CLV1, CLV2 and CRN, genetic evidence supports both possibilities.  We 

suspect that the lack of knowledge of the fruit-specific role of CLV1, CLV2 and CRN 

was the source of these inconsistencies.  The separate pathways hypothesis proposes that 

CLV1 homodimers function in one pathway and that CLV2/CRN heterodimers act in a 

parallel pathway (Muller et al., 2008; Guo et al., 2010).  We therefore examined the 

effect of removing a member of each pathway, with the prediction that if CLV1 and 

CLV2/CRN do indeed function as separate complexes, all signaling should be lost in 

shoot meristems and in fruit, and an additive or synergistic phenotype would be observed.  

Double mutants between weak or null clv1 mutants and clv2 or crn produced strong 

increases in fruit organ number.  When we looked for the source of the extra fruit organs, 

we found that double mutants produce larger shoot meristems, suggesting that extra fruit 

organs are generated from extra carpels.  However, we observed that, while double 

mutants did generate ectopic valves during fruit development, the frequency of ectopic 
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valve initiation did not differ from single mutants, indicating that the additive fruit organ 

defect in clv1;crn and clv1;clv2 mutants are not the result of enhanced defects during 

fruit organ development.  That an additive defect was observed in the meristems of 

clv1;clv2 and clv1;crn mutants supports the theory that CLV1 and CLV2/CRN function 

in separate pathways in the meristem, while the lack of enhancement in the fruit-specific 

defect suggests that the receptors  work together in a linear fashion in developing fruit.   

 

BAM1 receptors can compensate for CLV1 in meristems, but not CLV2/CRN     

The CLV1 protein contains both an extracellular receptor domain and an 

intracellular kinase domain; however, CLV2 only contains an extracellular receptor 

domain, while CRN lacks a receptor domain but contains a transmembrane domain and 

an intracellular kinase domain.  Therefore, in clv1;crn and clv1;clv2 mutants that contain 

either a kinase domain only with no way to perceive a signal or a receptor with no way to 

transduce a signal, we would expect to see phenotypes similar to strong clv1 or clv3 

mutants which are associated with complete lack of signaling in shoot meristems.  

Although we found an additive phenotype in the double mutants compared to clv1, clv2 

or crn single mutants, the increase in valve number and IM size was not nearly as severe 

as those observed for the strong clv1-4 or clv3 mutants.  From this, we hypothesized that 

other receptors may compensate for the loss of CLV1, CLV2, or CRN in shoot 

meristems, but not in the fruit.  
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A previous study suggested that the BAM receptors interact with CLV1 in shoot 

meristems (DeYoung and Clark, 2008).  We examined the possibility of BAM1 

interacting with the CLV1/CLV2/CRN complex in developing fruit as well as in shoot 

meristems.  Although similar experiments looking at interactions between clv1 or clv2 

and bam1 mutants have been performed, these studies did not take into account the fruit-

specific role of CLV1, CLV2 and CRN.  We found that the clv1-20 phenotype was 

extremely sensitive to the presence of BAM1, as taking away only a single copy of BAM1 

resulted in an additive meristem and fruit organ number phenotype, while, similar to 

previous work, taking away both copies of BAM1 resulted in severe phenotypes similar to 

clv1-4 and clv3 single mutants, indicating a meristem-derived defect.  In double mutants 

between the strong clv1-4 allele and bam1-3, there was no difference in fruit organ 

number compared to single clv1-4 mutants.  Our result is not consistent with previous 

reports, and we suspect that the use of the Ler accession in these studies may contribute 

to the additive fruit organ phenotype observed in clv1-4;bam1 double mutants (DeYoung 

and Clark, 2008).   

The phenotypes observed in strong clv1 mutants that contain missense mutations 

in the extracellular domain are thought to be due to dominant-negative interactions 

resulting in inhibitory interactions with closely related receptors (Dievart et al., 2003), 

whereas hypomorphic and null clv1 alleles which completely lack CLV1 or produced 

decreased levels of protein can be compensated for by other receptors.  From our results 

we surmise that in shoot meristems, BAM1 is able to compensate for the reduction of or 

absence of CLV1 protein, but is inhibited by the mutations in clv1-4.  This inhibition 
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could occur through sequestration of BAM1 receptor into non-functional clv1-4/bam1 

complexes or through the formation of complexes that are targeted for degradation.  

Further experiments looking at BAM1 and CLV1 interactions as well as their protein 

levels in mutants will help to clarify this issue.  Previous experiments looking at the 

ability of BAM1 to rescue clv1 null phenotypes showed that expression of BAM under the 

control of the ERECTA promoter, which is expressed throughout the meristem, partially 

rescues the clv1 null fruit organ phenotype (DeYoung et al., 2006).  These results suggest 

that the BAM1 protein is able to perform similar functions as the CLV1 protein in shoot 

meristems.  We suspect that the partial rescue observed in these mutants was due to 

meristem defects caused by the er mutation in the Ler accession, which has been shown 

to enhance meristem defects in clv1, clv3 and crn mutant backgrounds (Dievart et al., 

2003; Durbak and Tax, submitted), and that the extra valves observed in clv1 null plants 

containing the PER:BAM1 transgene is likely due to the inability of BAM1 to compensate 

for the fruit specific role of CLV1.   

While the support for interactions between CLV1 and BAM1 is strong, we saw a 

very different situation when looking at interactions between bam1 and either crn or clv2 

mutants.  We found that the double mutants displayed similar defects to crn or clv2 single 

mutants, indicating that BAM1 is not able to compensate for the absence of CLV2 or 

CRN.  As the fruit organ phenotype in crn and clv2 single mutants appears to be almost 

entirely derived from loss of the fruit specific organogenesis mechanism and not the 

meristem mechanism, these results suggest that the CLV1 and/or CLV1/BAM1 pathway 

is sufficient for regulation of stem cell populations in shoot meristems.  This hypothesis 
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is supported by the fact that clv2 and crn mutants do not produce as strong of an 

induction of WUS expression as that observed for strong clv1 mutants, and that crn;clv2 

double mutants display similar phenotypes as the single mutants (Schoof et al., 2000; 

Muller et al., 2008).  However, we cannot rule out that other receptor-like kinases 

(RLKs) or homologs of CRN and CLV2 may be interacting with the CRN/CLV2 pathway 

in the meristem, and thus masking the effects of removing CRN or CLV2.   

One possible candidate for this is the ER RLK, as identical mutations of CRN in 

the Ler background as well as clv2 null alleles in the Ler background produce 

significantly stronger phenotypes in fruit organ number than those in the Col accession 

(Muller et al., 2008; Durbak and Tax, submitted).  Although it has been previously 

hypothesized that ER may also be part of the CLV receptor complex (Dievart et al., 

2003), that CLV1 and CLV2/CRN likely form separate complexes coupled with the 

observation that mutations in er enhance all CLV pathway receptor mutants similarly 

suggests that ER may play a role in meristem maintenance separate from the CLV 

pathway.  Biochemical experiments looking at the physical interactions between CLV1, 

BAM1, CLV2, and CRN and ER will help to clarify the nature of receptor dynamics in 

the meristem and in fruit. 

At any given point, two fundamentally opposing actions occur within a 

meristematic region – maintenance of the stem-cell population and differentiation of 

cells.  In plants, these two roles are kept in balance via positional cues facilitated through 

cell-cell signaling.  In shoot meristems, the, balance between proliferation and 
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differentiation is maintained via the CLV3-CLV1/CLV1-WUS and CLV3-CLV2/CRN-

WUS pathways.  Our data suggest that a similar signaling module exists in fruit to 

maintain meristematic cells in the medial regions of developing fruit, in which a CLE-

CLV1/CLV2/CRN pathway acts to regulate the transcription factor STM.  This 

duplication of a signaling module containing functionally and/or evolutionarily similar 

genes suggests that this module plays a conserved role in stem-cell repression throughout 

the plant, and in other plant species as well.   
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Materials and Methods 

Plant growth conditions and alleles  

Growth of plants: Seeds were planted in round pots (10 cm in diameter) with soil (4 parts 

Sunshine mix 3, Sungro Horticulture: 1 part vermiculite, CAS# 1318-00-9, Therm-O-

Rock West, Inc.)
 
presoaked in water. Flats containing the pots were covered in

 
plastic 

wrap and cold treated for 3 to 4 days (d) before transfer to
 
a Conviron MTR30 growth 

chamber (16 hours (h) of light and 8 h of dark at 22°C, with 75% humidity, and a light 

intensity of approximately 120 µE/m
2
 from cool white fluorescent tube lamps (Philips 

F96/CW/VHO) supplemented by incandescent bulbs). Plastic wrap was removed after the 

seedlings were established
 
(3-5 d), and seedlings were thinned so that only 5-8 plants 

remained in each pot. 

The clv1-20, clv1-22, clv2-6, clv1-4, bam1-3 and stm-2 were obtained from the ABRC 

Stock Center (http://abrc.osu.edu/).  The mutations in the clv1-20, clv1-22, clv1-4, and 

crn-1 were described in Durbak and Tax (submitted).  The clv2-6 mutation was described 

by Wang et al., (2008).  The bam1-3 mutant was described by DeYoung et al., (2006).    

The stm-2 allele was described by Belles-Boix et al., (2006).   

 

Phenotypic Analysis of Floral Organs   

Synchronized seeds were planted on soil and grown under the conditions described 

above.  For all mutants and wild-type controls, the sepal, petal, anther and valve number 

http://abrc.osu.edu/
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was counted for the buds (up to 30) on the main inflorescence.  Each bud was analyzed at 

Stage 13-14 (just prior to fertilization) to ensure that all organs would be counted before 

dehiscence.   

Histological Analysis 

Floral buds and meristems were collected from the primary stem of plants one to two 

weeks after bolting. Sample preparation and analysis was performed as described in 

Durbak and Tax (submitted). Measurements of meristems were performed using NIH 

ImageJ Software (NCBI) and was carried out as described in Durbak and Tax 

(submitted).   

 

RNA in situ hybridization 

Probe synthesis and RNA in situ hybridization was performed as described by Durbak 

and Tax (submitted). 
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Figure Legends 

Figure 3.1. Floral and meristem phenotypes in clv1;clv2 and clv1;crn double mutants.  

(A) Floral organ number in plants homozygous for clv1, clv2, crn, clv1;clv2 and clv1;crn 

mutants.  Values for organ numbers represent the average of 30 flowers for >20 plants.  

(B) Inflorescence meristem width and height in clv1;clv2 and clv1;crn mutants, as 

compared to clv1-4 mutants.  (C) Floral meristem width and height in clv1;clv2 and 

clv1;crn mutants, as compared to clv1-4 mutants.  N>5 for each mutant for both IM and 

FM measurements.  Error bars represent the standard deviation above and below the 

mean.  All alleles are in the COL background, except for the clv1-4 allele, which was  

introgressed into the Ws-2 background from the Ler accession.  a – two tailed t-test 

(p<0.01). b – two tailed t-test (p< 0.05). 

 

Figure 3.2.  Fruit development phenotypes in clv1, clv2, crn, and double mutants.  (A-I) 

Representative sections of stage 7-9 fruit.  (A) Wild-type Columbia (COL) (B) clv1-22 

(C) clv2-6 (D) crn-1 (E) clv1-22;crn-1.  15/15 clv1-22;crn-1 buds and 18/18 clv1-20;crn-

1 buds displayed this phenotype.  (F) clv1-20;clv2-6.  26/26 clv1-20;clv2-6  and 22/22 

clv1-22;clv2-6 buds displayed this phenotype. (G) clv1-20;bam1-3 (N=24/24).  (H) 

bam1-3;crn-1 (N=17/17).  (I) bam1-3;clv2-6  (N=15/15).   (J-R) Representative sections 

from stage 9-12 fruit (J) COL (K) clv1-20 (L) crn-1 (M) clv2-6 (N) clv1-20;crn-1 .  12/12 

clv1-20;crn-1  and 10/10 clv1-22;crn-1  buds displayed this phenotype.  (O) clv1-

22;clv2-6 .  14/14 clv1-20;clv2-6  and 17/17 clv1-22;clv2-6 buds displayed this 
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phenotype. (P) clv1-20;bam1-3 (N=15/15) (Q) bam1-3;crn-1 (N=9/9). (R) bam1-3;clv2-6  

(N=12/12). All scale bars = 50 m.            

Figure 3.3. Expression of FIL  and STM in CLV pathway mutants.  (A, B, D, E – FIL 

Antisense) (C, F – FIL sense) (A) COL stage 7-8 (B) clv1-22 stage 8 bud displaying 

ectopic FIL expression in the medial region.  (C) COL stage 7 (D) clv1-22;clv2-6 stage 8-

9.  8/12 clv1-22;clv2-6  and 6/9 clv1-20;clv2-6 buds displayed ectopic patches of FIL 

expression for which only 1 patch was ever observed per bud.  (E) clv1-20;crn-1 stage 8-

9.  3/13 clv1-20;crn-1 and 3/10 clv1-22;crn-1 buds displayed no ectopic regions of FIL 

expression.  All other buds analyzed contained ectopic regions of FIL.  (F) clv1-20;crn-1 

stage 8-9.  (G, H, J, K, – STM Antisense) (I, L – STM Sense) (G) Col stage 10 (H) clv1-

20 stage 10-11 (I) COL  stage 10-11 (J) clv1-20:clv2-6 stage 10-11.  11/11 clv1-20;clv2-6  

and 110/10 clv1-22;clv2-6 buds displayed this phenotype.  (K) clv1-20;crn-1 stage 10.  

12/12 clv1-20;crn-1 and 14/14 clv1-22;crn-1 buds displayed this phenotype.  (L) clv1-

22;crn-1.  10/10 buds displayed this phenotype.  Arrowhead indicates ectopic region of 

FIL expression.  All scale bars = 50 m.   

Figure 3.4.   Fruit and meristem phenotypes in clv1, clv2, crn, bam1 single and double 

mutants.  (A) Valve number in plants homozygous for clv1, clv2, crn, bam1 single and 

double mutants.  Values for valve number represent the average of 30 flowers for >20 

plants.  (B) Inflorescence meristem width and height in clv1, clv2, crn, bam1 single and 

double mutants.  (C) Floral meristem width and height in clv1, clv2, crn, bam1 single and 

double mutants.  N=5 for each mutant for both IM and FM measurements.  Error bars 
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represent the standard deviation above and below the mean.  a – two tailed t-test 

(p<0.01).  Statistics for the double mutants was tested against each single mutant. 

Figure 3.5.  Fruit and meristem phenotypes in crn-1;er-3 mutants. (A) Fruit organ 

number of plants homozygous for crn-1, er-3, and crn-1;er-3 alleles.  Values for fruit 

organ number represent the average of 30 flowers for >20 plants. (B) Floral and 

inflorescence meristem width and height in crn-1, er-3, and crn-1;er-3 alleles.  N=5 for 

each allele for both FM and IM measurements.  (C) crn-1;er-3 stage 8-9 bud containing a 

5
th

 whorl.  (D) crn-1;er-3 stage 11-12 bud containing a 5
th

 whorl.  Error bars in A-B 

represent the standard deviation above and below the mean.  a – two tailed t-test 

(p<0.01). b – two tailed t-test (p< 0.05). 
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Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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CHAPTER 4 

FUTURE DIRECTIONS 

In the preceding body of work, a new mechanism for generation of organs in 

Arabidopsis fruit, and the role of CLAVATA (CLV) pathway receptors in this process 

has been described.  From this work, I have provided evidence that valves are not only 

specified from carpels initiated in floral meristems (FMs) but can also be generated in the 

medial regions of developing fruit.  My data supports the hypothesis that the CLV 

pathway receptors, CLV1, CLV2 and CORYNE (CRN), not only function to regulate cell 

proliferation, and subsequently carpel number, in shoot meristems, but also in medial 

regions of developing fruit through regulation of the transcription factor 

SHOOTMERISTEMLESS (STM).  Early genetic studies suggested that CLV1 and CLV2 

function together in a receptor complex (Kayes and Clark, 1998); however, studies with 

the recently identified CRN receptor provided evidence of CRN and CLV2 acting in a 

pathway separate from CLV1 (Muller et al, 2008).  I provide evidence that the CLV and 

CRN receptors function as a single complex during fruit development, but likely act in 

separate pathways with CLV1 in one and CLV2/CRN in a second signaling pathway in 

shoot meristems. Finally, I show that the CLV1 homolog BAM1 acts with CLV1 in 

meristems, but not in developing fruit and not with CLV2 or CRN.   
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CLE Genes as Ligands for the Fruit-Specific CLV Pathway 

 In the meristem, the CLV3 peptide acts as the ligand for the CLV 

signaling pathway (Clark et al, 1995; Ogawa et al, 2008).  However, there is no evidence 

that CLV3 is expressed in developing fruit.  This, coupled with the fact that clv3 mutants 

do not display the late organ genesis phenotypes seen in clv1, clv2 and crn mutants 

(Chapter 3), indicate that it is likely that another CLV3-related gene acts as a ligand for 

the fruit-specific CLV pathway.  Analysis of CLV3 expression in developing fruit will 

help confirm this hypothesis.  Of the CLV3 –related genes, one candidate is CLE16, 

which shows a very weak, but significant, fruit organ phenotype (unpublished).  As the 

extra valve phenotype is quite weak in these mutants, it is possible that several genes can 

serve as the ligand for the fruit CLV pathway.  I have examined the genetic interactions 

between clv1 and cle16 mutants and found that double mutants display a synergistic extra 

fruit organ phenotype while still producing wild type numbers of sepals, petals and 

anthers (Figure 4.1A).  Analysis of IMs and FMs revealed that meristem size remains 

unchanged in clv1;cle16 double mutants, suggesting that the extra fruit organ phenotype 

is due solely to the production of organs during fruit development (Figure 4.1B).  

Expression analysis of the CLE family shows that several CLE genes are expressed in the 

medial regions of developing fruit, including CLE16 (Jun et al., 2010).  In early stages of 

fruit development, I found that, in contrast to clv1-20 single mutants, which never 

produce extra septa primordia at early stages of fruit development, double mutants 

consistently produced extra septa primordia (Figure 4.1C).  While in null clv1 mutants 

and clv2 and crn single mutants I also observed extra primordia at early stages of 
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development (Figure 4.1C), the primordia were always found to arise adjacent to one 

another.  While I saw a similar phenotype in some cle16-1;clv1-20 buds, the majority 

produced evenly spaced primordia, similar to that observed in clv1-4, clv1;clv2-6 and 

clv1;crn-1 mutants, which are known to produce larger meristems.  This latter phenotype 

is striking, as I did not observe a significant meristem defect in the IMs and FMs.  At 

later stages of development, I saw greatly enlarged medial regions (Figure 4.1D), 

indicating that regulation of proliferation is strongly affected in cle16-1;clv1-2 mutants.  

These results suggest that CLE16 may act to regulate the earliest stages of fruit 

development.    

Another member of the CLE/ESR family, CLE17,  is also expressed in the medial 

regions of developing fruit (J. Fletcher, personal communication).  cle17 mutants do not 

display an extra valve phenotype; however, cle16;cle17 double mutants appear to 

generate greater numbers of extra valves compared to cle16 mutants, although not to the 

levels of clv1 null, clv2, or crn mutants (data not shown).  Genetic interactions between 

clv and crn mutants and multiple cle mutants, particularly those expressed in medial 

regions, will help identify likely candidates for CLV pathway ligands, which can then be 

tested for physical interaction with CLV pathway receptors.  Analysis of molecular 

markers for fruit development, including FIL, STM and FUL will help to understand the 

timing of the CLE-CLV/CRN signaling in developing fruit. 
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Linking Fruit Organ Specification and CLV Signaling 

 From previous studies on fruit organ specification in Arabidopsis, an elegant 

transcription factor signaling network regulating valve, replum and margin specification 

has been elucidated (Dinneny et al, 2005).  However, the spatial and temporal regulation 

of this transcription factor network is not understood.  The discovery that the fruit CLV 

pathway regulates STM expression provides a potential direct link between CLV/CRN 

signaling and the fruit specification network, as STM has been shown to interact with at 

least one component of the transcription factor network, REPLUMLESS (RPL) (Smith 

and Hake, 2003; Kanrar et al, 2006).  Preliminary experiments looking at RPL expression 

using both RT-PCR and in situ hybridization suggest that RPL is up-regulated in a clv1 

mutant background.  Genetic interactions between rpl and clv1 mutants also show 

complete suppression of partial valve phenotypes, which are attributed to the late 

mechanism.  These data support STM and consequently the fruit specification network as 

downstream targets of CLV signaling in the fruit.  Changes in expression pattern of fruit 

organ specification genes such as FRUITFUL, YABBY3, and JAGGED in CLV pathway 

mutants will help distinguish the relationship between CLV signaling and fruit organ 

specification.  Furthermore, analysis of the genetic interactions between clv or crn 

mutants and rpl and other members of the transcription factor network, including 

FRUITFUL, YABBY3 and JAGGED may help clarify the relationships between CLV, 

STM and fruit organ specification.  
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Carpel Number Regulation in Tomato 

 I have used Arabidopsis thaliana as a model system for fruit development, which 

provides many more genomic tools than crop species for which fruit development is an 

agriculturally important trait.  In tomato, cell proliferation and carpel number are the two 

main regulators of fruit size, which is a major determinant of yield, and therefore profit 

(Lippman and Tanksley, 2001).  Sections from developing fruit in Arabidopsis show that 

extra valves are generated during fruit development.  It is possible that a similar 

mechanism exists in other species.  A developmental analysis of different varieties of 

tomato that vary in size and average carpel number will be useful in determining whether 

such a mechanism exists in tomato. 

The identification of genes regulating cell proliferation and carpel number in 

tomato has proven to be difficult.  Recently, a YABBY-like transcription factor has been 

identified as responsible for the fascinated quantitative trait locus (QTL) in tomato, 

known to be an important regulator of carpel number (Cong et al., 2008).  The tomato 

YABBY-like gene is related to the FIL and YABBY3 genes in Arabidopsis.  This result 

suggests that key regulators of fruit size in tomato may not be members of the CLV 

pathway, as has been previously hypothesized, but rather downstream targets of the 

Arabidopsis fruit CLV pathway.  Identification of the tomato orthologs of STM and other 

members of the fruit organ specification network and any associations with fruit size 

QTLs may prove useful in furthering our understanding of tomato fruit development. 
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The Role of Hormones in Regulating Fruit Organ Patterning 

The plant hormones auxin and brassinosteroids (BRs) are known to play key roles 

in development and patterning throughout the life of a plant (Belkhadir et al., 2006; 

Haubrick and Assmann, 2006; Zhao, 2010).  The same appears to be true for fruit 

development as well.  Mutations in the auxin response factors arf6/8 (Nagpal et al., 2005; 

Tabata et al., 2010 and ettin (arf3) display extra fruit organs similar to weak clv mutants 

(Sessions and Zambryski, 1995).  Developmental analysis of these mutants is required to 

determine whether the extra organs are derived from 1) extra carpels in FMs, 2) extra 

cells in the medial regions of fruit or 3) an undiscovered mechanism of fruit organ 

formation.  Weak mutations in the BR receptor BRASSINOSTEROID INSENSITIVE1 

(BRI1), and in ROTUNDIFOLIA3 (ROT3), a component of the BR biosynthetic pathway, 

also give rise to extra fruit organs (Kim et al., 2005; Belkhadir et al., 2010).  Sectioning 

of young bri1-5R1
 
and rot3 mutant buds revealed that these mutants only display fruit 

specific defects, similar to weak clv1 mutants, indicating that BRs may play a role in 

regulating the late organ genesis mechanism.  Preliminary data from genetic interactions 

between clv1 and bri1-5R1 show that double mutants displayed an additive extra fruit 

organ phenotype, suggesting that BR signaling acts on another aspect of valve initiation, 

possibly prior to activation of the transcription factor network.  Hormone assays looking 

at the effects of exogenous BR and auxin application on fruit organ development and the 

ability of exogenous hormone application to rescue fruit defects in auxin and BR mutants 

will help determine the importance of hormone signaling on fruit organ patterning.   
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The Role of ER in Fruit Organ Patterning 

 The ER LRR-RLK is known to play a role in regulation of proliferation and 

differentiation throughout Arabidopsis development (Torii et al., 1996; Yokoyama et al., 

1998).  Mutations in ER are known to affect many aspects of development, including 

height, leaf shape and fruit shape (Torii et al., 1996; Yokoyama et al., 1998).  er mutants 

have also been shown to enhance mutant phenotypes in other genes, including fruit organ 

number (Dievart et al., 2003).  In particular, the er mutation in the Landsberg erecta 

accession is known to enhance fruit organ phenotypes.  In this study, I found that the 

mutations in ER enhance extra valve phenotypes through increased FM size, rather than 

enhancing the fruit specific valve genesis mechanism.  I showed that er-3 mutants 

produce extra valves at levels similar to weak clv1, clv2 and crn mutants (Chapter 2); 

however, a detailed analysis of fruit development in er mutants would be useful to 

determine whether er plays a role in the late mechanism as well.   

 ER is thought to play a role in regulation of proliferation in shoot meristems, and 

is expressed throughout the meristem (Yokoyama et al., 1998).  Based on the overlapping 

expression patterns between CLV1 and ER, as well as clv1;er phenotypes, it has long 

been proposed that ER may function with CLV1 in a signaling complex in shoot 

meristems or is able to compensate for the absence of CLV1 in the meristems.  As ER 

plays a role in promoting proliferation, it is likely that ER functions downstream of CLV1 

signaling and that other receptors interact with CLV1 in the meristem, namely BAM1.  A 
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better understanding of both the genetic and physical interactions between ER and the 

meristem receptors, including CLV1, CLV2, CRN and BAM1/2/3, will be required to 

understand the role of ER in the CLV pathway, both in meristems and in fruit.   
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Live Imaging of Floral Meristems and Fruit 

 Previous analysis has suggested that clv and crn mutants produce greatly enlarged 

shoot meristems, and as a result generate too many valves when extra cells in the FMs are 

incorporated into extra carpels.    From this work, however, there is evidence that clv1, 

clv2 and crn mutants generate extra valves via a mechanism separate from carpel 

initiation in FMs and that these mutants do not affect shoot meristem size.  While it is 

clear that most clv1, clv2 and crn mutants do not generate the greatly enlarged meristems 

typically associated with clv mutants, it is possible that these mutants do produce very 

small amounts of extra cells in FMs that cannot be detected by traditional means.  These 

small amounts of cells could, in theory, be sufficient to generate some extra carpels, 

along with ectopic initiation of valves during fruit development.  A more precise method 

of examining cell proliferation and possibly carpel initiation in FMs would be to use live-

image confocal microscopy, in which the expression domains of CLV1, CLV2, CRN, 

WUS and STM can be traced as cell division occurs.  Currently, this technique has only 

been used on inflorescence and early stage floral meristems, but could most likely be 

adapted to look at later stage FMs in which carpel initiation occurs.  This method would 

not only definitively determine if clv1, clv2, and crn mutants generate extra cells in the 

meristem, but would also provide a real-time image of carpel initiation, a process that is 

almost impossible to describe using traditional methods.      
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