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dependent transcriptional repression during Arabidopsis embryogenesis.”     
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I was the primary researcher on determining that TOPLESS functions as a 

transcriptional repressor and testing TOPLESS interactions by bifluorescent 

complementation and contributing author in this work.  Jeffrey A. Long 

supervised the research that forms the basis for this chapter.    

 

Chapter Three consists of the manuscript, “Mutation of POLAR BARE, a 

putative serine carboxypeptidase uncovers a role for the protoderm in 

maintaining apical/basal polarity during Arabidopsis embryogenesis” in 

preparation for submission to Development. 

I was the primary researcher and author of this work.  Jeffrey A. Long 

supervised the research that forms the basis for this chapter. 

 

Chapter Four, the conclusion, is an overview of the significance of this work 

and the challenges that lie ahead. 
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ABSTRACT OF THE DISSERTATION 

Insights into the regulation of apical fate in Arabidopsis thaliana 

embryogenesis. 

 

by 

Michael J. Hannon 

 

Doctor of Philosophy in Biology 

University of California, San Diego, 2008 

Professor Jeffrey A. Long, Chair 

 

Development of the shoot and root meristems occurs during 

embryogenesis.  The establishment and maintenance of these key tissue 

types is regulated both by the phytohormone auxin and the putative 

transcriptional co-repressor TOPLESS (TPL) and its family members.  Here 

we show physical interaction between TPL and the auxin response repressor 

an AUX/IAA, IAA12 and present genetic evidence that supports TPL’s role as 

a transcriptional co-repressor.  In addition we show that both TPL and IAA12 

can function as repressors in an in planta repressor assay.  Finally, using the 

tpl-1 allele which shows temperature sensitive, dominant negative activity for 

TPL and its family members, we identify and provide the initial characterization 

of a new player in the maintenance of the shoot apical meristem.  This gene, 

POLAR BARE (PBR), encodes a putative serine carboxypeptidase that is 
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expressed in the protoderm and the upper layers (L1 and L2) of the 

developing shoot apical meristem during embryogenesis.  We speculate that 

this protein may be involved in small peptide signaling that regulates apical 

fate, which could lead to new insights about apical polarity.   
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CHAPTER 1 

Introduction to the major themes in Arabidopsis embryogenesis 
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 The differentiation of plant cells depends upon a number of internal and 

external factors, including hormone signaling, proper transcription factor 

activity and gene regulation.  This introductory section reviews the current 

understanding of the roles of the phytohormone auxin, the transcriptional co-

repressor TOPLESS, and proteases in development, and introduces the work 

being reported on in the remainder of this dissertation. 

During embryogenesis, a single cell divides and differentiates 

generating diverse tissue types and a basic body plan.  In higher plants the 

basic patterns are established during embryogenesis and include the 

apical/basal axis, and the radial axis. In addition, two distally located groups of 

stem cells are established, one at each end of the embryo, the root apical 

meristem (RAM) and the shoot apical meristem (SAM).  Proper establishment 

of these meristems during embryogenesis is key to the future viability of the 

plant because these meristems generate cells that form the majority of the 

above and below ground tissue.  The molecular mechanisms that underpin 

these processes have begun to be understood, and a number of genetic 

mutations have been identified that disrupt these processes.  A common 

theme from many of these studies is the importance of small molecule 

signaling.  One of the best-studied phytohormones is auxin, with the most 

active form being indole-3-acetic acid (IAA).  Auxin flux has been correlated 

with the establishment of the apical/basal axis, the radial axis, and the 

initiation of the embryonic leaves (cotyledons).  In addition to auxin, there is 
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evidence that small signaling peptides play key roles in further refining this 

basic body plan.   

ARABIDOPSIS EMBRYONIC DEVELOPMENT 

The development of Arabidopsis is well described (Berleth and 

Chatfield 2002)  (Park and Harada 2008).  After the initial double fertilization 

event, the first asymmetric cell division of the zygote occurs, creating a smaller 

apical cell and a basal cell.  The apical cell subsequently undergoes two 

rounds of longitudinal cell divisions and then a transverse division, generating 

an octet stage embryo.  Each of these eight cells divides periclinally, 

generating the protodermal layer and an interior layer.  At the same time the 

basal cell undergoes a series of transverse divisions, generating the 

suspensor, an 8-10 cell stalk that pushes the embryo into the nutritive 

endosperm and provides an initial source of auxin.  The most apical cell of the 

suspensor, the hypophysis, is incorporated into the octet stage embryo and 

together they form the embryo proper.  The embryo proper continues to divide 

to form a globular stage embryo.  At this stage the O’ line, a morphological 

feature that can be used to separate the apical half of the embryo from the 

basal half, can be clearly identified.  During globular stage embryogenesis, the 

embryo symmetry transitions from radial to bilateral.  As the cotyledons 

develop and grow faster than the future shoot apical meristem (SAM) region, 

the embryo becomes triangular in shape, generating the transition stage 

embryo.  Cotyledon outgrowth continues as the embryo takes on a heart 

shape.  At this point both apical and basal fates are clearly identifiable, with 
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cotyledons established, the provasculature of the hypocotyl in place, and the 

future root apical meristem (RAM) visible.  Once these initial patterning events 

are in place, the remaining time during embryogenesis is used to refine these 

tissue types and enlarge the embryo, maximizing the viability of the resulting 

seedling.  

 

FIGURE 1.1. Arabidopsis embryo development starting with the first cell 
division through heart stage. The O’line is demarcated by a white-dashed line.  
The protoderm in the globular stage embryo is false colored in red, while the 
provasculature is false colored in blue.  At the transition stage the L1 layer of 
the SAM, a subset of the protoderm, is false colored in green, while the QC is 
in yellow.  At the heart stage the two meristems are false colored.  The SAM is 
colored in light blue, and the RAM is in yellow. 

Since the morphological features in Arabidopsis can be easily seen 

using a light microscope, it is amenable to mutant screens.  In the late 1980s 



5 

 

and early 1990s the Jurgen’s lab performed an Arabidopsis embryo screen 

similar to the seminal screen conducted in Drosophila melanogaster to identify 

genes that specify segmentation and polarity (Nusslein-Volhard and 

Wieschaus 1980).  The Jurgen’s screen identified three major embryonic 

domains in Arabidopsis where cell fate is determined by position in the embryo 

(Mayer, et al. 1991).  They identified an apical region that gives rise to the 

cotyledons and the shoot apical meristem.  This region is derived from the top 

four cells at the octet stage of the pro-embryo.  A second region, the central 

region, develops into the hypocotyl and root apical initials.  This region 

develops from the bottom four cells of the octet stage pro-embryo.  The third, 

or basal region, is derived from the hypophysis and forms the root cap and the 

root quiescent center (QC).  A number of the mutants isolated from this initial 

screen, including gnom, monopteros and bodenlos, play a critical role in 

forming the auxin gradient or perceiving this gradient (Steinmann, et al. 1999) 

(Hamann, Mayer and Jurgens 1999) (Hardtke, 1998). 

THE PHYTOHORMONE AUXIN IS IMPORTANT FOR PLANT 

DEVELOPMENT 

 Plant development is an ongoing process.  After embryogenesis, the 

root and shoot meristems contain stem cells that proliferate in response to 

endogenous developmental cues as well as in response to environmental 

stimuli.  Our current understanding of plant development suggests that plants 

rely heavily on hormones for signaling, these include auxin, brassinosteroids, 
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gibberelic acid, ethylene and jasmonic acid.  In addition, a few signaling 

peptides have been described (Mitchum, et al. 2008). 

  One of the critical phytohormone families involved in plant 

development is auxin.  It functions in both endogenous signaling for 

patterning, as well as in response to environmental cues.  Proper auxin 

signaling requires three major steps: synthesis, transport, and response.   

Regulation of these three aspects of auxin response is required for plant 

development.   

AUXIN BIOSYNTHESIS 

 The most active endogenous auxin is indole-3-acetic acid (IAA); 

however, plants also produce indole-3-butyric acid (IBA), 4 chloroindole-3-

acetic acid (4-Cl-IAA) and 2-phenylacetic acid (PAA).  The only IAA 

biosynthetic route that has been identified both genetically and biochemically 

is based on work in bacteria.  The bacterial auxin synthesis pathway requires 

a two-step process that converts tryptophan into IAA. First, the enzyme 

tryptophan monooxygenase (IAAM) converts L-tryptophan into indole-3-

acetamide (IAM).  Then, the second enzyme, an IAM-specific amidohydrolase 

(IAAH), hydrolyzes IAM into IAA (Kosuge, Heskett and Wilson 1966).  High 

performance liquid chromatography (HPLC) and gas chromatography-mass 

spectrophotometry (GC-MS) identified endogenous IAM in plants suggesting 

that the IAM pathway exists in plants.  Further supporting this pathway’s 

presence in plants is evidence that IAM can be converted to IAA by purified 
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AMI1, a putative Arabidopsis IAM amidase (Neu, et al. 2007). Although the 

existence of this pathway in plants is still under debate, the AMI1 protein is 

found most highly expressed in flowers and sink leaves where IAA 

concentration is the highest.  A second putative IAA synthesis pathway uses 

indole-3-pyruvate (IPA); the conversion of IPA to IAA requires an IPA 

decarboxylase.  Although no IPA decarboxylases have been characterized in 

planta, there are 4 predicted open reading frames in Arabidopsis that could 

encode this enzyme (Pollmann, et al. 2006). 

 In plants, the best characterized auxin production pathway is a multi-

step route that begins with tryptophan being converted to tryptamine through 

L-tryptophan decarboxylases.  Tryptamine is next converted to N-

hydroxytryptamine through the YUCCA family of flavin monooxygenase (Zhao, 

et al. 2001). N-hydroxytryptamine is subsequently converted to IAA through a 

number of downstream steps.  The entire set of enzymes that catalyze the 

downstream steps of YUCCA dependent IAA synthesis has not been 

characterized.  However, it is believed that one of the chemical intermediates 

in this synthesis pathway is indole-3-acetaldoxime (IAOx).  IAOx can also be 

produced from tryptophan directly by two cytochrome p450s, CYP79B2 and 

CYP79B3 (Zhao, 2002).  Ubiquitous over-expression of these cytochrome 

p450s, or any of the YUCCA family, show auxin over-production phenotypes 

including seedlings that have elongated hypocotyls with epinastic cotyledons 

when grown in the light.  The production of IAOx appears to be rate limiting 

since over expression of enzymes that produce IAOx have an auxin 
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overproduction phenotype, while the enzymes thought to be responsible for 

converting IAOx to IAA, the nitrilases (NIT1,2,3) do not (Normanly, et al. 

1997). 

 

FIGURE 1.2.  Tryptophan dependent auxin biosynthesis pathways in 
Arabidopsis.  

 Although the YUCCA-dependent route has been the best characterized, 

recent reports suggest that the IPA dependent route also plays an important 

role in auxin synthesis (Tao, et al. 2008) (Stepanova, et al. 2008). The missing 

step in this pathway was the conversion of tryptophan into IPA.  The recently 

identified shade avoidance 3 (sav3) mutants in TRYPTOPHAN 

AMINOTRANSFERASE of ARABIDOPSIS (TAA1) do not show the normal 
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shade avoidance phenotypes, such as a failure to elongate the hypocotyl, 

when seedlings are moved from the light into the dark.  This suggested that 

TAA1 might play a role in auxin response or biosynthesis.  It was found that 

TAA1 can convert tryptophan to IPA, validating this auxin synthesis pathway.  

Although tryptophan to IPA is critical for proper auxin production, over-

expression of TAA1 does not show an auxin over-production phenotype, 

suggesting that IPA manufacture is not the rate-limiting step of this auxin 

production route (Tao, et al. 2008) (Stepanova, et al. 2008).   

There is debate about the importance of the location of auxin synthesis 

versus the importance of auxin transport.  In embryos the simplest explanation 

is that differentiation of the sites of synthesis and transport establishes auxin 

gradients. Establishing a gradient could allow for complex expression patterns 

when cells exposed to one level of auxin respond differently than cells 

exposed to a higher or lower level of auxin, as auxin is transported from one 

location to another.  This auxin flux is mediated both by sites of synthesis as 

well as by proteins that regulate influx and efflux of auxin from a cell.  Although 

a complete auxin synthesis map has not been generated, members of the 

YUCCA gene family as well as TAA1 show distinct expression patterns during 

both adult plant development and embryogenesis (Cheng, et al. 2006) 

(Cheng, et al 2007) (Tao, et al. 2008) (Stepanova, et al. 2008). 
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AUXIN TRANSPORT 

 Auxin can move between plant cells through a combination of diffusion 

and carrier mediated transport.  IAA, a weak acid, has a pKa of 4.8.  It will exist 

in both its protonated (IAAH) and unprotonated form (IAA-) in the intercellular 

space (pH ~5.5).  In its protonated form, auxin is able to diffuse across a lipid 

membrane (Raven 1975).  In addition to diffusion, auxin has been show to 

enter the cell via a carrier-mediated route using AUX1 (Pickett, et al 1990) 

(Bennett, et al. 1996).  A second protein, PGP4, a p-glycoprotein-like protein, 

has also been implicated in auxin influx (Terasaka, et al. 2005).  Like the auxin 

synthesis situation, a complete map cataloging the relative rates of auxin influx 

has not been generated. However, a combination of diffusion and protein- 

mediated strategies appears to determine how efficiently auxin is brought into 

a specific cell.   Experiments to define the relative contributions of diffusion 

versus protein-mediated routes have been challenged by the wide variability of 

estimated diffusion rates (Delbarre, et al. 1996) (Gutknecht and Walter 1980). 

Further complicating the situation is our incomplete understanding of the 

protein components as well and their expression patterns. 

 Although auxin influx is not fully understood, it is certain that both influx 

and efflux are required to generate the dynamic auxin gradient.  Auxin efflux 

has been better characterized in both the root and embryo.  Two identified 

protein families are instrumental in auxin efflux, the p-glycoproteins, 

specifically PGP1 and PGP19, as well as the PIN-FORMED (PIN) family 

(Blakeslee, et al. 2007) (Friml, et al. 2003). Members of the PGP and PIN 
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family show polar localization in the cell, suggesting that auxin efflux facilitates 

directional auxin transport.    

 

 

 

 

FIGURE 1.3. PIN mediated auxin flow during embryogenesis.  Blue arrows 
point in the direction of auxin flow based on the polar localization of the pins.  
Expression of the auxin reporter DR5 is false colored in yellow.  In the 
transition stage embryo, the expression pattern of YUCCA1 and 4 are false 
colored in blue, while the future shoot apical meristem is false colored in red. 

Mutations that disrupt auxin efflux show developmental defects in the 

embryo.  The major auxin efflux carriers are the PINs.  PIN1,3,4 and 7 are 

active in Arabidopsis embryogenesis (Friml, et al. 2003). PIN7 is required to 

generate the preglobular auxin gradient, pushing auxin generated in the 

suspensor up into the embryo proper.  By the globular stage, PIN1 is basally 

localized in cells of the embryo proper, and is thought to facilitate apical to 

basal auxin flow, generating an auxin maxima in the hypophysis.  After this 

gradient is reversed, PIN4 expression is initiated in the hypophysis and 
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quiescent center (QC). PIN3 expression first occurs as late as heart stage in 

the root pole.  Mutations in individual PIN family members show subtle defects 

during embryogenesis.  For example, pin1 shows occasional cotyledon fusion, 

or extra-cotyledons but has relative normal overall patterning (Aida, et al. 

2002). In contrast pin1,3,4, and 7 mutants develop embryos that do not show 

clear apical-basal polarity and are consequently ball-shaped (Friml, et al. 

2003). 

 Mutants that affect proper PIN localization, and consequently proper 

auxin flux in the embryo, also show developmental defects.   GNOM encodes 

a GDP/GTP exchange factor for a small G-protein of the adenosyl ribosylation 

factor-class and is important for the exocytosis of PIN1.  In gnom, mutants 

PIN1,2 and possibly other PINs lose their polar localization and appear to be 

randomly inserted into the cell membrane (Geldner, et al. 2003) (Kleine-Vehn, 

et al. 2008). The resulting embryos show morphological defects similar to 

those found in pin1,3,4, and 7 mutants.  A second regulator of intracellular 

localization of PINs is a serine-threonine protein kinase encoded by PINOID 

(PID) (Christensen, et al. 2000).  pid mutants switch the intracellular polarity of 

PIN1 at the inflorescence apex and embryonic cotyledons, causing PIN1 to be 

basally localized in these cells where it would normally be apically localized.  

The consequence of this adjustment of PIN1 localization is phenotypes similar 

those seen in the pin1 mutants (Furutani, et al. 2004) (Friml, et al. 2004).  

Additionally, PID over-expression causes the inverse localization of PIN1, 2 

and 4 in seedling roots and embryos, switching the polarity from basal to 
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apical.  This suggests that phosphorylation states of the PIN proteins are 

important to their localization.  The fact that the PINs show polar-localization, 

in conjunction with the rapid induction of PIDs by auxin, suggests a potential 

feedback mechanism that can be quickly adjusted, thus buffering the auxin 

response. Additionally, mutations in a STEROL METHYL TRANSFERASE 

(SMT1) also cause PIN1 and PIN3 localization to be disturbed, suggesting 

that one component of the localization is membrane composition (Willemsen, 

et al. 2003).  The progress that has been made on PIN sorting suggests that 

proper PIN localization requires proper endosomal sorting through Arabidopsis 

SORTING NEXIN 1 (SNX1) and VACUOLAR PROTEIN SORTING 29 

PROTEN, the ARF-GEF, GNOM, a proper phosphorylation state regulated 

through PID, as well as specific membrane compositions (Jaillais, et al. 2006) 

(Jaillais, et al. 2007). 

AUXIN PERCEPTION  

 Auxin synthesis and transport generate dynamic auxin concentrations 

in the cells.  Understanding how a cell responds to dynamic auxin flux is the 

final major component required to describe the role of auxin in embryo 

development.   One of the primary strategies used by the cell in auxin 

perception hinges on inducing an ubiquitin-mediated decay pathway.  Auxin 

has been found to bind to TIR1, a member of an SCF ubiquitin protein ligase 

E3 complex whose primary members are TIR1, CULLIN and a SKP-1 like 

protein.  Upon binding to TIR1, auxin activates this complex, inducing 

ubiquitin-mediated decay of a number of target proteins, including some 
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members of the Aux/IAA proteins (Dharmasiri, Dharmasiri and Estelle 2005) 

(Kepinski and Leyser 2005). Aux/IAA proteins have been hypothesized to 

function as transcriptional repressors (Abel, Nguyen and Theologis 1995) 

(Tiwari, Hagen and Guilfoyle 2004) (Ulmasov, et al. 1997).  Thus by inducing 

Aux/IAA degradation auxin causes gene activation (Mockaitis and Estelle 

2008). 

 

FIGURE 1.4.  Model of Aux/IAA degradation in the presence of auxin.  Without 
auxin the TIR1 complex is unable to bind to Aux/IAA, thus Aux/IAA is stable 
and can repress the Aux/IAA-ARF complex.  In the presence of auxin, TIR1 
binds Aux/IAA, ubiquitinating it, so that it is shuttled to the 26s proteasome and 
degraded.  This releases the ARF to function as a transcriptional 
activator.Members of the AUXIN RESPONSE FACTOR (ARF) family of 
proteins are known binding partners of the AUX/IAAs (Guilfoyle, et al. 1998) 
(Guilfoyle, Ulmasov and Hagen 1998).   
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Some members of the ARF family have been shown to be 

transcriptional activators, while others are proposed as transcriptional 

repressors.  The best characterized pairing in Arabidopsis embryogenesis is 

the AUX/IAA12 – ARF5 complex.  Mutations that make AUX/IAA12 resistant to 

auxin dependent degradation fail to form a proper root and were named 

bodenlos, (bottomless) (Hamann, Mayer and Jurgens 1999).  Similarly, when 

ARF5 is rendered non-functional, the plants fail to form a proper root and also 

show abnormal apical defects, including fused cotyledons, leading to the 

name monopteros, (single wing) (Hardtke and Berleth 1998). The defects that 

are seen in mutants that are defective in auxin signaling either by disrupted 

auxin concentrations or through failure in down stream responses demonstrate 

the importance of auxin in early embryo patterning, especially the proper 

establishment of the apical/basal axis. 

The Arabidopsis genome encodes 29 AUX/IAA genes and 23 ARF 

genes.  Assuming that any AUX/IAA can interact with any ARF, then there are 

667 different combinations of AUX/IAA-ARF interactions (Abel, Nguyen and 

Theologis 1995) (Guilfoyle and Hagen 2001) (Liscum and Reed 2002).   This 

array of potential interactions provides enough molecular complexity to 

regulate a vast number of different responses.  Supporting the diverse roles of 

ARFs in auxin response are the different phenotypes regulated by various 

ARFs, ranging from the embryo patterning mentioned above for ARF5 or floral 

organ development regulated by ARF1-3,6 and 8 to senescence regulated by 

ARF1,2,7 and 9, to name a few (Mockaitis and Estelle 2008).  Auxin response 
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can be regulated through these AUX/IAA – ARF pairings via a number of 

strategies.  These include ARF binding site specificity, intrinsic ARF 

functionality, transcriptional and translational regulation of ARFs or AUX/IAAs, 

specificity of AUX/IAA-ARF pairing, and AUX/IAA degradation rates after 

induction by auxin.  To date, it has been shown that AUX/IAA-ARF pairing 

specificity, spatio-temporal transcriptional regulation of both AUX/IAAs and 

ARFs, and ARF functionality are all important in regulating auxin response in a 

cell specific manner (Abel, Nguyen and Theologis 1995) (Tiwari, et al. 2003). 

DETERMINING WHERE AUXIN FUNCTIONS 

 Complete knowledge of auxin production, transportation and the 

subsequent intracellular response when auxin is present is a major target of 

auxin research.  This field is still developing and indirect strategies have been 

employed to look at auxin function. The major strategy to determine where 

auxin functions makes use of a transcriptional reporter that consists of a 

number of auxin response elements (AuxREs).  AuxREs are conserved six 

base-pair sequences, TGTCTC , that are bound by ARFs.  AuxREs are 

multimerized and combined with a basal promoter driving a reporter gene to 

generate an auxin reporter. This type of reporter should indicate locations 

where auxin concentrations are high enough to induce degradation of the 

AUX/IAAs, allowing ARF function to turn on the reporter (Ulmasov, et al. 

1997).   

In this system, auxin induced transcriptional activation is indirectly 

measured as a function of the reporter gene and is limited by the ARFs bound 
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to the AuxREs.  The most prevalently used auxin reporters are DR5 and 

DR5rev, both of which show strong basal expression during early 

embryogenesis. This expression is consistent with the auxin maximum.  Later 

in embryogenesis DR5 reports both basal expression as well as weak 

expression in the cotyledons.  Another strategy to examine auxin response is 

to use known auxin responsive genes to determine where auxin is functioning.  

Using the PLETHORA1 and 2 genes (PLT1,2) as auxin reporters is one way to 

employ this strategy.  The PLT genes are major determinants of the root stem 

cell niche.  Their embryonic expression patterns show basal accumulation that 

correlate with auxin concentrations predicted by the PIN auxin transport 

model.  They are expressed strongly in the hypophysis and QC, and extend 

up into the provasculature.  Although the exact transcription code that 

regulates the expression of PLT1, and 2 is unknown, their expression is auxin 

sensitive and dependent on the ARFs (Aida, Beis, et al. 2004).  Both synthetic 

reporters and endogenous gene expression can provide clues to locations 

where auxin is functional.  

The importance of auxin in embryo patterning is incontrovertible, but the 

network of how it is regulated and what is directly upstream and downstream 

of auxin signaling are still being deciphered.  Current data suggest that auxin 

flux has roles in the apical, central and basal regions of the embryo.  However, 

a number of transcription factors and other genes have been implicated in the 

establishment of these regions.  To illustrate some of the complexity of auxin 

signaling with these transcription factors, mutations in the CUP-SHAPED 
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COTYLEDON (CUC) genes (cuc1,2,3) result in plants with fused cotyledons 

and no shoot apical meristem (SAM) (Hibara, et al. 2006) (Aida, Ishida, et al. 

1997) (Vroemen, et al. 2003).  pin1, pid double mutants show a failure to form 

cotyledons due to improper auxin flux.  In the pin1, pid, cuc1 triple mutant cup 

shaped cotyledons are again formed.  It turns out that CUC1 is activated by 

auxin (M. Furutani, T. Vernoux, et al. 2004). In the pin1, pid double mutant, 

auxin is thought to accumulate apically, causing over-expression of CUC1 and 

eliminating the cotyledons; however, by removing the influence of CUC1 in the 

cuc1, pin1, pid triple mutant cotyledons can again form.   Other developmental 

phenotypes are as of yet, unlinked to auxin.  Although some members of the 

class III homeodomain family are linked, PHABULOSA (PHB), PHAVOLUTA 

(PHV), and REVOLUTA (REV) have not been found to be auxin regulated.  

Also, the phb, phv, and rev triple mutant’s apical region seems to be missing, 

or replaced by a single radialized cotyledon (Emery, et al. 2003).   

TOPLESS REGULATES APICAL/BASAL FATE 

A promising class of mutants that can be used to understand 

development is those that cause homeotic transformations.  The timeless 

image of a Drosophila with a haltere to wing conversion, creating a four 

winged fly is a perfect example of a homeotic mutation, where one body part is 

not eliminated but rather transformed into a different body part.  The 

characterization of the HOX cluster in Drosophila by Ed Lewis demonstrated 

the power of homeotic mutations to learn about development (Lewis 1978).  

Because of the success of this approach in Drosophila, the use of homeotic 
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mutants was quickly adopted to understand development in other organisms.  

Notably the Meyerowitz laboratory followed this strategy to dissect floral 

homeotic mutants to understand how flowers are patterned.  They, and others, 

identified a number of transcription factors that regulate floral tissue, leading to 

the ABC model of floral development (Coen and Meyerowitz 1991).  An 

interesting homeotic mutant in Arabidopsis is topless-1 (tpl-1).  This allele 

causes temperature sensitive homeotic transformation of the apical half of the 

embryo into a second basal half.  This transformation generates a plant that 

upon germination has no cotyledons but rather consists of roots protruding 

from either end (Long, et al. 2002).  At the permissive temperature tpl-1 shows 

phenotypes reminiscent of the cuc phenotype, with fused and radialized 

cotyledons. In addition plants occasionally show an apical region that is similar 

in appearance to the phb, phb, rev triple loss of function mutants.  TOPLESS 

is the founding member of a 9 gene family in Arabidopsis defined by the 

presence of a conserved 14 amino acid region, the TOP domain.  Quintuple 

mutants of tpl and the 4 closest homologues topless related 1 – 4  (tpr1-4) 

show embryonic phenotypes resembling the tpl-1 allele, suggesting that tpl-1 

functions as a dominant negative for this gene family (Long, et al. 2006). 

TOPLESS is an 1131 amino acid protein that contains 11 WD40 

repeats at the C-terminus.  On the N-terminus it contains a lissencephaly type 

1-like homology domain (LiSH) often followed by a C-terminal to a LiSH 

(CTLH) motif.  In addition TPL contains a 100 amino acid stretch that is proline 

rich prior to the WD40 stretch.   The similar domain structure to the 
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GROUCHO/TUP1 family of transcriptional co-repressors suggests that TPL 

may play this role in plants.  The parallels between groucho a Drosophila 

transcriptional co-repressor and tpl-1 are interesting.  When the maternal 

dosage of groucho is removed in a histone deacetylase, (rpd3), mutant 

background there is an increased frequency of the bicaudal phenotype, where 

the anterior half of the embryo is homeotically transformed into a mirror image 

of the posterior half (Chen, et al. 1999).  Like groucho, tpl-1 shows genetic 

interactions with a histone deacetylase (hda19).  In tpl-1, hda19 double 

mutants there is more frequent occurrence of the apical to basal homeotic 

transformation in plants grown at the permissive temperature (24oC).  At the 

non-permissive temperature hda19 alone shows severe apical defects 

including a failure to develop cotyledons (Long, et al. 2006).  

The tpl-1 allele has provided insight into the timing of commitment to 

apical and basal fate, showing that apical fate is not guaranteed until around 

the transition stage and the initiation of the cotyledons.  In addition, careful 

analysis of the apical root provides snap shots of some of the required steps in 

root formation during embryogenesis.  One aspect that was noted in the 

formation of the apical root was, despite morphological changes that were 

consistent with root formation, ectopic auxin response, as denoted by 

DR5rev::GFP did not occur until after a number of earlier morphological 

changes occurred (Long, et al. 2002).  This suggests that the tpl-1 

transformation of apical tissue is not entirely auxin response mediated.   
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To further define the timing of events that establish apical fate, a 

number of apical and basal markers have been examined in the tpl-1 

background.  Examination of early embryos through the globular stage, 

showed apical and basal markers were properly expressed in the tpl-1 mutant 

background.  However, during the transition stage, aberrant development is 

evident:  cotyledons fail to expand; a number of apical markers are turned off, 

or fail to turn on; WUSCHEL (WUS) an early marker of apical fate, as well as 

the class III HD-Zips, disappear from the apical tissue (M. Hannon, Z. Smith 

unpublished); and SHOOT APICAL MERISTEMLESS (STM) fails to initiate.  

These data suggest that the apical cells are still competent for transformation 

immediately before the transition stage, or even slightly later.  While apical fate 

is lost, basal markers such as SCARECROW (SCR) show expansion beyond 

their normal boundaries of expression.  Later in embryogenesis, around 

torpedo stage, when the cotyledons would normally be clearly identifiable, 

there is a clear increase in basal marker expression, including lenny, a PIN4 

promoter trap marker (Long, et al. 2002).  

THE PROTODERM AND ESTABLISHING THE APICAL HALF OF THE 

EMBRYO 

 Since both TOPLESS and auxin appear to be involved in maintaining 

apical-basal polarity, it is worth examining a number of other genes involved in 

apical-basal patterning.  In the original Jurgens screen, gurke was used to 

define the apical region as a region where cell fate is determined by position in 

the embryo (Mayer, et al. 1991). GURKE encodes an acetyl CoA carboxylase 



22 

 

that catalyzes malonyl CoA synthesis, but this enzyme’s function in 

establishing apical fate is not known (Torres-Ruiz, Lohner and Jürgens 1996).  

The original gurke allele was a weak allele, and further studies have found 

other alleles of gurke that show early embryo patterning defects that are 

embryo lethal (Baud, et al. 2004).  Examination shows that the early 

expression pattern of GURKE is indistinct; however, by heart stage GURKE 

transcript shows protodermal accumulation. Two homeodomain-containing 

transcription factors, AtML1 and PDF2, are also expressed in the protoderm.  

In plants missing functional AtML1 and PDF2, cotyledon development is 

strongly suppressed, although SAM development is still intact (Abe, et al. 

2003).  These findings, coupled with other protoderm and L1 mutants that 

cause apical developmental defects, suggest an important role for the 

protoderm in proper embryo formation.  

 In post-embryonic plants, the epidermis has been found to be important 

in regulating growth, including leaf expansion.  One reason for using an 

epidermal signaling pathway to regulate plant development is dictated by the 

sessile nature of plants.  The epidermis experiences many negative and 

positive environmental factors first.  Since plants are not motile, growth and 

developmental pathways are a primary strategy to minimize negative or 

maximize positive environmental factors, these pathways may be controlled by 

the epidermis (Dinneny, et al. 2008) (Savaldi-Goldstein and Chory 2008) 

(Savaldi-Goldstein, et al. 2007).  Although embryos only experience a fraction 

of the environment because it is filtered by the parent plant, it would not be 
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surprising if epidermal (protodermal) signaling still functions during 

embryogenesis.  

 The Arabidopsis genome encodes hundreds of predicted cell surface 

receptors, some of which are certain to be involved in intracellular 

communication.  However, a number are also involved in environmental 

sensing.  Two protoderm-expressed genes, ACR4 and ALE2, have been 

found to be critical for proper development.  ACR4 and ALE2 encode receptor-

like kinases (RLKs) that most likely respond to exogenous signals.  

Interestingly, acr4, ale2 double mutants show protodermal developmental 

defects, including the failure to maintain AtML1 and PDF2 expression 

(Tanaka, et al. 2007). 

A number of cues suggest that the protoderm specificity is responding 

both to external signals and internal signals.  ABNORMAL LEAF SHAPE 

(ALE1) encodes a subitilisin-like protease that is expressed in the endosperm, 

but not in the embryo.  In ale1 mutants, the epidermal layer and cuticle fail to 

develop normally.  One hypothesis is that ALE1 generates a small signaling 

peptide that can be recognized by an epidermal receptor, perhaps an RLK 

(Tanaka, et al. 2001).  If true, the ALE1 small peptide pathway might be similar 

to the CLAVATA pathway that restricts meristem development.  In addition to 

the impacts of potential external signals, the protoderm is also affected by 

internal signals.  DEK1, an integral membrane protein with a calpain-like 

cystein protease motif, is expressed throughout the embryo during early 

development.  Loss of functional DEK1 in dek1 mutants eliminates AtML1 and 
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ACR4 expression (Johnson, et al. 2005).  Here, again, a putative protease 

causes changes in protodermal fate that, in turn, affect later embryogenesis. 

SERINE CARBOXYPEPTIDASES  

 The embryonic phenotypes regulated by a number of proteases, 

coupled with the fact that animal development has many steps regulated by 

small, cleaved peptides, gives reason to take a closer look at the proteases in 

Arabidopsis.  The Arabidopsis genome encodes hundreds of proteases.  

These proteases fall into a number of different types, and affect diverse 

biological processes.   

The general mechanism of protease activity is similar regardless of the 

protease family.  Polarization of the carbonyl carbon of the target peptide by 

stabilizing the oxygen in an oxyanion hole occurs first. This opens up the 

carbonyl carbon for a nucleophile to attack.  Then, the final step cleaves the 

peptide bond, usually as a water molecule restores the enzyme.  This process 

can be used for protein degradation and protein modification, as well as small 

peptide generation.  Four catalytic classes of proteases are based on the 

nucleophile that is used to attack the carbonyl carbon: cysteine proteases, 

serine proteases, metalloproteases and aspartic proteases are all present in 

the Arabidopsis genome. 

The functions of fewer than 10% of the many hundreds of annotated 

proteases in Arabidopsis have been described biologically.  Of these, a 

number of them catalyze reactions other than proteolysis.  For example, the 
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MEROPS M20 class of proteases are primarily involved in processing auxin 

conjugates functioning as IAA-amino hydrolases (van der Hoorn 2008).  

Another interesting class of protease-like genes is the S10 serine 

carboxypeptidase-like (SCPL) family.  This class consists of ~51 family 

members that can be subdivided into 2 major subclasses (Fraser, Rider and 

Chapple 2005).  The first major subclass of these proteases catalyzes 

acyltransferase reactions (Fraser, Thompson, et al. 2007).  The second major 

subclass is thought to function as true proteases, although only one has been 

tested for functional carboxypeptidase activity in vitro.  SCPL proteins fold 

similarly to other α/ß hydrolases and contain a catalytic triad that consists of a 

serine, an aspartate, and a histidine residue. SCPL proteins can catalyze a 

wide variety of activities including nitril lyase, acyl transferase, 

transesterification, and carboxypeptidase activity.    In general, serine 

carboxypeptidase activity is highest at low pH, with activity reported at as low 

as pH 3 for carboxypeptidase activity.  Interestingly, activity towards ester 

substrates is optimal at pH above 7 (Remington 1993).  This ability to change 

activity based on pH makes in vitro studies to determine SCPL function 

challenging if the in vivo conditions where the proteins are normally found are 

unknown. 

 SCPLs are produced as preproteins, with an internal linker peptide 

flanked by a cysteine on either side.  The internal linker is cut out and the 

cysteine pair forms a disulfide bridge that connects these two peptide chains 

to generate the functional protein.   SCPLs have been characterized from a 
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number of sources including wheat (CPDW-II), yeast (CPD-Y, CPY) and 

Pencillium spp. (CPD-P).   Yeast CPY has been extensively studied for its 

kinetic interactions.  In addition, peptide inhibitors have been identified in 

yeast. Furthermore, CARBOXYPEPTIDASE Y INHIBITOR (IC), inhibits CPY 

function, although its close homolog IC homolog does not inhibit CPY function 

(Mima, et al. 2003).  This suggests that these peptide inhibitors require precise 

conformations for their function. Less specific inhibitors of SCPL function 

include the chemical inhibitors isopropylfluorophosphate and chloromethyl 

ketone derivatives. 

 
 
 
 
 
 
 



27 

 

 

FIGURE 1.5.  The ping-pong method of proteolysis.  The top two panels 
illustrate the starting and end points of this enzymatic reaction. The serine 
carboxypeptidase is in blue while the target substrate is shown in tan.  The 
following 6 panels illustrate the mechanism from where the serine nucleophile 
attacks the carbonyl carbon to the restoration of the enzyme by water. 
 

 

In Arabidopsis, 5 members of the SCPL family have been functionally 

characterized, four of these are involved in the biosynthesis of sinapoyl esters 

that provide UV-B protection.  Although these proteins have been found to 

share some functionality in which esterification steps they can catalyze, they 

show differences in the amount of activity that can be conferred in these 

processes in vitro (Fraser, Thompson, et al. 2007).  These four SCPLs are 

members of the first major subclass of plant SCPLs.  The only characterized 
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member of the second SCPL subclass is BRS1.  BRS1 was identified through 

brs1D, an allele that over-expresses BRS1.  brs1D suppresses 

brassinosteroid insensitive (bri1-5), a weak bri1 allele that is deficient in the 

perception of brassinosteroid (BR) (Li, et al. 2001).  BRI1 is a RLK involved in 

brassinosteroid sensing.  It consists of three major moieties, an extracellular 

leucine rich repeat (LRR) region, a membrane spanning domain, and an 

intracellular kinase domain (Friedrichsen, et al. 2000).  brs1D did not suppress 

bri1 alleles that have mutations that affect the kinase domain, similarly it did 

not suppress other RLK’s including clavata-1 (CLV1) and erecta (ER) mutants, 

suggesting the role of BRS1 is specific to the BRI1 pathway.  In vitro studies 

with BRS1 show that it can cleave synthetic dipeptides at low pHs, and ectopic 

expression studies find that BRS1 is secreted into the extracellular space 

(Zhou and Li 2005).  These data suggest that BRS1 acts upstream of BRI in 

BR signaling.   

 Like many proteases, the biological target of BRS1 is unknown. This 

lack of identified biological substrates of proteases in general is a major 

challenge in the field.  For proteases that play a role in general protein 

turnover this may not be a major concern; however, in instances of specific 

protein turnover or generation of small signaling peptides through a proteolytic 

event, this challenge is significant.   

SMALL SIGNALING PEPTIDES 

 One interesting class of proteins that require protease activity is the 

CLAVATA3/ENDOSPERM SURROUNDING REGION-related (CLE) peptides.  
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These small, signaling peptides have been found to be important players in a 

number of developmental processes.  One of the best described is the 

CLAVATA pathway.  This pathway regulates apical meristem development by 

balancing proliferation and differentiation.  Three genes have been described 

in this pathway, CLAVATA1, 2 and 3 (CLV1,2,3).  CLV1 appears to be a RLK, 

whereas CLV2 contains a LRR, but does not have a membrane spanning 

domain.  CLV3 encodes a peptide that is processed into a small signaling CLE 

peptide.   The model for the CLAVATA pathway is as follows: CLV3 is 

processed into its CLE, and binds to CLV1 and CLV2 that initiate a signal 

transduction pathway that inhibits WUS (Carles and Fletcher 2003).  How 

CLV3 is processed is still an outstanding question in this field; however, it has 

been determined that 12 amino acids towards the C-terminus of CLV3 are 

sufficient to function as the CLE.  While the CLAVATA pathway is inhibitory to 

apical meristem development, related RLKs (BAM1, BAM2) promote meristem 

development (DeYoung, et al. 2006).  Although the interplay between small 

signaling peptides, proteases and RLKs is a relatively nascent field in plants, it 

will be interesting to see these signaling pathways develop.     

  

 The preceding discussion demonstrates that proper plant development 

requires a complex set of interactions to differentiate tissue types.  In the 

remainder of work we present evidence that suggests one aspect of 

apical/basal polarity is regulated by proper auxin response.  We find that TPL 

functions as a transcriptional co-repressor and is important for regulating auxin 
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response through the Aux/IAA family of transcriptional repressors.  In tpl-1 

ectopic auxin response due to diminished repression by the Aux/IAA-TPL 

complex may be a critical factor in the conversion of apical to basal fate. In 

addition, we present the identification of a serine carboxypeptidase like 

protein, PBR, that was identified in a genetic screen looking for enhancers of 

tpl-1.  PBR is expressed in the protoderm but affects gene expression in the 

interior cell layers, suggesting a possible roll in protoderm to interior cell layer 

signaling pathway that depends on a small peptide rather than the more 

common phytohormones.  Although there are many mysteries left in proper 

embryo patterning this work improves our understanding of how apical/basal 

polarity is established and maintained and identifies a new gene that suggests 

a mechanism for signaling from the protoderm to the interior cells that is 

important for proper apical fate establishment. 
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TOPLESS mediates auxin-dependent transcriptional repression during 

Arabidopsis embryogenesis. 
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INTRODUCTION.  Here we present evidence that TPL physically interacts 

with the AUX/IAA, IAA12, and functions as a co-repressor.   

My contribution to this work was to demonstrate that both TPL and 

IAA12 can function as repressors in an in planta repressor assay (Figure 3).  

In addition I tested TPL-IAA12 interactions in a bifluorescent complementation 

assay (Figure S2), and showed that TPL-ARF5 can interact through an IAA12 

bridge but do not interact without this bridge (Figure 4, panels A,B).  In 

addition I generated the TPL deletion constructs used in the yeast two-hybrid 

assays.  
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SUPPORTING ONLINE MATERIAL 

MATERIALS AND METHODS 

Plant growth conditions 

Plants were grown on either soil or plates of Linsmaier and Skoog salts 

medium. Percival chambers were used for controlled temperature 

experiments. 

Constructs 

C-terminal BDL P74S-GFP fusions were made with ~1.5 kb upstream 

of the ATG through the stop codon, which was destroyed, and cloned in frame 

with GFP. The P74S mutation introduced by site directed mutagenesis. The 

TPL, BDL, and bdl-1 cDNAs or fragments thereof were cloned into pDBleu or 

Pexp-AD502 yeast two-hybrid vectors (Invitrogen) in frame with Gal4 DNA 

binding or activation domains. The TPL-IAA12/BDL domain III/IV construct 

was generated by fusing amino acids 120 to 240 of IAA12/BDL in frame to the 

carboxy terminus of a full length TPL clone. 

Yeast experiments 

The TRAFO(S1) protocol was used for transformations into strain 

Mav203, the X-gal filter assay performed according to the Invitrogen Proquest 

system protocol. 

GST pulldowns 

Proteins were expressed and purified from the pGEX-KG vector in 

BL21 (DE3)-RIPL.  The purifications were performed using Glutathione 

Sepharose High Performance beads (Amersham Biosciences) according to 
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product protocol. Bound GST fusions were incubated with in vitro products 

from the pET-21 2T vector made with the Promega TNT Quick Coupled 

Transcription/Translation System. Pulldowns from plant lysates were 

performed with extracts prepared as previously described(S2) from non-

transgenic or transgenic plants expressing TPL-HA or BDL P74S-GFP. 

Incubation times (4°C, rotating) for in vitro transcribed/translated products and 

plant extracts were 1.5 and 4 hours, respectively. Beads were washed 3x in 

PBST (in vitro transcribed/translated products) or extraction buffer (plant 

extracts) and boiled in Laemmli buffer. Western blots were performed with 

mouse anti-HA (Covance) or mouse anti-GFP (Santa Cruz), both 1:1000, and 

goat anti-mouse IgG (1:4000, BioRad) for the secondary antibody. 

Microscopy 

Excised ovules were mounted in Hoyer’s solution for analysis of 

embryonic morphology. Embryos were imaged using a Leica DM5000B 

microscope, seedlings using a Leica MZ FLIII microscope. 

Gal4-UAS Repression Assay 

The tobacco consitutitive promoter construct, 2xUASgal4-tCUP::GUS, 

was constructed as previously reported(S3). To generate the effector construct 

tCUP::IAA12p74sGal4 we fused the IAA12 codon region with P74S mutation 

in frame with the Gal4 DNA binding domain. To generate effector TPLp::TPL-

Gal4 we fused the Gal4 DNA binding domain as C-terminal fusion to full-length 

TPL.  Arabidopsis thaliana was transformed using the floral dip method (S4) 

and multiple stable transgenic lines were identified. Plants expressing the 
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reporter construct and the effector construct, or a control were crossed and 

GUS activity on 4-methylumbelliferyl glucuronide (MUG) ewas assayed using 

a Fluorescent Max Gemini Microplate Spectrophotometer (Molecular Devices) 

(S5). 

Tobacco interaction studies 

Leaves were injected with Agrobacterium tumefaciens expressing viral 

suppressor p19/experimental constructs(S6). The constructs were fused in-

frame to the C-terminal BiFC molecule halves (SPYCE and SPYNE)(S7) 

driven under the CaMV 2x35s promoter. IAA12 P74S 6xmyc was used for 

testing TPL-ARF5/MP interaction. 
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FIGURE 2.5. S1 Coomassie protein staining showing similar protein 
expression for the GSTpulldown experiments in figure1. (A) The GST-fusion 
construct expression for experiments in figure 1(D). (B) The GST-fusion 
construct expression for experiments in figure 1(E). 
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FIGURE 2.6. S2 In planta protein-protein interaction using bimolecular 
fluorescence 
complementation (BiFC) system in a tobacco transient expression system. (A) 
2X35S::YFP to determine transformation efficiency. (B) The two halves of the 
BiFC complex co-transformed showing no YFP fluorescence. (C) TPL shows 
nuclear localization and interaction with itself (D) and with TPL N176H. (E) 
TPL and (F) TPL N176H interacts with BDL P74S. (G) BDL P74S interacts 
with itself. (H) BDL P74S interacts with ARF5/MP. (I) TPL N176H does not 
show interaction with ARF5/MP alone. 
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FIGURE 2.6. S3 The TPL-IAA12/BDL domain III/IV fusion protein interacts 
with ARF5/MP in yeast. 
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CHAPTER 3 

Mutation of POLAR BARE, a putative serine carboxypeptidase, uncovers a 

role for the protoderm in maintaining apical/basal polarity during Arabidopsis 

embryogenesis.
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SUMMARY 

Plants form two distinct poles during embryogenesis, the apical and 

basal pole.  These poles contain stem cells that continuously divide during the 

plant lifecycle to produce the shoot and root systems.  The homeotic mutant 

topless-1 causes the apical pole to be transformed into a second basal pole in 

a temperature sensitive manner.   At the permissive temperature topless-1 

shows incomplete apical to basal pole transformation.  This manifests itself as 

fused cotyledons.  Using this attenuated background we performed a genetic 

screen to identify other genes that are important in establishing and 

maintaining apical fate.  We identified a mutation in a serine 

carboxypeptidase-like gene, polar bare (pbr), that is expressed in the 

embryonic protoderm and shifts the attenuated tpl-1 phenotype towards a 

complete homeotic transformation of apical to basal fate at lower 

temperatures.   This mutation strengthens the growing evidence supporting a 

critical role of the protoderm in embryogenesis and supports a proposed role 

of small signaling peptides in maintaining apical fate. 

INTRODUCTION  

The establishment of both root and shoot systems in land plants is 

critical to their survival.  These two tissue types are derived from two distinct 

stem cell populations, the shoot and root meristems, respectively. If 

establishment of these meristems is disrupted, the meristem may fail to be 

generated or they may be homeotically transformed from one type to the other 
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(Long, et al. 2002), (Aida, et al. 2004)(Smith and Long, in preparation).  Proper 

sensing of the phytohormone auxin has been implicated in the proper 

patterning of these meristems, but the entire pathway for meristem 

establishment and maintenance is just starting to be unraveled (Hamann, 

Mayer and Jurgens 1999)(Hardtke, 1998) (Steinmann, et al. 1999). 

 Cell divisions during Arabidopsis embryogenesis occur in a well-

documented pattern (Hardtke and Berleth 1998) (Park and Harada 2008).  

This makes Arabidopsis amenable to studying the temporal establishment of 

tissue types during embryogenesis, in particular the establishment of the 

meristems. The apical/basal axis is oriented through the first division of the 

zygote.  This asymmetric division gives rise to an apical cell and a basal cell.  

The basal cell from this division undergoes a series of transverse divisions 

generating the suspensor, a single cell wide filament that is an early source of 

auxin.  At the same time, the apical cell divides twice longitudinally and once 

transversely to form an octet stage proembryo.  At this stage each cell 

undergoes a periclinal division generating the protoderm.  In addition, the 

suspensor cell that is adjacent to the proembryo, the hypophysis, is 

incorporated into the embryo.  This globular stage embryo expresses basal 

markers in the future root pole and hypophysis.  These markers include 

PLETHORA1 (PLT1), PLETHORA2 (PLT2), PIN-FORMED4 (PIN4) and the 

synthetic auxin reporter DR5rev (Friml, Vieten, et al. 2003) (Ulmasov, et al. 

1997) (Aida, et al. 2004).   Also at the globular stage, apical fate markers show 

expression in the cells most distal from the suspensor, including WUSCHEL 
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(WUS), and the class III HD-Zips, PHABULOSA (PHB), PHAVOLUTA(PHV), 

and REVOLUTA(REV) (Mayer, et al. 1998, Prigge, et al. 2005)(Emery, et al. 

2003)(Smith and Long, in preparation).  Despite the initial polarity being 

established at globular stage as indicated by these initial expression patterns, 

experiments using the temperature sensitive mutant topless-1 (tpl-1), which 

causes a homeotic transformation of the apical pole into a second basal pole, 

suggest apical fate is still malleable at this point.  tpl-1 plants shifted from the 

permissive temperature (24oC) to the restrictive temperature (29oC) at the 

globular stage show apical fate transformation while plants shifted after the 

transition stage maintain apical fate (Long, et al. 2002).  This demonstrates 

that embryonic apical/basal polarity is fixed after the transition stage. 

 Many of the regulatory features of apical fate determination can be 

ascribed to gene duplication events, such as the redundancy between the 

homeodomain-encoding ARABIDOPSIS HOMOLOG OF ML1 (AtML1) and 

PROTODERMAL FACTOR 2 (PDF2) or the class III HD-Zips family of 

transcription factors (Emery, et al. 2003) (Tanaka, et al. 2007) (Prigge, et al. 

2005).  If genetic redundancy is the prevailing theme in apical/basal fate 

specification, only rarely will genes involved in these processes be identified in 

forward genetic screens.  If a screen is performed in an attenuated 

background, loss of a single gene of a redundant pair may be sufficient to elicit 

a phenotype.  With this in mind, we used tpl-1 plants grown at the permissive 

temperature to identify new players involved in apical/basal polarity.  tpl-1 

plants grown at the restrictive temperature show shoot to root homeotic 
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transformation while tpl-1 plants grown at the permissive temperature show 

minor apical defects such as fused cotyledons and only subtle expansions in 

basal fate markers (Long, et al. 2002).  This provides a background that is 

sensitized towards apical/basal conversion.  We hypothesized that additional 

loss of genes that promote apical fate could enhance the apical/basal 

transformation.  This was demonstrated in two separate instances.  Prior to 

this screen two genes were shown to enhance tpl-1: an insertion allele of the 

AUX/IAA iaa12, and rev-9 (Szemenyei, et al. 2008)(Smith and Long, in 

preparation).  Neither show embryonic patterning defects on their own, but 

they both independently enhance the root to shoot transformation in tpl-1.  

Here we describe a new mutant identified from this forward genetic screen, a 

putative serine carboxypeptidase, polar bare (pbr), named for its ability to 

enhance tpl-1 at low temperature. 

In plants, serine proteases have been implicated in a number of 

pathways, including pollen maturation, stress response, and stomatal 

distribution (Liu, et al. 2008) (Cercós, Urbez and Carbonell, 2003) (van der 

Hoorn 2008).  Recent studies have found that the S10 class of serine 

carboxypeptidase like (SCPL) proteins are involved in a number of hormone 

pathways in both Arabidopsis and Pisum sativum (Cercós, Urbez and 

Carbonell, 2003) (Li, et al. 2001).  In Arabidopsis the SCPL family consists of 

two major clades.  Members of the first clade have been found to catalyze 

transacetylation reactions rather than proteolysis (Fraser, Thompson, et al. 

2007).  From the second clade, of which PBR is a member, only BRI1 
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SUPPRESSOR (BRS1) has been characterized.  Unlike the clade I SCPLs, 

BRS1 shows protease activity in vitro although the in vivo targets have not 

been identified (Zhou and Li 2005).  BRS1 was characterized through the 

identification of brs1d allele, isolated in an overexpression screen.  brs1d 

shows ectopic expression of BRS1 and suppresses a weak brassinosteroid 

insensitive 1 allele, (bri1-5).   This function was confirmed when brs1d was 

reconstructed by ectopically driving BRS1 under the 35s cauliflower mosaic 

virus promoter (35sCMVp) (Li, et al. 2001).  One hypothesis for BRS1 function 

is that it generates small signaling peptides.  In this model, BRS1-generated 

small peptides bind BRI1, a receptor like kinase (RLK), this would cause a 

signal transduction cascade.  Overproduction of this signaling peptide by 

ectopic BRS1 may compensate for the reduced signaling by bri1-5.  To our 

knowledge PBR is the first member of the clade II serine carboxypeptidases in 

Arabidopsis to show a loss-of-function phenotype and implicates the SCPLs in 

specific developmental processes. 

RESULTS 

Identification of polar bare. 

 We identified polar bare in a topless-1 enhancer screen.  tpl-1 plants 

grown at the permissive temperature show a range of seedling phenotypes 

from weakly fused cotyledons, to occasional apical to basal transformation 

(Figure 1 A) (Long, et al. 2002).  Consistent with these seedling phenotypes, 

the altered embryonic patterning results in distinct seeds shapes.  In embryos 
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that produce cotyledons, seed morphology is similar to that of wild-type, which 

are egg-shaped; whereas in seeds with an apical to basal transformation the 

seeds are elongated and narrower.  We mutagenized tpl-1 plants grown at the 

permissive temperature using the activation tagging vector, pSKI15, and 

screened for plants that produced an increased number of seeds with this 

elongate morphology (Weigel, et al. 2000).  Candidate enhancers underwent a 

second screening step to determine whether seed morphology was caused by 

apical to basal transformation, by germinating seeds on agar plates and 

looking for seedlings with apical/basal transformation (Figure 1B).  pbr-1 was 

the first candidate gene cloned from this screen that showed a strong apical to 

basal transformation. 

 pbr-1 on its own does not have a phenotype and is an untagged 

mutation that we fine mapped to the top arm of chromosome three based on 

its enhancement of tpl-1.  We identified a candidate mutation in At3g02110, a 

member of the serine S10 protease family (Figure 1C).  This family encodes 

51 proteins in Arabidopsis.  All of the S10 serine carboxypeptidase-like (SCPL) 

family members have an alpha/beta protein fold and contain a catalytic triad 

consisting of a serine, asparate and histidine residue that is required for 

activity (Fraser, et al. 2005).  POLAR BARE encodes a 473 amino acid 

peptide that contains a putative N-terminal signal peptide (AA 1-27) that would 

direct the protein to the secretory pathway.  In addition there is a possible 

linker peptide that gets removed.  In other S10 proteases this linker peptide is 

removed and a disulfide bridge is formed by the two cysteine residues that 
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flank the peptide linker, generating an active protease (AA 278-325).  pbr-1 

results from a 5 base-pair deletion, removing base pairs 1317-1322 of the 

mRNA, the resulting frame shift leads to a stop codon before the catalytic 

histidine residue.  Although the mRNA of pbr-1 is expressed, we hypothesize 

that this disruption of the coding sequence is sufficient to generate a null allele 

since the resulting peptide is truncated before the histidine residue of the 

catalytic triad.  To verify that pbr-1 was the gene that caused the 

enhancement, we ordered GT12036 from Cold Spring Harbor, a DS insertion 

in the 4th intron of At3g02110.  As in pbr-1, plants carrying the GT12036 

insertion did not show any obvious abnormal phenotypes; however, when 

crossed into tpl-1 we found a similar enhancement of the tpl-1 phenotype to 

that seen in the pbr-1 tpl-1 double mutant (Figure 1D, E, F).  We have called 

GT12036: pbr-2.  We therefore conclude that pbr is the most likely candidate 

for the enhancer of tpl-1 (Figure 1 D-F). 
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FIGURE 3.1. The tpl-1 enhancer screen.  (A)  Phenotypes of tpl-1 as a 
function of temperature. (B) T-DNA mutagenesis of tpl-1 grown at the 
permissive temperature to identify enhancers of tpl-1 that cause apical/basal 
transformation. (C)   pbr-1 is caused by a 5 bp deletion (black line), pbr-2 is an 
insertion in intron 4(black triangle) in At3G02110.  The protein sequence is 
presented: the signaling sequence is in light blue; the catalytic triad in red; the 
orange box represents the putative peptide that is cleaved out of PBR; Bold 
indicates the location of the frame shift caused by pbr-1, highlighted in yellow 
is the region of pbr-1 that is not translated due to the formation of a stop codon 
at amino acid 404.  (D-F)  Frequency in percent of the seedling phenotypes in 
Ler, pbr-1, tpl-1, tpl-1 pbr-1, and tpl-1 pbr-2  at 17 oC, 24 oC and 29 oC 
(n=250).  Dicotyledon frequency is in blue, monocot frequency is in red, 
tube/pin shaped seedling frequency is in green, and apical/basal conversions 
are shown in purple.  Refer to (A) for visual representation of these phenotypic 
classes.   
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Expression pattern of POLAR BARE. 

 We examined the expression pattern of PBR by in situ hybridization.  

Wild-type embryos were sectioned and probed with PBR anti-sense RNA.  

Expression was first seen in all of the embryonic tissue at the octet stage.  As 

the embryo developed, expression shifted to the protoderm with the highest 

relative expression occurring in the L1 layer of the shoot apical 

meristem(Figure 2 A-D).  At heart stage the shoot apical meristem (SAM) 

expression expands to include the L2 layer (Figure 2 C,D,H).  These 

expression patterns are similar to those seen in other L1 expressed genes 

such as AtML1 and PDF2 which are expressed in all the embryonic tissue at 

the octet stage and then shift to protoderm specific expression, but did not 

show increased expression in the L1 layer and expansion into the L2 layer 

which is specific to PBR (Abe, et al.1999) (Abe, et al. 2003). 

 To determine whether PBR protein accumulated in the same tissues 

where the transcript was present, we created a PBRp::PBR-YFP fusion 

construct.  We used confocal microscopy to look at wild-type embryos 

expressing this transgene.  We found that this transgene showed protein 

expression with very good parity to that seen by in situ hybridization (Figure 2 

E-H).  We verified that this protein was functional by showing that it was 

sufficient to complement, in trans, the pbr-1 phenotype in a tpl-1 background.  

In addition we found that an extra copy of PBR provided by the transgene 

showed moderate suppression of the tpl-1 phenotype (Figure 2 J).  This 
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suggests that PBR is important for establishing and maintaining apical fate, in 

tpl-1.  

 

FIGURE 3.2.  Expression of POLAR BARE in wild type.  (A-D) PBR 
expression in developing seedlings as shown by in situ hybridization.  (E-H)  
PBR expression in developing seedlings as visualized by confocal microscopy 
of PBRp::PBR-YFP (yellow), counterstained with fluorescent brightener 28 
(red).  (I) Transverse section of a globular stage embryo demonstrating that 
PBR expression is uniform throughout the protoderm.  (J)  PBRp::PBR-YFP 
suppresses the pbr-1 enhancement of tpl-1 in plants grown at 21 degrees 
(n=250).  PBRp::PBR-YFP suppress the tpl-1 phenotype at 21 degrees 
(n=250).    

Since the restrictive temperature enhances tpl-1 one possible model is 

that PBR is negatively regulated by high temperature (Long, et al. 2002).  To 

test this we performed in situ hybridization on wild-type plants grown at 29oC.  

We found that PBR is still expressed in its normal pattern and although in situ 
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hybridization is not quantitative, these embryos stained more quickly than 

plants grown at the permissive temperature (Figure 3 A,B).  Thus removal of 

PBR expression does not cause the enhancement of the tpl-1 phenotype.  

These data are consistent with PBR expression level changes noted in a 

number of microarray experiments examining changes in gene expression in 

plants grown at different temperatures.  High temperature increases auxin 

production and this increase in auxin production has been suggested as a 

mechanism for the temperature sensitivity of the apical/basal transformation in 

tpl-1.  Since PBR over-expression by an extra transgene suppresses tpl-1 and 

apparently PBR is more highly expressed at higher temperatures, one role of 

PBR maybe to antagonize this auxin response in the embryo. To test this 

hypothesis we grew pbr-1 plants at 29oC to look for induction of phenotypes 

that resemble auxin over-expression-like phenotype; however, the plants 

remained wild-type in appearance.   

 

FIGURE 3.3.  In situ hybrization of PBR in wild-type (A-B) and tpl-1 (C-D) 
heart stage embryos from plants grown at the permissive (A,C) and restrictive 
(B,D).  

 



61 

 

Does tpl-1 negatively regulate PBR? 

 Since pbr enhances tpl-1 at the permissive temperature we expect that 

pbr is expressed in the tpl-1 mutant.  To test this we performed in situ 

hybridization of PBR in tpl-1 plants.  PBR is still expressed in tpl-1 plants.  In 

tpl-1 plants grown at the permissive temperature, expansion of the cotyledons 

is severely delayed, but PBR expression still shows an increase in the L1 layer 

compared to the remainder of the protoderm (Figure 3C).  In tpl-1 plants grown 

at the restrictive temperature PBR expression occurs in the protoderm but  

does not show the increased expression seen in the L1 layer of the SAM 

(Figure 3D).  This suggests that TPL is required to maintain the L1 expression 

of PBR, most likely indirectly through its general function in maintaining the 

apical fate of the embryo.   

atml1 and pdf2 do not enhance tpl-1. 

 To test whether the enhancement of tpl-1 by pbr was due to general 

changes in the protoderm or to a specific function of PBR we crossed tpl-1 into 

the protoderm specifying homeodomain mutants atml1 and pdf2 (Abe, 

Katsumata, et al. 2003).  Neither of these double mutant combinations showed 

an enhancement of the tpl-1 phenotype.  In addition neither atml1 pbr double 

mutants nor pdf2 pbr double mutants showed any aberrant phenotypes.  The 

lack of enhancement of tpl-1 by the single mutants may be due to redundancy 

of these two proteins; however, pbr is distinct from these two mutants because 

it has no phenotype on its own but still enhances tpl-1. 
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POLAR BARE embryonic expression is not similar to that seen in its two 

closest homologs BRS1 and SCPL26 

 The protein similarity in the SCPL family suggests potential for 

overlapping function.  To determine whether two close relatives of PBR, BRS1 

(SCPL24) or SCPL26, play a redundant role in embryogenesis we examined 

the embryonic expression of these two genes (Li, et al. 2001)(Fraser et al. 

2005) Neither BRS1 (figure 4 A-C) nor SCPL26 (figure 4 D-F) showed a 

protoderm specific expression pattern during embryogenesis.  BRS1 appears 

to be weakly expressed throughout the embryo with decreased expression in 

the vascular tissues.  SCPL26 shows some endosperm expression, but only 

diffuse embryonic expression.  This suggests that BRS1 and SCPL26 do not 

function redundantly with SCPL25 during embryogenesis.  Consistent with 

this, an insertion allele (SALK_018148) of brs1 crossed into tpl-1 did not show 

enhanced apical/basal transformation. 
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FIGURE 3.4.  In situ expression of BRS1/SCPL24 (A-C) and SCPL26 (D-F) in 
wild-type plants grown at 21oC:  (A,D) globular stage; (B,E) transition stage; 
(C,F) heart stage.  Protein alignment of SCPL24, 25, 26 can be found in 
Supplementary figure 1. 
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Apical gene expression in pbr-1 tpl-1 grown at the permissive 

temperature resembles apical gene expression of tpl-1 grown at the 

restrictive temperature. 

 

 tpl-1 plants grown at the restrictive temperature were previously shown 

to lose WUS expression after globular stage embryogenesis (Long, et al. 

2006).  To determine whether pbr affected WUS expression we examined the 

expression of WUS in pbr-1.  WUS expression appears normal in this 

background (Figure 5 A,B compared to wild type Figure 5 C,D).  In tpl-1 grown 

at the permissive temperature, WUS expression is normal through globular 

stage.  By transition stage it showed weaker expression, and occasionally we 

undetectable but in later stage embryos it was re-established.  In tpl-1 pbr-1 

double mutant embryos, WUS expression appeared normal through globular 

stage.  At the transition through heart stages we never observed expression.  

Past heart stage, expression was generally off, with occasional (~2%) 

embryos showing expression.  This suggests that PBR affects maintenance of 

WUS rather than initial establishment.  
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FIGURE 3.5.  Expression of WUSCHEL in pbr-1. Expression of WUS in pbr-
1(A,B)  grown at 24oC, compared to expression in  Ler (C,D)at the globular 
stage and heart stage.  Expression of WUS in tpl-1 at grown at 24oC shows 
normal early expression (E), and appears to be turned down during transition 
stage (F) and is restored by late embryogenesis (G)  at this temperature.  
Expression of WUS in pbr-1 tpl-1 plants at 24oC shows early expression, but 
by heart stage and later stage embryos expression is abolished 98% (I) of the 
time and show expression only 2%(J) of the time (n=150).  

 

 The class III HD-Zips are transcription factors important for proper 

apical patterning and leaf polarity(Emery, J. et al. 2003). They are regulated by 



66 

 

miRNA165,166 (Emery,J. et al.). Mutations that stabilize class III HD-Zips are 

capable of suppressing the tpl-1 phenotype while loss of function in rev causes 

significant enhancement of the tpl-1 phenotype (Smith and Long, in 

preparation).  To test whether pbr regulates the class III HD-Zips, specifically 

REVOLUTA(REV) since it shows the strongest enhancement of tpl-1, we 

examined its expression in pbr-1.  REV is expressed normally in pbr-1 (Figure 

5 A,E Supplemental Figure 2 C,D).  In tpl-1 grown at the permissive 

temperature, REV showed expression through the provasculature and into the 

cotyledons at torpedo stage (Figure 5B).  In pbr tpl-1 grown at the permissive 

temperature, REV shows two expression patterns with roughly equal 

frequency: expansion of REV through the provasculature to the apical tip, and 

expression limited to the basal provasculature(Figure 5C,D).  The expression 

limited to the provasculature was similar to that seen in tpl-1 grown at the 

restrictive temperature (Figure 5F).  REV expression shows increased 

reduction in pbr tpl-1 expressed at the restrictive temperature (Figure 5G).  

This reduction in REV expression occurs after globular stage embryogenesis 

(Figure 5 H-K, supplementary Figure 2).  These findings show that PBR is 

required for maintaining REV expression in the tpl-1 background.  
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FIGURE 3.6.  RNA expression of REVOLUTA in pbr-1, tpl-1, and tpl-1 pbr-1 
embryos from plants grown at the permissive and the restrictive temperatures.   
(A-D) Expression of REV at torpedo stage at the permissive temperature (24 
oC): (A) pbr-1; (B) tpl-1; (C,D) the two common expression patterns seen in 
pbr-1 tpl-1.  (E-G) Expression of REV at the torpedo stage at the restrictive 
temperature (29 oC): (E) pbr-1; (F) tpl-1; (G) pbr-1 tpl-1. (H-K) Expression 
changes occur before heart stage embryogenesis: (H) Ler, (I) tpl-1 (29oC), (J) 
pbr-1 tpl-1 (24oC), (K) pbr-1 tpl-1 (29oC).  (Early embryo expression of REV in 
these genotypes can be found in Supplementary Figure 2). 
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 ZWILLE/PINHEAD is also normally expressed in the provasculature 

and expands into the cotyledons as they develop. In pbr-1, ZWILLE 

expression was similar to what has been previously published (Figure 6 A-C), 

while in tpl-1 grown at the permissive temperature it was reduced, consistent 

with the reduced cotyledons that are common in the tpl-1 phenotype (Figure 6 

D-F) (Tucker, et al. 2008).  In tpl-1 pbr-1 ZWILLE expression is further reduced 

(Figure G-J).  If the apical/basal conversion was complete in pbr-1 tpl-1 double 

mutants at the heart stage we would expect expansion of ZWILLE into the 

apical vasculature.  Instead we see saw no apical expression of ZWILLE 

(Figure 6H), suggesting that this tissue’s identity has been disrupted rather 

than homeotically transformed. 
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FIGURE 3.7. ZWILLE expression in Ler (A-C), tpl-1 (D-F), pbr-1 tpl-1 (G-J) in 
embryos at 24oC. 
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 In pbr-1 the apical genes that we examined here did not show 

noticeable deviations from wild-type; however in conjunction with tpl-1, pbr-1 

caused increased loss of apical fate.  The expression changes occurred 

internal to the protoderm layer, suggesting that pbr-1 in conjunction with tpl-1 

is able to affect interior layers rather than disrupting the protoderm specifically, 

although it is unclear whether this disruption is direct or indirect. 

Basal gene expansion in pbr-1 tpl-1 grown at permissive temperature 

resembled basal gene expression in tpl-1 grown at the restrictive 

temperature. 

Previous work has suggested that one mechanism for apical/basal 

transformation by tpl-1 is the failure to properly regulate auxin response 

targets (Szemenyei, Hannon and Long 2008).  We chose PLT2 since its 

expression is auxin response factor (ARF) dependent (Aida, et al. 2004).  We 

examined PLT2 expression to look at expansion of a basal marker.   In pbr-1 

alone, PLT2 showed identical expression to that seen in wild type (Figure 7A, 

D). In tpl-1 pbr-1 double mutants grown at the permissive temperature (Figure 

7C), basal marker expansion was stronger than that seen in tpl-1 grown at the 

permissive temperature(Figure 7B) and similar to that seen in tpl-1 grown at 

the restrictive temperature (Figure 7E).  Interestingly in tpl-1 pbr-1 double 

mutants grown at the restrictive temperature, expansion of basal markers was 

similar to that seen in tpl-1 alone (Figure 7E,F).  This expansion is noticeable 

by early heart stage (Figure 7G-I) One possibility is that this is due to the 

weaker expression of PBR in the L1 of tpl-1 plants grown at the restrictive 
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temperature, so a null allele of pbr does not further enhance this phenotype.  

These data show that PBR is not required for proper PLT2 expression in wild 

type plants, but regulates PLT2 in the attenuated tpl-1 background.  

 

FIGURE 3.8.  Expression of PLETHORA 2 in pbr-1, tpl-1 and pbr-1, tpl-1.  (A) 
PLT2 expression in pbr-1 at 24oC, (B) PLT2 expression in tpl-1 at 24oC, (C) 
PLT2 expression pbr-1 tpl-1 at 24oC at late heart stage embryo genesis.  (D) 
PLT2 expression in LER at 24oC, (E) PLT2 expression in tpl-1 at 29oC, (F) 
PLT2 expression in pbr-1 tpl-1 at 29oC.  (G-I) PLT2 expansion occurs during 
the transition stage of embryogenesis: (G) Ler at 29oC, (H) tpl-1 at 29oC, (I) 
pbr-1 tpl-1 at 29oC.  (Early expression of PLT2 can be found in Supplementary 
Figure 3).  
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Previous reports show an expansion of another basal marker, 

SCARECROW (SCR), in tpl-1 (Long, et al. 2006, Long, et al. 2002). In tpl-1 

plants grown at the permissive temperature SCR expands weakly into the 

apical tissue, while at the restrictive temperature this expansion was more 

pronounced. In pbr-1, SCR expression was similar to wild-type (Figure 8 A, B). 

We did see significant expansion of SCR in tpl-1 pbr-1 plants grown at the 

permissive temperature (Figure 8 C,E,G).  These expression patterns are 

similar to the published expansion of SCR in tpl-1 grown at the restrictive 

temperature.  Much like the REV situation, PBR is not required for normal 

SCR expression; however, in the attenuated tpl-1 background PBR is required 

for some of its regulation. 
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FIGURE 3.9.   Expansion of SCR expression in pbr-1 tpl-1.  (A-C) Expression 
of SCRp::erGFP (yellow) in transition stage embryos of (A) Ler; (B) pbr-1; (C) 
pbr-1 tpl-1.  Expression of SCR as seen by in situ hybridization in (D) Ler at 
transition stage, (E) pbr-1 tpl-1, (F) Ler at heart stage, (G) pbr-1 tpl-1 at heart 
stage.   

   Not all of the basal markers that we examined showed expansion into 

the apical half of the embryo.  PIN4 is normally expressed in many of the 

same cells as PLT2 (Aida, et al. 2004) (Friml, Vieten, et al. 2003).  When we 

examined PIN-FORMED4 (PIN4) expression, we noticed that neither tpl-1 nor 

tpl-1 pbr-1 showed expanded PIN4 expression compared to wild-type (Figure 

9 A-C) through torpedo stage.  This indicates that tpl-1 does not completely 

transform the apical cells to basal fate through these stages and that PBR 

does not accelerate this complete apical/basal transformation.  It is interesting 

to note that this suggests that there is a second pathway that does not show 

marker expansion in tpl-1. 
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FIGURE 3.10.  Expression of PIN-FORMED4 did not show significant 
expansion in tpl-1 (B) or pbr-1 tpl-1 (C) compared to Ler (A). 

 

Auxin transport 

 Earlier reports provide evidence that auxin mis-perception may be 

integral to the apical to basal transformation(Refs). This is supported by the 

fact that increasing temperature causes increased auxin production(Refs).  

This in-turn would cause tpl-1, which already has an ectopic auxin response to 

have an even stronger response, thus causing an apical/basal transformation. 

We wanted to further explore the connection to auxin in pbr-1.  A simple 

explanation is that apical-basal transport of auxin was mitigated in pbr-1, 

possibly through the auxin transporter PINFORMED1 (PIN1) mis-localization.  

We examined PIN1 localization in wild-type compared to pbr-1 tpl-1 plants and 

found that PIN1 was appropriately localized and expressed based on the 

PIN1p::PIN1GFP reporter construct(Figure 10 A-D).  In the pbr-1 tpl-1 double 
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mutant, the expression of PIN1 appears to be similar to that previously 

published for PIN1 expression in the HD-Zip triple loss of function (phb, phv, 

rev) embryos (Emery, et al. 2003).  In addition to the unchanged PIN1 

expression, we looked at expression of the auxin reporter DR5rev::erGFP 

(Ulmasov, et al. 1997) .  This reporter showed strong basal expression in pbr-1 

tpl-1 but did not show duplication in the apical pole.  These data suggest that if 

a new auxin maxima is generated in pbr-1 tpl-1 plants it is not sufficient to 

drive DR5 in the apical half of the embryo during early embryogenesis.  In 

addition it suggests that DR5rev may respond similarly to PIN4, and that this 

regulatory mechanism is distinct from that used in SCR or PLT2. 
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FIGURE 3.11.  Confocal images of PIN1p::PIN1-GFP and DR5revp::erGFP in 
Ler (A,B,E) and pbr-1 tpl-1 (C,D,F,G) embryos.  (A) PIN1p::PIN1-GFP in Ler 
during early heart stage, (B) during late heart stage, compared to expression 
in (C) pbr-1 tpl-1 at early heart stage, (D) and late heart stage.   PIN1-GFP 
false colored in yellow.  (E) DR5rev driven expression in Ler during heart 
stage, (F) in tpl-1 pbr-1 during heart stage and (G) tpl-1 pbr-1 during late heart 
stage.  erGFP false colored in light blue.     

 

DISCUSSION 

 We identified a serine carboxypeptidase, PBR, that functions in 

maintaining apical fate.  Since pbr-1 was isolated in an enhancer screen for 

tpl-1 but did not show a phenotype on its own, we wanted to determine 

whether this enhancement was specific to tpl-1 or whether PBR itself was 

required for establishing and/or maintaining apical fate or repressing basal 

fate.  For this initial characterization, we chose to examine expression patterns 
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of a number of apical and basal markers.  In all instances pbr-1 showed 

expression patterns that were similar to wildtype.  At the permissive 

temperature pbr-1 enhanced the weak suppression of apical genes and 

enhanced the expansion of basal genes that tpl-1 moderately affects.  

Although PBR may be required for regulation of a specific gene or set of 

genes that we did not examine, we ruled out a number of candidate apical and 

basal genes. At the restrictive temperature pbr-1 tpl-1 plants showed only 

modest enhancement of the restrictive temperature tpl-1 phenotype; this could 

be due to a number of reasons, including the down-regulation of pbr-1 by tpl-1 

in the L1 layer, the down-regulation of a common signaling pathway by tpl-1 

that is epistatic to pbr, or the possibility that these cells have reached their 

maximum basal potential in tpl-1.   

Of particular interest was that despite the protodermal expression of 

PBR the enhancement of the tpl-1 regulated gene targets by pbr-1 occurred in 

the interior cell layers.  In the post-germination plant the epidermis plays a 

critical role in development. Since plants are sessile, sensing and responding 

to external stimuli such as the shade avoidance response is imperative.  Since 

the protoderm is the future epidermis, it may not be surprising that the 

protoderm plays a role in patterning the embryo (Savaldi-Goldstein and Chory 

2008).  Previously AtML1, PDF2 and GURKE have all been shown to be 

expressed in the protoderm and affect embryo development (Baud, et al. 

2004).  In AtML1 and PDF2 this effect on patterning is indirect, since these 

two transcription factors are restricted to the protoderm and nuclear localized.  
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The role of GURKE is unclear since it encodes a acetyl CoA carboxylase that 

catalyzes malonyl CoA synthesis. PBR brings interesting possibilities to the 

mechanism for protodermal signaling to the interior of the developing embryo.  

Its putative localization to the secretory pathway and its potential to generate 

small signaling peptides suggest one such mechanism.  In this model a small 

signaling peptide would be generated by PBR and subsequently secreted.  A 

candidate target for perception of this hormone would be a receptor-like kinase 

(RLK).  

There are over 200 RLKs in the Arabidopsis genome.  In addition to 

their role in brassinosteroid perception a number of RLK’s are critical for SAM 

maintenance.  One of the best characterized RLK pathways that includes a 

small signaling peptide, is the CLAVATA pathway.  CLAVATA1 is thought to 

perceive the small signaling peptide derived from the CLAVATA3 protein.  The 

subsequent downstream signaling suppresses WUS.  Thus mutants in the 

clavata pathway show increased WUS expression and larger meristems 

(Carles and Fletcher 2003).  In addition to CLAVATA1 the RLK encoding 

genes, BARELY ANY MERISTEM1,2 (BAM1,2), were identified by their 

decreased meristem size (DeYoung, et al. 2006). Although the signaling 

molecule(s) for BAM1,2 are unknown it would not be surprising if a similar 

mechanism was in place.  This would require production of an, as of yet, 

unidentified small signaling peptide.  There are a number of putative small 

signaling peptides encoded by the CLAVATA3/ENDOSPERM 

SURROUNDING REGION-related CLE proteins which are suitable candidates 
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for this activity and the proteins involved in their cleavage are as of yet 

unknown.  We hypothesize that PBR may be playing this role (Figure 11). 

 

FIGURE 3.12.  A preliminary model of how PBR could enhance tpl-1.  
In wild-type embryos PBR generates small signaling peptides (yellow arrows) 
that bind to a receptor-like kinase (blue).  This receptor-like kinase also 
responds to a related signaling peptide (red wavy arrows).  In pbr-1, the 
second signaling peptide is sufficient to induce RLK response, and plant 
development is normal.  The tpl-1 mutant decreases expression of the RLK, 
and consequently its function.  This RLK, in conjunction with other TPL 
targets, is required for maintaining apical identity therefore, in tpl-1 subtle 
apical/basal defects occur.  By removing the PBR derived signaling peptide 
and mitigating RLK function by tpl-1 which would occur in a tpl-1 pbr-1 double 
mutant, the RLK signal is decreased enough that its signaling is no longer 
sufficient to maintain apical fate and apical/basal transformation occurs.  In tpl-
1 plants grown at high temperature the most apical signaling from PBR is 
diminished and the RLK is strongly suppressed, thus signaling is severely 
disrupted and apical/basal transformation occurs.  In the pbr-1 tpl-1 double 
mutant grown at high temperature, the RLK is already strongly suppressed, so 
loss of the signaling peptide in this background does not strongly enhance the 
phenotype.  This model is also consistent our finding that an extra copy of 
PBR can suppress tpl-1, if cleavage of the signaling peptide is the rate limiting 
step. 
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 One challenge with identifying S10 serine carboxypeptidase substrates 

is that they have been found to catalyze a number of different reactions in 

addition to their role as proteases.  In Arabidopsis the clade I SCPLs have 

been described for their role in sinapoyl ester formation (Fraser, Thompson, et 

al. 2007).  These proteins function as acyl transferases rather than serine 

carboxypeptidases.  Although clade II SCPLs, of which PBR is a member, 

have not been well characterized, the one member, BRS1, does have 

protease activity in vitro (Zhou and Li 2005).  These do not eliminate our 

proposed model, but demonstrate that PBR could also be responsible for 

generating a non-peptide small molecule that can be used to signal the interior 

cells. 

 There are over 800 proteases encoded in the Arabidopsis genome, of 

these fewer than 10% have been characterized (van der Hoorn 2008).  There 

is no doubt that we have only touched the surface of their functions.  One of 

the major challenges of the field is identifying biologically relevant substrates 

and to date none have been identified despite the diversity of proteases in the 

genome (van der Hoorn 2008).   Here we describe the initial characterization 

of one of these proteases, PBR and find that it functions in apical fate 

maintenance because loss of function alleles enhance the apical/basal fate 

transformation of tpl-1.  Its expression in the protoderm coupled with its effect 

on genes expressed in the inner cell layers suggest that it may function in 

signal molecule generation.  Identification of the PBR substrate will further 

refine its function in apical/basal patterning. 
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SUPPLEMENTARY FIGURES   

 

 

 

 

FIGURE 3.13.  Primary sequence alignment of SCPL24, 25, 26. 
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FIGURE 3.14.  Globular stage expression of REVOLUTA: Ler (A), pbr-1  at 
24oC(B), pbr-1 at 29oC (C), tpl-1 at 24oC (D), tpl-1 at 29oC (E), pbr-1 tpl-1 at 
24oC, pbr-1 tpl-1 at 29oC (F).  
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FIGURE 3.15. PLETHORA 2 expression during globular stage 
embryogenesis: Ler at 24oC (A), Ler at 29oC(B), pbr-1  at 24oC(C), pbr-1 at 
29oC (D), tpl-1 at 24oC (E), tpl-1 at 29oC (F), pbr-1 tpl-1 at 24oC(G), pbr-1 tpl-1 
at 29oC (H). 
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FIGURE 3.16.  PBR expression in pbr-2 (A,B), compared to wild-type (C,D) 
which was similar to the results we saw by RTPCR (not shown).   
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MATERIALS AND METHODS 

Mutant Screen 

 tpl-1 plants in the Ler background were grown at 21oC as the starting 

population to generate primary transgenics.  Primary transgenics were 

generated using the floral dip method of Agrobacterium tumefasciens 

mediated transformation containing the pSKI15 activation tagged vector.  They 

were subsequently selected on soil using the herbicide glucofosinate (Basta).  

The selfed seeds screened for seed shape defects by either analyzing the 

segregation of a number of siliques or by collecting the entire selfed 

population and looking for an increase in narrow, elongated seeds. 

 Putative mutants were gas sterilized and plated on 1% agar plates 

containing 1% glucose and Linsmaier and Skoog salts. 

Mapping 

 Candidate enhancers were out-crossed to the Columbia ecotype.  F1 

plants were grown at 21oC.  Rough mapping was done in the F2 population by 

prepping seedlings showing the double root phenotype, using restriction 

fragment length polymorphisms (RFLP) and cleaved amplified 

polymorphisms(CAPs) and insertion/deletion (IN/DEL) polymorphisms 

between these two ecotypes.  Fine mapping was done in the F3 population 

using plants that were homozygous for both the enhancer of interest and tpl-1 

grown at 21oC.  These F3 plants were identified because they showed greater 

than 35% apical/basal transformation in the F4.  Recombination events were 
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identified using the RLFP, IN/DEL, CAPS markers identified by the Monsanto 

ecotype sequencing project.  This narrowed the region of interest to 80 

kilobases.  We subsequently sequenced candidate genes in this region to 

identify the pbr-1 mutation.  

Sequencing Primers 

At3G02110 was sequenced with the following primers:  

at3g02110 F6    tttatgactgactgttataacccgtg 

at3g02110 R     ggaaacaaattgatgaaggccttcagg 

at3g02110 f5    gataatgtattactagttatctgtgg 

at3g02110 f4    cttattcaatggcttcaccggtttccg 

at3g02110 f3    tttccaaactgacattgagacgc 

at3g02110 f2    caacggaggttaatttttaccaacc 

at3g02110 f     caaactgccaaaacaattagttccccagctc 

Genotyping pbr-1 

pbr-1 removes an RSAI restriction site creating a CAPS marker that can 

be used to genotype pbr-1 compared to wild-type.  PCR using at3g02110 F6, 

R generates an ~600 base pair product.  After PCR and RSAI cleavage pbr-1 

has an ~130 bp and 500 bp product.  In wild-type this generates 55, 75, and 

500 bp products. 
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PBRp::PBR-YFP3xHA constructs. 

 The PBRp was PCR amplified out of wild-type plants using SCPL25P F 

SALI and SCPL25P F PSTI.  This generates a 3.5 Kb promoter fragment. 

SCPL25P F SALI  ACAGTCGACGACGGATTTGGGTGTAAGTTTG 

SCPL25P R PSTI  ACACTGCAGTGCCATGGCCAGAACGAAGGAG 

 The PBRp coding region was amplified out of a Ler cDNA library using 

SCPL25F PSTI, SCPL25 R XHOI. 

SCPL25F PSTI    ACACTGCAGATGGCAAAACTCGCAATTTTCACC 

SCPL25 R XHOI   ACACTCGAGAGCAGCCTTTGGAAGTGGCTTGC 

 It was cloned in-frame using PSTI/XHOI to a YFP-FUSION construct 

(pBJ36 fusYFP-3xHA) generating pBJ36 SCPL25-YFP3xHA.  The PBRp was 

subsequently cloned into this vector using the SALI/PSTI site in the vector 

generating PBRp::PBR-YFP3xHA.  This construct was moved into a binary 

vector (pMLBART) and transformed into plants using the floral dip method. 

Confocal Images 

Fluorescent images of SCRp::erGFP and PBRp::PBR-YFP3xHA were taken 

using a DM IRE2 confocal microscope. 
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In situ hybridization 

 SCPL24, 25, 26, PIN4, ZWILLE anti-sense probes were generated from 

the full-length coding region.  SCR, REV and WUS anti-sense probes were 

prepared from plasmids previously described (Long, Ohno, et al. 2006) (Long, 

et al. 2002) (Otsuga, et al. 2001).  Probe making followed the protocol 

presented here: http://www.biology.ucsd.edu/~davek/hybridize.html 

 In situ hybridization was performed as described in. (Long and Barton 

1998). 

 Images were taken using using a Leica DM5000B microscope. 
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CHAPTER 4 

Conclusions and Future Directions 
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This work discusses some of the major pathways that allow a single cell 

to develop into a complex organism.  One of the integral players in these plant 

developmental pathways is the phyothormone auxin as indicated by its 

pleiotropic effects, for example, the ability to promote root development; A 

second player, TPL, whose critical role was established based on the 

apical/basal transformation of the embryo that occurs in plants carrying the tpl-

1 allele.  This work shows a connection between these two regulatory 

pathways.  TPL was found to bind the auxin response repressor IAA12, an 

AUX/IAA, through its ERF-associated amphiphilic repression (EAR) domain.  

Evidence suggests that in the absence of auxin IAA12 prevents the function of 

ARF5, an auxin response factor that is required for proper root formation.  

Here we show that an auxin degradation resistant IAA12 can function as a 

transcriptional repressor in an in planta repression assay.  Our genetic 

evidence suggests that TPL is required for this function, since tpl-1 

suppresses the auxin degradation resistant IAA12 (bodenlos) phenotype: the 

formation of a basal peg, rather than a true root.  From this it is easy to 

speculate that the apical/basal transformation seen in the tpl-1 mutant is in 

part due to an ectopic auxin response that results from the failure to inhibit 

ARF activity in the apical half of the developing embryo.  To refine the role of 

TPL we found that TPL can function as a transcriptional co-repressor 

independent of IAA12 in our in planta repression assay and show that by 

directly fusing it to ARF5 and expressing this in plants causes a bodenlos 

phenotype. These data and the ability of TPL to bind to a number of different 
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EAR domains in proteins that are not involved in auxin signaling support the 

idea that TPL functions as a broad acting co-repressor. Therefore we believe 

that the auxin and TPL developmental pathways have both separate and 

overlapping components.  The wider implications of this work are discussed 

elsewhere (Szemenyei 2007) (Osmont and Hardtke 2008); however, we took 

advantage of this broad loss of transcriptional repression in the tpl-1 

background to identify other pathways that might be involved in proper embryo 

patterning. 

 An interesting aspect of the tpl-1 allele is its temperature sensitivity. tpl-

1 mutants grown at the permissive temperature show weak phenotypes, 

suggesting only slightly decreased repression, thus generating an attenuated 

background ideal for mutant screens (Long, et al. 2002). These weak 

phenotypes include cotyledon fusion and tube shaped cotyledons rather than 

the complete apical/basal transformation seen at the restrictive temperature.  

We hypothesized that mutations that shift the tpl-1 phenotype of plants from 

these moderate phenotypes towards a complete apical/basal transformation 

could uncover novel developmental pathways or further elucidate existing 

pathways.  Although our screen was not saturated, we identified PBR, a gene 

that encodes a serine carboxypeptidase-like protein.  Although the exact 

enzymatic function of this protein is unknown, it hints at exciting mechanisms 

of development that may or may not be borne out.  Before delving into how we 

might go from speculation about the function of these SCPLs to defining an 

actual mechanism for that function, it is worth noting the value of continuing 
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the tpl-1 enhancer screen.  Of the three known enhancers of tpl-1’s ability to 

transform apical to basal fate: an insertion allele of iaa12, revoluta, and pbr, 

two of these were previously identified and have well characterized roles in 

apical/basal development (Emery, et al. 2003).  First, over-expression of 

REVOLUTA in the root apical meristem (RAM) is sufficient to transform basal 

fate into apical fate. (Smith and Long, in preparation).  Second auxin 

degradation-stabilized IAA12 (bodenlos) causes root development to be 

aborted (Weijers, et al. 2006) (Hamann, et al. 1999).  These data coupled with 

the fact that we are not identifying strong tpl-1 enhancers at a high frequency 

(2 in ~5000 plants screened for enhancers) hints at the potential of this screen 

for identifying new regulators of apical/basal patterning. 

 A critical question is whether we can determine if PBR falls into the 

category of being a specific regulator of apical fate or plays a general 

maintenance function that is less interesting as developmental regulator.  Its 

putative function as a serine carboxypeptidase opens many possibilities for 

the function of PBR but also present a variety of challenges (van der Hoorn 

2008) (Fraser, Rider and Chapple 2005).  And the work to date presents an 

emerging picture of its importance in regulating polarity.  While pbr-1 does not 

shown aberrant phenotypes nor does it change any apical or basal gene 

expression patterns outside of the tpl-1 background, but it should be noted 

that neither rev nor iaa12 show abnormal seedling phenotypes as single 

mutants.  And there are tantalizing bits of data that suggest specific roles in 

apical/basal patterning.  Its expression pattern is consistent with a regulator of 
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apical fate, showing much higher expression in the L1 layer of the SAM, and 

complete lack of expression in the hypophysis.  Interestingly the regulation of 

both apical and basal targets by pbr-1 changes in layers interior to the 

protoderm in a tpl-1 background, this suggests a non-cell autonomous signals. 

The potential role of SCPLs in small peptide biogenesis and RLK signaling is 

also enticing (Li, et al. 2001) (Zhou and Li 2005).   

A role for the protoderm during development has been identified in the 

atml1/pdf2 double mutant (Tanaka, et al. 2007).  This mutant shows a failure 

to develop cotyledons, but still establishes an apical meristem.  Although PBR 

does not show a phenotype on its own, its ability to enhance the apical/basal 

shift in meristem identity initiated by tpl-1 suggests it plays a role in patterning 

the meristem, unlike atml1 and pdf2.  This is further supported by the much 

higher expression of PBR in the apical meristem.  This putative non-cell 

autonomous signaling from the protoderm to interior cells to regulate 

development may provide insight into some aspects of the epidermal signaling 

that changes development in the adult plant (Savaldi-Goldstein and Chory 

2008). 

There is evidence that the Clade II SCPLs function as proteases (Zhou 

and Li 2005)  This leads to the possibility that clade II SCPLs and PBR in 

particular are important for cleaving the CLAVATA3/ENDOSPERM 

SURROUNDING REGION-related (CLE) peptides.  This intriguing possibility 

could explain the non- protoderm specific changes in gene expression seen in 

pbr-1.  In addition a number of RLK’s that are thought to bind CLE peptides 
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are involved in regulating meristem fate and embryo patterning (DeYoung, et 

al. 2006) (Carles and Fletcher 2003) (Nodine, Yadegari and E. 2007).  It 

remains to be seen whether PBR is involved in these signaling peptide 

generation pathways, but this certainly is a promising future direction to 

explore. 

 This data are suggestive of a role for PBR in this relatively nascent field 

but can we further determine whether PBR is required for apical meristem 

development?  A fairly simple experiment is to test what happens if PBR is 

expressed in the shoot apical meristem.  The challenge, of course, is to figure 

out a way to recover the transgenic plants if PBR mis-expression is sufficient 

to transform the root apical meristem into another tissue type, since this will 

cause seedling lethality.  To this end I put PBR into an N6xOP/LhG4 two 

component system, using PLT2p::LHG4 and N6xOP::PBR-YFP (Baroux, et al. 

2005).  These constructs have not yet been put into plants.  This experiment 

would test whether PBR is sufficient to transform or directly effect the root 

apical meristem and a positive result would place PBR firmly on the side of 

being an important regulator of apical/basal fate. 

  Another key experiment that would provide insight into the role of PBR 

is identifying its substrate.  It is easily said; however, properly setting up the 

experiment is challenging.  In a few years there is potential, as proteome 

sequencing goes through a number of refining iterations (Baerenfaller, et al. 

2008).  At that point it might be possible to compare the wild-type proteome to 

the pbr-1 proteome and look for changes in cleavage that would indicate PBR 
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targets.  However, the best current bet for identifying substrates may be 

through the tpl-1 enhancer screen or a tpl-1 pbr-1 suppressor screen, 

depending on the role of PBR.  If PBR generates small signaling peptides as I 

proposed in my model, then pbr-1 fails to generate these peptides and that 

enhances tpl-1.  Therefore, a mutation in the propeptide that also prevents the 

small signaling peptides from being generated should also enhance tpl-1.  If 

PBR is required for protein turn-over, then pbr-1 would over-accumulate this 

protein while a mutation in this protein should suppress the pbr-1 tpl-1 

phenotype.  A slightly more directed approach such as mass 

spectrophotometry/co-immunoprecipitation (MS/coIP) could be fruitful in this 

hunt depending on the kinetic interaction of the enzyme and substrate, and 

would be possible with the HA-tagged lines already available.  Regardless of 

the strategy employed, identifying the target substrate of this assumed 

protease could open a number of avenues of research including an 

understanding of apical/basal polarity establishment as well as the roles of the 

diverse proteases in Arabidopsis. 

 A variety of pathways have been implicated in development.  Some of 

these have well described roles while others have yet to be elucidated.  Here 

we show that TPL, a transcriptional co-repressor is critical for regulating the 

auxin pathway during development through the AUX/IAA, IAA12.  Although the 

TPL – auxin connection can explain some of the apical/basal transformation 

the regulation of the class III HD-Zips, REVOLUTA and PHABULOSA by tpl-1 

suggest that more than the auxin pathway is affected by tpl-1 (Chapter 3, and 
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M. Hannon. Z. Smith unpublished data) (Emery, et al. 2003).  By looking at 

enhancers of the tpl-1 phenotype we have uncovered a new regulator of 

apical/basal polarity, POLAR BARE.  Its role has yet to be determined, but the 

prospects are intriguing. 
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